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Governance and Major Affiliations

The Laboratory is governed by a 30-member Board of Trustees which meets three
or four times a year. Authority to act for the Board of Trustees between meetings is
vested in the Executive Committee of the Board of Trustees. The Executive
Committee is composed of the Officers of the Board plus any other members whq
may be elected to the Executive Committee by the Board of Trustees. Additiona
standing and ad hoc committees are appointed by the Board of Trustees to
provide guidance and advice in specific areas of the Laboratory's operations.

Representation on the Board of Trustees itself is divided between community
representatives and scientists from major research institutions. Ten such institutiong
are presently represented on the Board of Trustees: Albert Einstein College of
Medicine, Columbia University, Harvard University, Howard Hughes Medical
Institute, Memorial Sloan-Kettering Cancer Center, New York University, Princeton
University, The Rockefeller University, The State University of New York at Stony
Brook, and Yale University.

Also represented as a participating institution is the Long Island Biological
Association (LIBA). LIBAS origins began in 1890 when members of the local
community became involved as friends and with membership on the Board of
Managers of the Biological Station in Cold Spring Harbor, under the aegis of the
Brooklyn Academy of Arts and Sciences. When the Brooklyn Academy withdrew
its support of the Biological Station, community leaders, in 1924, organized their
own association that actually administered the Laboratory until the Laboratory’s
reorganization as an independent unit in 1962. Today, LIBA remains a nonprofit
organization organized under the Department of Social Welfare of the State of New
York and represents a growing constituency of “friends of the Laboratory” its 900
members support the Laboratory through annual contributions and participation in
fund drives to raise money for major construction projects.

The Laboratory is chartered as an educational and research institution by the
Board of Regents of the Education Department of the State of New York. It is
designated as a “public charity” by the Internal Revenue Service.
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DIRECTOR’S
REPORT

The understanding of cancer as an aberration of the normal processes of cell
growth and division has long stood out as a prime, if not ultimate, goal of the
world's biomedical research community. When Everest was conquered, we saw
the challenge of cancer in terms of that long-sought-after “Himalayan” goal. Now,
with time, we see that we are assaulting a more-K2-like peak, where the ice falls
ahead pose complexities that even the resolute and strong know may be close to
the limits of human endurance.

When | was a boy growing up in Chicago, cancer was only talked about in
whispers, a scourge that struck at random and against which we had no medical
means of fighting back, particularly if it had spread beyond its point of origin. The
only hope had to be the new facts that science would one day discover. After |
became a student at the University of Chicago in 1943, | became aware of the re-
search monies given to its Medical School by Albert and Mary Lasker. They
wanted the world to have the scientific knowledge that would reveal the real faces
of the enemy. Blindly thrashing against a foe that we knew only by name and not
by form or substance could only perpetuate our fears. So, the Laskers put real life
into the body known as the American Society for Cancer Control, then an assem-
bly of doctors, many of whom were habituated to keeping the truth from their pa-
tients. Their efforts transformed this ineffective organization into the American Can-
cer Society, a national body founded in 1944 that would work for the public good
by using the scientific mind, as opposed to the surgeon's scalpel, as the means ul-
timately to banish cancer from the human vocabulary.

It was in this same year that Avery, MaclLeod, and McCarty published their
historic paper showing that DNA molecules, not proteins, were the hereditary mol-
ecules of bacteria. At that time, very few scientists worked on or were excited by
DNA or with RNA, its equally mysterious companion nucleic acid. So the Avery re-
sult did not immediately galvanize a then-unfocused biological community into a
DNA-dominated mentality. | heard first of Avery's experiments through Sewell
Wright's course on physiological genetics that | attended in the spring of 1947, my
senior year in college. DNAs potential significance, however, only hit me with a
vengeance when | moved on in the fall to Indiana University as a graduate stu-
dent. There, my first-term courses brought me into the center of the gene replica-
tion dilemma: How could genetic molecules with their very great specificities be
exactly copied?

Salvador Luria in his virus course excited me about these still very mysterious
disease-causing agents, while Hermann J. Muller in his advanced genetics course
recounted his lifelong odyssey in search of the secrets of the gene. The simplicity




s (phages) immediately fascinated me, and in the spring
D. thesis research in his lab. A year earlier, Luria had be.
of the first recipients of the American Cancer Society’s (ACS) new re.
come one These were very important monies for the fledgling scientific areg
search grant:'to be known as molecular biology. The National Science Foundation
tﬁstpl?ts;é/v iot yet come into existence and the National Institutes of Health (NIH),
ﬁnuch less its National Cancer Institute (N.Cl) component, had only a m'nflscule
t for scientific investigators outside its own Bethesda walls. At that time, the
Zg%ggid not have its own staff for evgluating grant proposgls, a task then given to
the Committee ON Growth of the National Research Council. N
Support of Lurias research by the ACS was not at a!i surprising. Several types of
viruses were known to cause cancer In a variety qf anlmals, .and it wgs natural to
think that some human cancers might also have viral etlologles. But in those early
post-war years, N0 oné really knew what a virus \(vqs, anq d.|rectly attac‘klng how
the cancer-inducing viruses acted was not a realistic objective. Many viruses, in-
cluding Lurias little phages, contained DNA, and we'often speculated that DNA
was their genetic component. But there wgre other viruses that totally Iacked DNA
and instead had RNA components. Congelvably, both forrps of nucleic acid car-
ried genetic information, but there still existed rqany scientists who suspected that
maybe neither DNA nor RNA was a truly genetic molecule. Perhaps there was a

fatal flaw to the Avery experiment that no one had yet caught.
imary genetic role of DNA only came when

of the pri
Frfniri]s ré“rizic:r:);alnzind the%ouble helix. The fact that it had a structure that
was so perfect for its self-replication could not be a mattgr of chance. When 'I first
publicly presented the double helix at the 1953 Cold Spnng Harbgr &?ymposuum,
there was virtually immediate and universal acceptance of its implications. At long
last, we had the reference molecule on which to base our thin’king about how liv-
ing cells operate at the molecular level. And the DNA viruses immediately could
be viewed in a more approachable fashion. The DNA molecules within them were
clearly their chromosomes and, within a year, Seymour Benzer produced a
detailed genetic map of the rll gene of phage T4 in which the mutant sites along
a gene were correctly postulated to be the successive base pairs along the dou-
ble helix.

Less obvious was whether RNA also could be a genetic molecule. By then, we
believed that RNA functioned as an informational intermediate in the transfer of
genetic information from the base pair sequences of DNA to the amino acid se-
quences in proteins (DNA—~RNA—protein). As such, RNA did not need to be
capable of self-replication, it only needed to be made on DNA templates. Vigorous
proof that RNA also could be genetic molecules came from Alfred Gierer's 1956
demonstration in Tibingen that RNA purified from tobacco mosaic virus was
infectious.

Viruses by then had become perceived as tiny pieces of genetic material sur-
rounded by protective coats made up of protein (and sometimes lipid) molecules
that ensured their successful passage from one cell to another. At first, we be-
lieved that the proteins used to construct their outer coats were the only proteins
coded by the viral chromosomes. The enzymes used to replicate their DNA were
believed initially to be those of their host cells. This assumption, however, created
the dilemma of how the RNA of RNA viruses was replicated if the RNA within their
host cells was made entirely on DNA templates. One way out of the dilemma was
to postulate that some types of DNA-made RNA were later selectively amplified by
RNA-templated RNA synthesis catalyzed by host cell enzymes. By 1959, however,

of Lurids bacterial viruse
of 1949, | started my Ph.




Seymour Cohen's and Arthur Kornberg's labs began to show that phage chromo-
somes coded for many of the enzymes needed to replicate their DNA. This
opened up the possibility that animal viruses also coded for the enzymes that
duplicate their DNA. If true, | thought we might have the first real clue as to how
viruses cause cancer.

Dissolving the deep enigma surrounding viral carcinogenesis first became a
goal of mine when | learned of tumor viruses in Luria's 1947 virus course. A young
uncle of mine was then dying of cancer, and it was that fall when | first acutely
sensed the need for science to fight back. This desire was rekindled in the spring
of 1958 when | was visiting Lurias lab, by then in Urbana. There | heard Van Pot-
ter from the University of Wisconsin, Madison, give a lecture on the biochemistry
of cancer. From him [ first realized that the cells of higher organisms, unlike those
of bacteria, needed specific signals to divide. In fact, the majority of cells in our
bodies are not dividing but are in an apparent resting state where DNA synthesis
is not occurring. A DNA virus infecting such cells would be unable to multiply un-
less it coded for one or more enzymes that specifically functioned to move their
quiescent host cells into the “S” phase of DNA synthesis. Conceivably, insertion of
animal viral genomes into the chromosomes of resting host cells would convert
them into dividing cells with the signal for DNA synthesis always turned on.

This idea came to me when | was preparing a lecture on cancer to beginning
Harvard students whom | was trying to excite with the new triumphs of molecular
biology. It was they who first learned of my hypothesis. That viral carcinogenesis
might have such a simple answer dominated my thoughts all that spring of 1959.
In May, | presented it as my prize lecture for that year's Warren Award of the Mas-
sachusetts General Hospital. Francis Crick and | shared the award and my pre-
sentation came after he told an overflow audience how transfer RNA was the
“adaptor” molecule he had earlier postulated for reading the messages of RNA
templates. Thanks to Mahlon Hoagland and Paul Zamecnik's new experiments,
there were no doubts as to whether Francis' ideas were on track. His talk had the
virtue of being not only elegant, but also right. On the other hand, my talk had to
seem more hot air than future truth. | left the Museum of Science Lecture Hall
depressed at the thought that | had appeared at least an order of magnitude less
intellectually powerful than Francis. Clearly, | might have given a more convincing
talk if | had a plausible hypothesis as to why RNA viruses also sometimes induce
cancer. For, as opposed to the situation with DNA, resting animal cells are con-
stantly making RNA. Conceivably, there were two very different mechanisms
through which the DNA and RNA viruses caused cancer. The other possibility was
that my idea, although pretty, was just wrong.

During that spring, | started some experiments with John Littlefield, who had
been purifying the Shope papilloma virus from rabbit warts. At that time, it was the
smallest known DNA tumor virus and we expected its DNA to have a molecular
weight of about four million. Surprisingly, using sedimentation analysis, we mea-
sured an apparent molecular weight of some seven million, with some molecules
of seemingly twice that size that we thought might be end-to-end dimers. Unfortu-
nately, we never looked at them in the electron microscope. If we had, we would
have discovered that the Shope papilloma DNA is circular and that the faster-
sedimenting molecules were not dimers, but a supercoiled form of the uncoiled
simple circle that has a molecular weight of five million. In retrospect, | felt stupid,
since earlier | had spent much time arranging for Harvard's Biological Laboratories
to get an electron microscope. But, circles were not yet in the air and | never ex-
pected to see anything interesting.




ndable, source of the Shope papilloma virus
arl Johnson. SO, the discovery of a more accessible and
was beginning to revolutionize Itquor virflogy, In 1958,

: orking at the National Lancer nstitute, opened
sareh S o B'?U;Iiselidtgyr,nvgdern %irological methods through being able tg
up the B tumg r(\;l oss “paratoid” virus in mouse cells growing in celf cufture,
propagate LudeFJ rr uE "polyoma," after its unexpected property of inducing a
They renamed th'Sf ;" mors following inoculation into immunologically immature
o SpeC.tfum ui llil several molecularly oriented virologists, including Renato
newborn mice. QUICKY, Sachs in Israel, and Michael Stoker in Glasgow, took up

ech, Leo :
Dulbeclco at Si?:js system, moving on several years later to the newly discovereq,
the ‘lpflyosin;Zd monkey tumor Vvirus SV40. Easily workable cell culture systems to
a .
B f these viruses

iplicati as well as their cancer-inducing (transform-
§tudy the m Itﬂzi‘?: ;()jlace by the early 1960s. The time had thus come to ask
e DNA viruses contained one or more specific cancer-inducing
s thet'tswe re was an aura of real excitement permeating our 1962 Symposium
genues.‘ SO.I Vi(rausesn | came down from Harvard and listened to Dulbecco give the
2Irc])siAnr;r23mmary a;t which the then-young Howard Temin and David Baltimore
i idence.
we‘rzigu;z: ';‘0‘3;’5:: then join in the cancer. gene quest. 'My earlier experiments
on papilloma DNA were diversions from a ribosome-dominated lab that Unfqrtu~
nately was still in the dark as to where to 9o next. But when we found the first firm
evidence for messenger RNA in March of 1960, the course of my Harvard lab for
the next decade was firmly set. We wanted to uhderstand hovy messenger RNA
to order the amino acids on ribosomes during pro-

was made and then functioned ' : ‘
tein synthesis. But | continued to emphasize tumor viruses in my Harvard lectures,

which eventually formed the basis for my first book The Molegular Biology of the
Gene (1965). lts last chapter, “A Geneticists View of Cancer’ discussed the DNA

and RNA tumor viruses, concluding with the statement that through study of the
simple DNA and RNA tumor viruses, wé have our best chance of understanding

Then the only, and not always depe

was the Kansas trapper E
even smaller mouse virus

cancer.
My taking on the Directorship here early in 1968 at last gave me the opportunity

to get into the DNA tumor virus field. The great era of phage and bacterial
genetics research at Cold Spring Harbor was coming to an end and we needed a
new intellectual focus as a reason for our existence. Fortunately, that summer, our
animal virus course brought to us several individuals who were just starting re-
search with tumor viruses. The lecturer to excite me most was Joe Sambrook,
then a postdoc in Dulbeccos Salk Institute lab where he worked with Henry West-
phal on the integration of SV40 DNA into the chromosomal DNA of cells made
cancerous by SV40. Soon after meeting Joe, | asked him to move here and start a
DNA tumor virus lab. He quickly accepted, wrote a successful grant application,
and arrived here the following June.

Within several years, Joe was leading a very high powered group in James lab
consisting of Henry Westphal, Carel Mulder, Phil Sharp, Walter Kefler, and Mike
Botchan whose main purpose was to identify the SV40 gene(s?) that leads to can-
cer. By then, George Todaro and Robert Huebner, members of the NIH Special
Cancer Virus Program, proposed using the name “oncogene’ for a cancer-causing
gene and this designation rapidly caught on. Through work here and at several
other key sites, including the Salk Institute, NIH, and the Weizmann Institute, the
SV40 oncogene(s?) was shown to be identical to the so-called “early gene(s)’ that
functions at the start of the SV40 replication cycle. This was a most gratifying re-
sult, compatible with my brainstorm of a decade earlier that the DNA viral on-
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cogenes function to convert host cells into states capable of supporting DNA
synthesis.

Key tools in everyones analysis were the newly discovered restriction enzymes
that cut DNA molecules at precise nucleotide sequences. A given restriction en-
zyme was used to cut up a viral genome into discrete pieces that could then be
isolated from each other by a powerful new ethidium bromide agarose gel proce-
dure developed here by Phil Sharp, Bill Sugden, and Joe Sambrook. Restriction
enzymes came to the laboratory when Carel Mulder brought Herb Boyer's EcoRl
into the James lab and later went on to isolate the Smal enzyme. Soon afterward,
Joe Sambrook and Phil Sharp began to use Hpal and Hpall enzymes, whose use
was pioneered by Ham Smith and Dan Nathans at Johns Hopkins. More and
more restriction enzymes came on line through the efforts of Rich Roberts, who
arrived here in late 1972. About 50% of the world's commonly used restriction en-
zymes were discovered over the next decade in the Roberts laboratory.

By then, James lab was also working with a second DNA tumor virus, a human
adenovirus that Ulf Pettersson had brought from Uppsala in 1971. Its life cycle also
was divided into an early phase and a late phase, with the genes carrying its on-
cogenic potential also being ‘early” genes. A clear next objective was to find and
identify the messenger RNAs for proteins encoded by the early and late adenovi-
rus genes. Ray Gesteland's and Rich Roberts' groups in Demerec lab took on this
task, which soon began to generate mystifying results. All of the late mRNAs
seemed to possess a common terminal segment even though they were encoded
by widely separated sequences of DNA. Resolution of the paradox occurred in
late March of 1977, when Rich Roberts orchestrated a team consisting of Tom
Broker, Louise Chow, Rich Gelinas, and Dan Klessig to their monumental discovery
of RNA splicing. Independently, Phil Sharp and Susan Berget, then at MIT, made
the same great discovery after initially observing with the electron microscope that
the 5" end of a late adenovirus messenger RNA did not behave as expected.

The discovery of RNA splicing was a once-in-a-lifetime event that completely
transformed all of eukaryotic biology, and our 1977 Symposium, where the discov-
ery was first publicly announced, was an occasion of intense intellectual ferment.
Afterwards, new implications arose virtually weekly. Among the first was under-
standing that the T(umor)-antigen-coding SV40 early gene specified two different
cancer-causing proteins. They are derived by two different ways of splicing the
early SV40 messenger RNA. The once thought single SV40 T(umor) antigen in fact
consists of large (T) and small () components, with the main cancer-causing activ-
ity due to the large T antigen. Splicing also occurs with the early adenovirus
mRNAs, with two of the resulting protein products of the E1A and E1B genes play-
ing essential roles in early viral replication as well as having oncogenic activity.

Now we realize that the subsequent working out of how these tumor virus on-
cogenes actually induce cancer would have been virtually impossible if the proce-
dures of recombinant DNA had not been discovered in 1973. They have allowed
us to study the action of individual oncogenes as well as to prepare the large
amounts of highly purified oncogenic proteins needed to study their molecular
functioning. We had, however, to wait six long years after Herb Boyer and Stanley
Cohen gave us the first generally applicable recombinant DNA procedures until
the stringent NIH prohibitions against using recombinant DNA to clone viral on-
cogenes were dropped. Only in early 1979 could the recombinant DNA era of tu-
mor virology take off.

Not only were the DNA tumor viruses ripe for analysis, but how to think about
the RNA tumor viruses was also known. Through work in the 1960s by Harry
Rubin, Peter Vogt, and Howard Temin, the defective nature of most RNA tumor




ed. Their replication requires the simultaneous

) uiring their cancerous potentials, the
presence of a normﬁl ZeLZ?T:eVr:gJ;I(I)nsta;:rt of ?heir own genomes. The way such
RNA tumor viruses ha normal or defective, are replicated was first correctly
RNA genomes, b:t e}rld Temin. In 1964, he suggested that the infecting RNA mg.
hypothesized B tomwalates to make DNA genomes, which, in turn, integrated ag
eculgs ser\{ed a: et CZ" chromosomes. Proof came in 1970 when Howard Temin
provu.ruses.mto OSh. Mizutani, and independently David Baltimore, discovered
wgrlfmg with Sa:\?z t'umor vi’U,s particles the enzyme reverse transcriptase. Soon
mthlnanrz\:tuurzr:wuses,, became used to encompass all those RNA viruses that

en ] i
replicate their RNA through a DNA lnterm\(/edxate\./ided S
Studies on the Rous sarcoma virus (RSV) pro S
how the RNA tumor viruses cause cancer. RSV mutants that were unable to trans.

lls were found by Peter Duesberg and his collaborators frequently to lose
o e ific region of the genome that they called sarc. Its true nature be-
part of a Spec and Harold Varmus' 1976 seminal experiments

from Mike Bishops ‘
Cﬁm?nkn?:;rt] ﬂ’je sarc sequences within RSV are highly homologous to those of g
io?:nvglgce"U'a' sarc equivalent. This finding immediately suggested that the

cancer-causing signals of retroviral genomes Ijaye nothing tmdo. .w.ith the replica-
tion processes of retroviruses. Instead, thgy onglnateq from illegitimate recom-
binant events that replaced normal retroyual base pairs wnh DNA segments bear-
ing cellular genes. A year later, the protein produc.t of sarc itself was ?soigted and
found independently by Ray Erickson and Art LewnsoQ tp be a pr.oteln kinase, an
enzyme capable of adding phosphate groups to preexisting proteln.s.

Over the next decade, more than 30 additional oncogenes were isolated from
RNA tumor viruses. In each case, they closely resgmble a nor‘mal cellular gene.
The proteins these oncogenes encode have seemlngly very dlver§e roles; some
are growth factors, others are receptors, many ar’e Iflnases,. aind still others code
for proteins that bind to DNA and control transcription. meyung tlhe rqle; of all
these oncogenes, as well as of their normal cellular equivalents, is their involve-
ment in the signal transduction processes that control whether a cell divides, re-
mains quiescent, or becomes terminally differentiated. In normal cells, the func-
tioning of these signal transduction genes is tightly regulated, so that they function
only when cell division is needed. In contrast, the functioning of their oncogene
derivatives is unregulated and leads to overexpression of their respective protein
products. Proto-oncogene is the term now used to designate normal genes that
can be converted into oncogenes by mutations or abnormal recombinational

viruses had been firmly establish

events.
We thus see that the oncogenes of DNA and RNA tumor viruses work in fun-

damentally different fashions. Those of DNA tumor viruses play essential roles in
the replication of the viral genomes, with their cancer-causing attributes related to
the tricks by which they turn their normal quiescent host cells into factories primed
for DNA synthesis. In contrast, the oncogenes of retroviruses piay no role in their
replication, having arisen by genetic accidents that dissociate growth-promoting

genes from their normal regulatory signals.
When they were first found, the question had to be faced whether the on-

cogenes of retroviruses were essentially laboratory artifacts and not related to hu-
man cancer. One way to settle the matter was to devise procedures that directly
looked for human oncogenes by asking whether DNA isolated from human can-
cer cells could convert a normal cell into a cancerous cell. At MIT, Bob Weinberg
first convincingly showed that this could be done using the DNA infection (trans-
fection) procedures that Mike Wigler helped to develop while he was a graduate
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student at Columbia University. By that time, Mike had joined our staff and was
focusing on ways to clone the genes that his transfection procedures had function-
ally introduced into cells. In 1981, Wigler and Weinberg, working with the same
cancer cell line, used different cloning procedures to isolate the first known human
oncogene. More importantly, this bladder cell oncogene turned out to be virtually
identical to the viral RAS oncogene isolated several years before by Ed Scolnick
when he was at NCI. RAS was just the first of several retroviral oncogenes shown
to be a cause of human cancer. Now no one doubts that the study of retroviral on-
cogenes bears directly on the understanding of human cancer.

The NIH-3T3 cultured mouse cells that Wigler and Weinberg made cancerous
by the addition of the RAS oncogenes were later found to be more predisposed to
cancer than cells obtained from the organs of living animals. Now we realize that
Weinberg's and Wigler's classic experiments would have failed if they had used
cells whose growth regulation was more normal. Two years later in 1983, Earl
Ruley, here at James lab, showed that the RAS oncogene only transforms normal
rat kidney cells to a cancerous state when a second oncogene is simultaneously
added. In his experiments, either the adenovirus E1A oncogene or the retroviral
myc oncogene could complement the activity of RAS. At the same time, Helmut
Land and Luis Parada working at MIT in Weinberg's lab independently came to
the same conclusion: Normal cells do not become fully cancerous through acquir-
ing a single oncogene, but instead they become cancerous progressively, as other
oncogenes successively come into action.

When the rush to use recombinant DNA procedures to study oncogenes be-
gan, we had to worry whether the research expertise and facilities at Cold Spring
Harbor were up to the task. So we brought to James lab in 1980 John Fiddes
from the University of California at San Francisco, where he was one of the first
serious gene cloners. At the same time, we persuaded Tom Maniatis, who, before
moving on to Caltech, had helped develop cDNA cloning as a member of our
staff, to introduce a summer molecular cloning course. Started in 1980, this course
gave rise in 1982 to the extraordinarily successful cloning techniques book Molec-
ular Cloning: A Laboratory Manual by Maniatis, Fritsch, and Sambrook, which
sold over 60,000 copies in its first edition. We also planned and constructed in
1983 a major south addition to Demerec Laboratory aimed at strengthening our
facilities for protein chemistry and mutagenesis analysis. Equally important, we
realized that we could not successfully exploit the monoclonal antibody proce-
dures discovered in Cambridge, England, by George Kohler and Cesar Milstein in
1975 until we built a further addition to James lab. We had already constructed, in
1970, a south addition for offices and a seminar room and, in 1972, a west addi-
tion for virus culture. We needed to use monoclonal antibodies first to purify and
then to better define the surfaces of oncogenic proteins. Planning for the north
(Sambrook) addition allowed us to get Ed Harlow straight from his Ph.D. at the Im-
perial Cancer Research Fund (ICRF) Laboratories in London. There he had made
monoclonal antibodies against both the SV40 T antigen and the still very mysteri-
ous p53 protein, a cellular constituent that David Lane and Lionel Crawford at

ICRF had found to bind to the SV40 T antigen.
Upon arriving here, Ed focused on the key adenovirus oncogenic protein E1A to

see which proteins it bound. He hoped that by identifying the cellular components
with which it interacted, clues would emerge as to how E1A caused cancer. To
spot these cellular proteins, he used a monoclonal antibody against E1A to
precipitate it from extracts of adenovirus-infected cells. Then, he displayed the
resulting precipitate on a gel to see whether proteins in addition to E1A could be
detected. In this way, several unknown cellular proteins were found to bind to E1A.

7




ned a mystery until Nature in the fall of 1987 pub-
3 . Lee on the properties of Rb, a newly identified DNA
t::gi: gs)?;; t:r{a\ivﬁglgswti prevent cancer. ‘When Rb is absent in a humgn due
to mutations in both of his two Rb genes, retinoblastoma (cancer of the retina) de-
individuals who inherit a bad Rb gene from one of their parents are
velgps, Th%s_e lance’ frequently developing retinoblastoma at an early age when
at risk for this ¢ mu'tatiOn occurs in the remaining good Ab gene. Harlows lab
a cgncer~cat1ilngRb protein had been assigned a size very similar to one of the
notucgd th%tSKethat binds tightly to the E1A protein. Hoping that they might be the
proteins (1I s) lab began a collaboration with Bob Weinberg's lab, one of the
f::g:’gl;{:;s:/that had just cloned the Rb gene. H,appily, the two prot‘eins (Rb and
105K) proved to be identical, suggeSFinQ that E‘A? oncogene potent!al lies par-
tially in its ability to neutralize the antu-cancgr activity of the Rb protein. | say par-
tially because besides binding to Rb, E1A bnr.lds also to several other, still to bg
functionally identified, molecules, each of which also may be a cancer-preventing
i in.
(ar}t;;zr;::nosiir;ilsfgftza”ow,s discovery wiqened vyith the subsequent finding that
the T antigens of SV40 and polyoma also tightly bind RDb, as does an oncogemC.
protein coded by a papiuoma‘»virus that causes warts. Moreover, the once mysteri-
ous p53 protein that binds to the SVv40 (polyoma) T ant!gen was §hown Igst year
by Arnold Levine and Bert Vogelstein also to be an ar\tl-oncogemi: proteln‘ Al- .
though p53 does not bind to E1A, it does bind to E1B. a seconq early” adenovi-
rus protein that potentiates the oncogenic transformation potential of the E1A
protein.

The study of tumor viruses has thus advanced fundamental cancer research
more than anyone could have predicted when serious research on them began
some three decades ago. The RNA tumor viruses have revea‘led almost all of the
oncogenes known today. Without them, we would largely be |Q t.hfe dark as to the
molecular players in the signaling processes that lead to cell division. Equally im-
portant have been the insights gained from learning how the oncogenes of the
DNA tumor viruses work. The knowledge that they prevent anti-oncogenes from
functioning gives us a new way to identify anti-oncogenes and will materially ad-
vance our understanding of hereditary predispositions to cancer.

We must remember, however, that the small hyperplastic tumors that result from
gain of oncogenes that promote cell growth and division are generally benign.
These usually tiny tumors generally only grow to life-threatening size when they
become infiltrated (vascularized) by newly growing blood vessels that bring to
them the oxygen and nutrients needed for their growth. Douglas Hanahan ele-
gantly showed this through experiments done in collaboration with Judah Folk-
man. In our Harris laboratory, Doug introduced oncogenes into the germ cells of
mice to produce transgenic mice in which these cell-division-signaling genes are
expressed in early development as well as throughout adult life. His targeting of
the SV40 T antigen to function in the pancreas resulted in large numbers of be-
nign hyperplasmic growths in the insulin-producing islets. Only a small percentage
of these benign growths, however, turned into rapidly growing tumors with infiltrat-
ing blood vessels. They did so by acquiring the ability to send out angiogenic
(blood-vessel-forming) signals that induced neighboring endothelial cells to form
new blood vessels. Finding out which molecules carry these signals will soon be-
come a major objective for the coming decade of cancer research. If we could
find inhibitors of these angiogenic growth factors, we might have in hand a power-
ful new way to stop cancers from growing. Most importantly, the endothelial cells

What any of them did remai




that line our blood vessels effectively do not divide in adult life. So, as Judah Folk-
man has long dreamed, inhibitors of tumor angiogenesis would not necessarily af-
fect the healthy functioning of our preexisting blood vessels.

The truly cancerous cells of solid tumors (as opposed to those of the circulating
cells of the blood) also show failure of their normal cellular affinities and spread
(metastasize) to many unwanted tissue sites. Our first molecular clue as to the on-
cogenic changes that create cells capable of metastasis came this past January
from the cloning of an oncogene on human chromosome 18 that leads to a final
step in the progression of normal colon cells into their highly malignant equiva-
lents. Through a very difficult feat of gene cloning, Bert Vogelstein found that this
oncogene codes for a cell membrane protein involved in cell-cell recognition. Over
the next few years, the losses of many additional cell-recognition proteins are likely
to be implicated in the unwanted spread of tumor cells from their original sites of
origin.

At long last, we may thus have the proper intellectual framework to understand
most of the more common life-threatening cancers. At their essence are three
types of genetic changes: (1) those that make cells divide when they should not,
(2) those that lead to the formation of blood vessels that infiltrate into and so nour-
ish the growing tumors, and (3) those that modify cell-recognizing molecules in
ways leading to losses of their respective cell's ability to recognize their normal cel-
lular partners. We have indeed come a very long way, but there remain myriad fur-
ther details to unravel about both currently known oncogenes and the many more
oncogenes yet to be discovered. Many of these new observations will initially un-
settle us and momentarily make us despair of ever being able to have a fair fight
against an enemy that so constantly changes the face it presents. But now is most
certainly not the moment to lose faith in our ability to triumph over the inherent
complexity that underlies the existence of the living state.

Given enough time, and the financial and moral resources that will let those
born optimistic stay that way, the odds for eventual success in beating down can-
cer are on our side.

HIGHLIGHTS OF THE YEAR

Our Complex of Super Cabins Is Dedicated

For many scientists around the world, Cold Spring Harbor Laboratory is a tem-
porary home away from home during the various meetings and courses, which
brought more than 5400 scientists here last year. For many of these visitors, the
unheated Page Motel and its four austere companion cabins were all a seemingly
inadequate feature of the hill above James lab. We were thus relieved to complete
the six heated guest cabins on the upper campus last spring. Each has four
bedrooms and very comfortably houses eight visitors. On August 26, we dedi-
cated them to six old friends of the Laboratory. The ceremony took place during
the annual phage meeting, paying tribute to the earlier days of the Laboratory
when several of the honorees spent summers here as part of the “Phage Group!
The six cabins are now named for Herbert W. Boyer, Bentley Glass, Harry Eagle,
Salvador E. Luria, Franklin W. Stahl, and Gunther S. Stent. In his remarks, Gunther




B. Glass, H. Eagle, M. Me

Neuroscience Center
progress

selson, G. Stent, . Stahl, and J.D. Watson at Cabin Dedication Ceremony

echoed sentiments that | believe many of the “first-generation” molecular biologists
share about those early days: “From the professional point of view, | discovered

the pleasures of research . . . | was reborn as a piologist and launched into the
as-yetunnamed molecular biology” | was disappointed that Sa!va could not attend
the ceremony because of his health and that Herb could n_ot fit the cross-country
trip into his schedule. Matt Meselson gave a cleverly amusing .spe'ech onvthe pros
and cons of sexual reproduction, graciously replacing Herb with little notice.

| note with much pleasure the pleasing appearance of the cabins, which were
most tastefully decorated by our trustee Wendy Hatch, along with my .wife Liz and
Laura Hyman. Outside, the cabins are most skillfully interconnected with wooden

walkways that next year will directly connect to the Neuroscience Center.

Neuroscience Center Progresses

The landscape of our upper campus is changing rapidly as construction on the
Neuroscience Center has been moving ahead on schedule. Since the parking ga-
rage was completed and the cornerstones were dedicated in late spring, the con-
tractors have already completed the outer shell of the Beckman Neuroscience
Laboratory. Work is in progress on Hazen Tower and the shell of Dolan Hall has al-
ready reached the second floor. Seeing these structures rise makes the day seem
just around the corner when our research staff will reach 225, up from today’s 150.
This size staff will allow just the right mix of researchers from several fields and will
not need major expansion in the foreseeable future. Walking by the construction
when | get the chance, | can already see that the buildings fit comfortably into the
hillside. The upcoming 55th Symposium on “The Brain” should help give the Neu-
roscience Center the visibility it needs to attract the high-caliber researchers we
expect.

Major Gifts Received

Thankfully, there are several major gifts to report this year. A recent grant from the
Samuel S. Freeman Charitable Trust of $1 million will support our cancer research.
After Lita Annenberg Hazen's generous gift last year for construction of the Hazen
Tower, | was pleasantly surprised to receive another similar gift late in the year for
the Unrestricted Fund. This gift will allow me to say “yes’ to more of the immediate
and ever-changing needs of the Laboratory. The Kresge Foundation gave us a
generous challenge grant of $500,000 for Dolan Hall, provided we raise the almost
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$2 million remaining for full funding. The Fannie E. Rippel Foundation also gave a
challenge grant of $250,000 for equipping the Neuroscience Center, after we raise
an additional $500000. These two endorsements will be powerful tools for our de-
velopment office. Challenge grants also emphasize the importance of every dollar
contributed, since we must raise the additional funds before we receive anything
from the foundations. The Neuroscience Center received boosts of $300,000 and
$100,000 from the Pew Charitable Trusts and the Booth Ferris Foundation, respec-
tively. Within the Neuroscience Center, three rooms have already been named
(benefactors are in parentheses): The Oakes Ames Seminar Room (Mrs. Pauline A.
Plimpton and Mr. Amyas Ames), the Gardner Neuroscience Library (Mr. and Mrs.
Robert B. Gardner, Jr), and the Lucy and Edward Pulling Seminar Room (Mr. and
Mrs. George W. Cutting, Jr.). Our AIDS research program has received $100,000
from the Mellam Family Foundation.

State of the Second Century Campaign

Through the diligent efforts of a corps of staff members and volunteers over the
last year, the campaign has, to date, exceeded everyone's expectations. Since the
public phase of the campaign started in April, we have raised almost $9.3 million.
The tireless efforts of David L. Luke Ill as chairman of the campaign and chairman
of the Corporate Committee of the campaign have certainly been the major factor
in the campaign’s success and the Laboratory is deeply indebted to him. To reach
our goal, we must raise at least another $7 million, and hopefully more. These
monies are required for some of the most important items for our continued finan-
cial health, such as the need for endowed chairs to offer our best scientists steady
support, $2 million to renovate McClintock lab, and $2 million of the $3 million to-
tal needed to completely overhaul and expand the sorely inadequate kitchen and
dining facilities in Blackford Hall.

The Blackford renovations and the planning for six more super cabins are part
of a broader program to upgrade many of our infrastructure facilities. This is es-
sential in view of the expanding staff and growing meetings and course atten-
dance. The Corporate Committee of the campaign has undertaken to raise the
needed funds from pharmaceutical and biotechnology-oriented companies in the
U.S. and abroad that have sent their scientists here for meetings and courses.
Headed by David L. Luke lll, the committee already has commitments from
Bristol-Myers Squibb Co., Burroughs Wellcome Co., Merck & Co., Pall Corp., and
Westvaco Corp. Our goals for this Infrastructure Fund also include enlarged waste-
treatment facilities, better fire protection, energy management, new data process-
ing and office equipment, upgraded maintenance facilities, road construction/re-
pair, and expanded research support facilities.

David Beach, a Hughes Investigator, Co-organizes New
Yeast Course

Late in the year, we received the good news that David Beach had been named a
Howard Hughes Medical Institute Investigator. David thus becomes the first
Hughes Investigator in the Laboratory's history and joins a very select group of
about 175 top researchers throughout the country. With this high distinction comes
research support for seven years plus funds to expand and renovate McClintock
laboratory for new lab space for David and his team. HHMI recognized David's
work on cell cycle control and the cdc2 gene that has helped bring the fission
yeast S. pombe to the forefront of cancer research. Recent observations of a pos-
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Ed Harlow

J. Salk, J.D. Watson

2 and the sr¢ proto-oncogene have stirred interegt
c community. His evidence shows that either the src protg;
th similar activity regulates cdc2. cdc2 has already been in
ent of the maturation promoting factor (MPF).

Continuing our expansion to @ year-round teaching institution, the fourth ang
last of our new set of spring and fall advanced courses was taught in October gp
“The Molecular Genetics of Fission Yeast! This course grew out of the prominence
fission yeast has had in recent years, again partly due to co-organizer David
Beach's research. As with the other three new courses, this yeast course was more
than successful and has been scheduled again for fall 1990.

sible connection between cdc

throughout the scientifi
or a tyrosine kinase Wi
shown to be a compon

Harlow Wins Milken Award

The Laboratory and the scientific community quickly realized the importance of Eq
Harlow's discovery concerning the retinoblastoma anti-oncogene-E1A protein inter.
action. More public bodies are now recognizing this great breakthrough, and the
Milken Family Medical Foundation honored Ed in December with a cancer re-
search award for his research. The award from the foundation, located in Sherman
Oaks, California, includes $50,000. This is only the second year that the Milken
Foundation has given this cancer award, and Ed was one of just three recipients
in basic science this year, sharing the honor with Bert Vogelstein of Johns Hop-
kins Medical School and Charles Scher of St. Judes Medical Center in Memphis

Molecular Cloning Il Arrives
The long-awaited second edition of Molecular Cloning: A Laboratory Manual ar-
rived in November, bringing to an end the four years of hard work by Joe Sam-
brook, Ed Fritsch, Tom Maniatis, Nina frwin, Nancy Ford and her staff, and the
numerous scientific advisers. Their long hours of testing and retesting methods
going over manuscripts, and even adding the latest techniques in the middle o}
editing have created a new standard, filling a void left by the outdated first edition
The manual now spans three volumes and over 1600 pages. With 25,000 advanc.
orders and another 10,000 within the first few months after publicatior,] | am conf’e
dent that this book will become the leader of a now-crowded field of s}milar textsl.
Also to be noted is the enormous success of “Antibodies,” the splendid lab m :
val py Ed Harlow and David Lane published in late 1988. By now over 16,000 -
Z\(jg:esur;el:\;ﬁet:en sold, and already it is the second most popular book we have

Jonas Salk Visits Laboratory

gf:ijrehilts ejsrlyb:SBSOS discovery eradicated polio in this and other countries and
anemiong tos;n(e;t;or parents to rgqu in the summertime, Jonas Salk has turned his
e erf publicly tgmfymg disease —AIDS. On December 7, Jonas dis-
et hisgslvoo; controlling HIV infection and the disease using a vaccine.
S ;n Cat a Banbury co.nfe~rence on AIDS and afterward spoke to
i o e at Grace Auditorium. He reported that his “whole-virus'
o , similar .to the one .he used in the 1950s against polio, has

ence of halting or slowing the progression of the infection. Having
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Undergraduate Research Program

The Undergraduate Research Program returned to full financial health in 1989
with the return of funding from the National Science Foundation, which unexpect-
edly had been lost in 1988. From a pool of 106 well-qualified applicants (43 male,
63 female), program director Winship Herr put together a fine group of 16 under-
graduates. The group was split equally male/female and students came from as
far as Great Britain (3) and Yugoslavia (1). in addition to the NSF funds, contribu-
tions to cover the costs of the program were received from the Burroughs Well-
come Fund, Baring Brothers Ltd., the Robert P. Olney Fund, and Miles, Inc./Bayer
AG. Attesting to the intensity and interest the program sparks, one student, Steven
Palmer, temporarily interrupted his studies to spend a year continuing his research
at Cold Spring Harbor.

Robertson Research Fund

Thanks to the careful administration of the Robertson Research Fund, our largest
endowment, the unstable market of the last two years has had a négligible impact
on the income from the fund. This has allowed us to continue support for younger
scientists who have not yet established themselves and secured their own grant
support. Last year, the Outstanding Junior Fellow Awards went to Carol Greider,
who came to us from the University of California, Berkeley, and Eric Richards, who
moved here after finishing his Ph.D. at Massachusetts General Hospital of Harvard
Medical School. Carol, who works on the biochemistry of the enzyme telomerase,
has also made the observation that there may be a link between age and telo-
mere length. Eric is studying the regulation of telomere length in the small-genome
plant Arabidopsis as well as trying to clone its centromere. Our still growing plant
program and the labs of Robert Franza and John Anderson received interim sup-
port in anticipation of grant funds. Other Robertson funds went for most needed
salaries and stipends for postdoctoral fellows and visiting scientists.

54th Symposium Focuses on Immunological

Recognition

After a 13-year hiatus, immunology returned to the Symposium with 446 attendees
hearing 94 speakers over 14 sessions. Remembering the 41st Symposium, when
DNA manipulation was in its infancy, crystallography lacked the powerful imaging
computers, and transgenics were not yet reality, this meeting showed how far our
understanding of the development and functioning of the immune system has
come. As in past years, the meeting was fully registered months in advance,
thanks largely to co-organizer John Inglis. With his extensive background in immu-
nology, he and | managed to bring together the many very high caliber speakers,
including Lee Hood, Susumu Tonegawa, Philippa Marrack, Hugh McDevitt, Irv
Weissman, and Walter Bodmer. A traditional break from the grueling lecture
schedule, the Dorcas Cummings Memorial lecture was given by Gustav Nossal,
Australia's best-known scientist. His overview of the use of colony-stimulating fac-
tors in medicine and the autoimmune nature of diabetes was one of our best lec-
tures ever for a public audience. From what | saw and heard about the 19 dinner
parties that followed the lecture (a 35-year-old tradition), “a good time was had by
all”
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J. Greenberg, G. Cutting

S -Kr asauskas, V. Shick E. and M. Ustav, G. and N. Yenikolpov, and K. Galactionoy
. Klim , V. o B

Iron Curtain around Science Drops, Too

The events of the last year in Eastern Europe have re_Shgped not only the political
and economic climates of the planet, but also. the §C|ent|f|c ?tm9§phere, | haye
been fortunate to be involved in forging new ties with thg scientific commuqty in
the Soviet Union, since | was recently elegted tp the Soxflet Academy of Sciences,
Due to the removal of what visiting scientist Grigory Yemkolopoy callgq “a hostage
mentality, Soviets have been able to leave the country with then families to pursue
research in other countries temporarily. As a result, after hav?n‘g‘ had iny one So.
viet resedrcher here in our first 99 years, we now have flvg visiting scientists from
the Soviet Union and one from Poland. They are Konstantin Galaction-ov from
Leningrad, Grigori Yenikolopov and Valentin Shick from Moscow, Saulius
Klimasauskas from Lithuania, and Mart Ustav from Estonia.

LIBA and Associates Membership Up

Last year, under the guidance of Chairman George W. Cutting, Jr, and with con-
siderable help from Jane Greenberg, LIBA membership soared to 781 members,
an increase of 47% over 1988. Annual giving also increased, allowing LIBA to sup-
port fellowships for Ashok Dubey, Anindya Dutta, Jeffrey Kazazz, and Erich
Grotewold. The New Investigator Start-Up Fund awarded grants to Carol Greider
and Arne Stenlund.

The Associates Program, only three years old, also had a very good year in
1989, Over $205,000 was donated by 135 associates, a membership increase of
220. At the annual meeting in January, John Reese, a LIBA Director and new
Laboratory trustee, was put in charge of the newly formed Associates Committee
to continue expansion of the program. This annual giving, added to LIBA funds, is
an important source of dependable unrestricted funds that enables the Laboratory
to react quickly to promising research projects.

Baring Brothers & Co., Inc., Hosts Second Executive Conference

For top executives in the biotechnology industry, trying to combine the daily oper-
ation of their organizations with the need to keep up with rapidly changing tech-
nology is often an impossible task. For the second year straight, we were fortunate
to have the leading investment banking firm Baring Brothers & Co., Inc., co-
sponsor a two-day conference for executives on an important and practical field of
biology. The conference, organized by Douglas E. Rogers (a director at Baring
Brothers), gave chairmen, presidents, CEOs, and other top executives an intensive
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Baring Brothers executives at the DNA Learning Center lab

lesson on this year's topic: “Growth Factors in Development—Clues for New Thera-
pies” Eight top scientists attended, including Stanley Cohen of Vanderbilt Univer-
sity, who won a Nobel Prize for the first purification of a growth factor. They dis-
cussed the use of growth factors to study and possibly treat a variety of diseases,
including bone disorders and diseases of aging. A highlight of the conference was
a laboratory experiment in the Bio2000 teaching laboratory at the DNA Learning
Center. There, the executives assumed the role of geneticist as they diagnosed a
case of sickle cell anemia using the latest recombinant DNA technigues, including
the polymerase chain reaction. Increasing their relationship with the Laboratory,
Baring Brothers also gave us a grant that last summer sponsored two students
from England in our Undergraduate Research Program.

Banbury Meetings Target Human Diseases

Continuing a shift in focus from an initial exclusive emphasis on risk assessment at
our Banbury Center conferences, Director Jan Witkowski held several meetings
pertaining directly to human diseases. In the fall, there were two meetings on
AIDS—one on HIV gene expression, the other on the pathogenesis of HIV infec-
tion. An early fall meeting on the genetics of alcoholism, sponsored by the
Christopher D. Smithers Foundation, forged important links among geneticists,
physiologists, and psychiatrists as they try to coordinate their differing viewpoints.
Various aspects of addiction in general were also addressed at a workshop for
congressional aides in January 1990. Topics ranged from the biology of addiction
to the potential impact on society of legalizing drugs. Jan's ambitious schedule of
pertinent events at the Banbury meeting house would greatly please its donor
Charles S. Robertson were he still alive to see the leading role of the Banbury
Center in focusing on the public aspects of today's biological revolutions.

Changes in Scientific Staff

Early this year, we said farewell to Senior Staff Scientist Doug Hanahan whose af-
filiation with us began in 1978. Doug worked in Matt Meselson's lab at Harvard as
a graduate student before earning his doctorate in 1983. Dividing his time be-
tween Harvard and Cold Spring Harbor, he became one of Harvard's prestigious
Junior Fellows before joining our staff full time in 1985 as Staff Investigator. He set-
tled into James lab, at first doing recombinant DNA experiments on the collagen
gene, and quickly advanced to Senior Scientist in recognition of his acclaimed
studies using transgenic mice. Our loss is the West Coast's gain; Doug now con-
tinues his work in San Francisco as an associate professor at the Hormone Re-
search Institute, Department of Biochemistry, University of California.
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turned to Pioneer Hi-Bred Interna.

en Briggs has re Br
tor Stev leted his Ph.D. at Michigan State in

ior Staff Investiga
e lowa. Steve, who comp

tiggzl. IEC.'eig :?Sir;?z:})ointment with Pioneer and the Laboratory and first came
1982, shar

o - ing @ pivotal role in the rebuilding of a

i a visiting scientist. Assumvl |
her.e in |1 9?6 Zietics program at Cold Spring Harbor, he was promoted to Senijor
it pant' ?ator in 1987. During his stay here, his efforts were fQCUSgd on the
o’ tIZ:VZildgmdecular analyses of diseaseé resistance in plants, isolating genes
geneti

that confer resistance to corn pathogens, for example, rust.

: : ier accepted a position at the Max Delbrick
R yeiriai?::r:iztiﬁ:trz,hg;ogne, WZst Germany. Prior to her arrival at
e he worked on her doctorate with M.L. Birnsteil at the University of
the.LGbOFatOW,dSb a postdoc period at the Max Planck Institute in Tabingen, Ger-
e fOIIOWeb ‘ny promoted to Staff Investigator, she trained in Mike Wigler's lab

gl Bez)re efl Igring new assays for the detection of human oncogenes.

asS? ZoztsszcciatepMaureen McLeod, who worked in David Beach's lab, departed
afterahaving worked with us for five years. She receivgd her 'Ph.DH from SUNY,
Stony Brook in 1984 and worked on cell cycle regulatpn during her time here,
She is now assistant professor at the SUNY Health Science Center, Department of

Microbiology and Immunology, in Brooklyn.

New Staff Members

Joining the Laboratory as Senior Staff Investigator is Thomas Marr. Tom comes to

us from the Los Alamos National Laboratory where he was. a staff member and
principal investigator in the theoretical biology anq blophysncs grgup. He col-
laborates in Hershey lab with Rich Roberts, pursuing his interest in computational
molecular biology and the algorithms for the physical mapping of DNA.

Robert Martienssen has accepted a position as Staff Investigator and presently
is working in Delbruck lab. He received his Ph.D. in plant molecular genetics from
Cambridge University in 1986 and completed his postdoc at the University of
California, Berkeley, where he worked with Michael Freeling. Rob is researching
nuclear genes that regulate plastid development in maize.

New Visiting Scientists

In addition to our visitors from the Soviet Union, this year four visiting scientists
representing a diverse number of countries are continuing their respective areas of
research at Cold Spring Harbor. From Scotland we have Robin Allshire, who, after
completion of his doctoral dissertation in Edinburgh in 1985, focused his efforts on
chromosome structure and function at the Medical Research Council Cytogenics
Unit. Now he works here in Delbriick lab. Doing experiments in Demerec lab is
Clement Echetebu, a native of Nigeria, who is on leave from the University of Ni-
geria in Nsukka. Clement did his postgrad work in molecular biology at Moscow
State and completed his doctorate at Odense University in Denmark.

Janos Posfai, who also is with Rich Roberts, is here for a second visit to con-
tinue the exploration of biological sequence analysis utilizing mathematical
methods. Janos, on leave from the Institute of Biophysics Biological Research in
Szeged, Hungary, first worked at the Laboratory in 1987. Yan Wang is here from
Beijing, China, working in Demerec. He received his M.D. in 1968 and continued
his postdoctoral work in the Department of Biochemistry at SUNY, Stony Brook,
before coming to the Laboratory.
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Staff Promotions

Loren Field and Dafna Bar-Sagi were both promoted to the position of Senior Staff
Investigator from Staff Investigator. Loren, whose field of study is the molecular bi-
ology of the cardiovascular system, completed his postdoc with KW. Gross at
Roswell Memorial Park Institute in Buffalo. Arriving at the Laboratory in 1986 as a
visiting scientist, he has utilized the powerful methods of germ-line DNA transfor-
mation to create transgenic mice that model diseases affecting the coronary
system.

Ever since her arrival in 1984, Dafna's research has centered on the molecular
mechanisms of growth control and oncogenic transformation, particularly the role
of RAS proteins. She completed her early education in Israel and received her
Ph.D. from SUNY, Stony Brook, in 1984 before joining the cell biology group in
McClintock lab in September 1984 as a postdoc.

In 1987, Adrian Krainer was one of the first two young scientists appointed to the
position of Cold Spring Harbor Fellow. This program encourages independent re-
search by outstanding young scientists who, during their graduate studies, display
exceptional promise of becoming leading scientists in the future. Adrian, who
joined the Laboratory after working with Tom Maniatis at Harvard, continues to re-
search RNA splicing in mammalian cells and now has accepted a position as Staff
Investigator.

Visiting scientist Jacek Skowronski was also promoted to Staff Investigator. His
work is focused on transgenic mouse models of HIV-induced diseases. Jacek, a
native of Lodz, Poland, joined the Lab in 1986 after spending three years at the
National Institutes of Health in Bethesda as a visiting fellow.

Gil Morris, Karl Riabowol, Masafumi Tanaka, and Toshiki Tsurimoto, formerly
postdocs, accepted positions as Staff Associates. Gil Morris works with Mike
Mathews' protein synthesis group in Demerec lab investigating the control of gene
expression. Karl Riabowol is with Mike Gilman's group in James studying the
mechanisms of signal transductions that result in changes in nuclear transcription.
Masafumi Tanaka works with Winship Herr studying the regulation of transcription
in mammalian cells. Toshiki Tsurimoto works in Bruce Stillman's lab looking for an
understanding of the mechanism and regulation of DNA replication in eukaryotic
cells.

Postdoctoral Fellows

Postdoctoral research fellows leaving the Laboratory this year were Dennis Carroll
to the State Department, Washington, D.C.; Wai-Kit Chan to Columbia University
Law School; Susan Erster to the Biomedical Sciences Research Center, North
Shore University Hospital in Manhasset; Joanne Figuerido, East Norwich; Leslie
Goodwin to the NYU Medical Center in New York City; Seth Grant to the Howard
Hughes Medical Institute, Center for Neurobiology and Behavior, New York City;
Gurmukh Johal to Pioneer Hi-Bred International in Johnston, lowa; Janise Meyer-
tons to Abbott Laboratories in North Chicago; Judith Potashkin to Chicago Medi-
cal School, Department of Pharmacology and Molecular Biology in North
Chicago; and Richard Sturm to the Center for Molecular Biology and Biotechnol-
ogy, University of Queensland, Australia.

Graduate students who completed their doctorates included Leonard Brizuela,
who returned to his home in Caracas, Venezuela; Lonny Levin, who is at the
Howard Hughes Medical Institute, Johns Hopkins Medical School in Baltimore,
Maryland; lan Mohr who is at the Department of Molecular Biology at the Univer-
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y; and Brian Ondek who is in the Department of Bjg|.
lifornia at San Diego, La Jolla. Robert Booher is contin.
rnia School of Medicine in San

sity of California at Berkele
ogy at the University of Ca :
uing his studies at the University of Califo

Francisco.

Employees Recognized for More Than 15 Years of Service

w names have been added to the growing list of dedicated Laboratory
here for so many years. Fifteen-year awards were
presented to Deon Baker, purchasing secretary (now retired); Bob Borruso, equip-
ment maintenance technician; Annette Kirk, Assistant Managing Director of Pyb;.
Michael Mathews, Senior Staff Scientist, and Lane Smith, plumbing

Several ne
employees who have worked

cations;
supervisor.

M. Mathews, B. Borruso, D. Baker, L. Smith

Making the Business Connection

To create a more tangible bond with the Long Island business community, we
have created the Centennial Committee. Co-chaired by Robert R. McMillan of Riv-
kin, Radler, Bayh, Hart & Kremer and Thomas A. Doherty, Chairman and CEQ of
Norstar Bank, the committeg's main goals are to increase the Laboratory's visibility
on Long Island and to sponsor a centennial book. The book will feature a section
titled “Partners for the Future” highlighting some of the larger companies on Long
Island. It is hoped that this presentation of the strength and depth of research and
industry on Long Island will be used by local development agencies to attract new
businesses from the U.S. and abroad to the region.

Cold Spring Harbor Laboratory

Centennial Committee

T. Doherty, J.D. Watson, R. McMillan
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Laboratory Is Number One among Independent Labs

A recent article in the newspaper The Scientist confirmed what we have liked to
dream—the Laboratory is number one among the 74 members of the Association
of Independent Research Institutes (AIRI). The article based this on ‘citation im-
pact a measure of how many times other researchers cite papers from our scien-
tists. Between 1973 and 1987, our scientists' papers were cited an average of 58.7
times, which is more than five times the average impact and 15 more citations
than number two on the AIRI list. My thanks and congratulations to all the re-
searchers here over the last two decades who made this possible.

Strong Board of Trustees

For an institution such as ours that is not tied financially to any outside university
or foundation, long-term strength is often directly related to the expertise of its
governing body. In our case, the sound financial and scientific position we have so
far reached heading into our centennial owes very much to the diligent and caring
work of all the members of our board of trustees, who encompass a broad spec-
trum of outstanding achievements. Unfortunately, after their two consecutive three-
year terms on the board, we had to bid a partial farewell to Eric R. Kandel and
John Klingenstein—partial" because they are both remaining as advisers on the
neurobiology committee. Eric's unmatched experience and wisdom have been,
and will continue to be, a guiding force behind the Neuroscience Center and the
neurobiology course program. Last year, he helped to organize our lecture course
on behavior and this year will organize our October Aplysia meeting. John has
long been a champion of the neurobiology program and his expertise in invest-
ment banking, gained from his many years with Wertheim & Co., has been vital as
our operating budget grows and we increase our endowments.

As biotechnology begins to have a real impact on the pharmaceutical industry,
we were very fortunate when William R. Miller, Vice Chairman of the Board of
Directors of Bristol-Myers Squibb Company, joined our board this past year. He
has over a quarter-century of experience under his belt at Bristol-Myers Squibb
and is well-known throughout the international pharmaceutical industry. After a
one-year hiatus following his past two terms on the board, we welcomed back an
old friend, Townsend J. Knight, whose dedication to the Laboratory equals that of
his Jones family ancestors. Filling Eric Kandel's position as representative from
Columbia University is Thomas M. Jessell, already a familiar face at the Labora-
tory. Since 1983, he has been a lecturer at summer neurobiology courses, and
now, as a member of the neurobiology committee, he will help us to shape the fu-
ture of the entire program. With so many good scientists and projects here, our
concerns often turn from where the next discoveries are to how we will pay for
them. John R. Reese of Lazard Freres & Co. has joined the board to help us ad-
dress these concerns with his knowledge of investment banking. A resident of
Cold Spring Harbor and already a LIBA Director, John needs no lessons on how
to be a Laboratory supporter. Having not really lost two members and gaining
three, our board may indeed be stronger than ever.

More Responsibilities Come with My Directorship of the National Center
for Human Genome Research

In October 1988 when | first went down to NiH to help in the build up of its Hu-
man Genome Program, | was then the Associate Director for Human Genome Re-
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irector, Jim Wyngaarden. At first, my office did not have
ut grants; that role remained the responsibility of the
National Institutes for General Medical Sciepces. On October 1, 19§9, ho_\'V?Ye" my
responsibilities became much more operatlongl. A new 'grevmt-awardmg division
within NIH was created to manage NIH's rolg f“ our natuor)s effort to map and se-
quence the human genome of some three billion base pairs.

| am now the Director of the National Centgr for Human Geqome Ifiesea'lrc.h
(NCHGR), whose offices are located on the sixth floor of the Lister Hill Building,
with fine views over the NIH Bethesda Campus. We have a staff of almost 30

scientists and administrative aides who will function over the more than 100 million
ch year in grants or contracts to scientists

we hope to distribute ea scie
SR i ities, medical schools, research institutions,

working at a large number of universi . : :
and ougr biotechnology-oriented companies. Companion to our NIH effort is a
lans to distribute roughly half this sum, in

Department of Energy Program that p :
Iarge part to those of its National Laboratories such as Los Alamos, Lawrence

Berkeley, and Livermore that have initiated major human genome mapping and
sez:igzr;\?cﬂggsbiredon | am constantly on the shuttle that flies from LaGuardia
Airport to Washington National as well as tr.aveling. for talks that explain our ge-
nome program to influential university and |.ndustr|al b9d|es. I must al§o attend
many of the increasingly large number of highly technical small meetlﬁgs that
bring together key scientists in our program. I'm alsg §pendmg more time working
for NIH here at my Cold Spring Harbor desk than | initially planned, in large part
due to the ease with which documents can be transmitted to me from Bethesda
over the fax. By now, | suspect that half of my efforts are devoted to NIH, leaving
me badly stretched to find the time and energy for my responsibilities here.

Fortunately, ever since my appointment 22 years ago, this institution has run
very well without my constant day-to-day interventions. This was most certainly the
case prior to 1976 when | simultaneously taught at Harvard, and it is even more
true today. This only has been possible because of the high competence of our
key scientists and administrative staff. Today, Morgan Browne, our Administrative
Director, Richard Roberts, our Assistant Director for Research, and Terri Grod-
zicker, our Assistant Director for Academic Affairs, know they have to run their own
shows and do so well. My functioning in two jobs is also immeasurably aided by
Susan Cooper in her capacity as Director of our Public Affairs Department. Partic-
ularly important have been her interactions with the many journalists who want to
learn more about my job in Washington. My secretary here, Andrea Stephenson,
also has been of immeasurable help in presiding over travel plans that often must
change at the last moment.

Even with all this help and encouragement, | am just making do and worry what
will happen if my genome duties present an even greater call on my time. | do not
have the answer and try to keep this potential crisis from affecting my current day-
to-day existence.

search working under its D
the formal powers to give O

Our Objectives Must Remain Heroic

I constantly surprise visitors who ask to see my lab by replying that | have never
had one since | came here 22 years ago. Initially, that situation reflected the fact
that | had an active research lab at Harvard and running two groups was far be-
yond my capabilities. Later, when we made Cold Spring Harbor our sole resi-

dence, | was by then never tempted to strike .out again as an experimentalist. In
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trying to keep this Laboratory growing in an exciting way, | was never bored and
had more than enough anxieties to keep me from either growing complacent or
worrying whether my peers viewed me as past my prime and lacking the
strengths that led me toward the double helix. The science around me in the labs
of our staff was much better than | could have then pulled off through a personal
group. By merely walking out of my office, | moved into a scene where the aim
was to find the future not follow the past. So | could feel quietly satisfied that my
move away from Harvard had not led me into a derivative world lacking the in-
tellectual power of the American Cambridge.

The unique quality of Cold Spring Harbor was allowing us to strive for research
objectives that most scientists even at Harvard or MIT inherently shy away from
because the odds for success look too low. It has been these heroic purposes
that has led to our high relative ranking as measured by the ‘citation index” That
we are judged so well by the outside scientific world obviously reflects the intelli-
gence and high motivation of the so many excellent scientists who have worked
here over the past two decades. But these talents would have been lost in the
crowd of excellence elsewhere if we had strived for more obviously attainable
goals.

Looking Forward to the Next Decade

At least until this century ends, we must remain deeply committed to the pursuit of
oncogenes and anti-oncogenes. We have come too far to turn back now before
we have our quarry. The cancer research facilities in James, Sambrook, Demerec,
and McClintock labs should remain so committed until victory. We furthermore
must be constantly improving these labs, with the next major upgrade needed be-
ing a major refurbishment of our hallowed McClintock lab. So renovated, it will be
an ideal site for bringing oncogenes and anti-oncogenes into the world of those
who study how normal cells progress through the cell cycle.

We must also set our sights very high as we move seriously into neurobiology.
In finally understanding how our brains perceive, memorize, and learn, enormous
challenges must be faced and we should have no illusions that anyone soon will
find a double helical type of simplicity within the brain that will provide a simple in-
tellectual framework on which to base our ideas and experiments. So, we must be
realistic over the short term, while keeping very clear that cognition, not selective
neural gene functioning, is what makes the human brain the ultimate gem of all
science. Thus, although developmental neurobiology is likely to be the main initial
focus of our new Beckman lab, we must have in residence experimentalists who
pursue the essences of perception and memory, as well as their more theoretical
colleagues who make models for how we may learn. If somehow we can integrate
these several worlds together, our ever-growing commitment to neurobiology will
make our next century even more exciting than our first one.

This will indeed be a hard challenge. But in so striving, we shall try hard to
maintain the traditions of our past that are so satisfying to look back upon, tradi-
tions of scientific honesty, abhorrence of pomposity, and devotion to the teaching
that rapidly disseminates the new facts of science to the best of our youths.

April 4, 1990 James D. Watson
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ADMINISTRATION

We were pleased with the Laboratory’s financial results for 1989. Revenues
exceeded expenditures, and there was a surplus after fully funding depreciation
and providing some moderate reserves for future contingencies. These results em-
phasize the financial health of the Laboratory as it enters its second century and
are a reflection of the basic strength of its programs.

This is most clearly demonstrated by the research program. Now is a particu-
larly difficult time for federal funding of basic research, with only about 15% of ap-
proved new grant submissions to the NIH being funded nationwide. Yet, scientists
here continue to be awarded a good share of available funding, and their extraor-
dinary research is attracting increasing support from private foundations, corpora-
tions, and individuals.

Federal funding for meetings and courses is no less difficult to obtain. But
again the quality of the education program attracts support from a wide variety of
government and private sources, and in 1989, this funding was sufficient to make
the year a financial as well as an intellectual success. A record 5417 visiting scien-
tists from academia and private industry attended the meetings, courses, and
seminars held on the main campus and at Banbury Center.

The Cold Spring Harbor Laboratory Press achieved record revenues of nearly
$4.5 million during 1989. The enormous success of the second edition of the Mo-
lecular Cloning manual and of Ed Harlow's Antibodies manual helped support the
publication of a number of less popular but no less worthy books. Moreover, the
Journal Department, with substantially reduced investment now needed for Genes
& Development, found it possible to invest the funds required to launch Cancer
Cells, our second journal.

Banbury Center and the DNA Learning Center also had a good year. Banbury
meetings focus on scientific subjects that have particular social or environmental
relevance or are designed to appeal to corporate scientific interests. One result
was a record number (31) of Corporate Sponsors who contributed over $500,000
in support of the Laboratory-wide meetings program. Programs of the DNA Learn-
ing Center continued to have increasing national impact on high school science
education, and the Center made further progress toward financial self-sufficiency
after overhead and depreciation.

The financial strength of the Laboratory benefited from another good invest
ment performance of the endowment, consisting primarily of the Robertson and
Cold Spring Harbor Funds. As of December 31, 1989, these funds totaled $45 mil-
lion, a gain of more than 22% over the prior year. Once again, we were able to
reinvest sufficient income from the Funds to compensate for inflation and to pro-
vide for the future growth of Laboratory programs.

A year as rewarding as 1989 is made possible by the contributions of many in-
dividuals and departments. Some, such as Buildings and Grounds, Development,
and Public Affairs/Library, are described elsewhere in this report. The Meetings
and Food Service Departments continue to astound us with their gracious and ef-
ficient registration, housing, and feeding of our many visitors. Other departments,
particularly in Nichols Building, should not be overlooked.

Our Controller, Bill Keen, has built an organization that handles the Laboratory’s
finances with great effectiveness. The operating and capital budgets are managed
professionally with a minimum of surprises, and these are most generally of a
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ng and Alison McDermott to our staff
i ible to provide greater financial as-

s made it possible
o year?ngaHarbor Laboratory Press, Banbury Center, and the
dto maintain the necessary close supervision of now

i d operating funds.
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some $753m|||1h0|tnz (:n?jnthe Grants Management Department fulfill a .p?”'cmafly vital
SF’SanGC L:s are the lifeblood of the Laboratory. The Fask'of assisting the staff

funcnO'j" rannd properly managing these grants grows in direct propomon 0 the
o Obtalmr;g aientists here. That number increased by some 25% during 1989 ang
nl'Jllmbce reZsZCagain by at least that amount as the Neuroscience Center is fully
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staffed. .
Such growth also impac

iti a
positive nature. The addition of Barbara Wi
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sistance to the Cold Spr

DNA Learning Center an

ts our Purchasing and Human Resources Departmentg,

One of the most important services provided to the scientific staff is fas"t and effi-
. i supply, and personnel needs. At the beginning of
cient response to equipment, SUPPY SIS

1990 when Chuck Haibel was promoted to the new position of Contracts and
Equipment Manager, Buildings and GFQUHdS- Sandy Chemlfgv was promoted to
Manager of Purchasing and already x.t is clear that our confidence in her is well
placed. n November, Cheryl Sinclair joined t.h'e Laborgtory as'Manager of Human
Resources after Tony Napoli accepted a position as Vice Prgsrdent of Human Re.
sources at Tarkett, Inc., part of STORA Group, a Iarge Swedish conglomerate,
Chery! comes to the Lab from Kollmorgan Corporatrgn, where she was Personng|
Director of the PCK Technology Division. We are delighted to have her with us,

John Maroney, now successfully beyond the ordeal of the New York State Bar
Exam, has been an enormous help in sharing administrative tasks and in manag-
ing commercial relations. Licensing of inventions is a small but increasing source
of income for the Lab and the scientific staff. John's aim is to familiarize the staff
with the procedures and benefits of patenting their discoveries, and he acts as an
interface with patent attorneys and private industry.

The Board of Trustees, with its unique mix of prominent scientific and lay mem-
bers, takes an active role in the affairs of the Laboratory. Roberta Salant responds
to their needs with an efficiency and grace that is much appreciated by all.

We look to 1990 and beyond with much anticipation. By this time next year,
there will be research and courses under way in Beckman Laboratory; Dolan Hall,
along with six additional guest houses, will be providing 108 more overnight ac-
commodations for visiting scientists, bringing the total above 200. A major renova-
tion and expansion of kitchen and dining facilities in Blackford Hall will be under
way. It is hoped that Jack Richards and Jim Hope will have figured out how to
feed our employees and visitors while Blackford lies in pieces. Refurbishment and
expansion of McClintock Laboratory will also be imminent.

During this centennial year, it is good to reflect on the first 100 years of extraor-
dinary achievement at Cold Spring Harbor Laboratory—clearly, the next 100 years
will be no less eventful.

G. Morgan Browne
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BUILDINGS AND GROUNDS

As | write this report for 1989, | have to think back 20 years ago when | started
this job. | had been concerned that we would run out of work in three to four
years when all the old buildings were rebuilt. Twenty years later, | could fill volumes
for the next few years. So let's go back and see what we did in 1989.

Telephone Service Upgrade

In 1989, we completed a major upgrade to the telephone system, specifically the
PBX switch. This switch handles all of the Laboratory telephone traffic and is the
heart of the telecommunications system. The original PBX switch was ten years old
and operating at full capacity. Because the Laboratory is continually expanding, it
was decided to upgrade to a larger, state-of-the-art PBX switch. On Saturday, July
19, the new switch was installed, with a loss of service of only 15 minutes. It was a
smooth transition, with minimal disruption to the working Laboratory. Credit for a
job well done goes to my assistant, Peter Stahl, who is now keeping all of our
phones and switch gear on line with very few problems.

Conversion to Natural Gas Burners

New York State regulations regarding in-ground oil tanks have made it impossible
for us to continue to use this form of heating. We have therefore been removing
the oil tanks and converting to natural gas burners. Our Plumbing Department
worked long and arduous hours designing and installing gas burners in the larger
buildings, and a new gas main was installed by LILCO. We expect to complete all
conversions to gas within the next two years.

Landscaping and Paving

The Grounds Department had a very busy 1989 as well. We landscaped the area
around the new cabins. This required working on a hillside with only picks,
shovels, and rakes. We also paved the parking areas north of Nichols and at
Waterside next to the Buildings and Grounds Department. Also, we built a pond
next to Nichols' parking lot. All of these jobs were held up because of inclement
weather—rain, rain, and more rain. Yet we kept the grounds looking great thanks
to Buck Trede, our Grounds Foreman, and his crew.

New Construction

Our Carpentry Department had its hands full also. To start the year, we built a
mock-up of one of the neurobiology labs scheduled for construction and set it up
in the Bush Lecture Hall. It remained there through January for all to see and
comment upon. We then went to work on the six new cabins. Off to a slow start
due to very cold weather in January and a very wet spring, we were concerned
that the cabins would not be completed by the first meeting. A number of other
misfortunes also complicated our spring work. Carl Fabrizi, one of our carpenters,
fell off the scaffold and could not work for several days; and Jeff Goldblum, our
lead carpenter, had a personal emergency and was not his usual energetic self for
a time. Lou Jagoda, our electrician, broke his ankle and was also slowed down a
bit. And of course there was the rain! In spite of the problems, the cabins were
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installed, all before the first spring
completed and wood decks and walks were |

meeting!

Alterations and Renovations - |
Demerec: After many years of talk about a ngrth addition t;)ei)re;rtr;;c;rz;g;gd we
constructed a small extension to house ? seminar rOO:n,naC e oo a’nd haa
post-doc office. The extension also provides a new entlra o e ana g
a landscaped patio area. We completed the work on time s

occupied on November 15.

Harris: Completed in 1982, the Harris Building needed updating and new paint

throughout. We rebuilt the cage-washing area, installeq a new tunnel washer, put
up a new éeiling and painted the interior of the building from top to bottom.

; f Wawepex in preparation for a new develop-
Wawepex. We gutted the lower floor 0 | / ey
ment (l))ffice We installed new windows and added a new porch, air conditioning,
and built-in furniture. We also added a new walk and stairs to Blackford lawn.

DNA Learning Center: A great deal of our time was spent in the DNA Learqing
Center. In 1989, our last project, the designing and building of two laboratories in

the basement area, was completed.
Thanks to a Great Staff

| want to thank my staff for a job well done. We have a crew of wgrkers who do an
excellent job despite all the obstacles and they are great mechanics. They are the

best, and their efforts are appreciated.

Jack Richards

DEVELOPMENT

In its first complete year as an administrative entity, the Development Department
was fully engaged in directing the $44 million Second Century Campaign, the first
public capital campaign in the 100-year history of Cold Spring Harbor Laboratory,
and expanding the annual giving base both in number of donors and in number
of dollars.

Unrestricted annual giving to the Cold Spring Harbor Laboratory Associates
Program and to the Long Island Biological Association (LIBA) provides strong
underpinning for the fiscal health of the Laboratory. These programs are soundly
and enthusiastically guided by Chairman George W. Cutting, Jr, and 28 directors.
(A complete report of their 1989 activities may be found in Financial Support of
the Laboratory, later in this Annual Report.) The increase in the numbers of these
annual supporters and the success of the Second Century Campaign give
testimony to the fact that Cold Spring Harbor Laboratory is no longer “Long
Island's best kept secret”
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The official announcement of the public phase of the Second Century
Campaign occurred in Grace Auditorium on April 22nd at a dinner for more than
100 campaign volunteers and guests. Campaign Chairman and Trustee Treasurer,
David L. Luke I, assigned the task of raising the remaining $16 million to the six
campaign committees; $28 million had already been raised through the outstand-
ing efforts of Dr. Watson, Dr. Clarkson, Mr. Luke, Morgan Browne, and the trustees.
By year's end, another $8.9 million had been raised, making the total of campaign
gifts and pledges, $36.8, with $7.2 million left to raise to meet our $44 million goal
by December 1991.

Several important areas in the Neuroscience Center have been named as a
result of significant campaign gifts: The Hazen Tower (Mrs. Lita A. Hazen), The
Oakes Ames Seminar Room (Mrs. Pauline A. Plimpton and Mr. Amyas Ames),
The Gardner Neuroscience Library (Mr. and Mrs. Robert B. Gardner, Jr), and The
Lucy and Edward Pulling Seminar Room (Mr. and Mrs. George W. Cutting, Jr).

A request from someone who believes in, works for, and has given to an institu-
tion is far more effective than any other type of request. Thanks to the practical
labors of our campaign volunteers, most of whom have made their contributions,
the Second Century Campaign is progressing well. We are most fortunate to have
the assistance of these dedicated people.

Another important element responsible for the progress we have been able to
make this year is the Development Department staff. Joan Pesek is a most
effective liaison to LIBA and a cordial cultivator of new members; she manages
the CSHL Associates Program and is a very knowledgeable tour leader. Debra
Muilen has given order to our fledgling department, keeps accurate track of the
complexities of our ever-increasing number of gifts (annual and campaign), and
manages to satisfy the demanding secretarial needs of the Department. During
the year, an important addition was made in the person of Claire Fairman. Claire
provides considerable expertise and artistry in the coordination of our campaign
committees and the identification and cultivation of new campaign prospects. But,
perhaps the Departments greatest asset is George Cutting, a trustee of the
Laboratory who, each day, volunteers long development hours, is the Chairman of
LIBA, and is one of the co-chairmen of the campaign's Special Gifts Committee.
He is a creative and genial campaign leader and we could not function nearly as
efficiently without him.

This entire Annual Report attests to the continuing remarkable work being done
at the Laboratory and is a great source of pride not only for those who work “on
grounds,” but also for those who work “off grounds” We are most grateful to those
who have helped make such progress toward our development goals. (Campaign
contributions are listed under Financial Support of the Laboratory.) Only vital and
growing institutions need capital campaigns and as we enter the second year of
the public phase of the Second Century Campaign, we invite those who have not
yet participated to do so. (Methods of contributing, either outright, in trust, or by
will, are outlined under Financial Support of the Laboratory.) Come celebrate
our past 100 years and make secure our next 100 years!

Konrad Matthaei
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LIBRARY SERVICES

Archives
ary attic, is now a comfortable and active

i ly the libr :
The Laboratory archives, formerly e, books and journals, as well 26 o

ility, housing the Carnegie collection 0 :
f:tfr::ger of nev%er books about Long Island and of interest to the Laboratory. In

addition, there are files of original papers frgrn the early Carnegie years.
Laboratory information and material are continually kept current to ensure accurate

records for future generations. Researc aff
members are making use of this facility. Lynn Kasso ably handles organization of

archival materials and fulfills outside requests from bAoth'publlshers and the press.
In connection with the dedication of the new cabins in August, 24 photographs
of historic buildings from the archives were selectqd by Laura Hyman and
Elizabeth Watson to be enlarged to 16 x 20", sepla-toned,.and framed. These |
photographs were hung in each cabin bedroom. The .arc?hlves glso pléy‘.ed a major
role in the preparation and planning of the Lgboratorys hrst m.ajor gxh|blt of
paintings and prints by Jane Davenport Harris De Tomasi, which will take place

early in 1990 as part of the Centennial celebration.

hers from the media as well as staff

Reference Services

The library began its plans to automate several of its reference services. A
workstation consisting of a PC and a printer was installed for uge by Laboratory
patrons. Weekly issues of Current Contents on diskette are available for current
awareness access by author, journal title, and key word. Users may either print
references or download them to floppy disk. In December, a compact disk version
of the National Library of Medicings Index Medicus Medline database was set up
on a trial basis. It provided scientists with unlimited access to this database at no
cost to the individual user. This type of end-user search capacity proved so pop-
ular that the library will continue this service in 1990 and add other databases on
CDs such as Biological Abstracts as they become available. Genemary Falvey,
the Head of Library Service, is currently investigating other applications of technol-
ogy to extend user participation further.

Our computerized search service continues to be Genemary Falvey’s first
priority. She conducts three times as many searches today as she did five years
ago. Wanda Stolen capably handles our computerized interlibrary loan service,
which provides faster access to articles requested by staff scientists. Photocopies
of the tables of contents of 60 journals are sent as received to 32 scientists.

Storage Facility

The storage facility at West Side School continues to house our older and less-
used bound journals. We monitor the requests each year and withdraw unused
titles to make room for others and consequently free up space in the main library
for newer materials.

Staff Changes

Helena M. (Leigh) Johnson joined the library staff in November, replacing
Jeannette Romano—we welcome her aboard.
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Space Needs

Library materials and personnel have been rearranged to allow for maximum
capacity in the space allotted to us in the Library building. To provide for the
future needs of the Laboratory’s growing personnel, it will be necessary to plan
future expansion in the present building by retrieving our space from the Publica-
tions Department, by adding to the present building, or by moving to larger
quarters.

Susan Cooper

PUBLIC AFFAIRS

From New Staff to Seasoned Staff

For the first time in its six-year history, the Public Affairs Department has no staff
changes to report. This continuity in personnel has contributed to the vast number
of materials and events produced by the department in 1989. Margot Bennett,
Emily Eryou, Herb Parsons, and Dan Schechter are a dedicated team of
professionals whose willingness to work long hours very often is the only reason
so much is accomplished in so little space.

For more thar ten years, Herb Parsons has served the Laboratory, first as
audiovisual technician and now as Audiovisual Director. When he began, Herb
handled 9 summer meetings, 5 Banbury meetings, and 12 courses. Today the
program has grown to 13 summer meetings, 23 Banbury meetings, and 19
courses. | want to take this opportunity on behalf of the Laboratory to thank Herb
for his enthusiasm, dedication, and hard work.

Good Local Press Coverage

The Department issued a dozen press releases and talked to countless reporters
and anchor people, eliciting 12 television segments and 145 magazine and
newspaper articles mentioning Cold Spring Harbor Laboratory and its scientists.
Local coverage has been particularly satisfying this year, laying the foundation for
better local support from Long Island communities and businesses. Cablevision's
News 12 Long Island featured the Laboratory in its new health segment and the
Long Island Association's magazine, Long /sland, featured the Laboratory in its
cover story, “Harbor of Discovery” Several items were reported in Long Island
Business News as well. On the national front, the Laboratory and its DNA
Learning Center found themselves touted on ABC, CBS, and PBS and discussed
in the New York Times, Washington Post, and Christian Science Monitor, to
mention just a few. Newsday published a profile on the “Dean of DNA;" featuring
Dr. Watson's dual role at the Laboratory and at the Office of Human Genome
Research in Washington, D.C. Equally compelling was the extensive and personal
profile of Dr. Watson in the Washington Post—The Man Behind the Double Helix.
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An Array of Available Materials

es our TV screens and front pages concurrent

fic institutions to describe their research in an

it is our obligation to present tools that will

At a time when information reach
with discovery, it behooves scienti

accountable and unambiguous manner. it res
nurture, not mystify, our constituency. To this end, The Good Fight: Cancer

Research at Cold Spring Harbor Laboratory was completed in 1989. Designed for
the lay reader, this piece explains the research tools employeq 'by thfe laboratory
scientist to pursue the complexities of the cancer puzzle. A Vision of Hope, a new
10-minute video, presents a CONCise view gf the Laboratory from research to

i i cultivate new audiences.
edizajloregzlirlsiszﬁzg :)(f) the Laboratory's pew;letter. Har'borA Transcript, were.
completed, along with one special campaign Issue .hlghllghtmg the kick-off dinner
for the public phase of the Second Century Campaign. In its seventh year, the

Harbor Transcript is now mailed to nearly 6000 neighbors and friends. In addition

to its regular features, the newsletter highlighted research in the areas of electron

microscopy, cancer and AIDS, and the cell cycle. . ‘ '
Equally important to the Laboratory's public face are its promotional pieces. In

1989, the staff supported the work of other departmepts by writing, designing,
and organizing numerous cultivation tools, publicity pieces, and events. The
McClintock Renovation and Infrastructure brochures were created to marshal
funds for the physical plant. A variety of other fund-raising piecgs were rgwritten,
updated, or restructured for use in the Second Century Qampalgn. Meetings and
courses posters, a Nature Study brochure, a LIBA Associates plaque, and a
multipurpose Centennial notecard round out the materials available.

The Memorial Program

In 1989, | was approached by a young man whose father was dying of cancer.
The older man, Walter Sturm, who had survived Kristallnacht during World War I,
waged a heroic battle against the disease for 20 years. Through his son, Robert,
the family was searching for a substantive way to honor their father. Over the
years, Bob had searched scientific literature for solutions to his father's advancing
disease, discovering in the process that papers from the Laboratory were cited
most often. The family decided that only quality research would provide the better
diagnosis and treatment they had sought unsuccessfully for their father. Before his
death on March 24, 1989, Mr. Sturm agreed that any memorial funds resulting
from his death should be contributed to the Laboratory. Fittingly, the Sturm Fund
has generated over $3500.

In dealing with a mechanism for handling the numerous small contributions
from the Sturm Fund, Public Affairs designed a memorial program. Envelopes and
pledge cards are now available to anyone through our department.

Special Events

During the final year of our first century, the Public Affairs Department planned
and hosted a variety of events. On May 12, marking the completion of the first
phase of the Neuroscience Center, we extolled the donors with the placement of
the cornerstones, followed by a festive dinner. On August 26, the new cabins were
dedicated and named for six of our most esteemed alumni: Bentley Glass, Harry
Eagle, Salvador Luria, Gunther Stent, Franklin Stahl, and Herbert Boyer. A
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dedication booklet commemorating this event included a history of visitor housing
and profiles of the honorees.

Centennial

Peter Orth, one of the most consistently acclaimed pianists of his generation,
performed a wonderful concert in honor of our Centennial. LIBA member Mary
Lenore Blair was the “angel” who coupled Orth with the Laboratory. Mrs. Blair
recruited sponsors who, in addition to making financial contributions, hosted
dinners for friends, who in turn purchased tickets to the concert. On August 13,
Orth performed to a full house and received the most resounding standing ovation
ever experienced here.

To commemorate the Centennial, in December, each member of the staff was
presented a lapel pin and FA.C.E.S. 89, a book of photographs of all Laboratory
personnel. In addition to snapshots, this rogues gallery lists date of employment,
job title, and resident town for each entry, providing an ever-growing population
with the ability to identify co-workers.

Each event adds momentum to, and sets the stage for, our 100th birthday party
in July 1990. To ensure its success and mark the day in grand style, Judith
Carlson has been retained to create a Centennial book. The book will include a
record of Centennial events, historical highlights of Laboratory activities, pho-
tographs, and appropriate salutations from the Laboratory's community. A section
called “Partners for the Future” will be congratulatory messages from the Long
Island business community. A committee of prominent business figures is being
organized by Robert McMillan, Publisher, Economic Times of Long Island, and
Thomas Doherty, Chairman of the Board, Norstar Bank, for the purpose of
producing this wonderful tribute.

Susan Cooper
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TUMOR VIRUSES

The Tumor Virus Section presently comprises nine groups, united historically
through their use of the DNA tumor viruses to probe cellular functions. The
research conducted in this section covers an extraordinarily broad range of topics,
and its scope has expanded in recent years as the exploration penetrates more
deeply into the molecular machinery of the cell. Although the principal goal
remains to develop an understanding of malignancy, a great deal of current effort
is concentrated on exposing the mechanisms of macromolecular synthesis that
operate in the normal state. Some of the most dramatic advances have illuminated
regulatory processes that govern cellular functions in both the normal and
transformed states and determine the transition between them. Common
regulatory themes that have emerged repeatedly involve the modulation of enzyme
function by interaction with other macromolecules or by covalent modification,
especially phosphorylation; examples of these two fundamental strategies are
described in a number of the reports that follow. In addition to studies of the two
traditional workhorses, adenovirus and SV40, several groups have also begun to
dissect the control processes exploited by the AIDS virus, HIV-1, and last year also
saw the initiation of bovine papillomavirus studies in Dr. Arne Stenlund's laboratory.
The year's end sadly brought to a formal close Dr. Yasha Gluzman's long,
productive, and ever lively connection with Cold Spring Harbor Laboratory.
Related work on SV40 T antigen will continue, however, in Dr. Bruce Stillman's lab,
and we hope that Yasha will maintain a vigorous interest, if less frequent presence,

in the project in the future.

DNA SYNTHESIS

B. Stillman E. White A. Dutta R. Cipriani
T Tsurimoto  T. Melendy N. Kessler
G. Bauer F. Bunz S. Longinotti
S. Brill K. Fien L. Mellon
J.FX. Diffley Y. Marahrens S. Penzi
S:-U. Din S. Smith P. Sabbatini

The replication of DNA is a central step in cell
growth and division and is necessarily a precise and
highly regulated process. Our goal is to understand
the mechanism and regulation of cell chromosomal
DNA replication. To achieve this goal, we use as ex-
perimental systems, the DNA tumor virus, SV40, and
the yeast, Saccharomyces cerevisiae. 1t is therefore
satisfying that in the past year, these two avenues
of approach have crossed many times, emphasizing
the fundamental nature of DNA replication and, at
the same time, reinforcing our initial belief that the
DNA tumor viruses offer valuable insights into the
intricate workings of their host cell.

SV40 DNA Replication

S. Brill, F. Bunz, S-U. Din, A. Dutta, K. Fien, T. Melendy,
T. Tsurimoto, N. Kessler, S. Longinotti, B. Stillman

The DNA tumor virus, SV40, contains a small cir-
cular chromosome that replicates in the cell nucleus
during the S phase of the cell cycle. The virus en-
codes a protein, the SV40 T antigen, that plays a cen-
tral role in the replication of the viral genome. There-
fore, the majority of proteins that replicate SV40
DNA are encoded by the host cell. Moreover, the
mechanism of SV40 DNA replication reflects the
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mechanism of DNA synthesis from a single chro-
mosomal origin of replication. Thus, SV40 is an ex-
cellent system to study cellular DNA replication.

Our primary goal over the past five years has been
to identify and characterize the cellular proteins re-
quired for DNA replication and chromatin assem-
bly, ultimately to use them to study the regulation
of DNA replication. A cell-free extract prepared
from human cells supports the complete replication
of SV40 DNA when purified T antigen is supplied.
The mechanism of DNA replication in the cell ex-
tract reflects the process that occurs in SV40-infected
cells. To identify the cellular components of the repli-
cation machinery, we have fractionated the extract
into multiple components and have identified a num-
ber of novel replication factors. A brief summary
of the functions of the known human cellular DNA
replication factors follows.

REPLICATION FACTORS

Replication Factor A. In 1988, we reported the
purification of a novel replication factor from hu-
man cells called replication factor A (hRF-A) and
demonstrated that it was a single-stranded DNA-
binding protein required for initiation of DNA repli-
cation. The human protein contains three protein
subunits with molecular weights of 70K, 34K, and
11K. In last year’s Annual Report, we noted that hRF-
A functions during the presynthesis stage of DNA
replication to aid in unwinding of the SV40 replica-
tion origin; however, it also functions to stimulate
the activity of both DNA polymerase a and DNA
polymerase 9.

As a first step toward characterizing the function
of RF-A in cellular DNA replication, we identified
a homolog of hRF-A in the yeast S. cerevisiae. This
protein was purified using an origin unwinding as-
say in which the yeast protein, like its human coun-
terpart, would cooperate with SV40 T antigen to pro-
mote extensive unwinding of SV40 origin containing
plasmid DNAs. The yeast protein (YRF-A), also a
single-strand-specific DNA-binding protein, has a
subunit structure similar to hRF-A, containing pro-
teins with molecular weights of 69K, 36K, and 13K.
In both cases, the largest subunit was responsible for
the DNA-binding activity. The yeast protein, how-
ever, would not support complete SV40 DNA repli-
cation when it was substituted for the human factor
in vitro. This was due to a specific interaction be-
tween RF-A and DNA polymerase o. We have also
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potential role of RF-A in regulation of

died the
A tion (see below).

DNA replica

cation Factor C. This year, We reported the
purification of a new DNA replication fact.or, called
RE-C, that is required for SV{fO DNA repll?ation in
vitro. RE-C, which is involved in the elqngatlon Stage
of DNA replication, is a r.nultlsubumt faCtpr con
taining protein subunits with molecular weights of
approximately 140K, 41K, and 37K. The large
subunit binds to DNA, whereas the 41K subunit
binds to ATP. RF-C functions as a DNA polymer-
ase stimulatory factor; it stimulates DNA polymer-
ase o activity by itself but cooperates with prolifer-
ating cell nuclear antigen (PCNA) (see below) and
RF-A to greatly stimulate DNA polymerase 8. Sub-
sequent biochemical analysis of RF-C revealed two
interesting functions: It binds specifically to single-
stranded DNAs containing an annealed primer with
afree 3-OHend and itis a DNA-dependent ATPase,
Indeed, analogs of ATP that cannot be hydrolyzed
by RE-C (e.g., ATPyS) inhibit the RF-C-dependent
activity of DNA polymerase 6.

These results suggest that RF-C plays a critical
role in the initiation of DNA synthesis by DNA poly-
merase S, the enzyme we have implicated as the
leading-strand DNA polymerase. This can now be
tested directly with purified DNA polymerase 3 (see

below).

Repli

Proliferating Cell Nuclear Antigen. The first
replication factor to be identified using the SV40 sys-
tem was PCNA, a protein we have described in previ-
ous reports. PCNA was shown to be required for syn-
thesis of the leading strand at a DNA replication fork
during the elongation stage of SV40 DNA replica-
tion in vitro and to be a processivity (stimulatory)
factor for DNA polymerase 8. Recent studies have
demonstrated that PCNA also stimulates the DNA-
dependent ATPase activity of RF-C, suggesting that
RF-C, PCNA, and DNA polymerase & form a mul-
tiprotein complex at the replication fork.

Human PCNA has been cloned into an Esche-
richia coli expression plasmid, and large amounts
of the protein can be easily purified. In collabora-
tion with P. Fisher’s laboratory at SUNY, Stony
Brook, we have purified PCNA from Drosophila and
demonstrated that it can substitute for the human
protein. This underscores the extraordinary conser-
vation of the DNA replication apparatus. Antibod-
ies to Drosophila PCNA immunostain cells in Dro-



sophila tissue that are proliferating, but not those
that are terminally differentiated. Therefore, these
antibodies should be useful for investigating the re-
lationship between cell proliferation and terminal
differentiation in lineages of cells throughout
development.

DNA Polymerase §. Continued fractionation of
the human cell extract has revealed several new repli-
cation activities that are required for SV40 DNA
replication in vitro. Apart from the DNA polymer-
ase a/DNA primase complex, which has long been
known to be required for SV40 DNA replication, our
studies with PCNA suggested that DNA polymer-
ase & is required for complete DNA replication. In-
deed, genetic evidence from other laboratories, using
the yeast S. cerevisiae, has demonstrated that DNA
polymerase & (DNA polymerase I1I in S. cerevisiae)
is essential during the S phase of the cell cycle. We
have now purified to homogeneity another replica-
tion factor that is a DNA polymerase that can be
stimulated by PCNA. We are now in a good posi-
tion to test our previous model for coordinated syn-
thesis of both strands at a replication fork.

Conserved Functions in DNA Replication. The
elucidation of the functions of the human replica-
tion factors RF-A, RF-C, and PCNA has enabled
us to compare these activities with the functions of
replication factors that operate in replication of the
bacterial (E. coli) chromosome and replication of
bacteriophage T4 DNA. Table 1 summarizes a com-
parison of some of the known replication proteins
from human cells, bacteria, and its phage, T4. Al-
though this list is not complete (e.g., DNA helicase
activities and origin recognition proteins are not
listed), it emphasizes the highly conserved activities
that function in the process of DNA replication.

Of particular interest is that the bacteriophage T4
DNA polymerase is structurally related to the hu-
man and yeast polymerase o enzymes and to the yeast
polymerase 8 enzyme (the gene encoding the human
polymerase & has not been cloned), but the E. coli
polymerase I1I is not structurally related. We have
also noted sequence similarities between the human
PCNA and the phage T4 gene 45 protein, but the
B subunit of E. coli DNA polymerase III is not struc-
turally related. It therefore appears that the func-
tions have been conserved, but E. coli probably has
diverged further away from the ancestral form. This
may suggest that bacteria have a higher capability

TABLE 1 Conserved Functions of DNA Replication

Proteins

Human Phage T4 E. coli Functions

RF-A gene 32 SSB single-stranded DNA bind-
ing; stimulates DNA
polymerase; promotes
origin unwinding

RF-C gene 44/62  v8.8"t DNA-dependent ATPase;
primer-template binding;
stimulates DNA poly-
merase

PCNA gene 45 B (dnaNy stimulates DNA poly-
merase; stimulates DNA-
dependent ATPase

DNA pol o? gene 43 DNA pol Il DNA polymerase

DNA pol §

DNA primase ®  gene 61 dnaG primase

2The human DNA pol a and primase activities function as a multiprotein
complex.

for evolutionary change than either eukaryotes or
the E. coli phages.

Regulation of DNA Replication. The studies de-
scribed above on DNA replication using the SV40
system have provided valuable insight into the mech-
anism of DNA replication. Having isolated these hu-
man cell proteins, we are now in a strong position
to investigate the regulation of DNA replication, ei-
ther directly in human cells or indirectly by identify-
ing homologs in yeast and using the power of yeast
cell cycle genetics. During the past year, this effort
has proven to be productive, and we foresee it as a
major part of future experimentation.

The first protein we have studied is RF-A, primar-
ily because it is involved in both the initiation and
elongation of DNA replication. A panel of mono-
clonal antibodies directed against the p70 and p34
subunits of hRF-A was obtained, and polyclonal an-
tisera were raised against the subunits of hRF-A and
yRF-A. These antibodies were used to determine that
the p34 subunit of hRF-A and the p36 subunit of
yRF-A are phosphorylated in a cell-cycle-dependent
manner. The protein is not phosphorylated in the
G, phase of the cell cycle, but it is phosphorylated
at the G, to S phase transition and throughout the
S and possibly G, phases. Dephosphorylation oc-
curs late in G, or during mitosis, thereby resetting
the cycle (see Fig. 1). Because the levels of RF-A do
not vary during cell cycle progression and the pro-
teins are stable, the phosphorylation of RF-A at the
start of S phase raises the possibility that the phos-
phorylation may be one mechanism to regulate DNA
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replication. Attempts to determine if the phosphory-
lation of hRF-A may influence its function in the
SV40 cell-free replication system have been thwarted
by the identification of a potent RF-A kinase activ-
ity that is present in the replication reactions. Cur-
rent efforts are aimed at further characterizing this
potentially interesting protein kinase. Finally, a
genetic approach to the regulation of RF-A function
will be possible with the cloning of the genes encod-
ing the yRFA subunits.

Chromatin Assembly

S. Smith, G. Bauer, B. Stilman

In addition to our studies on DNA replication, we
have developed a cell-free system for replication-
dependent chromatin assembly and have reported
last year the purification of a human cell chromatin
assembly factor, CAF-1. The addition of purified
CAF-1 to the crude replication extract allows the as-
sembly of the replicating DNA into a chromatin
structure containing regularly spaced nucleosomes.
Therefore, the mechanism of chromosome assem-
bly in this cell-free system should reflect similar
events that occur during replication of cellular chro-
mosomes. To investigate the role of CAF-1 in the
replication-dependent chromatin assembly process
and to determine if it plays a regulatory role during
S phase, we have used the purified protein to raise
a panel of monoclonal antibodies that recognize dif-
ferent subunits of the multisubunit CAF-1 complex.
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Immunoprecipitation analysis demonstrated that
CAF-1 exists as a multiprotein complex in vivo and
that the subunits are phosphorylated. Immunostain-
ing of human cells demonstrated that CAF-11s local-
ized in the nucleus of human cells, but the levels seem
to vary from cell to cell. In addition, some antibod-
ies stained a perinuclear structure as well as the nu-
cleus; however, the significance of these observations
is not clear and is under investigation. The mono-
clonal antibodies directed against CAF-1 also im-
munodeplete the chromatin assembly activity from
crude nuclear extracts, confirming that CAF-1is re-
quired for chromosome assembly.

Finally, recent studies have demonstrated that
chromosome assembly can be reconstituted in vitro
with purified CAF-1, histones, and a partially frac-
tionated replication extract. The purified replication
proteins could not support chromatin assembly in
the presence of CAF-1 and histones, suggesting the
existence of other CAF activities.

Eukaryotic Origins of
DNA Replication

J.FX. Diffley, N. Kessler, Y. Marahrens, B. Stillman

Eukaryotic chromosomal DNA replication initiates
from multiple origins during S phase. Little is cur-
rently known about either the DNA sequences that
function as replication origins or the proteins that
interact with these sequences. Seminal experiments
by Laskey and co-workers demonstrated that virtu-



ally any DNA tested would replicate in a cell-cycle-
dependent fashion when microinjected into Xeno-
pus oocytes. This result suggested that specific se-
quences may not be required for the initiation of
DNA replication, at least in early Xenopus devel-
opment when DNA replication proceeds extremely
rapidly and presumably from a very large number
of origins. Experiments in the yeast S. cerevisiae,
however, demonstrated an absolute requirement for
specific ARSs (autonomously replicating sequences),
indicating that DNA replication cannot initiate from
any sequence. The number of ARSs in the yeast ge-
nome, in fact, is roughly the same as the number of
origins of replication, as estimated from fiber auto-
radiography. Taken with the fact that ARSs have re-
cently been shown directly by two-dimensional gel
techniques to function as origins of DNA replica-
tion both in plasmids and in the chromosome, this
result demonstrates that only very specific sequences
can function as origins of DNA replication in yeast.

A resolution of this paradox may come from anal-
ysis of ARS sequence requirements and the cellular
proteins that bind to these sequences. A number of
laboratories including our own have been interested
in elucidating the sequences involved in ARS func-
tion. Although the picture is not complete, two im-
portant generalizations can be made. First, all ARSs
contain an 11-bp consensus sequence essential for
ARS function. Second, this consensus sequence by
itself is insufficient for efficient ARS function. In
virtually all cases tested, a flanking sequence is re-
quired for ARS function, and we showed several
years ago that this sequence is dependent on both
its spacing and its orientation relative to the con-
sensus sequence. Although the mechanism by which
these auxiliary sequences function is not known and
there is little similarity among these sequences, they
have been correlated with the presence of degener-
ate matches (9/11 and 10/11) to the ARS consensus
sequence, with nuclear matrix attachment sites, and
with structural features such as static DNA bending
and ease of unwinding. None of these features, how-
ever, correlates completely with flanking sequence
function. Thus, all near matches to the ARS con-
sensus sequence can be specifically eliminated from
the histone H4 ARS with virtually no effect on ARS
function. The C2G1 ARS does not contain bent
DNA, and bent DNA can be removed from ARSI
with little effect. Deletions of the H4 ARS exist that
are not easily unwound but do function as efficient
ARSs; others exist that are efficiently unwound but
do not function as ARSs. Flanking sequences at

different ARSs may fulfill their replication enhance-
ment functions by different mechanisms, or, alter-
natively, some unifying mechanism for the function
of these sequences may exist.

We continue to characterize two proteins, ABFI
and ABF2, which were identified in our laboratory
and interact specifically with the ARSI sequence in
anticipation that such an analysis will lead to an un-
derstanding of ARS function. Last year, we described
the cloning and sequence analysis of one of these
proteins, ABF1. ABF1 binds to a single site within
ARSI and several other ARSs tested. The binding
site for ABFI is important but not essential for the
ARSI flanking sequence function, leading to the pro-
posal that the ARSI flanking sequence (also known
as domain B) can be subdivided into at least two sub-
domains. In addition to binding to several ARSs,
ABF1 is also an important transcription factor in
yeast. ABF1-binding sites have been identified as
functional elements in controlling the expression of
genes encoding ribosomal and mitochondrial pro-
teins, subunits of RNA polymerase C, and glycolytic
enzymes. Thus, it is not surprising that the ABFI
gene is essential for viability and suggests that ABFI
may have an important role in coordinating various
essential cellular processes — perhaps including DNA
replication—during cell growth. We have recently
shown that ABF1 is a phosphoprotein and are cur-
rently in the process of investigating the possibility
that this phosphorylation is regulated during the cell
cycle or, perhaps, under different growth conditions.

In addition, we have recently begun characteriza-
tion of the ABF1 gene product. We showed last year
that ABF1 contains an unusually elongated zinc fin-
ger DNA-binding motif and that the cysteines in
and/or adjacent to this finger are required for
sequence-specific DNA binding. Remarkably, muta-
tional analysis has revealed that a second region of
the ABF1 protein, located more than 200 amino acids
from the zinc finger, is also required for sequence-
specific DNA binding and that the spacing between
these two domains is not critical for binding. We are
currently investigating whether each domain can
contact DNA independently with reduced affinity
or whether each requires the presence of the other.
Furthermore, we are in the process of combining our
in-vitro-generated ABFI mutants with an in vivo ap-
proach to map essential domains in the protein.

We have recently succeeded in cloning the gene
encoding the second ARS-binding factor, ABF2.
ABF2 is a protein with an unusual combination of
DNA-binding activities. Most striking is the fact that
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ABF2 binds to multiple discrete sites within all ARSs
tested and induces a complex series of structural al-
terations similar to or identical with DNA bends
within at least one of these ARSs, ARSI. Although
the ABF2 gene is not essential for yeast viability,
strains in which the ABF2 gene have been deleted
show a marked growth defect that is greatly accen-
tuated at elevated temperatures. The predicted se-
quence of the ABF2 protein reveals a high level of
sequence similarity with the vertebrate hi gh-mobility
group proteins HMGI and HMG2 and the Schi-
zosaccharomyces pombe developmental regulator
matl-M.. The ABF2 sequence is also similar to the
human RNA polymerase I transcription factor, UBF
(identified in R. Tjian’s laboratory). Interestingly,
UBF and ABF2 also exhibit great similarities in their
mode of DNA binding. Both proteins can bind to
many apparently unrelated DNA sequences and in-
duce DNase I hypersensitive sites. The ability of
ABF2 to bind to specific sites within the different
unrelated flanking sequences of many ARSs may
serve to explain how these sequences function and
provide some resolution to the paradox concerning
the requirement of specific DNA sequences in the
initiation of DNA replication. In this regard, we have
made a series of linker scan mutations across ARSI
and are in the process of testing these sequences for
ABF2 binding and ARS function both on plasmids
and in the chromosome using two-dimensional gel
technology.

Function of the Adenovirus
E1B Oncogene

E. White, R. Cipriani, P. Sabbatini

The adenovirus E1B gene is required for regulation
of viral gene expression in productively infected cells
and for oncogenic transformation. Last year, we
made some interesting discoveries that have greatly
enhanced our understanding of E1B protein func-
tion. The E1B gene of adenovirus encodes two ma-
jor tumor antigens, the 19K and 55K proteins. The
coding regions for these proteins have been placed
under the control of heterologous promoters to
ascertain the role of individual E1B proteins in trans-
formation and their primary biological function.
These E1B plasmid expression vectors have led to two
significant findings. First, both E1B proteins pos-
sess transforming activity when cotransfected with
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a plasmid encoding E1A, but it is the 19K protein
that confers anchorage-indeper}dent growth. Second,
the E1B 19K protein has the unique and um.xsua‘l abil-
ity to associate with and disrupt‘the organization of
two distinct classes of intermediate fllamentg, cyto-
plasmic vimentin filaments and n.uclear lamin fila-
ments. We propose and are preparing Fo test that the
biological function of the 19I§ prptem ?n transfor-
mation and productive infection is a.dlrect conse-
quence of the perturbation of interm;dlate filaments,

This year, we have been expanding upon these
results in three areas. First, we are preparing to iden-
tify those cellular proteins, most likely mFermediate
filament proteins, that directly interact ‘Wlth the 19K
protein. Second, we are expanding our investigation
of the role of E1B proteins in transformation and
establishing whether or not E1B gene products are
capable of cooperating with oncogenes other than
ElA. Third, we are performing a mutational analy-
sis of the 19K-coding region to determine whether
intermediate filament disruption and the transfor-
mation function of the 19K protein are genetically
linked and therefore functionally related.

As a first step toward identification of the cellu-
lar proteins, which are targets for functional modifi-
cation by the 19K protein, the 19K protein has been
expressed in bacteria and purified. This will provide
a source of 19K protein for in vitro binding experi-
ments that will be necessary to demonstrate direct
binding of the 19K protein to intermediate filament
proteins.

The ability of E1B proteins to cooperate with the
products of other viral oncogenes is also well under
way. In a collaborative effort with P. Howley at the
National Cancer Institute, we have discovered that
the E1B 19K protein can enhance the transforming
activity of the human papillomavirus type-16 E6 and
E7 transforming genes. This is important because
it establishes that the transforming activity of the
E1B 19K protein is not restricted to cooperation with
the adenovirus E1A gene and may represent a more
universal function related to the development of hu-
man cancer.

Finally, mutational analysis has so far identified
an important region of the 19K protein required for
both transforming activity and intermediate filament
disruption. A single substitution of an acidic glu-
tamic acid residue for the basic lysine at position 44
of the 19K-coding region results in simultaneous loss
of transforming activity and the ability to associate
with and disrupt intermediate filaments. This is read-



ily apparent in double-label indirect immunofluo-
rescence of transfected cells transiently expressing
either the wild-type 19K protein or the mutant pro-
tein. Where the wild-type protein localizes to the nu-
clear envelope and cytoplasm and disrupts intermedi-
ate filaments, the mutant protein is defective for
nuclear localization and the organization of inter-
mediate filaments is completely unaffected (Fig. 2).
Closer inspection of the sequence surrounding this
mutation identified a possible homology with nu-
clear localization signals in polyomavirus large T an-
tigen and a Drosophila lamin protein:

Control 19K

Polyomavirus large T antigen P K K A R E D
E1B 19K protein vV C R I K E D
Lamin DMg \Y
SV40 T antigen P K K K R K V

Those amino acids known to be absolutely
required for nuclear localization are indicated in bold
type and are usually basic (R or K) amino acids.

Whether this sequence of the 19K protein is a bona
fide nuclear localization signal is being explored.

Control Vim

3

'FIGURE 2 Double-label indirect immunofluorescence with anti-vimentin and E1B 19K

antisera of Hel.a cells transfected with expression vectors producing wild-type 19K pro-
tein or the K to E substitution at amino acid 44.
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In summary, the E1B 19K protein represents a
transforming protein with a novel function that will
be useful both for understanding the unique mech-
anism of oncogenic transformation and for deter-
mining the function of those cellular structures with
which it interacts, intermediate filaments.
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MOLECULAR BIOLOGY OF SV40

Y. Gluzman D. McVey M. Pizzolato

I. Mohr

The large T antigen encoded by SV40 is a multifunc-
tional protein that possesses numerous posttransla-
tional modifications. Current work is aimed at un-
derstanding the role that this protein plays in SV40
DNA replication by evaluating the effects of post-
translational modifications, particularly phosphory-
lation, on the overall functioning of the protein and
by analyzing the domain of the protein involved
in the specific recognition of the SV40 origin of
replication.

Our previous studies on the origin-specific DNA-
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binding domain of large T antigen localized the
amino- and carboxy-terminal boundaries of this do-
main between amino acids 132 and 246, respectively.
In addition, these studies revealed differences in
binding specificity and affinity between proteins iso-
lated from bacteria or mammalian sources. Specifi-
cally, we found the following:

1. The amino-terminal 259 amino acids of SV40 T
antigen purified from Escherichia coli bound in-
efficiently to the wild-type origin and very ineffi-



ciently to DNA bearing only isolated site I and
site I recognition sequences. However, the same
protein isolated from Hel a cells bound to the ori-
gin much more efficiently, particularly to site II.

2. The amino-terminal 246 amino acids of T anti-
gen contained the highest origin-specific DNA-
binding activity of all truncated proteins tested,
thus defining the carboxy-terminal boundary of
the origin binding domain to between amino acids
246 and 249. The 246-amino-acid protein bound
to single-stranded DNA, demonstrating that the
single- and double-stranded DNA-binding do-
mains reside in the same or overlapping amino
acid sequences. The DNA-binding properties of
the 246-amino-acid protein were also affected by
the cellular source of the material: T antigen from
mammalian sources bound more efficiently to site
I than protein isolated from E. coli.

3. Analysis of full-size SV40 T antigen isolated from
E. coli showed that the protein was indistinguish-
able from its mammalian counterpart in its abil-
ity to function as an ATPase and helicase and to
bind DNA fragments bearing site I or the wild-
type origin. However, it did not bind to site II,
an essential cis-acting element within the SV40
origin of replication. This observation explains
its inability to unwind origin-containing plasmids
and to replicate SY40 DNA efficiently in vitro.

Our data, combined with those from other labora-
tories analyzing T-antigen phosphorylation and its
biochemical effects, led us to speculate that phos-
phorylation of Thr-124 is a critical step in the acti-
vation of SV40 T antigen to a replication-competent
state. To prove this point, it was necessary to purify
a kinase that would phosphorylate Thr-124. The
properties of the 259-amino-acid T antigen from E.
coli presented us with a simple screen for such a ki-
nase. It was anticipated that phosphorylation of Thr-
124 would dramatically stimulate binding to the
SV40 origin, particularly to site II. Initial experi-
ments employing casein-kinase II and cAMP-de-
pendent kinase, provided by Dr. Marshak (Protein
Chemistry, this section), demonstrated that both of
these kinases could phosphorylate the 259-amino-
acid T antigen. However, the binding activity of the
phosphorylated protein was not stimulated, but in-
stead appeared to be inhibited. In contrast, treatment
of the 259-amino-acid T antigen with cdc2 kinase,
provided by Drs. D. Beach and L. Brizuela (Genetics
Section), resulted in an efficiently phosphorylated
protein with a substantially increased ability to bind

to site II. Amino acid analysis of this material re-
vealed phosphothreonine as the sole phosphoamino
acid present, and direct amino acid sequencing of
the phosphorylated protein located the phospho-
threonine in a peptide comprising amino acids 112-
131. To prove that phosphorylation was occurring
on Thr-124, we changed residue 124 to alanine by
site-directed mutagenesis. The resulting Ala-124-259
T antigen was not phosphorylated by cdc2 kinase,
and the binding properties of Ala-124-259 T anti-
gen were not affected by exposure to cdc2 kinase.

Treatment of full-size SV40 T antigen purified
from E. coli with cdc2 kinase produced a protein that
bound to site II actively and initiated SV40 DNA
replication in vivo very efficiently. These data prove
that phosphorylation of Thr-124 is a critical step in
activation of SV40 T antigen into a competent com-
ponent of the DNA replication machinery and im-
plicates a cdc2 kinase as a potential modulator of
this activity.

Current studies pursue two directions. First, in col-
laboration with Dr. Beach, we are trying to prove
directly the involvement of cdc2 kinase in phosphory-
lation of Thr-124 in vivo by expressing the truncated
or wild-type T antigen in Schizosaccharomyces
pombe (cdc2 mutant or wild-type parental strain).
Second, using a refined DNA footprint analysis, we
are exploring the nature of the interactions between
the carboxyl terminus of T antigen and its DNA-
binding domain and the effect of phosphorylation
on this interaction.
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MOLECULAR BIOLOGY OF BOVINE PAPILL

A. Stenlund M. Ustav J. Alexander

P. Szymanski

The papillomaviruses are a group of small DNA
viruses that are characterized by their ability to cause
benign tumors (warts) in a variety of animal hosts.
In humans, certain types have proven to be clinically
important because they have been implicated as a
potential causative agent of cervical carcinomas.
Over the years, bovine papillomavirus type 1 (BPV-
1) has emerged as the prototype for this virus group
by virtue of its ability to transform and replicate the
viral genome in certain rodent cells in culture. These
properties have made it possible to study at least
some aspects of the viral life cycle in a tissue-culture
system. From the molecular biologist’s point of view,
two properties of this virus are of particular interest.
First, it has recently been demonstrated that the vi-
ral genome carries coding information for a group
of site-specific DNA-binding proteins, which appear
to be key regulators of viral gene expression. One
of these is encoded in its entirety from the E2 open
reading frame (ORF) and is an activator of viral gene
expression that functionally resembles a mammalian
transcription factor. This resemblance extends also
to the structural level; the carboxy-terminal part of

OMAVIRUS

the protein contains a domain that is responsible for
dimerization and DNA binding, whereas the amino.-
terminal part of the protein contains an acidic acti-
vation domain. The other members of the E2 fam-
ily are two polypeptides that share the DNA-binding
domain with the activator and therefore have the
same DNA-binding specificity. These polypeptides
lack the domain responsible for activation and have
been described as repressors of transcription. Both
the activator and repressor forms exert their various
functions through specific binding sites dispersed
throughout the viral genome (see Fig. 1). The bind-
ing sites that are not clustered in the E2 responsive
enhancer are exclusively located close to known
promoters, where the specific effect of binding of
an E2 molecule appears to be dependent partly on
the position of the site.

The second interesting feature of the virus life cy-
cle is the replication properties of the viral genome,
It appears that the virus is capable of at least two
different modes of DNA replication. In a stably
transformed cell, which is the best-studied stage in
terms of both DNA replication and gene expression,
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FIGURE 1 Schematic figure. showing the organization of the early region of the BPV genome. Open bars
rspresenl the early open regdlng frames E1-E8. Arrows labeled P1-P5 represent the five known promoters
that transcribe the early region. Filled boxes show the location of mapped binding sites for the gene prod-

ucts from the E2 open reading frame.
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the viral genome replicates as an episome that is sta-
bly maintained at an approximate copy number of
100 molecules per cell. Density-labeling experiments
have shown that viral DNA replication is regulated
at the level of copy number control and that, in a
manner reminiscent of cellular DNA replication,
each molecule is replicated only once per cell cycle.
In the earlier stages (about which little is known),
before the viral DNA becomes established as a sta-
bly replicating episome, viral DNA replication takes
place through a different pathway, which involves
amplification to the 100 copies per cell that are then
maintained.

We are interested in studying the transition be-
tween the two different types of replication in terms
of both the direct changes in the mode of replica-
tion and the differences in viral gene expression that
presumably accompany and cause these changes.
Due to the multistep nature of the establishment of
stable replication, a genetic analysis is complicated
by the fact that mutations that affect an early step
in establishment cannot be assayed for their effect
on later stages in the absence of conditional mutants.
To circumvent this problem, we are trying to dissect
the viral genome and its replication machinery into
its components for subsequent reconstitution of sim-
plified systems that can execute specific parts of the
viral replication cycle in vivo. An important part of
this approach has been to develop systems for study
of early gene expression and replication, which is
something we accomplished this first year. This was
possible mainly through development of a highly ef-
ficient electroporation procedure that makes it pos-
sible to deliver the viral genome at high frequency
into the host cell, which is difficult to transfect using
conventional methods.

Analysis of Immediate-Early
Gene Expression in BPV-1

P. Szymanski, A. Stenlund

For mostly technical reasons, analysis of gene ex-
pression and viral gene regulation has so far been
performed with subgenomic fragments of viral DNA
almost exclusively either in BPV-transformed cells
or, for transient expression assays, in a variety of cell
types where BPV does not replicate. This means that
even though viral gene expression in transformed
cells has been extensively studied, virtually nothing
is known about immediate-early gene expression or

about regulation of viral genes in the context of the
whole viral genome. We have begun to study early
viral gene expression under replication conditions
as well as the response of viral transcription units
to the viral trans-activator E2. In these experiments,
the viral genome has been introduced into recipient
mouse C127 cells through electroporation under con-
ditions where replication takes place, followed by
RNA extraction at various later timepoints. The as-
say for expression that we have used is an RNase pro-
tection assay with specific probes for the five differ-
ent promoters in the early region of BPV. So far, we
have not been able to detect any activity using repli-
cation conditions, which indicates either that the lev-
els of expression are very low (less than 1 molecule
of RNA per transfected cell) or that transcription
is initiated from start sites other than the five
promoters that have been mapped in BPV-trans-
formed cells. In the presence of the cotransfected E2
trans-activator, at least two of the five promoters,
P2 and P4, are substantially activated in a manner
that is dependent on the presence of the E2-inducible
enhancer located immediately upstream of P2. It is
interesting to note that the level of activation is very
similar for the two promoters, even though in the
case of P2, the promoter is immediately adjacent to
the E2 enhancer, and in the case of P4, a distance
of approximately 2.5 kb separates the enhancer and
the promoter.

Analysis of Viral Functions Involved
in Transient Amplification and Stable
Maintenance of BPV Episomes

M. Ustay, A. Stenlund

Replication of the BPV genome in permissive rodent
cells appears to take place in two different stages.
Initially, amplification occurs where the viral DNA
replicates faster than the cellular DNA, resulting in
an increase in copy number of the viral DNA on a
per cell basis. After this initial stage, replication of
the viral DNA proceeds at a constant rate, resulting
in maintenance of a constant copy number that is
stable over many cell generations. The requirement
for viral genes for stable replication has been stud-
ied through conventional transfection assays; how-
ever, the amplification stage is less well character-
ized. We have therefore developed a transient
replication assay that relies on a highly efficient elec-
troporation procedure to deliver the DNA to a suf-
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ficiently large fraction of the cells to allow detection
of DNA replication at early times after infection.
Low-molecular-weight DNA is then isolated at vari-
ous times after transfection. The samples are digested
with the restriction endonuclease Dpnl, which cuts
only methylated (unreplicated) DNA. The products
are then analyzed by gel electrophoresis and South-
ern transfer. Using this procedure, we have estab-
lished a tentative time course for early replication,
where newly synthesized DNA is first detected be-
tween 24 and 48 hours after transfection, after which
time, the amount of replicated DNA increases ex-
ponentially. Initial results from this type of experi-
ment indicate that genes like ES, which are required
for stable replication, are dispensable for this type
of transient replication. This is consistent with the
idea that the requirements are different for the differ-
ent modes of replication. On the other hand, func-
tions like the trans-activator E2, which has been
shown to be required for stable replication, are also

ADENOVIRUS GENETICS

P. Yaciuk
M. Corrigan

T. Grodzicker
E. Moran

For the past several years of this project, we have
been engaged in a genetic analysis of E1A- transform-
ing functions. Genetic analysis has revealed a close
biological relationship between the adenoviruses and
other classes of DNA tumor viruses, specifically, the
papovaviruses, including SV40, and the human
papillomaviruses. Each of these viruses contains a
transforming gene that encodes a protein contain-
ing a highly conserved stretch of about 20-amino-
acid residues, designated conserved domain 2 in the
EI1A products, which is involved in binding the prod-
uct of the cellular retinoblastoma (RB) tumor sup-
pressor gene (see also Protein Immunochemistry
Section). Mutations in these highly conserved re-
gions, with concomitant loss of RB-binding activ-
ity, severely impair the transforming activity of the
affected genes. The basic structure of the E1A pro-
teins and their relationship with SV40 T antigen are
described in Figure 1.

Although domain 2 of EIA is required for E1A-
transforming functions, it is not sufficient for these
functions. A second region, amino-terminally dis-
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absolutely required for tran§ient replication; this
shows that some viral functions may b? required
throughout the viral life cycle. We are now in the pro-
cess of analyzing a battery of mutants 'for the in-
volvement of various viral gene products in the early

events of replication.
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tal to domain 2, is likewise absolutely required for
El1A-transforming function. With the loss of either
of these regions, the EIA products lose the ability
to induce cell proliferation, establish an extended
growth potential in primary cells, or cooperate with
a second oncogene such as an activated ras gene to
induce full morphological transformation. During
the past year, we have made a close study of the
amino-terminal transforming region. We have ap-
proached this (1) by analyzing the biological conse-
quences of loss of E1IA amino-terminal functions
and (2) by continuing to compare the transforming
sequences of adenovirus-2 (Ad2) E1A and SV40 T
antigen.

BIOLOGICAL ACTIVITIES ASSOCIATED WITH THE
E1A AMINO-TERMINAL FUNCTION

Several lines of evidence indicate that the amino-
terminal transforming function is completely inde-
pendent of domain-2 function and RB-binding ac-
tivity. Loss of domain 2 does not result in loss of
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FIGURE 1 E1A and T-antigen protein structure. Several differ-
ent splice products are made from the E1A gene. The major early
products are the 12S and 13S mRNAs. The 12S and 13S protein
products are identical except for the presence of an internal re-
gion of 46-amino-acid residues unique to the 13S product. The
E1A proteins are composed of alternating regions of relatively
high or low amino acid sequence identity. There are three highly
conserved regions, two of which are common to the 12S and
138 products, and the third comprises the 13S-unique region.
The 13S-unique region plays an important role in trans-activation
of other early virus genes, but E1A-transforming functions do not
depend on the 13S-unique trans-activation function. The amino-
terminal 140 residues of common sequence, containing the two
common conserved domains, are sufficient to induce DNA syn-
thesis and rapid proliferation in BRK cells. The numbers above
the bars indicate the endpoints of various E1A deletion mutants.
The blackened areas represent the regions deleted. All deletions
retain the original frame of translation. A representation of the
T-antigen product is shown at the top of the figure, with the domain-
2 homologous region aligned with E1A domain 2.

all E1A-mediated cell-cycle-regulating activity. Mu-
tants completely deleted for domain 2, and without
detectable ability to bind the RB product, retain sub-
stantial ability to induce DNA synthesis in quiescent
primary baby rat kidney (BRK) cells. An amino-
terminal deletion peptide is able to cooperate in trans
with a domain-2 deletion peptide in a ras cotrans-
formation assay, indicating that loss of amino-
terminal function can occur without tertiary disrup-
tion of domain-2 structure or function. This evidence
implies that each biologically active region is func-
tioning autonomously during transformation. If so,
then conserved domain 2 and the amino-terminal
region may mediate distinctly different biological ac-
tivities required in transformation.

It is reasonable to assume that the E1A products
mediate their cell-growth-regulating effects by
directly or indirectly influencing the expression of
cellular growth-related genes. Yet, the well-char-
acterized EIA gene frans-activation function is

unique to the 13S E1A product and is not required
for cell-growth-regulating activity. An independent,
and negative, gene-regulating function intrinsic to
the E1A products has been identified, however, that
is more closely linked with E1A-transforming activ-
ity, in that it too is independent of the 13S unique
region. This is the ability of the E1A products to re-
press the effects of enhancer-stimulated transcription.

To investigate whether the amino-terminal trans-
forming region of the E1A products mediates bio-
logical events distinct from those associated with
conserved domain 2, we analyzed amino-terminal
mutants for their ability to transform primary BRK
cells, induce DNA synthesis, repress insulin-enhancer-
stimulated transcription, and bind to E1A-associated
cellular proteins. The endpoints of the deletions are
indicated in Figure 1.

The mutant plasmids were first assayed for bio-
logical activity in a ras cotransformation assay. De-
letions near the extreme amino terminus, extending
from residue 2 to 36, or 15 to 35, showed no activity
at all, although they encode stable proteins. Both of
these mutants remove only sequences outside of con-
served domain 1, whereas a deletion extending from
residue 51 to residue 116, described last year, retains
substantial transforming activity, suggesting that the
strictly essential upstream sequences lie toward the
extreme amino terminus of the E1A products, rather
than across the whole region of conserved domain
1. To exclude the possibility that loss of function in
the amino-terminal mutants is merely a consequence
of tertiary effects resulting in impairment of domain-
2 function, we determined the activity of the mu-
tant constructs in a frans-cooperation assay. The
E1A.2-36 and E1A.15-35 mutants can cooperate ef-
ficiently with the domain-2 deletion mutant,
E1A.CXdl, increasing the likelihood that these de-
letions are affecting a specific active site, rather than
broadly disrupting required tertiary structure
throughout the E1A protein products.

E1A proteins have the ability to bind a number
of cellular proteins, including the p105-RB product
and an unidentified 300-kD product. The E1A.2-36
and E1A.15-35 deletions bind the RB gene product
efficiently but do not coprecipitate the 300-kD prod-
uct detectably. These results confirm that binding
RB is insufficient for E1A transformation activity.
E1A.2-36 (and E1A.15-35) deletion products bind RB
both physically and functionally, as determined by
their ability to complement a domain-2 deletion mu-
tant; however, these mutants have no transforming
activity by themselves. These results support the hy-
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pothesis that El1A-mediated transformation is a con-
sequence of the activity of two indepenc'lently fu.nc-
tioning regions within the protein: the ammo-tefmmal
region and conserved domain 2. To address t!us pos-
sibility more directly, we compared mutants m.these
regions for their ability to induce DNA synthf:51§ and
repress insulin—enhancer-stimulated transcriptional
activity.

We assayed the ability of E1A.2-36 to induce DNA
synthesis and virus replication in BRK cells, and we
compared its activity with that of two domain-2 mu-
tants, E1A.928 and E1A.CXdl. The 928 mutation is
a point mutant in residue 124 that affects only
domain-2 activity. The CXd/ mutant (residues 121-
150) deletes all of domain 2 and part of domain 3.
The transformation defect in the 928 point mutant
is as severe as that of the complete deletion mutant.
We previously showed that these domain-2 mutants
retain an appreciable ability to induce DNA synthe-
sis in BRK cells despite their severe transforming de-
fect. The levels of [*H]thymidine incorporated in-
to viral DNA during infection with Ad5dI309 (an
EIAWT virus), E1A.928, and the amino-terminal
mutant, E1A.2-36 were compared. The results (Fig.
2A) indicate that the 2-36 deletion significantly im-
pairs the ability of the E1A products to induce DNA
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replication. Replication of viral DNA ip infe
quiescent cells requires two E1A functions; the Cted
ity to induce cellular DNA synthesis and the aba'?lL
to trans-activate other viral proteins. The Jatte livy
tivity is a function of domain 3. To demOnStratert ac-
the impairment in the E1A.2-36 deletion s ¢ hat
a defect in the ability to induce cellular DNAual]y
thesis, we coinfected E1A.2-36 with a dop Syn-
defective mutant, E1A.hr3. E1A.hr3 fajls to ::m-3
activate viral products and therefore fails to rgns..
cate viral DNA (Fig. 2B), but it retains the ab‘?ll-
to induce cellular DNA synthesis sufficient tq sl ity
port rapid and extensive proliferation of BRK . lllp.
Coinfection of the E1A.2-36 and ElA.hr3 virels.
results in near wild-type levels of viral DNA Syntl}ies
sis (Fig. 2B). If the induction of cellular DNA e-
thesis is indeed independent of both domain-) yn-
domain-3 activities, we would also expect that E| I:I;_d
36 could be complemented for virus replication b -
the EIA.CXd/ mutant that inactivates both domg; Y
2 and 3. Such complementation does indeed o ins
(Fig. 2B), indicating that induction of DNA Sym;m
sis correlates closely with the amino-terminal trane.
forming function and not with the domain-2 ¢ 5-
forming function. rans-

Both the 13S and 125 EIA products repress ingy.
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FIGURE 2 Analysi i i
e p,:;ffc :fo\fn?;:]%NA‘p.roducnon in i‘nfected quiescent cells. Primary BRK cells were in-
eI e e ymldlne at a multiplicity of 10 pfu/cell. Coinfection experiments
y 1., 5 pfufcell of each virus. Viral DNA was extracted and co tv‘:jem;
n unted a

30 hr postinfection.
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lin enhancer-stimulated transcription in pancreatic
B cells. To identify more precisely the regions in E1A
that are required for repression, we cotransfected the
deletion mutants into an insulin-producing B cell line,
along with p-700 CAT, a plasmid that contains the
coding region of the bacterial chloramphenicol
acetyltransferase (CAT) gene linked to the rat insu-
lin IT gene enhancer promoter. These experiments
were done in collaboration with R. Stein at Vander-
bilt University. The 2-36 and 15-35 mutants were
greatly impaired in their ability to repress —700 CAT
expression, whereas the domain-2 deletion mutant,
E1A.121-150 (CXdl), repressed CAT enzyme levels
as efficiently as wild type. These results suggest that
enhancer repression, like the ability to induce DNA
synthesis, correlates closely with the amino-terminal
transforming function and not with the domain-2
transforming function. Enhancer repression and in-
duction of DNA synthesis therefore correlate closely
with 300-kD binding and not with Rb binding.

There appears to be a striking corrrelation be-
tween binding of the 300-kD product and the spe-
cific biological activities of E1A that mediate in-
duction of DNA synthesis and the repression of
enhancer-stimulated transcription, both of which are
essentially independent of domain-2 function and
RB binding. These results are exciting because they
reveal possible new steps in the mechanism of cell
growth control and point to the 300-kD product and
the repression function as playing major roles in this
process. Characterization of the 300-kD product and
identification of cellular targets of E1A-mediated
repression will be a major focus of our work in the
upcoming years.

RELATIONSHIPS BETWEEN TRANSFORMING
SEQUENCES OF AD2 E1A AND SV40 T ANTIGEN

By last year, we had shown that conserved domain
2 of E1A represents a structural and genetic unit com-
mon to the transforming proteins of both adenovi-
rus and SV40. During the past year, we attempted
to determine whether SV40 T antigen encodes a
function analogous to that encoded in the amino-
terminal E1A sequences. We now know more pre-
cisely which sequences in the amino terminus are re-
quired for E1A-transforming function, but we still
cannot recognize any sequences in T antigen that
show a close relationship to the required E1A amino-
terminal sequences. Nevertheless, given the degree
of independence between the two transforming func-
tions in the E1A products, a T-antigen functional

homolog need not necessarily be a structural homo-
log. We have obtained preliminary results this year
indicating that T antigen does, indeed, carry a trans-
forming function able to substitute for the amino-
terminal function in the E1A products.

We first determined that most sequences in T an-
tigen downstream from the domain-2 homologous
region (residues 101-118 in T antigen) and the T-an-
tigen nuclear localization sequence (residues 127-
133) are not required for cooperation with ras in the
cotransformation assay in primary BRK cells. A con-
struct expressing only residues 1-148 is competent
for transforming function in this assay. These results
suggested that if a function analogous to that en-
coded in the E1A amino-terminal sequences also ex-
ists in T antigen, it will lie within the first 148
residues, probably upstream of residue 100. The
amino-terminal and domain-2 E1A functions can
complement each other in trans. To learn whether
sequences in T antigen outside the domain-2 homol-
ogous region can substitute for the E1A amino ter-
minus in the trans-cooperation assay, we made a T-
antigen construct lacking all of conserved domain
2 and tested its transforming function. This construct
is negative in the ras cooperation assay but can
cooperate in trans with an E1A construct lacking
amino-terminal sequences. We have isolated cell lines
stably transformed as a result of cotransfection with
ras, the E1A deletion peptide, and the T-antigen de-
letion peptide and have shown that they express the
expected mutant products. Although these results are
preliminary, and the level of complementing activ-
ity is very low, they support the hypothesis that T
antigen carries a function analogous to the E1A
amino-terminal function. We are currently charac-
terizing a series of chimeric proteins that replace
amino-terminal E1A amino acid sequences with se-
quences from T antigen in order to identify the T-
antigen sequences responsible for the complement-
ing activity. Our goals now are to determine the pre-
cise required sequences of the active sites and to dis-
tinguish whether the active sites encode the same
specific biochemical function (perhaps involved with
300-kD binding) or different specific functions that
ultimately have a similar effect on cell growth.
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The Protein Immunochemistry Group is ComPOSFd
of two sections. The Monoclonal Antibody Facility
provides a central site for the production of mono-
clonal antibodies for Cold Spring Harbor Labora-
tory scientists. This facility is managed by Carmel-
ita Bautista and is staffed by Margaret Falkowski and
Susan Allan. During 1989, this facility produced a
total of 873 hybridoma cell lines for the CSHL staff.

The other section of the Protein Immunochem-
istry Group is a research unit that has been studying
the molecular mechanisms used by the adenovirus
EIA proteins to transform cells. These studies have
concentrated on the physical interactions between
the E1A proteins and various cellular polypeptides.
There are at least ten cellular proteins that are spe-
cifically associated with E1A in virus-transformed
or infected cells. These proteins were originally
known by their relative molecular weights of 300K,
130K, 107K, 105K, 90K, 80K, 60K, 50K, 40K, and
28K. Recently, several of these proteins have been
identified. Probably the most startling was the find-
ing that the 105K protein was the product of the
retinoblastoma (RB) tumor suppressor gene. This
protein, now known as pRB, is thought to act as a
negative regulator of cell proliferation. This inter-
action, its potential significance, and the other pro-
tein/protein complexes are discussed in detail below.
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Retinoblastoma Protein and p107 Are
Targeted by the Early Proteins of
Several Small DNA Tumor Viruses

N. Dyson, K. Buchkovich-Sass, E. Harlow [in collaboration
with K. MUnger, B. Werness, P. Howley, National Cancer
Institute, Bethesda, Marytand; and P. Whyte, Fred Hutchinson
Cancer Research Center, Seattle, Washington]

The E1A proteins of adenovirus 5 (AdS5), the E7 pro-
teins of human papillomavirus 16, and the large T
antigens of SV40 have several features in common.
All are multifunctional proteins that are synthesized
by small DNA tumor viruses early in viral infection.
All three proteins are believed to play an important
role in the ability of these viruses to drive infected
cells through the cell cycle to S phase, where effi-
cient replication of viral DNA occurs. A feature of
these viral proteins, which is probably closely related
to this mitogenic activity, is that each will immor-
talize primary rodent cells in culture and either
transform cells directly (SV40 large T antigen) or
cooperate with other oncogenes to produce fully
transformed cells (E1A or E7).

Analysis of recombinant adenoviruses contain-
ing mutated E1A genes has previously shown that
the ability of E1A to associate with three cellular pro-



teins of 105K, 107K, and 300K correlates with the
ability of E1A to function as an oncogene in a co-
transformation activity (Whyte et al., Cell 56: 67
[1989]). Recently, the 105K protein, now known as
pRB, has been identified as the product of the RB
susceptibility gene (Whyte et al., Nature 334: 124
[1988]). Loss of the RB gene has been associated with
the generation of tumors of the developing retina
as well as in other tissues. Similar to E1A, the SV40
large T antigen has also been shown to associate with
pRB, and genetic analysis shows that mutations of
large T antigen, which disrupt binding to pRB, in-
activate transformation by the viral protein (DeCaprio
et al., Cell 54: 263 [1988]). It is hypothesized that
these viral proteins bind to and inactivate pRB in
order to overcome a negative control of cell prolifer-
ation, thus mimicking the loss of the RB gene seen
in several types of tumor cells.

Two regions of E1A have been shown to be im-
portant for binding to pRB, and amino acid se-
quences homologous to these regions are found in
the large T antigens of SV40 and many other
polyoma-type viruses. In collaboration with R. Ber-
nards and S. Friend (Massachusetts General Hospi-
tal), L. Gooding (Emery University), J. Hassel
(McMaster University), E. Major (National Insti-
tutes of Health), J. Pipas (University of Pittsburgh),
and T. VanDyke (University of Pittsburgh), we have
used a coimmunoprecipitation assay to show that
the large T antigens of commonly used isolates of
mouse, monkey, baboon, or human polyoma-type
viruses can all bind to mouse or human pRB. This
conservation of function between viral proteins sug-
gests that binding to pRB is an important feature
in early viral infection and that pRB binding may
be a common component in transformation by these
viral oncoproteins.

Although adenoviruses and polyoma-type viruses
can cause tumors in rodents, neither class of virus
is frequently associated with human cancer. In col-
laboration with Peter Howley’s laboratory at the Na-
tional Cancer Institute, we have used in vitro assays
to demonstrate that the E7 proteins of several types
of human papillomaviruses (HPVs) also bind to pRB.
HPVs are associated with and are believed to be
causative agents for a wide variety of anogenital le-
sions. More than 60 types of HPVs have been iden-
tified, but only certain types are commonly found
associated with anogenital lesions. In addition, le-
sions with certain HPV types (such as HPV-16 and
HPV-18) are associated with a high risk of progres-

sion to malignancy, whereas other HPVs are almost
entirely found in benign lesions (e.g., HPV-6b and
HPV-11). E7 proteins from HPV types 6b, 11, 16, and
18 were all shown to be able to bind to pRB in vitro,
although the E7 proteins of HPV types 6b and 11
formed complexes with lower affinities. The levels
and control of synthesis of the E7 proteins are differ-
ent with the respective HPV types, and the biologi-
cal significance of the differences in E7-pRB affini-
ties is unclear. However, these results implicate pRB
binding as a potential step in HPV-associated car-
cinogenesis.

Where known, mutations in Ad5 E1A, HPV-16
E7, or SV40 large T antigen that prevent associa-
tion with pRB also abolish transformation activity,
suggesting a role for pRB binding in the transfor-
mation process. The interpretation of the analysis
of E1A mutants, however, is complicated by the ob-
servation that the regions involved in binding to pRB
are also essential for the association of E1A with
other cellular proteins. Recently, we have shown that
the E1A-associated cellular pl07 protein also forms
stable protein/protein complexes with the large T an-
tigens of SV40 and JC virus in virus-transformed
human cells. Since p107 and pRB share overlapping
binding sites on both E1A and SV40 large T anti-
gen, the relative contributions of binding to each pro-
tein for transformation have been difficult to assess.
However, since binding to both pRB and pl07 is con-
served by these unrelated viruses, it seems likely that
both are cellular targets in a common mechanism
for transformation by the viral proteins.

Synthetic Peptides That Bind to
the Retinoblastoma Protein

N. Dyson, C. McCall, L. Duffy, E. Harlow

We have used synthetic peptides containing E1A
amino acids 37-54 (from conserved region 1) and
115-132 (from conserved region 2) to show that se-
quences in both of these regions of EIA make phys-
ical contact with the RB protein. Peptides from each
region alone are able to block the interaction between
ElA and pRB, but most effective blocking is seen
with peptides containing sequences from both
regions. Similarly, when region-1 or region-2 pep-
tides are coupled to Sepharose beads, they are able
to form stable complexes with RB polypeptides. As
in the blocking experiments, peptides containing
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both region-1 and region-2 sequences p'rov1de thf
highest affinity interaction. In cross-blocking experl
ments, region-1 peptides are unable to block the 1;-
teraction between region-2 peptide beads and pRB,
and the converse is also true, suggesting that the two
regions of E1A make distinct and independent con-
acts with pRB.
t Peptidef containing regions 1 and 2 w‘ere.usec! to
raise monoclonal antibodies to the pRB-binding sites
on E1A. Approximately 60 hybridomas were 'produced
from two fusions that recognize EIA in immuno-
precipitations. Regardless of whether thfey regogmze
epitopes in region 1 or region 2, these antlpodles have
a common characteristic in that they fail to recog-
nize E1A when it is associated with p130, pl07, or
pRB, and they do not coprecipitate these cellula‘r pro-
teins. Preliminary data suggest that these antibod-
ies inhibit EIA/pRB association in vitro. Several of
these antibodies also directly recognize cellula}r pro-
teins that may be candidates for cellular pRB-binding
proteins. ‘
Five of the monoclonal antibodies that were rals.ed
against E1A cross-react with the HPV-16 E7 prqtem.
These antibodies all recognize epitopes in region 1
of E1A, confirming that the homologous sequences
in E7 contain similar structures. Currently, we are
using similar methods to determine whether these
regions of E7 also make direct contact with pRB.

Regions of the Retinoblastoma
Protein Needed for Binding to
Adenovirus E1A or SV40 Large
T Antigen Are Common Sites
for Mutations

Q. Hu, N. Dyson, E. Harlow

The protein product of the RB gene is thought to
function in a pathway that restricts cell proliferation.
As described above, the transforming proteins from
three different classes of DNA tumor viruses have
been shown to form complexes with the pRB. Genetic
studies suggest that with all three classes of viruses,
these interactions with the RB protein are important
steps in transformation. To understand the function
of the pRB/viral oncoprotein complexes better, we
have mapped the regions of pRB that are necessary
for these associations. Mutations were introduced
into the pRB-coding region using a polymerase chain
reaction strategy. Mutant RB polypeptides were ex-
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pressed in vitro by translation in rabbit reticulocy[e
lysates programmed with cRNA prepared from i
vitro transcription systems. Th‘e resultant RB poly.
peptides were then mixed with either adenovirus Ejp
or SV40 large T antigen. .If complexes‘ f?rmed, they
were detected following 1mmpnoprec1p1tation with
monoclonal antibodies specific for the viral proteins,

Two noncontiguous regions of RB were found ¢q
be essential for complex formation with adenovirys
El1A or SV40 large T antigen. These two regions are
located between amino acids 393-572 and 646-773,
Interestingly, these binding sites on RB overlap with
the positions of naturally occurring, inactivating my.
tations of the RB gene. These results strongly sug.
gest that these viral oncoproteins are targeting a pro-
tein domain that plays an important role in the
normal function of the RB protein.

To study further this domain of pRB, we haye
raised monoclonal antibodies to the EIA/T-binding
regions of pRB. A panel of monoclonal antibodies
has been isolated that will immunoprecipitate na-
tive pRB from mammalian cells. Several of these ap-
tibodies recognize subsets of pRB that can be dis.
tinguished by their relative levels of phosphorylation,
These antibodies are currently being tested to see if
they block the interaction of pRB with E1A or T

antigen.

Cell Cycle Regulation of
the Retinoblastoma Protein

K. Buchkovich-Sass

All RB tumor cells have lost the ability to synthe-
size pRB, the product of the RB tumor suppressor
gene. The correlation between loss of the RB pro-
tein and tumor formation has led to the hypothesis
that pRB functions as an inhibitor of cellular
proliferation, yet pRB is synthesized in most actively
proliferating cells. A resolution of this paradox could
be the phase-specific control of pRB activity during
the cell cycle.

We have shown that pRB is synthesized through-
out the cell cycle and that the steady-state level does
not change dramatically (within twofold) during the
cycle. However, the phosphorylation state of the pro-
tein does vary in a phase-dependent manner. In the
Go/G; phase of the cell cycle, an unphosphorylated
species of the protein is the only detectable form,
whereas in the S, G,, and M phases, multiple phos-



phorylated species of pRB are detected. The earliest
phosphorylation events occur late in the G, phase,
as determined by hydroxyurea treatment of syn-
chronized cells. Hydroxyurea inhibits DNA synthe-
sis but does not block the phosphorylation of pRB.
The removal of phosphates from pRB is not com-
plete until after metaphase mitosis, as determined
by nocodazole treatment of cells.

A candidate for the kinase(s) controlling pRB
phosphorylation is the human homolog of the
Schizosaccharomyces pombe cdc2 product. Partially
purified human cdc2 will phosphorylate pRB in
vitro, and a subset of the pRB tryptic phosphopep-
tides generated after labeling the protein in vivo are
the same peptides phosphorylated by cdc2 in vitro.
cde2 is known to be a cell-cycle-regulated kinase, with
peaks of activity in the S and M phases of the cell
cycle. The yeast cdc2 p34 is required for entry into
these phases of the cycle.

There are two clues as to which form of pRB, the
phosphorylated or the unphosphorylated, is active
in controllng cellular proliferation. First, in their nat-
ural hosts, DNA tumor viruses infect cells that are
often arrested in a Go- or G-like phase. The early
proteins of these viruses are responsible for induc-
ing infected cells to enter S phase, and several of these
proteins bind to pRB. These two activities of the early
viral proteins may be directly related, suggesting a
Gy or G, activity for pRB. Second, Ludlow and col-
leagues (Cell 56: 57 [1989]) have shown that SV40 T
antigen binds only to the unphosphorylated form
of pRB. If SV40 antigen regulates pRB function via
physical association, as has been proposed, then it
must be the unphosphorylated form of pRB that is
the target of T antigen. Since the unphosphorylated
form of pRB is found predominantly in the Go/G;
phase of the cell cycle, T antigen must target a
Gy/G, activity of pRB. Together, these findings pro-
vide the first indication that pRB may have an im-
portant role in controlling some elements of cell cy-
ole progression.

Is the E1A-associated p107
Protein Related to pRB?

L-K. Su, C. Herrmann
pl07 is a cellular protein that has been found to form

complexes with oncoproteins of certain DNA tumor
viruses. This protein has several properties similar

to those of pRB, the product of the retinoblastoma
susceptibility gene (RB-1). Similar to the pRB pro-
tein, p107 is a nuclear phosphoprotein. The regions
on two viral oncoproteins, the adenovirus E1A and
SV40 T antigen, that are required for their interac-
tion with pRB and the p107 have been characterized.
The regions of these oncoproteins that are required
for their association with p107 overlap with the
regions required for binding to pRB. In other experi-
ments, these regions have been shown to be impor-
tant for the transformation activity of these onco-
proteins. In addition, large T antigen will only bind
to the unphosphorylated form of either pRB or p107,
whereas E1A binds both phosphorylated and un-
phosphorylated forms.

Although pl07 has many properties similar to
those of the pRB proteins, it is not an alternative
form of pRB. Evidence for this includes the existence
of p107 in a cell line that does not have a functional
RB-1 gene, different proteolytic patterns of these two
proteins, and failure of several antibodies against
pRB to recognize p107. The facts that both p107 and
pRB share the same binding regions of E1A and that
both of them bind to SV40 large T antigen suggest
that they may function in a simliar way or in an an-
tagonistic way. In either case, it is interesting to spec-
ulate that p107 is involved in the regulation of the
cell proliferation as pRB has been suggested to be.

These questions can only be answered by exten-
sive study of p107. To study p107, we are purifying
the pl07 protein and cloning its complementary
DNA. Since p107 can be easily detected by and pu-
rified through its association with adenovirus E1A,
a cell line that expresses E1A constitutively has been
used as the source of pl07. Immunoprecipitation and
SDS-PAGE have been used to purify the pl07. The
purified protein has been used for immunization of
animals and for amino acid sequencing. To date, the
sera of immunized aminals have not shown a re-
sponse. However, the amino acid sequence of one
peptide from p107 has been obtained in collabora-
tion with Dan Marshak (Protein Chemistry, this sec-
tion). We are in the process of obtaining a cDNA
probe by polymerase chain reaction using the syn-
thesized oligonucleotide deduced from the amino
acid sequence.

In addition to the studies of the p107 gene, we have
also been studying its phosphorylation. Phosphory-
lation is a common mechanism to alter the activity
of a protein. Several years ago, we observed that im-
mune complexes containing E1A and associated cel-
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lular proteins possess a protein kinase activity. Re-

cently, we have begun to identify and charactenz.e
this kinase. The major endogenous substraFes of this
kinase are the pl07 and p130 proteins; the kinase also
phosphorylates exogenous histone. Using E1A mu-
tant viruses or E1A antibodies that coimmunopre-
cipitate a subset of the complex proteins, we have
been able to eliminate the E1A-associated 3QQK pro-
teins as a potential source of the kinase actmt)f. Ly-
sates precleared of the pRB protein retain .the kinase
activity, suggesting that the pRB protein is also not
required for the kinase activity. It seems unlikely that
pl07 itself is the kinase, since in several cases, we are
able to immunoprecipitate pl07 from 35S-labeled
cell lysates, and it does not become phosphorylated
in a kinase reaction. Therefore, we believe that an-
other associated protein is the kinase. We l.1ave be-
gun to purify this activity and are examining its prop-
erties during various stages of the cell cycle. We are
also measuring the activity of the kinase in a num-
ber of tumor cell lines in which the level of p107 is
believed to be altered.

p60 E1A-associated Protein
also Binds to the Human
cdc2 Protein

A. Giordano, B. Faha [in collaboration with
J. Lee, R. Franza, G. Draetta, and D. Beach,
Cold Spring Harbor Laboratory]

The adenovirus E1A proteins associate with a group
of cellular proteins in virus-transformed or infected
cells. Our results show that the cellular p60 protein
forms a complex not only with the adenovirus E1A
proteins, but also with the product of the cdc2 gene.
The cdc2 gene encodes a p34 protein that forms the
catalytic subunit of a kinase known as MPF (for
mitosis-promoting factor). This kinase is involved
in regulation of the cell cycle in a wide range of eu-
karyotes. The p60/cdc2 complex occurs in both
virus-infected cells and uninfected cells. We have
shown that the p60/cdc2 complex has histone H1 ki-
nase activity and that the kinase activity is cell-cycle-
regulated, the highest activity being seen in inter-
phase. The time of activation of this complex differs
from that seen with MPF, which is most active in
mitosis. Differential timing of activation of these two
complexes, p60/cdc2 and MPF, suggests that each
might play a distinct role in cell cycle regulation.
We have also investigated the interaction of EIA
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with p60. An extensive series of ElA del.etion mu-
tants have been used to map the binding sites of pgg
on ElA. EIA residues between 30-60'and }21_127
form the needed structures for mte.ractlol.l with p60,
These same residues are also requ'lred, either in to-
tal or in part, for the interaction‘s w1tl? pRB and pl07.
Interestingly, mutations in this region destroy the
ability of EIA to function as an oncogene.
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PROTEIN CHEMISTRY

D.R. Marshak G.E. Binns
R. Breckenridge
D. Carroll

M. DiDonato
G.L. Russo
M.T. Vandenberg

The Protein Chemistry Laboratory is engaged in re-
search pertaining to the structure and function of
proteins involved in fundamental mechanisms of
normal and abnormal growth of cells. We use ad-
vanced instrumentation such as protein sequencers,
mass spectrometers, and peptide synthesizers to take
a biochemical approach to the analysis of proteins
and particularly in the analysis of modifications on
proteins. It is these modifications, such as phos-
phorylation, and the enzymes that catalyze them,
that appear to modulate many of the regulatory
mechanisms in cellular growth.

Mapping Phosphorylation Sites
on Nuclear Oncoproteins

D. Carroll, MT. Vandenberg, D.R. Marshak

During the past year, our work on mapping phos-
phorylation sites has concentrated on SV40 large T
antigen (LTag) and the Myc protein. We have also
assembled a spectrum of protein kinases to use for
in vitro phosphorylation of the overexpressed pro-
teins. These kinases include casein kinases I and II
(CK-I and CK-II); protein kinase C (PK-C); cAMP-
dependent protein kinase (PK-A); myosin-light-chain
kinase (MLCK); calcium-calmodulin kinase II (CaM
K-II); raf kinase (raf); p34< (p34); glycogen syn-
thase kinase 3 (GSK-3); and phosphorylase b kinase.
Studies of p34 phosphorylation of LTag were con-
ducted in collaboration with Y. Gluzman (Molecu-
lar Biology of SV40 Section) and D. Beach (Genetics

Lee, C., W. Craigen, D. Munzy, E. Harlow, and T. Caskey. 1990.
Cloning and expression of a mammalian peptide chain re-
lease factor: Conserved structure to tryptophanyl-tRNA syn-
thetase. Science (Submitted.)

A. Vongs

I.J. Yu

Section). The cell-cycle-regulated protein kinase, p34,
phosphorylates LTag specifically at Thr-124. This
modification affects the specificity of binding of
LTag to the origin of replication on SV40. We demon-
strated the site of phosphorylation biochemically by
isolating and characterizing the phosphorylated pep-
tide from a proteolytic digest of LTag labeled in vitro
with [y-3?P]ATP and purified p34. The protein was
digested sequentially with trypsin, followed by staph-
ylococcal V8 protease, and subjected to electropho-
resis on polyacrylamide gels containing SDS and urea
using a Tris-tricine buffer system. Sequence analy-
sis of this peptide gave the amino acid sequence cor-
responding to residues 102-126, and the phosphory-
lation site was determined by an increase of 2P
radioactivity appearing at the cycle corresponding
to Thr-124. These results were confirmed by analy-
sis of a mutant LTag with a threonine-alanine sub-
stitution at position 124 (Y. Gluzman, Molecular
Biology of SV40 Section).

Further studies on LTag phosphorylation by CK-
II have resulted in an interesting phenomenon. First,
phosphorylation of LTag by CK-II shows nonlinear
kinetics, with a concave upward curvature, indicat-
ing that at higher substrate concentrations, the rate
of the reaction increases. This is not true for other
substrates for CK-II that we have tested. Adding cata-
Iytic amounts of LTag to CK-II reactions with other
substrate proteins indicates that LTag will acceler-
ate the phosphorylation. The activating domain on
LTag has been identified using synthetic peptides,
and it appears to consist of residues 116-138. This
peptide contains the polybasic nuclear localization
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site as well as the p34 phosphorylation 51t]e.tTh;SSi:s
main is adjacent to thedClIl(;I\;;:::::s::;:ﬂ‘;trying
idues 106, 111, an . i
?ct> ree\faluate the affects of p34 phOSphOr)’latlfolf}lfa’lrg1
CK-II phosphorylation in vitro.‘ The effect ofCOS
on CK-II appears to act in vivo, since extracts 0 o
cells that have LTag overexpress_ec} have a};lpf o
mately eightfold higher CK-II activity than tde p -
ent strain, CV-1. These studies have prompted uS
evaluate further the roles of activatqrs and poten-
tial inhibitors of CK-II activity in VIvO.
Phosphorylation sites on Myc have beer} detir-
mined by in vivo and in vitro labeling expenmerl] S.
Phosphorylated peptides have bee1.1 an_alyzed bye e(l:—
trophoresis on high-resolution, Trls-t'ncme/ur‘ea gels
as described above for LTag. The in vivo experiments
were done with COLO 320 cells, which are a human
colon-carcinoma-derived cell line that ove.rexpresses
Myec. The in vitro phosphorylation expetrlments ar.e
performed with Myc protein expressed in and puri-
fied from Escherichia coli. The patterns ‘of Myc
phosphorylation in the cells can be par.tlglly ac-
counted for by phosphorylation of the purified pro-
tein by PK-A, CK-II, and p34. The sites of pho§—
phorylation were determined by sequence analysis
and mass spectral analysis of the purified, phos-
phorylated peptides. Mass spectrometry allows us
to determine the exact stoichiometry and residues
that are modified. There appears to be a domain in
the protein of approximately 7 kD in the middle of
the protein that contains the bulk of the phosphory-
lation sites. This hyperphosphorylated domain regu-
lates the DNA binding of My, since CK-II phos-
phorylation in this domain abolishes the activity.

Phosphorylation of Transcription
Factors

D.R. Marshak, G.L. Russo, |.J. Yu
[in collaboration with E. Chang and M. Gilman,
Cold Spring Harbor Laboratory]

Transcription factors refer to a large family of pro-
teins that either bind to regulatory elements of genes
or interact with protein complexes that, in turn, pro-
mote gene transcription. Many of these transcrip-
tion factors appear to be phosphorylated, mainly by
attachment of phosphate to serine and threonine
residues, catalyzed by several candidate nuclear pro-
tein kinases. Of these, we have studied casein kinase
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1, p34<4<2, glycogen synthase k.inas.e, protein kingge
C, and cAMP-dependent protein kinase. Using thjg
panel of enzymes, our strategy.has been to phos.
phorylate transcription facto'rs in vitro and to teg
how individual phosphorylation events might alter
the ability to bind to the appropriate DNA element
or to direct transcription. To this end, we require pu-
rified proteins produced in relatively large amounts,
unlike the natural products that are in VaniShing]y
small quantities. E. Chang has expressed several fa.
tors in E. coli, and these are purified to milligrap,
quantities through classical procedures.

We have begun to study two regulatory protejp
involved in the control of transcription of the c-fys
gene. Two regulatory elements have been defined by
M. Gilman and his colleagues (Molecular Geneticg
of Eukaryotic Cells Section) as the serum responge
element and the CAMP responsive element, and the
corresponding proteins that bind to these elements
have been termed the serum response factor (SRF)
and the cAMP-responsive-element-binding protejp
(CREB). Both of these proteins have been expressed
in E. coli and purified to apparent homogeneity,
Using our panel of protein kinases, we have begun
to examine the phosphorylation sites on the proteing
as well as the effects of these phosphorylations on
DNA binding. Preliminary evidence suggests that
phosphorylation plays a major role in modulating
the transcriptional activator functions of these pro-
teins. Further studies will take advantage of our mass
spectrometry and protein chemistry expertise to de-
termine the stoichiometry and location of the phos-
phorylation sites.

Role of Casein Kinase Il in
Cell Growth

1.J. Yu, D. Carroll, D.R. Marshak

We are continuing our studies of CK-II in cell growth
and viral transformation. To this end, we continue
to develop reagents that will allow us to investigate
changes in enzyme activity, protein levels, and
mRNA levels inside cells. Antibodies have been pre-
pared in rabbits against purified bovine liver CK-IL.
These sera react with the enzyme on nitrocellulose
and by immunoprecipitation. Recently, several ad-
ditional antisera have been prepared by using syn-
thetic peptide antigens raised to various regions of
the a and B subunits of the enzyme. We are using



these antibodies to investigate the subcellular local-
ization of CK-II during serum stimulation or virus
infection, as well as in cell division cycle experiments.
We hope that these antibodies will allow us to dis-
tinguish between the catalytic (o) and putative
regulatory (B) subunits of the enzyme. We are cur-
rently isolating the cDNA clone for the human a
subunit using the polymerase chain reaction (PCR).
We have constructed oligonucleotide probes based
on the published sequence with specific restriction
sites. Using total RNA from HelLa cells, we are using
reverse transcriptase followed by the PCR reaction
to isolate a full-length clone (1.2 kb). If successful,
this will allow us to use our cDNA to probe the lev-
els of mRNA in stimulated versus unstimulated cells
and in the cell cycle.

Initial studies on cell cycle control of CK-II as
compared with p34 have demonstrated a reciprocal
relationship between these enzyme activities. CK-II
appears to be maximally stimulated in G, phase of
the HeLa cell cycle, consistent with our previous ob-
servations of CK-II stimulation early in serum acti-
vation of fibroblasts. The mitotic form of p34, how-
ever, is maximally active during the G,/M phase of
the cell division cycle. One interesting region to ex-
amine will be S phase, when both enzymes are par-
tially activated and the cell is undergoing profound
changes in nuclear activity to replicate DNA. The
initiation and control of the DNA synthesis phase
of the cell cycle are of particular excitement for con-
tinued effort in protein kinase activity measurements.

Synthetic Peptide Substrates
for Protein Kinases

D.R. Marshak, M.T. Vandenberg, R. Breckenridge,
G.E. Binns, M. DiDonato, D. Carroll

We have been actively involved in the design and syn-
thesis of peptides that are phosphate acceptors on
serine or threonine residues. Peptides are synthesized
by chemical methods based on the original Mer-
rifield approach using Ne¢-f-Boc-protected amino
acids and solid supports. Synthesis is done using au-
tomated techniques on an Applied Biosystems 430A
instrument. The peptides are cleaved from the sup-
port in liquid hydrogen fluoride, precipitated with
ethyl ether, and purified by reverse-phase high-
performance liquid chromatography. The peptides
are extensively characterized by mass spectrometry,

sequence analysis, and amino acid analysis to en-
sure that we have generated a pure product. Peptides
are analyzed as kinase substrates by carrying out a
phosphorylation reaction with radiolabeled ATP and
then separating the radioactivity incorporated into
the peptide either by immobilization on phosphocel-
lulose paper or by thin-layer chromatography. Both
methods have been very successful in quantitative
analysis of the products.

Two classes of peptide substrates for protein ki-
nases have been characterized: CK-II substrates and
p34<de2 substrates. The CK-II substrates are modeled
on the sites of phosphorylation of the nuclear on-
coproteins, such as Myc, Fos, adenovirus E1A, and
SV40 T antigen. These peptides contain serine or
threonine residues followed by a cluster of acidic
amino acid residues. The presence of a B-turn gener-
ated by proline residues is common but apparently
not essential for activity. Substrate peptides for
p34<42 generally contain a serine or threonine resi-
due followed by a proline residue and several basic
amino acids. The exact structural features of these
substrates and their specificities as substrates is un-
der intense investigation.

Structural Analysis of a Human
IGF-1l Variant

D.R. Marshak [in collaboration with J. Perdue
and W. Burgess, American Red Cross
Research Center, Maryland)]

During the year, we have been fortunate to be in-
volved in the analysis of several proteins related to
growth in human physiology. In collaboration with
a group at the American Red Cross Research Cen-
ter in Maryland, we characterized a new form of the
insulin-like growth factor II (GF-II) from human
plasma. This protein turned out to be a variant of
the more common form, containing a tetrapeptide
replacement (Arg-Leu-Pro-Gly) of a serine residue
near the amino-terminal end of the protein. The mass
of the protein (measured by plasma desorption mass
spectrometry) was 7809.4, less than 0.05% from the
calculated mass based on classical sequencing tech-
niques. These studies indicate that the mass spec-
trometer is an invaluable tool in structural analysis
of proteins. This variant of IGF-1I represents approx-
imately 25% of the plasma IGF-II activity.
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Sequence Analysis of Peptides
by Mass Spectrometry

D.R. Marshak, G.E. Binns

Sequence analysis of peptides by plasma desorptlon
mass spectrometry (PDMS) has been accomp!lsht?d
for an assortment of peptides. Peptides ra{lglng mn
molecular weight from 1100 to 3600 amu dlsplayed
useful sequence ions under PDMS. Acidic, basic, and
neutral peptides all showed sequence fragmc?nt ions,
and carboxy-terminal sequence informatlor} was
readily obtained on all peptides (A, B, or (o4 1ons?.
The A ion series was most abundant for the basic
peptides, and the C" ion series was most abundant
for the acidic peptides. Sequence-specific fragmfant
ion patterns appear to occur. For example, peptide
CSHO084 showed dehydration (—18 amu) of all the
Y” ions in the internal basic region (residues 10-16).
Subsequent examples of peptides containing aro-
matic side chains indicate that loss of the indole moi-
ety from the side chain is common under PDMS.
A similar generation of these w'ions from histidine
residues through loss of imidazole has also been de-
tected. We suggest that PDMS is generally useful for
sequence analysis of peptides of various composi-
tions. In particular, PDMS is useful as a complemen-
tary tool to classical methods of protein chemistry,
and PDMS should be considered an important part
of a multidisciplinary approach to the structural
analysis of peptides and proteins.

At low sample loads (10 pmoles), the B, C", and
Y” ions remained detectable, whereas the A and Z
ions were not detected. Therefore, sequence analy-
sis of peptides at the low pmole level is possible by
PDMS. At higher sample loads, the A ion series was
abundant and gave nearly complete sequence infor-
mation. Because the amino-terminal sequence ion
array (A, B, C” ions) yields carboxy-terminal se-
quence information, PDMS is quite useful in con-
junction with amino-terminal sequence analysis
using chemical methods. Sequence fragment ions are
more abundant with smaller amounts of nitrocellu-
lose electrosprayed on the targets. Optimal nitrocel-
lulose loading for 1.0 nmole (Val-5) angiotensin I was
10-25 pg. In contrast, the [M + H]* was more abun-
dant at high loading of nitrocellulose (100 pg). Data
acquisition for 4 hours yielded significant abundance
of sequence ions for all the peptides studied. Longer
acquisition times increased the signal-to-noise ratio
for the fragment ions and permitted the assignment
of more sequence. These studies demonstrate that
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PDMS analysis of peptides can provide rapid and
accurate sequence information as a supplement to
chemical analyses.

Peptide Synthesis
G.E. Binns, M. DiDonato, D.R. Marshak
As part of the core protein chemistry support facil-

ity, peptide synthesis is performed to assist research-
ers in their work throughout the programs at Cold



Spring Harbor Laboratory. In general, there are three
uses of peptides: (1) as antigens for antibody produc-
tion; (2) as enzyme substrates; and (3) for biological
studies. Approximately half the peptides synthesized
are used as antigens by coupling to carrier proteins
or by direct injection into animals. The antibodies
produced in this way allow an investigator to pre-
pare a reagent that reacts very specifically with a site
on the protein of interest. Such “site-directed” anti-
bodies are of tremendous value in structure-function
studies of proteins. To facilitate the rapid synthesis
of these peptides, we have employed small-scale (0.1
mmole) rapid-cycle chemistry using an automated
synthesis instrument. To optimize these procedures,
we developed new cycles that double couple 10 of
the 20 common amino acids first in dimethylforma-
mide and then in dichloromethane. This procedure
generates very high-yield and high-quality products.

We have performed the synthesis of larger pep-
tides and small proteins using other methods. For
larger scale and longer syntheses, we have employed
a new solvent system consisting of N-methylpyrro-
lidone and dimethylsulfoxide. This permits the swell-
ing of the resin to increase and boosts coupling
yields, although reaction times are increased. Using
this technique, we synthesized the full-length pro-
tein S100B, consisting of 91 residues, as well as a piece
of the protein containing 48 residues. These proteins
have been purified by high-performance liquid chro-
matography and are currently being studied as struc-
tural analogs of the native proteins. Many other syn-
theses have been performed, several resulting in
peptides that have high biological activity. This in-
dicates that the amount of racemization and the
structural changes in the synthetic species compared
to that of the native peptide are minimal. The col-
lection of methods now employed produce peptides
of the highest quality and activity available any-
where.

During the last 4 years, the growth of the protein
chemistry core services has increased dramatically.
Since Dr. Marshak’s arrival in 1986, sequence anal-
ysis has doubled every year, and peptide synthesis
has increased at an even faster pace. We are now see-
ing the number of procedures performed per year
begin to plateau as we reach the physical capacity
of the instruments and the limited personnel. At
present, scientists have to wait weeks to months for
their analyses because of these limitations in re-
sources. In addition, we have instituted several new
methods, such as mass spectrometry, high-perfor-

TABLE 1 Growth of Protein Chemistry

Procedure 1986 1987 1988 1989
Protein sequences 47 87 162 215
Peptide synthesis 6 18 46 64
Amino acid analysis 357 389 197
Chromatography 61 68 35

mance electrophoresis, and quantitative chemical
analyses to maintain the facility on the leading edge of
new technology. However, this further limits the time
available for each procedure. The growth of the use
of protein chemistry is illustrated in Table 1. We hope
that statistics such as these will help to justify in-
creased resources for protein chemistry.
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. Mutant viruses unabl
i i that cannot make VA RNA; able
We have continued to study the regulation of gene R eribe VA A i el i

expression at both the transcriptional and transla-
tional levels. Our work uses systems drawn from
adenovirus and the human immunodeficiency vi-
ruses (HIV), as well as cellular genes. During the past
year, Gil Morris was promoted to a staff associate
position and the group expanded in numbe.rs. We
were joined by Odi Echetebu, a visiting scientist,
Chitra Kannabiran and Shobha Gunnery, both post-
doctoral fellows, and Frank Ma, a graduate student,
while Chris Herrmann received her doctorate and
moved to Ed Harlow’s laboratory in the James
building.

Adenovirus VA RNA and
Translational Control

K.H. Meliits, T. Peery, Y. Ma, L. Manche,
M. Stoddart, M.B. Mathews

In the mid-1960s, an “unusual” RNA component was
discovered in human cells infected with adenovirus
type 2 (Ad2) and was termed virus-associated (VA)
RNA. Ten years later, it was realized that there are
in fact two such RNAs, VA RNA; and VA RNA,;,
both about 160 nucleotides in length. These RNA
polymerase III transcripts were mapped to two
closely spaced genes at approximately map unit 30
on the adenovirus genome. The RNAs accumulate
to high concentrations in the cytoplasm of adeno-
virus-infected cells, and their sequences suggested
that they can adopt stable secondary structures. Since
then, much has been learned about the role of these
RNAs in adenovirus infection. Their participation
in translational control was discovered through the
study of mutants that contain disruptions of the tran-
scriptional control regions located within the 5’ half
of the VA RNA genes. Protein synthesis was de-
pressed in cells infected with an adenovirus mutant
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the defect was exacerbated when both VA RNASs were
missing, indicating that VA RNA;; can also partic-
ipate in the translational function. Subsequent work
showed that VA RNA, antagonizes a cellular an-
tiviral defense mechanism by preventing the activa-
tion of a cellular protein kinase known as DAI, the
double-stranded RNA (dsRNA)-dependent protein
kinase. When activated by dsRNA, a process involv-
ing autophosphorylation, this enzyme inhibits pro-
tein synthesis by phosphorylating the initiation fac-
tor elF-2 and thereby trapping a second initiation
factor, GEF (also known as eIF-2B). VA RNA pre-
vents the dsRNA-mediated activation of DAI.

Present work is addressing the nature of the in-
teractions of DAI with RNAs that activate it
(dsRNA) or block its activation (VA RNA). On the
basis of partial nuclease digestion data, we recently
proposed a secondary structure model for Ad2 VA
RNA, that contains two duplex regions, each about
20 base pairs long (believed to be too short to acti-
vate the kinase) together with several loop structures
(Fig. 1). To assess the validity of this model, we have
begun to compare the structures of a variety of VA
RNAs. These include the VA RNA;, species of the
closely related AdS serotype, of two more distantly
related human viruses (Ad7 and Ad12), and of mon-
key and chicken adenoviruses (SA7 and CELO), as
well as the VA RNA | species of Ad2 and Ad7. The
5’ halves of these RNAs share pol.III transcription
sequences but are otherwise divergent in primary se-
quence. Computer-assisted structural analysis sug-
gests that they may all possess a region similar to
the functionally important central domain of Ad2
VA RNA; (stippled area in Fig. 1), and direct ex-
amination of the structures of Ad7 VA RNA, and
of the CELO and Ad12 VA RNAs confirms that their
secondary structures are similar to, but not identi-
cal with, that of Ad2 VA RNA,.
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FIGURE 1 Structure of VA RNA. The approximate limits of the
central domain (stippled area) are superimposed on the second-
ary structure model for Ad2 VA RNA,. (Redrawn from Mellits and
Mathews, EMBO J. 7: 2849 [1988].)

We have continued to pursue the mutagenic ap-
proach described in previous Annual Reports to de-
termine which VA RNA sequences or structures are
necessary to prevent the activation of DAI As a first
step, we made a series of deletion and substitution
mutations throughout the 3’ half of the VA RNA,
gene and tested the resulting mutant RNAs for their
ability to rescue protein synthesis in vivo. The results,
coupled with structural information based on par-
tial ribonuclease digestion, defined a small region

of duplex RNA (nucleotides 73-84, Fig. 1) that is
dispensable for VA RNA, function and a complex
stem-loop structure (the central domain, Fig. 1) that
is important for function. Further genetic analysis
suggests that secondary structure is more important
than primary sequence per se in the regions that flank
the central domain. More recently, we have used a
vector containing the bacteriophage T7 promoter to
make mutant RNAs in the quantities necessary to
assay their ability to function in vitro. Thus far, with
a single puzzling exception, the wild-type and mu-
tant VA RNAs tested all function in vitro as would
be expected from their behavior in vivo. We have
gone on to make new mutations in this vector, most
notably to elucidate features of the central domain
that are important for function. Small deletion and
substitution mutations were introduced by oligo-
nucleotide-directed mutagenesis and were tested for
their ability to block DAI activation by dsRNA. De-
letion or substitution of most of the nucleotides in
the loop was tolerated, but a substitution in the
neighboring short stem severely impaired the abil-
ity of the mutant RNAs to function. Thus, neither
the size nor the sequence of the loop is critical; on
the other hand, the structure and/or sequence of the
short stem is important for function, as are some
sequences immediately adjacent to the central do-
main. We presume that the deleterious mutations
perturb the conformation of the central domain, and
we are currently probing the secondary structure of
these mutants to determine the structural ramifica-
tions of the mutations.

Because of its extensive secondary structure, it was
proposed that VA RNA,| might block activation of
DAI by imitating short duplex RNA and thereby
preventing the interaction between dsSRNA and DAL
Consistent with this hypothesis, DAI has a single
binding site for dSRNA, and this site can be blocked
by VA RNA,. Moreover, VA RNA, binds to DAI
both in vivo and in vitroand can be cross-linked to
the enzyme. However, the mutational analysis sum-
marized above ascribes a dominant functional role
to the central domain of the molecule rather than
to its duplex axis. To explore the relationship between
DALI binding and the structure and function of VA
RNA,, we assessed the ability of mutant RNASs to
bind to the kinase. In many cases, a mutant’s bind-
ing efficiency correlated with its function as mea-
sured in vivo, but there were several exceptions: A
number of mutants that do not function in vivo
bound well, and one that functions in vivo did not
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s indicate that efficient

bind efficiently. These result ont for func-

. 3io e neither necessary nor suffici
?il(;]:.ngolrslsideration of RNA structures rs;liffrs;:g
that efficient binding lrequllre;sa fhzlrlct);; ;tt:he i
at the apex of the mo ecule il
domain, a deduction that was confirme its o
mining the structures of the shortest fragme o

i ility to bind to DAL The .short dup €
;f:ﬁlc%:leetizt piomotes efficier}t binding to DA! ,12
not essential for function, implying that the dqmal t
that control these activities are §eparate and dls:]n:Tl é
We postulate that the interactlor} of DA,LY:; e
apical stem occurs at the enzyme's dsRNA-b1

site, but does not prevent activation, and that lh.lS
binding facilitates apposition of the cent'ral domain

to a sensitive region of the DAI active 'sne, leading
to inhibition of DAI autOphosphorylatp'n. To ﬂgsh
out these ideas, we are currently examining th<? in-
teraction of DAI with RNA duplexes of various
lengths and the ability of VA RNA, to bind to the

kinase in the presence of dsRNA.

Regulation of Gene
Expression by E1B

C. Herrmann, M.B. Mathews

The adenovirus E1B 19,000-dalton (19K) tumor an-
tigen is essential for the complete transformation of
primary rodent cells and is required for the normal
infection of permissive human cells. We have used
a plasmid cotransfection assay or cell lines that sta-
bly express the 19K protein to examine the effect of
the 19K protein on expression of a reporter gene
product. The results showed that the 19K polypep-
tide stimulates expression from all promoters intro-
duced into cells by transfection, including a variety
of viral promoters and one cellular promoter. In ad-
dition, the 19K protein increases expression from an
RNA polymerase I1I-transcribed gene but does not
affect the level of expression of an endogenous cel-
lular gene. The effect of the 19K protein appears to
be independent of promoter sequence but is strongly
influenced by the time course of the experiment, with
the greatest stimulation observed at late times.
We have recently shown that the 19K protein
stimulates the rate of transcription from transfected
prqmoters, as measured by nuclear run-on assay. Ex-
anpnation of plasmid DNA levels by dot-blot anal-
ysis c?f Hirt extract DNA revealed that the 19K pro-
temn increases the stability of plasmid DNA. This
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stabilization of DNA accounts for the increaseg tra
scription from transfected promoters, i“diCating thn.
the primary role of the 19K protein in increaSing eit
pression from transfected promoters is to inCreas‘
the level of plasmid DNA retained in the cells 3

The role of the 19K protein in regulating virg) 8-6ne
expression during infection was also eXamineg
Whereas it has a negative effect on viral gene eXpres:
sion in the presence of the E1A 13S or 12§ Producs
(see DNA Synthesis, this section), the 19K Proteip
stimulates viral gene expression in the absence of
ElA gene products. The enhanced transcriptiop of
viral genes results from increased viral DNA levels
These results demonstrate that in infected cels, aé
in transfected cells, the 19K protein produces ,
general and indirect increase in transcription rates
by elevating viral and plasmid DNA levels. The
stabilization of template DNA is consistent with the
role of the 19K protein in preventing the degrada.
tion of viral and chromosomal DNAs during infec.
tion. Thus, the 19K protein may represent the firg
example of a viral oncogene product that modulaes
gene expression by controlling DNA levels,

Regulation of PCNA

G.F. Morris, C. Kannabiran, M.B. Mathews

The proliferating cell nuclear antigen (PCNA), also
known as cyclin, is a highly conserved protein that
functions in DNA replication by stimulating the
processivity of DNA polymerase 8. Sequence homo-
logs for PCNA have been found in animals, plants,
insects, insect viruses, and yeast, and a functional
analog has been identified in T4 bacteriophage (see
DNA Synthesis). The relevance of PCNA to DNA
metabolism and the correlation of PCNA expres-
sion with cell proliferation prompted us to examine
its expression during periods of cell growth in de-
tail. To present, we have focused on the transcrip-
tional response of the PCNA gene to the transform-
ing genes of adenovirus, located in the El region.
In the long term, we will employ this growth-respon-
sive target gene as a prototype to work toward the
mechanism(s) by which other stimuli trigger cells to
grow and divide.

We have cloned the promoter for PCNA from hu-
man placental DNA and have begun to define se-
quences within the promoter that are important for
its activity. The region from nucleotide —1269 to
+60 was excised from a 1.5-kb genomic clone and



fused to the chloramphenicol acetyltransferase
(CAT) reporter gene to determine if this DNA frag-
ment can function in transient expression assays. Af-
ter transfection into HeLa cells, this PCNA promoter
was found to drive the synthesis of CAT, albeit 20-40
times less efficiently than the SV40 early promoter.
In contrast, in 293 cells (which express E1 products),
the PCNA promoter was as active as the SV40 early
promoter in transient expression assays. To locate
functionally important elements of the PCNA pro-
moter, we prepared a series of upstream deletion mu-
tants of the promoter and fused them at +60 to the
CAT reporter gene (Fig. 2). Removal of more than
1000 nucleotides of upstream sequence (nucleotides
—1269 to —248) had little effect on the expression
of CAT activity in HeLa or 293 cells. Further dele-
tion, removing the region between —1269 and —172,
had little impact in 293 cells but reduced activity in
HelLa cells by approximately 30-40%. Removal of
sequences from —1269 to —88 or —47 reduced the
activity of the promoter in both cell lines to levels
only slightly higher than the basal levels observed with
the parent clone lacking any inserted promoter se-
quences (PBACAT).

Within this last segment, —172 to —88, lie two
potential SP1 sites and two CCAAT motifs. Such
elements are found in a number of genes that are

constitutively expressed, but it is interesting to note
that the organization of these sequences in the
PCNA promoter resembles that seen in the human
thymidine kinase promoter, possibly reflecting simi-
lar regulatory patterns for these two replication-
related proteins. The functions of these elements are
only conjectural at the moment, but it is possible
that the CCAAT motif plays a regulatory role in de-
velopment and in response to serum stimulation, and
the repeated arrangement of SP1 sites may allow for
the rapid transcription of these genes during periods
of accelerated growth. Although the PCNA pro-
moter lacks an identifiable TATA box upstream of
the transcription site, there is some homology near
the cap site to the published initiator sequence and
to sequences near the transcription initiation site of
the thymidine kinase promoter. To assess the possi-
bility that this region specifies the site of transcrip-
tion initiation in the PCNA promoter, as proposed
for the initiator element, we deleted nucleotides —1
to +60 from the promoter-CAT construct contain-
ing nucleotides —559to —60. This deletion reduced
the strength of the PCNA promoter in HeLa cells
only slightly, but in 293 cells, it reduced expression
by about half. Whether this signifies a role for the
—1to +60region in the El response, or some other
difference between the two cell types, is not yet clear.

CAT ACTIVITY
HELA 293
-1269 —>+60 F 1.0 1.0
-559 = +60 ] 09
-248 — +60 1.0 1.2
-172 - +60 0.6 0.9
-88 > +60 0.2 0.3
-47—+60 02 0.l
pBACAT 0.2 0.l
-559— -2 - 0.7 03
UPSTREAM
PROMOTER _—
SEQUENCE

TRANSCRIBED
PCNA T NT+l>+60

CAT CODING

REGION

FIGURE2 PCNA promoter activity in HeLa and 293 cells. A human genomic DNA fragment containing nucleotides
1269 to +60 (relative to the PCNA transcription initiation site at +1) fused to the CAT reporter gene contained
in the promoter-less plasmid pBACAT. Each construct was assayed by transfection into HelLa and 293 cells, and rela-
tive activities were determined by normalizing the experimentally determined CAT activities to that of the full-length clone.
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pressi

ing i d ex
data showing increase pre s
infection with ElA-containing adenoviruses,

asked whether the PCNA promoter could b6 rtg:srfcl
activated by El products of adenovirus expres

g ion of HeLa cells with
from a plasmid. Cotransfection C F1A and
the adenovirus El region (encoding _bOth ¢ all the
EIB products) increased the activity © d o
promoter-CAT fusion constructs, with the pOS;' -
exception of the —47to +60 cqns?ruct, whose il .
activity was so low that it is dlfflf:ult to be cerl alt
that E] was ineffective. These data imply that at easd
one El responsive element resides between - 8? an
—47, or possibly between — 88 and —2. Within the
region from —88t0 —2, there are two sequence ele-
ments that have homology with known targets for
trans-activation by the EIA 13S product. All of the
adenovirus early gene promoters apart frqm E1B
contain at least on¢ ElA-responsive ATF site, and
a sequence that has perfect homology with a
CREBVATEF site is located in the PCNA prqmqter
surrounding nucleotide —30. There is also limited
homology with ElA-responsive E2F sites at about
_20and —40. Current experiments are designed to
determine if these candidates are in fact El-
responsive elements and, if so, whether they are the
sole El-responsive elements in the PCNA promoter.

The E1 region of adenovirus produces several pro-
teins that influence gene expression: One of our goals
is to determine which of these proteins affect PCNA
and to delineate their roles. To this end, we first tested
the E1A and E1B genes separately to discover if ei-
ther alone could recapitulate the frans-activation ob-
served by cotransfection with EI. When cotrans-
fected singly with the PCNA-CAT reporter, neither
E1A nor E1B trans-activated as well as the intact E1
region, although in combination they were nearly as
effective as the El plasmid. To analyze matters fur-
ther, the two major E1A transcripts were placed un-
der the control of the strong cytomegalovirus pro-
moter, and the two major EIB gene products cloned
in a similar fashion were obtained from Dr. E. White
(DNA Synthesis, this section). These plasmids al-
low the four major E1A products to be synthesized
efficiently and independently.

Preliminary experiments with these clones indi-
cate that the E1A 13S and 12S gene products and
the E1B 19K gene product increase the levels of de-
tectable CAT activity upon cotransfection into HeLa
cells, wh§reas the E1B 55K gene product is without
effect. Stimulation by E1A 13S and E1B 19K was ex-
pected on the basis of the general trans-activation
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and DNA stabilization properties of these twq prod
ucts, but the EIA 12S gene product is best know~
as a transcriptional repressor. However, its abilitn
to trans-activate the PCNA promoter is fully Cony
sistent with observations, made previously in this lab.
oratory by Dr. E. Moran, that PCNA i i.
induced in baby rat kidney cells by infectiop Wit}j
an adenovirus expressing the 12S E1A gene product
Experiments are under way to discover whether thé
same promoter sequences are required for Tesponse
to each of these three E1 products and to more phys.
jological stimuli such as serum.

Mechanism of trans-Activation
by HIV-1 Tat Protein

M.F. Laspia, M. Kessler, S. Gunnery,
A.P. Rice, M.B. Mathews

The human immunodeficiency viruses, HIV-] apg
HIV-2, have been implicated in the pathogenesis
of acquired immunodeficiency syndrome (AIDS),
HIV-1 is prevalent in isolates from patients with
AIDS. It infects helper T cells, monocytes, and ner-
vous system cells, and following a prolonged latency,
it enters a period of active viral growth character-
ized by severe depletion of the helper T-cell popula-
tion. This renders the host immunocompromised and
susceptible to infection by opportunistic pathogens
as well as to neurological disorders.

In addition to the structural genes gag, pol, and
env, common to all nondefective retroviruses, HIV-I
encodes several novel regulatory genes. One of these,
tat, is an essential gene that greatly stimulates the
expression of genes directed by the long terminal re-
peat (LTR) of the virus. Tat acts via the TAR se-
quences located in the LTR downstream from the
site of transcription. The 5-untranslated leader tran-
scribed from TAR is capable of forming a stem-loop
structure, and mutations that disrupt this structure
greatly reduce trans-activation by Tat. The mecha-
nism of Tat action remains controversial, as regula-
tion has been proposed to occur at several levels, but
in our hands, Tat appears to act principally at the
transcriptional level.

To explore the molecular mechanism of Tat ac-
tion, we employed a recombinant adenovirus con-
taining an HIV-1 LTR-CAT gene fusion in place of
the El region. This virus provides an efficient means
to deliver an HIV-1 LTR-driven reporter gene into
Tat-expressing or control cells. As described last year,



analysis of HIV-1-promoted cytoplasmic RNA re-
vealed two classes of correctly initiated transcripts
in HeLa cells. One class contains long, predomi-
nantly polyadenylated RNA and corresponds to full-
length transcripts; the other class contains short,
exclusively poly(A)- RNA, approximately 55-59
nucleotides in length, corresponding to terminated
or processed RNAs. Tat increases the accumulation
of full-length RNA at least 100-fold but does not
affect the accumulation of short transcripts. The
general frans-activator encoded in the adenovirus
E1A gene, on the other hand, increases the accumu-
lation of both full-length and short transcripts. These
results are consistent with Tat, as well as E1A, act-
ing to increase HIV-1-promoted transcription. This
is unlikely to be the only effect, however, since Tat
increases the level of full-length RNA without in-
creasing the short transcripts, whereas E1A increases
accumulation of both transcript classes.

To establish these conclusions more firmly, we
performed direct measurements of RNA synthesis
using nuclear run-on assays. The products were hy-
bridized to short single-stranded DNA probes cor-
responding to various regions of the gene, provid-
ing an estimate of transcription rates and RNA
polymerase distribution along the gene. In the ab-
sence of Tat, transcription in the promoter proximal
region is low and decreases sharply in the CAT gene:
This polarity suggests that the density of RNA poly-
merases on the template declines with increasing dis-
tance from the promoter. Tat produces a large in-
crease (over 15-fold) in transcription rate in the HIV-1
leader and also increases transcription of CAT se-
quences. Transcriptional polarity also occurs in the
presence of Tat, although to a lesser degree: About
30% of the RNA polymerases in the leader region
transcribe into the CAT gene in the presence of Tat,
and only 10% do so in its absence. E1A also produces
a large increase in promoter proximal transcription
and it increases transcription in the CAT gene se-
quences as well, but the sharp polar effect on tran-
scription is quantitatively similar to that seen with-
out frans-activators. The increase in transcription
rates brought about by Tat or E1A can be observed
within the first 24 nucleotides of the leader, suggest-
ing strongly an increase in transcriptional initiation.
Thus, as depicted in Figure 3, we conclude that Tat
and ElA both stimulate initiation and that Tat ad-
ditionally suppresses transcriptional polarity.

Studies with deletion mutants demonstrate that
TAR is required for the stimulation of HIV-1 tran-
scription by Tat but not by E1A, confirming that

TAR is not indispensable for a high level of HIV-1
transcription. Since the basal level of transcription
is neither increased nor decreased by the deletions,
TAR is neither a negative element (e.g., a termina-
tor) nor a positive element required for basal levels
of transcription. Although we do not fully under-
stand the nature of the interaction between Tat and
TAR, our findings are most readily consistent with
the hypothesis that Tat interacts with TAR at the
DNA level to promote the efficient formation of an
initiation complex capable of stable elongation. In
light of genetic evidence suggesting that the effect
of Tat is mediated by TAR RNA, it is also possible
that one or both of Tat’s activities result from a novel
regulatory interaction (direct or indirect) with an
RNA structure formed immediately downstream
from the site of transcription initiation.

To explore further the mechanism of trans-acti-
vation by Tat, we are currently studying the combined
effects of Tat and E1A on HIV-1 LTR-directed gene
expression. At the level of CAT enzyme and mRNA
accumulation, these two trans-activators produce a
much greater than additive effect on reporter gene
expression. Synergy between Tat and other trans-
activators has been observed before, and the inter-
action between Tat and E1A may serve as paradigm
for such interactions. Consistent with the model pro-
posed above (Fig. 3), the effect of Tat on E1A-stim-
ulated RNA accumulation is similar to its effect on
basal transcription in that accumulation of full-
length RNA is increased but short transcripts are un-
affected. Interestingly, preliminary results from run-
on transcription assays suggest that the combined
effect of Tat and E1A produces no more than an ad-
ditive increase in promoter proximal transcription.
This observation implies that the synergistic trans-
activation is due primarily to stabilization of tran-
scriptional elongation rather than to an additional
stimulation of initiation, possibly because the latter
process is operating at maximal efficiency. We are
currently examining the effect of Tat and ElA to-
gether on transcription rates in the 3’ end of the gene
to assess the role of stabilization of transcription
elongation in the synergy produced by these two
trans-activators. These studies will be extended to
an analysis of the basis of the synergy between Tat
and other transcriptional activators, such as phor-
bol esters.

An earlier study from Peterlin’s laboratory (Kao
et al., Nature 330: 489 [1987]) reported that Tat in-
creases the efficiency of transcription elongation
without any effect on the level of transcription ini-
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the TAR element to promote the formation of a modified

tiates transcription efficiently and elongates
In the presence of a general trans-activator,
efficiently but undergo transcription terminal

with permission, from Laspia et al., Cell 59: 283 [1989].)

tiation. This study differed from ours in several nota-
ble respects, any or all of which could account for
the discrepant conclusions. First, whereas we used
a recombinant adenovirus to deliver HIV-1 LTR-CAT
template into human cells via viral infection, Kao
and co-workers introduced plasmids containing the
LTR-CAT sequences into monkey COS cells by trans-
fection techniques. Second, the transfected plasmid
contained an SV40 origin and replicated to high copy
number in the COS cells, whereas the recombinant
adenovirus experiments were conducted under non-
replicating conditions. Third, the plasmid construct
and the adenovirus recombinant were derived from
different sources (ARV2 and pU3RIII, respectively):
They exhibit sequence differences in the promoter
region and encode different lengths of HIV leader
(186 and 83 nucleotides, respectively). Finally, there
were of course variations in procedural details.
To assess the significance of these differences in
a systematic fashion, we are conducting run-on tran-
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ional activation of HIV-1 gene expression by Tat. A schemgtic of the HIV-1 pro-
ene is shown on the top line. In the absence of trans-activators (thg second
ellipses) initiate transcription, and those that do disengage
the third ling, the HIV-1 trans-activator Tat interacts with
RNA polymerase complex (shaded ellipses) which ini-
stably, resulting in a large increase in expression of the reporter gene.
the adenovirus E1A protein (the fourth line), RNA polymerases initiate
tion, resulting in a small stimulation of CAT expression. (Reproduced,

scription assays using nuclei isolated from COS cells
transfected with replication-competent plasmids fol-
lowing the protocol of Kao et al. Preliminary data
suggest that cotransfection of a Tat-expressing plas-
mid with the pU3RIII-based construct results in a
substantial increase in transcription initiation and
a detectable, but lesser, increase in elongation. This
finding resembles that obtained with the recom-
binant adenovirus/HeLa cell system, although the
basal level of HIV-directed transcription (observed
in the absence of Tat) is higher in COS cells. How-
ever, a different result was obtained with the ARV2-
based construct, where Tat functions primarily by
increasing the efficiency of transcription elongation.
Removal of the additional 3’ leader sequences (cor-
responding to parts of the R and U5 segments of
the viral LTR) present in the ARV2-based construct
but not in the pU3RIII construct did not change the
result. This suggests that the source of the dis-
crepancy resides in the promoter or the TAR region,



and current work is aimed at pinpointing the se-
quences responsible. Bearing in mind the results ob-
tained in the adenovirus system, it is possible that
the ARV2 promoter can reach its maximal initiation
rate in the absence of Tat and the pU3RIII promoter
cannot.

Structural Analysis of HIV
Tat Proteins

A.P. Rice, CO. Echetebu, F. Carlotti,
M. Sullivan, R. Packer

We are interested in gaining an understanding of the
structural features of the Tat protein that are
important for its function. Such an understanding
is crucial for the rational design of inhibitors of the
protein that could be used in treating AIDS. Tat is

essential for HIV replication, and the molecular
mechanisms involved in Tat trans-activation appear
to be unique to HIV-1, HIV-2, and some closely
related lentiviruses. Inhibitors of Tat function may
therefore specifically block HIV replication. The Tat
protein from HIV-1 isolate HXB2 consists of 86
amino acids and has three regions with notable
sequence features (Fig. 4A). The amino terminus is
proline-rich, containing five prolines within the first
18 residues. This region is followed by a cysteine-rich
region, with seven cysteines from residue 22-37. The
cysteine-rich region is capable of binding metal ions,
either Zn** or Cd**; Tat expressed and purified from
Escherichia coli exists as a homodimer with four
metal ions bound per dimer. The cysteine-rich region
is followed by a basic region, with eight lysines or
arginines between residues 49 and 57. The basic
region serves as a nuclear localization signal, similar

A HIV-1 Tat
N O~ O—= T M
MI S 3O 88 8 3 basic region 86
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FIGURE 4 HIV-1 Tat protein. (A) The Tat protein from HIV-1 isolate HXB2 is shown. The initiator methionine and seven cys-
teine residues are indicated by closed circles; the basic region, a nuclear localization signal, is indicated by the box. Predicted
sites of cleavage by trypsin are indicted by arrows: Note that the basic region contains eight cleavage sites. The trypsin
cleavage site at residue 78 is indicated by an asterisk; a single cleavage of wild-type Tat at this site results in a molecule
that is relatively resistant to subsequent cleavage. (B) The trans-activation activities of Tat proteins possessing single muta-
tions between residues 18 and 47 are summarized. Those mutants indicated by circles are equivalent to wild type in activity,
those indicated by asterisks possess 10-30% wild-type activity, and those indicated by triangles possess less than 10%
wild-type activity. The cysteine mutants, analyzed by ourselves and other groups, contain substitutions of glycine or serine
for cysteine. The noncysteine mutants contain substitution of alanine for the wild-type residue.
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to that first observed and characterized in SV40 large

T antigen.

Last year, we repo
tial characterization o
proteins. Because of the s
tein, the collection represen
the entire molecule. In most ¢

teins contain substitutions of
amino acid. The mutant proteins were constructed

by site-directed mutagenesis, and their tran-aCtl-
vation activities were measured by plasmid DNA
transfection experiments. Results of this analysis are
summarized in Figure 4B. To investigate the struc-
ture-function relationships of the Tat. protein, We
expressed wild-type and mutant Tat In an'alytlcal
amounts in a wheat germ cell-free translation sys-
tem. Wild-type and 15 selected mutant cDNAs were
cloned into a riboprobe vector, allowing the produc-
tion of pure mMRNAs by in vitro transcription. These
mRNAs were translated in the wheat germ system,
giving a single radiolabeled protein for structural
analysis.

We initially employed trypsin as a probe for the
structure of Tat protein, based on the rationale that,
under limiting conditions, proteases digest proteins
preferentially in unstructured regions. Trypsin first
cleaves wild-type Tat near its carboxyl terminus, most
likely at residue 78, and the singly cleaved Tat is then
relatively resistant to further digestion. Some mu-
tant Tat proteins with low trans-activation activities
do not display this relative resistance to trypsin, be-
ing up to 100-fold more sensitive than wild-type Tat.
Therefore, these mutant Tat proteins are significantly
less structured than the wild-type protein when ex-
pressed in the wheat germ system. Their altered struc-
ture probably explains these mutants’ low trans-
activation activities in human cells. A second class
of mutant Tat proteins also exhibit low trans-activa-
tion activity but display trypsin sensitivity identical
to that of wild-type Tat. The mutations in this class
may identify regions, or even individual amino acids,
that are directly involved in protein-protein or pro-
tein-nucleic acid interactions that are important in
the frans-activation process. Interestingly, to date,
all the members of this second class of mutations,
low in frans-activation activity but wild-type in over-
all structure, are located between residues 18 and 29.

Metal ions can be manipulated in the wheat germ
system, and the effects on Tat structure can be ana-
zizt‘;dé g ;e:eat"}f"F of wheat germ-expressed Tat
i Sel’lSitiVityr[e;l[lr $ In a more than tenfold increase

ypsin. Presumably, EDTA removes

rted the construction and ini-
f a collection of 24 mutant Tat
mall size of the Tat pro-
ts mutations throughout
ases, the mutant pro-
f a single wild-type
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endogenous Zn** or Cd** bound to Tat and Causeg
destructuring of the molecule. Addition of eXcess
Cd* after EDTA treatm;nt re:sults in partija] resto.
ration of Tat to its trypsin-resistant state. Initia] ey.
periments demonstrate that some mutant protejpg
are deficient in these apparept interactions with Meta]
ions. We are currently assaying our collection of .
tants to correlate frans-activation activity with the
ability to interact with metal ions. Future work will
also use wheat germ-expressed Tat to investigate ;.
rect binding of the Tat protein with TAR RNA
We have initiated similar studies with the Tat pr,.
tein of HIV-2, a human immunodeficiency virys jgo.
lated from western Africa. HIV-2 is closely related
to HIV-1 both in genetic organization and in nucleo.
tide sequence, but displays significant biologicg|
differences. It appears that a much lower percep;.
age of individuals infected with HIV-2 develop
AIDS. The HIV-1 and HIV-2 Tat-TAR systems share
interesting cross-trans-activation. properties: The
HIV-1 Tat protein can fully frans-activate both the
HIV-1 and HIV-2 LTRs; however, the HIV-2 Tat pro-
tein can fully frans-activate its cognate HIV-2 LTR
but can only partially frans-activate the HIV-1 LTR,
To gain insight into structural features of Tat pro-
teins important for the frans-activation process, we
are analyzing similarities as well as differences be-
tween the HIV-1 and HIV-2 Tat proteins. As with Tat-
1, the first coding exon of Tat-2 is fully competent
for trans-activation activity. The first coding exon
of Tat-2 encodes 99 amino acids, and the first cod-
ing exon of Tat-1 encodes 72 amino acids. The se-
quences of the two proteins are highly conserved in
the center of the molecules, including the cysteine-
rich and basic regions (residues 22-57 of Tat-1 and
residues 49-84 of Tat-2), but their termini show con-
siderable divergence. To define structural features of
the Tat-2 protein that are important for activity, we
are using site-directed mutagenesis to construct a col-
lection of mutant proteins that will be assayed for
trans-activation activity following the procedure de-
scribed in last year’s Annual Report for analysis of
the HIV-1 Tat protein. We have inserted the first cod-
ing exon of the HIV-2 Tat gene into an expression
vector, pSVL, that has three important features: (1)
Tat is under control of the SV40 late promoter; (2)
the plasmid contains the SV40 origin of replication,
allowing high-level expression in COS cells; (3) the
plasmid contains the bacteriophage f1 origin, allow-
ing production of single-stranded DNA for muta-
genesis and DNA sequence analysis. Preliminary as-
says have shown that the pSVL/Tat-2 expression



vector tfrans-activates the HIV-2 LTR by more than
20-fold and that the pSVL/Tat-1 and pSVL/Tat-2
expression vectors fully frans-activate the HIV-2
LTR, whereas only the pSVL/Tat-1 vector fully trans-
activates the HIV-1 LTR.

We will use the pSVL/Tat-2 vector to construct
and analyze mutant Tat-2 proteins. We will construct
proteins truncated at the carboxyl terminus to de-
termine the maximum deletion that retains activity.
We expect, if Tat-1 can be used as a paradigm, that
the Tat-2 protein truncated after residue 84 will re-
tain partial activity, but further truncations will abol-
ish activity. In addition, the amino terminus of Tat-
2 is relatively acidic, containing 9 acidic residues
within the first 49 amino acids, and is predicted to
exist in an a-helical structure. The amino terminus
of Tat-2 is therefore reminiscent of the activating do-
mains of transcription factors that are sequence-
specific DNA-binding proteins. To determine if the
acidic residues in the amino terminus of Tat-2 are
important for activity, we will substitute alanine for
the wild-type residues in individual proteins. We will
also construct chimeras between the Tat-1 and Tat-2
proteins in an attempt to define regions of the pro-
teins involved in full trans-activation of the HIV-1
and HIV-2 LTRs.
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romolecular complex called the spliceosome. Al-
though density gradient sedimentation and native
gel analysis can be used to identify this stable com-
plex, these techniques fail to purify the complex suf-
ficiently to allow the identification of its protein con-
stituents; in addition, after these techniques are used,
the complex is not amenable to ultrastructural anal-
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ysis. In an effort to isolate native spliceosomes,

Splicing extracts contain endoge e
that copurify with spliceosomes formed ]
_mRNA substrates. Unlike sev
ogenously added pre-m : by others
eral purification schemes pf€V10U51y used by Lof
ificati thod involves the removal 0
our purification method e
these contaminating particles from extracts p o
the addition of exogenous RNA sul?sFrate. Splicing
extracts are first incubated under splicing conditions
without the addition of exogenous'RNA sgbstrate.
We have found that during this preincubation, se\f-
eral splicing factors, including the small nuclear n(i
bonucleoprotein particles (snRNPs), are re}ease
from large complexes. This pretregted e{(tract is then
subjected to sucrose gradient fractionation, and ma-
terial less than 30S is collected. These upper gradlept
fractions contain all of the factors nece§sary for in
vitro pre-mRNA splicing. If this extract is then used
for in vitro splicing with the addition of the exoge-
nous pre-mRNA substrate and fractiona'ted by su-
crose gradient sedimentation, the spliceosomes
formed on the exogenous substrate sediment as a 455
complex into a clean portion of the gradienF.
Using these pre-cleared extracts, we hgve mvgs-
tigated the kinetics of spliceosome formation using
native gel techniques. With the pre-cleared extract,
complex formation is accelerated, perhaps due to the
prior release of splicing factors from endogenous
complexes. Cleared extracts have also allowed us to
analyze the snRNA composition of the spliceosome,
and, as noted by others, we find that the abundant
nucleoplasmic snRNAs U1 through U6 are present
in the spliceosome. In agreement with other investi-
gators, we have found that the U4 snRNA is under-
represented in the spliceosome, consistent with the
model that U4 snRNP leaves the spliceosome prior
to the first step of splicing. We are presently con-
ducting ultrastructural studies of splicing complexes
in collaboration with David Spector (Molecular
Genetics of Eukaryotic Cells Section). Our approach
is to use biotinylated pre-mRNA substrates in splic-
ing reactions with the pre-cleared extracts. Purified
splicing complexes are being tagged using 1-nm strep-
tavidin gold particles. It is hoped that the substan-
tial purification which we achieve using cleared ex-
tracts coupled with gold particle tagging will allow
us to identify splicing complexes unambiguously.
This should open the door to more-detailed ultra-
str.uctural characterizations such as epitope mapping
using monoclonal antibody probes.
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Biochemistry of_Mammalian
Pre-mRNA Splicing

A.R. Krainer, D. Kozak, N. Pecina

The long-term aim of our research is to obtaip 5
detailed understanding of the mechanism of pp.
mRNA splicing in mammalian cells. In particyly,
we are interested in determining how the RN A’
cleavage-ligation reactions are catalyzed and how the
specificity of splice-site selection is achieved. As par
of this effort, we are purifying several of the nucleq.
protein and protein factors that are necessary for
cleavage of the pre-mRNA at the 5’ splice site ang
for lariat formation. Our general strategy is to de.
velop complementation assays for individual activi.
ties, such that one or both cleavage-ligation reactions
are strictly dependent on the presence of the active
component in question. The factors responsible for
these activities are purified and then characterizeq
to determine their mode of action. The identifica-
tion and detailed characterization of splicing factors
should provide crucial insights into the mechanism
of pre-mRNA splicing, the specificity of splice-site
selection, and the origin and evolution of the splic-
ing machinery and of pre-mRNA introns.

Purification and Characterization
of Splicing Factors

A.R. Krainer, D. Kozak [in collaboration with G. Conway,
Cold Spring Harbor Laboratory]

SF2 PURIFICATION

Our previous work demonstrated that the cytoplas-
mic S100 fraction obtained during the preparation
of nuclear extracts contains active small nuclear ri-
bonucleoproteins (snRNPs) and other splicing fac-
tors, but it is usually deficient in at least one protein
activity, termed SF2, which is necessary for the first
cleavage-ligation of pre-mRNA splicing. The reason
for the selective retention of SF2 in the nuclear frac-
tion in a hypotonic buffer is not known. It may be
that the polypeptides responsible for SF2 activity are
tightly bound to the nuclear membrane or to a sub-
nuclear structure. Alternatively, SF2 is part of large
RNP complexes, which cannot traverse the nuclear
pores in their intact form. In fact, sedimentation
analysis showed that SF2 and other splicing factors
are associated with large endogenous RNP com-



plexes in nuclear extracts. To facilitate the purifica-
tion of SF2, we developed a different extract prepa-
ration procedure, which maximizes the recovery of
SF2, as judged from titrating the extracts against a
constant amount of complementing S100 fraction.
From this extract, SF2 has been purified to appar-
ent homogeneity by conventional chromatography
and FPLC, using complementation of the S100 ex-
tract as a functional assay.

The polypeptide composition of the fractions
from the last column, Phenyl Superose, was analyzed
by SDS-PAGE to try to identify the polypeptide(s)
responsible for SF2 activity (Fig. 1). In the first ac-
tive fraction (Fig. 1A, lane 3), only a doublet of 33
kD is detectable by Coomassie blue (Fig. 1B, lane
3) or silver staining. Complementing activity peaks
in the adjacent fraction (lane 4), which also corre-
sponds to the 33-kD doublet peak. This fraction con-
tains additional polypeptides. Complementing ac-
tivity was also detectable in the next three fractions,
although it did not correlate well with the presence
of the 33-kD doublet. A second peak of activity was
detected in fraction 16, which contains, among other
bands, a polypeptide that comigrates with the top
band of the 33-kD doublet. On the basis of these
data, in particular the presence of complementing
activity in fraction 3, we conclude that SF2 activity
is most likely encoded by one or both of the 33-kD
polypeptides, although there may also be other poly-
peptides with SF2 activity. At this stage, we cannot
rule out the existence of very minor polypeptides that
are responsible for activity. We have shown that the
33-kD polypeptides are distinct from the heteroge-
neous nuclear RNP (hnRNP) Al and Ul snRNP A
polypeptides, which are similar in size. A small
amount of endogenous hnRNA copurifies with the
SF2 polypeptides, but SF2 activity does not appear
to require an essential RNA component, as judged
from its resistance to micrococcal nuclease treament.

RNA-BINDING PROPERTIES OF SF2

To determine whether purified SF2 binds RNA, sev-
eral types of analyses were carried out. Ultraviolet
cross-linking demonstrated binding to pre-mRNA
and to mRNA. In this type of analysis, when the
cross-linked material is extensively digested with
ribonuclease A, the protein-oligoribonucleotide ad-
ducts usually comigrate or migrate slightly behind
the untreated polypeptides on SDS-PAGE. In the
case of SF2, the labeled adducts comigrate with the

33-kD doublet, as expected if both polypeptides bind
RNA. No RNA binding was detected by North-
western blotting, but this could be due to poor
renaturation after SDS-PAGE. We have not been
able to separate the two polypeptides by nondenatur-
ing techniques, and thus we cannot presently deter-
mine whether only one or both are responsible for
the observed activities. However, amino acid analy-
sis of the individual electrophoretically separated
polypeptides suggests that they are highly related.
The above experiments showed more efficient cross-
linking to mRNA than to pre-mRNA, which may
reflect the higher-order structure of these RNAs or
perhaps efficient binding or cross-linking to the
spliced exon borders.

Footprinting experiments were carried out by par-
tial modification of globin pre-mRNA with di-
methylsulfate, followed by primer extension, and by
partial digestion of end-labeled pre-mRNA with
ribonucleases. No specific footprint was observed,
suggesting that at least in the absence of other com-
ponents, SF2 does not bind pre-mRNA in a se-
quence-specific manner. However, since we do not
know what fraction of the SF2 molecules was active
in these experiments, and since detection of a foot-
print requires efficient binding, sequence-specific
RNA binding by SF2 cannot be completely ruled out.

SF2 IS REQUIRED FOR SPLICEOSOME FORMATION

The complementation assay employed for the purifi-
cation of SF2 indicates that this activity is required
for cleavage of the pre-mRNA at the §' splice site
and lariat formation. This reaction is normally
preceded by the assembly of specific pre-spliceosome
and spliceosome complexes, in which pre-mRNA in-
teracts in a stable manner with multiple components
of the splicing apparatus, such as the U snRNPs. To
determine the requirement for SF2 in this assembly
pathway, RNP complexes were analyzed by a gel-
retardation assay. Under the electrophoretic condi-
tions employed, three specific complexes are nor-
mally detected. When pre-mRNA is incubated with
the S100 extract under splicing conditions, no spe-
cific complexes are detected. Incubation of pre-
mRNA with purified SF2 also fails to generate spe-
cific complexes of discrete mobility. A smear is
detected under these conditions, which is consistent
with nonspecific RNA binding by SF2, as detected
with the assays described above. In contrast, when
pre-mRNA is incubated with purified SF2 and S100,
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FIGURE 1 Phenyl Superose column profile. (A) SF2 complementation assay. Splicing reactions
were carried out with the S100 extract plus the indicated chromatographic fractions. Roman numerals
indicate fractions from preceding chromatographic steps. Numbers 1 through 28 correspond to
the Phenyl Superose fractions. The pre-mRNA, intermediates, and products of splicing are indi-
cated at the left of the autoradiogram. (B) Polypeptide composition. The proteins in the indicated
fractions were analyzed by SDS-PAGE, followed by Coomassie blue staining.

three discrete complexes are detected, which have the
same mobility as the specific complexes obtained
with the nuclear extract. We conclude that SF2 is re-
quired for the assembly or the stabilization of the
earliest specific complex in the spliceosome assem-
bly pathway, which is thought to be the A complex.
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SF2 HAS AN RNA ANNEALING ACTIVITY

We have tested purified SF2 for possible RNA heli-
case and/or annealing activities (Fig. 2). Com-
plementary 3?P-labeled RNAs were incubated with
purified SF2 in splicing buffer in the presence or ab-
sence of ATP. After incubation, digestion with
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FIGURE 2 RNA annealing and helicase assays. Individual or
pre-annealed complementary RNAs were incubated as described
in the text and figure diagram and digested with ribonuclease
T1. The digestion products were analyzed by denaturing PAGE
and autoradiography.

ribonuclease T1 was carried out, and nuclease-
resistant double-stranded RNAs were detected by de-
naturing PAGE. In the absence of protein, com-
plementary RNAs do not anneal under these buffer
conditions at 30°C, due to the higher-order struc-
tures of the individual strands (Fig. 2, lanes 3 and
5). Annealing requires an initial incubation at high
temperature to eliminate these intramolecular helices.
However, in the presence of SF2, rapid annealing can
take place at 30°C, with or without ATP (Fig. 2, lanes
4 and 6). When the complementary strands are pre-
annealed, SF2 does not melt them, even when ATP
is present (Fig. 2, lanes 8 and 10). In summary, SF2
lowers the activation energy for intermolecular RNA
duplex formation, and thus behaves as an RNA an-
nealing activity. The 35-kD hnRNP Al protein has
been shown to have helix destabilizing properties on
double-stranded RNA. Under some conditions, this
lowering of the melting temperature by hnRNP Al
can promote RNA annealing (S. Munroe, pers.
comm.). We therefore tested purified Al (kindly
provided by S. Wilson, National Institutes of Health)

to see if it could substitute for SF2 in the splicing
complementation, exon skipping (see below), and
RNA annealing assays. Concentrations of Al that
were active in RNA annealing did not substitute for
SF2 in the other assays. These observations suggest
that if RNA annealing activity is integral to SF2 and
necessary for splicing, it is not sufficient, implying
that specific protein-protein or protein-RNA inter-
actions are involved in mediating the role of SF2 in
splicing and splice-site selection.

Further experiments are necessary to elucidate the
precise substrate specificity, if any, of the SF2 RNA
annealing activity. However, we can envisage three
types of complementary RNA targets upon which
the SF2 RNA annealing activity could act to medi-
ate its effects on splicing and splice-site selection.
First, at least two snRNA-pre-mRNA helices are
known to be formed during splicing and to contrib-
ute to splice-site selection; these involve base-pairing
interactions between the 5' terminus of Ul snRNA
and pre-mRNA 5’ splice sites and between an inter-
nal region of U2 snRNA and pre-mRNA branch-
point sequences. Second, U4 and U6 snRNASs coex-
ist in a single snRNP particle held together by
intermolecular base pairs, and there is some evidence
that the U4 subunit may be released from the spliceo-
some during the course of splicing, possibly to be
recycled. Third, pre-mRNA may be recognized as a
proper splicing substrate when it adopts a defined
secondary and tertiary structure. Some of the in-
tramolecular RNA helices may preferentially expose
the splice sites and branchpoint.

SF2 INFLUENCES 5’ SPLICE SITE SELECTION

Ul and U2 snRNAs play important roles in splice-
site selection, by virtue of their ability to interact by
intermolecular RNA-RNA base pairing with 5’ splice
sites and branchpoint sequences, respectively. How-
ever, these interactions are not sufficient to account
for the specificity of splice-site selection. Splice sites
are often surrounded by cryptic splice sites that are
only activated upon mutation of the natural splice
sites. It is not known whether the same set of fac-
tors that recognize natural splice sites are also capa-
ble of recognizing the cryptic sites when the natural
sites are mutated. Furthermore, although 5 and 3'
splice sites from different introns are usually com-
patible, the splicing machinery normally avoids exon
skipping, by an unknown mechanism. Many genes
are capable of expressing multiple protein isoforms
by using alternative 5' and/or 3’ splice sites, often
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er. Again, it is not knowq how
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in a regulated mann
this type of mechani
pears that in addition to the co
branchpoint sequence elements, !
defined sequences in exons and introns can §l§0 In-
fluence splice-site selection and splicing efficiency.
It is not known how these context elements exert their
effects. We have investigated whether SF2 plays a role
in splice-site selection, in addition to its more general
role in the splicing reaction.

The in vitro splicing system derived from HeLa
nuclear extracts generally follows the same hierar-
chy rules that are followed in the cell, with. respect
to the recognition of bona fide versus cryptic splice
sites. For example, a B-thalassemic allele of hu.rr.lan
B-globin that contains a G—A transition at posnpon
1 of the first intron cannot €xXpress normally SpllCC.d
mRNA in detectable quantities, either in vivo or in
vitro. Instead, three cryptic 5 splice sites are acti-
vated (Fig. 3, top). The predominant spliced mRNA
detected in vitro corresponds to use of the first up-
stream cryptic 5’ splice site, whereas the second up-
stream cryptic 5' splice site and the downstream cryp-
tic §' splice site are used only in a small proportion
of the pre-mRNA molecules (Fig. 3, bottom, lane
11). It is noteworthy that these cryptic sites are com-
pletely silent in the context of the wild-type allele.

When wild-type B-globin pre-mRNA is spliced in
the reconstituted in vitro system consisting of crude
S100 extract and pure SF2, the intermediates and
products are virtually indistinguishable from those
obtained with the nuclear extract (Fig. 3, lanes 2 and
4). When pre-mRNA derived from the thalassemic
allele is spliced in the same system, no wild-type
mRNA is generated, and two of the three cryptic sites
are activated (Fig. 3, lane 13). Surprisingly, the down-
stream cryptic 5’ splice site is now the preferred site,
whereas the first upstream cryptic is used at a low
level, and the second upstream cryptic is not used
at a detectable level (compare lanes 13 and 11). To
determine whether this unique pattern reflects differ-
ences in the concentration of SF2 and/or other
differences between the two extracts, we carried out
titrations of SF2 while holding the amount of S100
extract constant. The extent of utilization of the
downstream cryptic site was directly proportional to
the concentration of SF2 (Fig. 3, lanes 12-16). In the
absence of SF2, the S100 alone was unable to sup-
port any splicing reaction with either the wild-type
or the mutant pre-mRNA (not shown). With the mu-
tant substrate, the first upstream cryptic site was used
at a roughly constant low level over a broad range
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of SF2 concentration. Remarkably,'the h_ighest con-
centration of SF2 inhibited all splicing with the my.-
rant but not with the wild-type pre-mRNA (Fig, 3,
lanes 3 and 12). B

We next tested whether addition of excess puri.
fied SF2 to the nuclear extract would affect splice-
site selection. No effect was observed with the wild.
type pre-mRNA (Fig. 3, lanes 9 and 10); in contrast,
with the thalassemic pre-mRNA, addition of SF2
again activated the downstream cryptic 5’ splice site
(Fig. 3, lanes 18 and 19). The first upstream cryptic
site was still used at a high level, but the second up.
stream cryptic site was inactive. These results indi-
cate that the concentration of SF2 can affect the use
of cryptic §' splice sites. In particular, the internal
cryptic site is favored. We also infer that there are
other differences between the nuclear extract system
and the S100 plus SF2 system. The nuclear extract
already contains some SF2, which is an essential
splicing factor. Even when further supplemented
with purified SF2, the nuclear extract still efficiently
used the first upstream cryptic splice site, whereas
under all conditions employed, the S100 system could
only use this site inefficiently.

Previous studies have shown that the sequence
context surrounding splice sites could influence their
use by the splicing apparatus. cis-competition studies
employing duplicated splice sites have demonstrated
this context effect and have also suggested that when
comparable splice sites are present in cis, the splic-
ing machinery favors the use of the internal sites.
However, if the internal sites are weaker, due, for ex-
ample, to an unfavorable sequence context, then the
external sites are preferred. We have employed sev-
eral pre-mRNAs containing duplicated 5 or 3’ splice
sites (kindly provided by R. Reed, Harvard Medical
School) to analyze the mode of action of SF2 (Fig.
4). Substrate 2 contains a short duplication of the
-globin first intron 5’ splice site and surrounding
sequences. Substrate 3 contains a longer duplication
of this site. As shown previously, the external 5’ splice
site is used when substrate 2 is spliced in nuclear ex-
tracts (Fig. 4, lane 2, NE), due to an insufficient se-
quence context surrounding the internal duplicated
site. In the case of substrate 3, which contains a larger
duplication, the internal 5’ splice site is used exclu-
sively (Fig. 4, lane 3, NE). When the same substrates
are spliced by S100 extract plus purified SF2, the in-
ternal splice site is used exclusively, even in the case
of substrate 2, which contains the short duplication
(Fig. 4, lanes 2 and 3, S100 + SF2). When the nu-
clear extract is supplemented with SF2, there is a par-



Cryptic 5'splice sites in IvSI/Pl B°-thalassemia
a

GGCAAGGUGAACGUGGAUGAAGUUGGUGGUGAGGCCCUGGGCAGgQuugguaucaagguuacaagac
S

| 2 wt
IvS|
Exon | ]
l '\VZ ; { 3 ]
S BwT BIvsi/PI G-A
r
NE 015000000 1NII5000000 111 0 NE
SI0 00 77 777350007 77773500 0 SI0O0
SF2 00 84 21054040842 105404 0 SF2
—w
(2 ®Sss- aoag e=" “o8
— L d
lIIQ_ -

1 2345 6789101 121314151617 181920

FIGURE3 Effect of SF2 on cryptic 5' splice-site utilization. (Top) The structure of human B-globin
pre-mRNA is shown at the bottom of the diagram, with all potential splices indicated. The nucleotide
sequence of the region surrounding the first intron 5’ splice-site is shown at the top. The natural
and cryptic 5 splice-site sequence elements are indicated in boldface, with the invariant GU
dinucleotides underlined. The single-base B-thalassemia mutation that results in cryptic 5’ splice-site
activation is shown. The exon-intron boundary is shown schematically below the sequence. (Bot-
tom) Splicing reactions (25 pl) were carried out with the indicated microliter amounts of nuclear
extract (NE), S100 fraction, and purified SF2. The substrates were truncated pre-mRNAs con-
taining the first two exons and first intron of wild-type (lanes 7-10) or thalassemic (lanes 11-20)
human B-globin alleles. The electrophoretic mobilities of wild-type pre-mRNA, intermediates, and
splicing products are indicated schematically at the left of the autoradiogram. Wild-type mRNA
is 367 nucleotides; mRNA spliced via cryptic splice site 1 is 329 nucleotides; mRNA spliced
via cryptic splice site 2 is 351 nucleotides; and MRNA spliced via cryptic splice site 3 is 379
nucleotides.

tial switch to the internal duplicated 5’ splice site in
the case of substrate 2 (Fig. 4, lane 2, NE + SF2).
Thus, high concentrations of SF2 can compensate
for the poor context surrounding the internal dupli-
cated 5’ splice site.

Two additional substrates containing different size
duplications of the human B-globin first intron 3

splice site were also tested in the different extracts.
In nuclear extract, substrate 4 is spliced exclusively
via utilization of the external duplicated site. In con-
trast, substrate 5, which contains a larger duplica-
tion, uses predominantly the internal site, although,
in a minor proportion of the pre-mRNA molecules,
the external 3’ splice site is chosen. Identical splic-
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splicing substrates. The six pre-mRNA sub;trates are shown sche-
Shaded areas represent the duplicated exon and |ntronvseguences. Sub-
ed pre-mRNA. Substrates 2 and 3 contain duplications of the first |.ntron 5 splice
Although not shown in the diagram, pre-mRNA 2 is longer than

at the duplication junction. Substrates 4 and 5 contain

purified SF2, and S100 extract plus purified SF2, as indicated at the top of the autoradiogram.

ing patterns were obtained with the S100 extract sup-
plemented with SF2. With nuclear extract sup-
plemented with SF2, there was slightly less efficient
use of the external 3’ splice site. These results indi-
cate that SF2 does not strongly influence the selec-
tion of competing 3’ splice sites. Finally, a construct
containing duplications at both 5’ and 3’ splice sites
was processed in the different in vitro systems (sub-
strate 6). In nuclear extract, the external 5’ and 3’
splice sites were recognized, as expected from previ-
ous studies. However, in the S100 + SF2 system, or,
to some extent, in SF2-supplemented nuclear extract,
the internal 5’ splice site and the external 3 splice
site were selected.

In summary, SF2 promotes the utilization of prox-
imal 5’ splice sites and has no effect on 3’ splice-site
selection. The molecular mechanism responsible for
this effect remains unknown, but its elucidation
should help clarify our understanding of splice-site
selection. Since the observed effect is targeted at 5’
splice sites, it is tempting to speculate that it relates
to the Ul snRNA-5" splice-site interaction, perhaps
involving the intermolecular RNA-RNA annealing
activity described above. On the other hand, the U2
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snRNA-branchpoint interaction could also have an
indirect effect on 5’ splice-site selection, since the
branchpoint A and the 5’ terminus of the intron are
joined to form a lariat. It is unclear, however, and
of great importance why high concentrations of SF2
promote selection of the proximal §' splice sites. We
plan to examine more substrates to determine
whether this is simply a coincidence and thus
whether in some cases, distal sites are favored.
The striking effect of SF2 on in vitro 5’ splice-site
selection in mutant and artificial constructs suggests
a plausible mechanism for the in vivo regulation of
alternative splicing in at least some cases. A variety
of transcription units are alternatively spliced in a
tissue-specific or developmentally controlled man-
ner. In those cases involving alternative 5’ splice-site
utilization, regulation might be accomplished by
controlling the levels of activity of SF2 or a similar
factor. Regulation of SF2 activity could be achieved
by posttranslational modification. Analogous mech-
anisms could operate to regulate 3’ splice-site selec-
tion. Our observations show that the concentration
of an essential splicing factor can affect splice-site
selection. [t seems likely that this also applies in the



case of other splicing factors as well. In collabora-
tion with D. Helfman (Molecular Genetics of Eu-
karyotic Cells Section), we are currently analyzing
whether SF2 can influence alternative splicing of rat
tropomyosin pre-mRNASs in vitro.

CLONING OF SF2 AND OTHER BIOCHEMICAL STUDIES

We are presently trying to elucidate the structural
relationships between the two SF2 polypeptides. This
task has proved difficult due to our inability so far
to obtain antibodies that react by a Western blot as-
say. Antibodies generated against native SF2 immu-
noprecipitate a doublet of 33K polypeptides and a
55K polypeptide from 3S-labeled HeLa cells. We
do not know at present if the 55K band represents
a subunit of SF2 or a cross-reacting polypeptide. The
purified 33K polypeptides have been isolated elec-
trophoretically, and their amino acid composition
was determined by the Protein Chemistry Facility.
By this criterion, the polypeptides appear to be
related. The SF2 polypeptides also yielded a single,
limited amino-terminal amino acid sequence. This
sequence is identical to that of a slightly smaller poly-
peptide, which is inactive, and may arise by partial
proteolysis. On the basis of the latter amino acid se-
quence, we used the polymerase chain reaction
(PCR) to generate a specific probe from first-strand
HelLa cell cDNA. This unique probe was used to iso-
late a cDNA clone. We are currently determining the
nucleotide sequence of this cDNA, as well as gener-
ating antibodies against a fusion protein expressed
in Escherichia coli. These experiments should help

TRANSCRIPTIONAL CONTROL

W. Herr J. Ambro L. Leo S. Stern

M. Tanaka R. Aurora V. Meschan R. Sturm
M. Cleary B. Ondek W. Thomann
G. Das W. Phares B. Whelan
J-S. Lai V. Shick K. Zito

Regulation of transcription in mammalian cells is
best characterized as combinatorial and modular.
Unlike the more streamlined and highly evolved bac-
terial regulatory networks, eukaryotic transcription,
particularly in multicellular organisms, is controlled

clarify the structural relationships among the vari-
ous polypeptides and allow a more precise defini-
tion of the structure and function of SF2.
Another project is being done in collaboration
with G. Conway (Tumor Viruses Section), to con-
tinue the purification of SF4B, another polypeptide
factor necessary for 5’ splice-site cleavage and lariat
formation. When the purification is completed,
SF4B will be used together with SF2 and our puri-
fied snRNPs to attempt to reconstruct the pre-
spliceosome and spliceosome assembly pathway and
to determine whether these factors are sufficient to
catalyze the first cleavage-ligation reaction.
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by baroque arrays of cis-acting binding sites for
trans-acting factors. This complexity is increased by
the propensity of proteins that activate transcription
to bind to grossly divergent DNA sequences and for
multiple different transcription factors to bind to the
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same site. These transcription factors a.re frequle)lll\;lAy
modular, consisting of separate dotnamAs for .
binding (e.8., homeodomains anfj gmc fmlgersmine_
transcriptional activation (e.8., aC‘ldl(.Z and g utal e
rich domains). To probe transcnp.n(.)nal'regu a\1/40
in mammalian cells, we study the bidirectional S
transcriptional regulatory regioq. In past years, \:;e
analyzed the arrangement of cis-acting elgme? ,
more recently, we have characterized trans-acting tac

that regulate transcription.
torz)ur analssis of transcription factors ~has been cqn-
centrated on understanding differential transcrip-
tional activation by the ubiquitous a{ld lymphoid-
specific octamer motif-binding proteins Oct-1 gnd
Oct-2. The recent discovery that these two activa-
tors are homeodomain proteins and therefore re!ated
to proteins that direct development of the fruit fly
Drosophila melanogaster has integrated our tran-
scriptional studies with studies of developrqent. One
of the challenges in the field of Drosophila dev.el-
opment is to understand how homeodomain proteins
that bind to very similar DNA sequences can have
very different effects on development. Because Oct-
1 and Oct-2 bind to the same DNA sequence but are
known to activate transcription differentially, they
serve as examples of how developmental regulation
may occur in Drosophila. Last year, we discovered
that protein modification and protein:protein inter-
actions involving Oct-1 and Oct-2 can be used to dis-
tinguish between homeodomain proteins that bind
to the same sequence.

Transcriptional Activation by
SV40 Enhancer Elements

B. Ondek

During past years, much of our effort was devoted
to understanding the underlying structure of the
SV40enhancer. These studies, together with studies
by P. Chambon and colleagues (Strasbourg), showed
that the SV40 enhancer is composed of many differ-
ent individual units or cis-acting elements that come
together in different ways to create an enhancer. The
individual units, which we refer to as enhansons, rep-
resent protein-binding sites and can be classified into
different groups by their intrinsic ability to enhance
transcription. Thus, certain enhansons (class A)can
cooperate with copies of themselves or other enhan-
sons to activate transcription, but only when ap-
propriately juxtaposed in pairs. The appropriately
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juxtaposed binding s~ites.are referred to as Protoer.
hancers because duplication of these elements, wig,.
out strict spacing requiréments, can create a poteng
enhancer. Enhansons of the second class, clasg B,
cannot enhance transcription alone or as duplicate
of themselves but instead must cooperate witp, a
class-A enhanson to be active. The third clasg of ep-
hansons (class C) does not require precise Juxtapo.-
sition with a second enhanson for activity, and thy
these enhansons individually display protoenhance,
activity. The octamer motif (ATGCAAAT) found
within the SV40 enhancer is an example of a clag.
C enhanson. The large number and multiple actjy;.
ties of SV40 enhansons help explain the complex
structure of this enhancer.

We have now compared the activity of enhansops
and protoenhancers both near and far from the trap.
scriptional start site and in the context of either ap
extended upstream promoter region or a truncated
promoter containing only a TATA box. The first se.
ries of studies were designed to test whether ip.
dividual class-A enhansons, which are inactive as ep-
hancers when positioned at a distance, can activate
transcription when positioned near the start site,
Analysis of individual or inappropriately duplicated
coreA enhansons revealed, however, that they can-
not activate transcription even when positioned near
the transcriptional start site. Thus, a functional pro-
toenhancer is required for transcriptional activation
even when distance is not an issue.

The second series of studies were directed at the
question of how the transcriptional activation poten-
tial of an enhancer is targeted to a specific transcrip-
tional start site. There must be considerable DNA
sequence information required to target enhancer
function effectively, because enhancers can be posi-
tioned at large distances from the transcriptional
start site without activating many closer cryptic
promoters. Use of two truncated -globin promoters,
one containing CCAAT and CACCC proximal pro-
moter elements (pBA'?7) and the other truncated to
the TATA box (pBA3%) showed that only the ex-
tended promoter could respond effectively to a dis-
tal enhancer. The TATA-box-only promoter was very
sensitive to the distance between the enhancer and
the TATA box. Thus, an enhancer with two copies
of a highly active coreA/coreA protoenhancer, al-
though virtually inactive at a distance, was a potent
activator close to the TATA box. A single coreA pro-
toenhancer, however, was relatively inactive in a prox-
imal position. Although the single protoenhancer
element is a weak activator positioned near the TATA



box, it confers on the TATA box the ability to re-
spond effectively to a distal enhancer. Thus, the re-
quirements for autonomous activation (two protoen-
hancers) and for targeting enhancer activity (one
protoenhancer) apparently differ. By testing the abil-
ity of a series of truncation mutants of the herpes
simplex virus trans-activator VP16 to activate tran-
scription and target enhancer function, we have
shown that mutants that do not effectively activate
transcription alone because they lack an acidic acti-
vation domain can still target enhancer activity.
Thus, these results suggest that targeting enhancer
activation and direct activation itself are different,
albeit perhaps overlapping, properties of trans-acting
factors.

Structure and Function of Oct-1

R. Aurora, G. Das, J.S. Lai, V. Shick,
R. Sturm, K. Zito

We have been using the mammalian octamer motif
(ATGCAAT)-binding proteins Oct-1 and Oct-2 as
models to understand how two proteins can bind to
the same DNA sequence and differentially activate
transcription. Oct-1 and Oct-2 are members of a new
class of homeodomain proteins called POU (for Pit,
Oct, Unc). The founding members of the POU class
of homeodomain proteins include the mammalian
pituitary-specific factor Pit-1/GHF-1 and the nema-
tode developmental gene product unc-86. This new
class of homeodomain proteins is distinguished by
the presence of an extended region of sequence
similarity approximately 160 amino acids long. The
carboxy-terminal portion contains the 60-amino-
acid-long homeodomain, and the amino-terminal re-
gion contains a POU-specific sequence of about 75
amino acids. A nonconserved region of 15-27 amino
acids separates these two conserved domains. Dele-
tion analysis and point mutagenesis showed that both
of the POU subdomains (POU-specific and POU-
homeo) are involved in sequence-specific DNA bind-
ing, whereas the exact structure of the nonconserved
region is not critical for binding.

We are now examining the contribution of the
POU-specific and POU-homeodomain regions in
sequence-specific DNA binding. By using large
amounts of the entire Oct-1 POU domain and the
homeodomain alone isolated from genetically en-
gineered Escherichia coli, we have shown that the
homeodomain retains sequence-specific DNA-

binding activity but at greatly reduced affinity com-
pared to the POU domain.

The two POU proteins Oct-1 and Pit-1 share
related but distinct DNA recognition properties. To
understand the contribution of the POU-specific and
POU-homeodomain regions for recognition of the
different DN A-binding sites by Oct-1 and Pit-1, we
have constructed a series of chimeric Oct-1/Pit-1
POU domains in which the two different segments
of the POU-specific region (A and B boxes), the
linker, and the homeodomain of Oct-1 are exchanged
for Pit-1 sequences. The chimeric proteins reveal that
both the POU-specific and POU-homeodomain
regions contribute to sequence-specific DNA recog-
nition. Curiously, however, the relative contribution
of each region differs among different binding sites.
We are now examining whether the POU-specific re-
gion contributes to sequence-specific DNA binding
by making contact with the DNA or instead by
modulating the conformation of the homeodomain
bound to DNA.

Following the initial isolation of a cDNA clone
encoding Oct-1, we have continued our analysis of
the oct-I gene by isolating multiple cDNA and
genomic clones and performing an expression anal-
ysis in different adult mouse tissues. Analysis of the
oct-1 expression pattern in adult mice showed that
as is the case in cell culture, Oct-1 is ubiquitously
expressed. Analysis of 16 different human Oct-1
cDNAs revealed one cDNA encoding an alternatively
spliced form of oct-I mRNA that can encode an Oct-
1 protein in which the carboxyl terminus of the pro-
tein is truncated and replaced by a short 12-amino-
acid sequence. This alternatively spliced form, called
oct-1B, is expressed at 5- to 20-fold lower levels than
the original oc-I mRNA in all human cell lines
tested. We continue efforts to detect the truncated
Oct-1 protein, but it is apparently present in low
amounts or modified. Nevertheless, when translated
in vitro, the truncated Oct-1 protein, which retains
the DNA-binding domain, can bind to the octamer
motif and may therefore be able to alter the activa-
tion patterns of the larger Oct-1A protein in vivo.

Analysis of human genomic clones reveals that
the oct-1 gene is very large. To date, we have isolated
over 70 kb of genomic DNA but have not yet iso-
lated the entire gene. The large size of the gene is
reminiscent of some Drosophila homeobox genes
such as Ultrabithorax and Antennapedia (which are
very large) and distinguishes this homeobox gene
from that of many of the vertebrate homeobox genes
analyzed to date, which are considerably smaller in
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size. Chromosome mapping of the oct-1 ger;:itl;,);
C.-L. Hsieh and U. Francke (Stanford Unclive )
shows that this gene is located on human an mobe-
chromosomes 1. These are regions of synteny e
tween the human and mouse genox:nes. The rl;eg o
in which the oct-I gene maps contamsia number o
genes that are related to genes that l.1e on hlélmKo
chromosome 19, where the oct-2 ger.le is lc.)cate (

et al., Cell 55: 135 [1988]). This relationship betweer}
multiple genes near the oct-1 and oct-2 chromosc;lrzje
loci suggests that the oct-1 and oct-2 genes rpay =
arisen by an ancient chromosome dupllc.atlon. .e
similarities between the region surrounding oct-1 1n
mouse chromosome 1 and a region of mouse .chro-
mosome 7 suggest that the oct-2 gene will lie on

mouse chromosome 7.

Oct-1 and Oct-2: Protein Modification
and Protein:Protein Interactions

in Transcriptional Activation by

POU Homeodomain Proteins

M. Cleary, W. Herr, L. Leo, S. Stern,
M. Tanaka, W. Thomann

The DNA recognition sequence of the Oct proteins,
the octamer motif (ATGCAAAT), is found in the
promoters of both ubiquitously expressed genes and
lymphoid-specific genes. In the SV40 enhancer, the
octamer motif confers lymphoid-specific activation
of transcription. The different activities of the oc-
tamer motif correlate with the ubiquitous and
lymphoid-specific expression patterns of the Oct-1
and Oct-2 proteins, respectively. Separate studies,
done last year in collaboration with N. Hernandez
(Genetics Section), indicated that the ability of the
Oct proteins to activate transcription is promoter-
context-dependent. Thus, the Oct-1 protein is dedi-
cated to activation of transcription of the ubiqui-
tously expressed small nuclear RNA and histone
H2B genes, whereas Oct-2 can activate the more typ-
ical mRNA genes such as immunoglobulin genes.

We have used the cloned cDNA copies of the
genes for Oct-1 and Oct-2 (the latter obtained from
P. Sharp and D. Baltimore, MIT) to study their
differential activation functions. We find that to ac-
tivate transcription, Oct-2 relies on two interdepen-
dent domains, an amino-terminal glutamine-rich re-
gion and a carboxy-terminal serine-, threonine-, and
proline-rich region. Neither of these sequences is
acidic and therefore do not conform to the acidic
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activation domains found in the yeast activatorg
GAL4 or GCN4. Analysis of Oct-1/0ct-2 chimerag
reveals that Oct-1 also contains a functional] gluta.
mine-rich region but fails to activate transcriptjqy,
of an mRNA promoter because the Oct-1 carboxy]
terminus is inactive, indicating that differential 5.
tivation by Oct-1 and Oct-2 is determined by the cop,.
bination of multiple activation domains,

To show that wild-type, mutant, and chimeric pro-
teins were expressed appropriately during the 5.
tivation assays, we showed that in each case these
octamer motif binding proteins can interfere wjtp
the activity of the SV40 enhancer Sph motifs thqy
overlap the SV40 enhancer octamer motif. We also
assayed expression of the Oct proteins directly py
fusing an epitope from the influenza virus hemag.
glutinin protein to the amino terminus of selecteq
proteins. Using a monoclonal antibody directed a¢
the fused epitope, we could specifically immunopre-
cipitate the ectopically expressed Oct proteins. Fig-
ure 1 shows the results of such an analysis of trap-
siently expressed wild-type, chimeric, and mutant Oct
proteins. The results reveal that Oct-2 and transcrip-
tionally active Oct-1/0ct-2 chimeras produce a het-
erogeneous set of proteins. The heterogeneity is due
to phosphorylation, which induces a shift in elec-
trophoretic mobility. This phosphorylation-induced
shift in electrophoretic mobility is largely or entirely
absent from molecules lacking one or the other ac-
tivation domain and inactive Oct-1/0ct-2 chimeras,
Thus, in Oct-2, nonacidic activation domains may
stimulate transcription by inducing protein phos-
phorylation, which could activate transcription by
causing a conformational change or perhaps by
creating an acidic domain.

Although Oct-1 does not normally activate an
mRNA promoter, it can activate such a promoter
in the presence of the herpes simplex virus (HSV)
trans-activator VP16. VP16 is an HSV late gene prod-
uct that is incorporated into the virion tegument and,
upon infection, activates expression of the HSV im-
mediate early genes. VP16 does not bind to DNA
directly but instead binds to its target sites by form-
ing a multiprotein-DNA complex with Oct-1. We
have shown that the Oct-1 homeodomain is respon-
sible for directing formation of the complex with
VP16. Oct-2 fails to direct formation of a similar
complex, and this is because the Oct-2 homeodo-
main differs from Oct-1 at 7 out of 60 possible
positions.

Sequence comparisons and a structural analysis
indicate that homeodomains contain a tri-a-helical
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FIGURE 1 Immunoprecipitation of recombinant Oct proteins.

Hela cells were transfected with the Oct expression vector indi-
cated above each lane, and the cells were metabolically labeled
with [33SJmethionine for 4 hr. The cells were lysed and subjected
to immunoprecipitation with a monoclonal antibody directed at
the amino-terminally fused epitope from the influenza virus hemag-
glutinin protein. The immunoprecipitates were analyzed by 8%
SDS-PAGE and fluorographed. The Oct-2 deletions span the
amino-terminal glutamine-rich domain (Oct-2AN?) or the car-
boxyl terminus (Oct-2AG" and C?). The chimeric Oct proteins
are divided into three regions, amino terminus, POU domain, and
carboxyl terminus, and the origin of each region is indicated by
1 (Oct-1), 2 (Oct-2), or A (deleted). Thus, Oct-2.1.1 contains the
amino terminus of Oct-2 fused to the Oct-1 POU domain and car-
boxyl terminus. The +/— designation under each lane indicates
the potential of each Oct protein to activate the B-globin promoter
in our assay. (Reprinted, with permission, from Tanaka and Herr,
Cell 60: 375[1990].)

structure (helices 1-3) similar to the DNA-binding
domains of the bacteriophage A and 434 repressors.
Figure 2 shows a diagram of the DNA-binding do-
main of A repressor. In the tri-a-helical structure,
helices 1 and 2 lie over helix 3; this latter helix makes
the major contacts with the DNA and thus has been
coined the “DNA recognition” helix. In contrast, the
external surfaces of helices 1 and 2 face away from
the DNA. When the Oct-1 and Oct-2 homeodomains
are modeled into the structure of the A repressor
DNA-binding domain, the positions of the seven
residues differing between Oct-1 and Oct-2 lie in (or
in one case adjacent to) helices 1 and 2 on the sur-
face of the homeodomain facing away from the
DNA. Three of the differences lie in helix 2, where
positive control mutations in A repressor lie.

The A positive-control (pc) mutations affect the
ability of the A repressor to activate transcription but
do not affect DNA-binding activity. In A repressor,
pc mutations lie in or adjacent to helix 2 in a region
that probably contacts promoter-bound RNA poly-
merase directly. Changing in Oct-1 the three residues
in helix 2 that differ between Oct-1 and Oct-2 into
the Oct-2 amino acids is sufficient to disrupt for-
mation of the complex with VP16 without obviously
affecting the DNA-binding activity of the protein
(see Fig. 2). These results suggest that the tri-a-helical
DNA-binding motif is an ancient target for protein-
protein interactions mediating transcriptional con-
trol. We now plan to extend these studies by perform-
ing detailed structural analyses of the VP16/Oct-1
interactions.

Regulatory Elements of
the HIV Promoter

W. Phares, B. Whelan [in collaboration with B.R. Franza,
Cold Spring Harbor Laboratory]

In 1988, we initiated a study of the human immuno-
deficiency virus (HIV) promoter as a part of a new
program project at the Laboratory to study activa-
tion of HIV in infected cells. There are a number
of striking similarities between the SV40 early pro-
moter and the HIV promoter: They both contain
TATA box motifs, multiple binding sites for the tran-
scription factor Spl, and two copies of the 10-bp kB
motif in inverse orientation, GGGACTTTCC (called
the enhancer cores ECI and ECII) in HIV or
GGAAAGTCCC in SV40. In SV40, the kB motif
lies within the SV40 C protoenhancer element, which
was identified in our studies of the SV40 enhancer
and is active in many different cell types.

To dissect the HIV promoter, we are focusing our
attention on the sequences upstream of the Spl-
binding sites, which by analogy to the SV40 early
promoter probably contain multiple enhancer ele-
ments. We showed last year that the kB motifs of
HIV could functionally replace the SV40 enhancer
to allow growth of SV40 in CV-1 cells. To extend this
finding further, we have compared the activities of
reiterated copies of the HIV ECI and ECII elements
and the SV40 C element in transient expression as-
says of transfected DNA. The results show that mul-
tiple copies of both the HIV-derived and SV40-
derived elements can independently enhance tran-
scription to similar levels in CV-1 cells, human H9
T cells, and Hela cells, whereas single (spm5) and
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FIGURE 2 A repressor DNA-bin
and Oct-2 homeodomains indicate
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ding domain model with the positions of differences between the Oct
d and VP16-induced complex formation by Oct proteins with exchanged

g motif of A repressor and DNA (behind) as a model

odomain (S. Harrison, pers. comm.). The three a helices are drgwn as' cylinders, with
I(r:tret:-ec;ggnr:gzsbone indic(ated by solid (facing viewer) and dashed (hidden from v!ewer) lines. The seven
amino acid positions that differ between Oct-1 and Oct-2 are cncled- or boxed, with the OcF-1 reS|du§s
shown inside and an arrow pointing to the Oct-2 residue. Boxed positions were exchanged in the helix-
swap experiment, and asterisks indicate those positions inthe homepdomam that are analogogs toA repressor
pc-2 and pc-3 mutations. (Right) Gel-retardation assay for VP16-induced complex formation by wild-type
Oct1 (lanes 3,4), Oct1 carrying Oct-2/helix-2 (Oct1/He,-2; lanes 5,6), wild-type Oct-2 (lanes 7,8), and Oct-2

helix 2. (Left) Diagram of the tri-a-helical DNA-bindin

carrying the Oct-1/helix-2 (Oct-2/He,-1; lanes 9,10). Each protein was assayed without (lanes 1,3,5,7,9) and

with (lanes 2,4,6,8,10) VP16 protein. The positions 0

f Oct-1 and Oct-2 complexes and VP16-induced com-

plexes (VIC) are shown at the left. (Bottom) Longer exposure of the Oct complexes and VICs. (Reprinted,

with permission, from Nature 341: 624[1989].)

double (dpm10) point mutations that mutate either
one or the other of the terminal nucleotides of the
kB motif GGGACTTTCC abolish or drastically re-
duce activity in these cell lines. In Jurkat T cells, these
elements are all relatively inactive in unstimulated
cells, but the activity of the wild-type constructs is
strongly stimulated by treatment of the cells with
PMA and PHA. Taken together with the SV40 rever-
tant analysis, these results indicate that the enhancer
core elements of HIV are functionally equivalent to
the SV40 C element. Thus, if NF-«B is responsible
for the activity of the kB motif, its activity is un-
likely to be lymphoid-specific but may instead be a
general target for activation by mitogenic signals.

In collaboration with B. Robert Franza (Molecu-
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lar Genetics of Eukaryotic Cells Section), we have
examined the proteins that bind to the multimerized
wild-type and mutant HIV and SV40 kB motifs. The
multimerized enhancer constructs used in vivo pro-
vide a matched set of active and inactive elements
that only differ by one or a few point mutations. The
multimerized copies of each element were used in
DNA affinity precipitation assays after biotinylation.
Analysis of the precipitated proteins from stimulated
Jurkat T cells shows that several families of proteins
coprecipitate with each of the wild-type ECI, ECII,
and SV40 C element sites. Curiously, althoughina
triple point mutation, these proteins fail to precipi-
tate, in the inactive single point mutant spm5, these
proteins still bind and instead a new series of pro-



teins appear. An interesting possibility is that this
mutation is inactive because it promotes the bind-
ing of an inappropriate set of proteins instead of
merely preventing the activators from binding.

We are now expanding our studies of HIV regula-
tory elements by examining the promoter sequences
in different isolates of HIV from AIDS patients.
These studies will involve the use of the polymerase
chain reaction (PCR) to amplify directly the regula-
tory region from HIV isolates from single individu-
als at different times of infection and in different
cell types (i.e., T cells and macrophages) without pas-
sage of the virus in cell culture. We have already ob-
served a large degree of heterogeneity within the long
terminal repeat of different HIV isolates. This het-
erogeneity is likely to uncover rearrangements of
enhancer elements that are important for HIV patho-
genesis and that may display different cell type-
specific activities.
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MOLECULAR GENETICS OF EUKARYOTIC CELLS

Research in this section touches on broad problems in eukaryotic biology, from
the control of cell proliferation to the regulation of gene expression; from the
simple eukaryotic organism, the yeast Saccharomyces cerevisiae, to the mouse.
Our approaches are equally eclectic: genetic, biochemical, and ultrastructural. Two
unifying themes are the mechanism of action of oncogenes and the process of
signal transduction. Dr. Franza's laboratory studies early changes in transcription
patterns, particularly in human T cells. Dr. Field's laboratory utilizes transgenic
approaches to study problems in cardiovascular physiology, development, and
neoplasia. Dr. Skowronski's laboratory studies pathogenesis of HIV-1, the human
immunodeficiency virus that causes AIDS, and the transforming potential of
papillomavirus oncogenes using transgenic mouse models. Dr. Bar-Sagi's
laboratory studies the involvement of the ras proteins and phospholipase A, in
signal transduction and ligand-stimulated exocytosis. Dr. Spector’s laboratory
studies the functional compartmentalization of the nucleus using immunoelectron
microscopy. Dr. Helfman's group studies the family of tropomyosin genes and the
alteration of expression of these genes seen upon cellular transformation and
development. Dr. Garrel's group continues to improve protein database collection.
Dr. Gilman's laboratory studies nuclear events that result in changes in
transcription. Dr. Wigler's laboratory continues studies on ras and other

oncogenes, and the control of cell growth and proliferation.

TRANSGENIC MICE

L. Field P Yenikolopov ~ S. Teplin
J. Skowronski K. Cochrane L. Usher
M. Steinhelper P. Weinberg

The advent of transgenic mouse technology has
provided new and exciting experimental inroads
toward the analysis of complex biological systems.
Using this technology, it is possible to introduce
chimeric genes directly into the mouse germ line.
Once integrated, the foreign DNA is retained and
transmitted to subsequent generations in a Mende-
lian fashion. This method of mammalian gene trans-
fer provides an ideal model system with which to
study complex biological problems at the organis-
mal level in that the consequences of a single, defined
genetic trait can be studied in intact animals. The
Mouse Genetics Group at Cold Spring Harbor Lab-
oratory has developed several model systems that
have been designed to address a broad range of
biologically relevant issues. These studies include
characterization of selected genetic elements of the
human immunodeficiency virus long terminal repeat
(LTR), characterization of the transforming activity

of the bovine papillomavirus E2 protein, identifica-
tion of genes that regulate myocardiocyte prolifera-
tion, and transgenic models of hypertension. Our
models illustrate the potential utility of the transgenic
approach, especially with regard to the ability to
study complex disease processes.

Transgenic Models of
Viral Pathogenesis

L. Usher, G. Yenikolopov, J. Skowronski

Transgenic mice provide a system whereby various
aspects of viral host range and pathogenicity can be
studied in the absence of viral infection. Direct
introduction of viral DNA into mouse embryos and
its subsequent germ-line transmission result in its
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presence in every cell of the body. Thi§ mrcumvgn:g
the limitations of host range and‘ tissue trop;s ;
associated with the infection process itself. Our effor
has been concentrated on two viruses, the humfm
immunodeficiency virus type 1 (HIV-I)I and bovine
papillomavirus type 1 (BPV-1). Both. v1.ruses, upon
introduction of their complete genetic mformatl'on
into the mouse germ line, induce lesions resembling
those arising in natural hosts. Thu§, different aspec(tis
of pathogenicity of these two viruses can be ad-
dressed in transgenic mice.

In Vivo Specificity
of the HIV-1 LTR

J. Skowronski

The disease spectrum displayed by viral pathogens
is restricted, among other factors, by tropism 9f vi-
ral infection and specificity of viral transcriptional
control elements. HIV-1 preferentially infects cells
expressing the CD4 surface antigen, which is a re-
ceptor for the virus mediating its entry through spe-
cific interaction with the HIV-1 env gene product.
The major cellular targets in HIV-1 infections are
helper/inducer T lymphocytes. CD4 antigen is also
expressed at variable, although reduced, levels on
subsets of glial cells, cells of the monocyte/macro-
phage lineage, and B lymphocytes, all of which are
infectable by HIV-1. Surprisingly, however, some
CD4- cells (e.g., fibroblasts) can also be infected in
vitro by HIV-1. It is possible that in addition to CD4-
mediated viral entry, other mechanisms may be
operational.

As one approach to define the in vivo tissue spec-
ificity of the HIV-1 transcription control infor-
mation, hybrid reporter genes composed of the
HIV-1 LTR positioned to direct expression of the
SV40 early region were introduced into the germ line
of inbred mice. Three lines of transgenic mice result-
ing from three independent integration events of the
HIV-1 T-antigen gene were generated. Although in-
tegration of foreign DNA microinjected into mouse
embryos and integration of proviral DNA in infected
cells are not mediated by the same mechanisms, a
common feature of both is that integrations can tar-
get many different chromosomal locations. The tran-
scriptional activities of the HIV-1 T-antigen trans-
genes residing in three independent chromosomal
sites of the HIV-1 T-antigen transgenic lines were
studied in detail.
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The HIV-1 promoter preferentially targets €Xpres.
sion of the SV40 reporter gene to the lymphoiq 5.
sue, as transgenic transcripts are consistently ob-
served in thymuses, lymph nodes, and spleens of mj¢e
of all three transgenic lines. Skin is another orgyp
reproducibly targeted by the HIV-1 T-antigen ¢op_
struct. In addition to expression of the HIV-] T-an-
tigen transgenes in lymphoid tissue and skin, Which
is consistently observed in mice of all the three lines,
each transgenic line reproducibly shows a charactey.
istic, but unique, pattern of additional sites of trap;.
gene expression. Levels of expression in these adgj.
tional sites vary greatly between different transgenic
lines. Patterns of these additional sites of transgene
expression are heritable within lines of transgep;c
mice and thus reflect a dominant transcriptional ef.
fect of the particular chromosomal locus where
transgenes become integrated. There are many wel]-
characterized examples of activation of cellular trap.
scription units by murine retroviruses integrating ip
their vicinity. It also appears that retroviral promoters
may be targets of similar interference and that some
chromosomal loci can confer high constitutive Jey-
els of expression on resident proviruses.

HIV-1 LTR reproducibly targets expression of
reporter genes into lymphoid organs, all of which
contain major populations of T lymphocytes, a
major target of HIV-1. However, analysis of cell-type
specificity revealed that transgene expression in T
cells is relatively low. This is reminiscent of the
inactivity of the viral promoter and virus itself in
resting human T cells and in T-cell lines. The striking
observation is that cell types other than T cells are
permissive for the HIV-1 promoter and contribute
the majority of expression detectable in thymuses
and spleens. Permissive cell types, which appear to
provide a better environment for expression of the
HIV-1 LTR than resting T cells, include splenic B
lymphocytes and an unidentified stromal element in
the thymus. These data, at least with regard to B cells,
are in agreement with results of experiments per-
formed by other investigators with human cells
isolated directly from infected individuals or with
permanent cell lines. Human B lymphocytes, under
some conditions, are infectable with HIV-1 and do
support expression of the HIV-1 LTR more effi-
ciently than cultured T cells. It is intriguing that B
lymphocytes, macrophages, and thymic epithelial
cells, all of which support transcription directed by
the HIV-1 LTR in vivo, are by the virtue of performed
functions involved in direct interactions with CD4-
positive T cells. Such direct interactions may provide



a microenvironment that facilitates otherwise infre-
quent events of infection of these cell types. Given
transcriptional inactivity of HIV-1 in latently infected
T cells, such events of infection of constitutively
permissive cell types, although possibly infrequent
and thus not necessarily obvious, may contribute to
increased virus replication in natural infections.

Benign Fibroepitheliomas
in BPV-1 E2 Transgenic Mice

G. Yenikolopov, J. Skowronski [in collaboration with
I. Seidman, New York University]

BPV-1, a circular double-stranded DNA tumor virus,
induces benign fibropapillomas, composed of pro-
liferative epidermal cells and fibroblasts. BPV-1, or
a subgenomic fragment comprising the viral early
region open reading frames (ORFs El through ES8),
can also transform selected murine cell lines in vitro.
Results of experiments with mutant viruses have
implicated three of the early ORFs, E2, ES, and E6,
as necessary for the transforming activity of the
virus. Overexpression of the ES or E6 ORF alone,
but not the E2 ORF, results in transformation of
permissive cell lines, which indicates that the former
two encode proteins with the oncogenic activity. E2
ORF encodes a set of transcription factors that
interact directly with the BPV-1 enhancer to regulate
expression of the BPV-1 early genes. Although in
vitro experiments failed to prove a direct involvment
of E2 in BPV-1 transformation of cultured cells, E2
proteins, as transcription factors, have a potential
to perturb expression of cellular genes and may act
synergistically with the ES and E6 oncogenes to
effect cellular transformation or tumorigenesis.
As one way of addressing this issue, we have
constructed transgenic mice expressing the BPV-1 E2
gene in a variety of tissues. To achieve a broad pattern
of expression, the E2 ORF, followed by the SV40
splicing and polyadenylation signals, was placed
under the transcriptional control of the chicken
B-actin promoter (pCBAE2). Eight founder mice
harboring the pPCBAE2 construct were generated and
used to establish seven independent lines of pPCBAE2
transgenic mice. Of mice from each of four trans-
genic lines ()CBAEZ2 5, 6, 7 and 8), 10-20% develop
overt kidney lesions at 6-15 months of age. These
lesions are characterized by abnormal retention of
urine in the renal pelvis and, as a consequence,
atrophy of the kidney tissue (hydronephrosis). Such

lesions usually result from obstruction of urinary
tracts, which can be caused by tumors of the urogeni-
tal organs (or those located in immediate vicinity).
Histological analyses of the urinary tracts collected
from several affected animals revealed focal hyper-
plastic growth in the upper portions of urethras.
Polypoidal projections into the lumen of urethras
were caused by abnormal proliferation of both the
stromal (fibroblastic) and epithelial (transitional
epithelium of the urethra) components of the urethra
wall. These hyperplastic changes were histologically
benign in most cases examined. Interestingly, in one
case, a histologically malignant focal growth of
epithelial cells (transitional cell carcinoma) was iden-
tified within the polypoid structures. This spectrum
of lesions arising in pCBAE?2 transgenics has never
been observed in nontransgenic mice or mice of
various transgenic lines that were maintained and
autopsied in a CSHL colony (>100 mice at 1-2 years
of age).

Expression of the pPCBAE2 transgene was assessed
at the RNA level. pPCBAE2 transcripts, correctly ini-
tiated at the B-actin cap site, are detectable in several
tissues, including kidney, urethra, bladder, testis,
vagina, intestine, and skin. The highest levels of
expression were consistently detected in the urinary
tract, specifically bladders and urethras prior to
development of overt macro- or microscopical le-
sions. These observations suggest that E2 gene pro-
ducts can, under certain conditions, induce abnormal
proliferation of fibroblasts and epithelial cells.
However, the identity of E2-expressing cells, and thus
the mechanism of concomitantly induced prolifera-
tion of both fibroblastic and epithelial components
of affected urethras, is at the present time unknown.
Sporadic occurrence of transitional cell carcinomas
in polypoid proliferations suggests that transitional
epithelium may be a primary target of E2 in pCBAE2
transgenic mice. The localization of lesions in
pCBAE2 transgenic mice is different both from that
observed in natural infections with BPV-1 in cattle
and from what is seen in transgenic mice harboring
the complete BPV-1 genetic information. Interest-
ingly, experimental infection of cattle and laboratory
rodents with BPV-1 induces lesions in the urinary
tracts that very closely resemble those of E2 trans-
genic mice. This particular location of stromal/
epithelial hyperplasia in E2 mice may be due to
unusually high susceptibility of the target tissue,
transgene expression pattern, or other features of
these particular transgenic models.

The BPV-1 E2 gene encodes a family of transcrip-
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i -binding
i which have a common DNA_ :
L e es of both positive and

o s 5
specificity and the properties of

negative regulators of transcription. At the pres::f
time, we do not know which forms of E2 are

pressed in the target tissues of transgenic ml.ce, and
therefore phenotypes observed in pPCBAE2 mice maz
result from either of these activities. E2 proteins an

their DNA-binding specificities are conserv?d amqnﬁ
different members of papillomavirus family, .Whlcd
includes several viruses implicated in humap skin an

genital premalignant and maligpant lespns. The
ability of E2 to induce hyperplastic grgwth in trans-
genic mice suggests that this conservation qf E2 may
be important not only in the context of v1re}l func-
tions, but also in the context of the virus-host interac-
tions resulting in deregulation of growth control in

target cells.

Cardiac Tumors in Transgenic Mice

M. Steinhelper, P. Weinberg, S. Teplin, L. Field

Mammalian adult cardiac muscle is incapable o_f
growth by proliferation of existing muscle cells. "‘l"hls
inability to proliferate has important implications
for individuals who suffer from myocardial infarcts
and related trauma. The failure of adult cardiomyo-
cytes to divide results in the replacement of electro-
mechanically functional muscle with electrically
inactive fibrous (scar) tissue that is unable to con-
tract. Such electrical and mechanical dysfunction
places individuals suffering heart attacks at risk for
further cardiac disease. A resource of proliferating
adult heart muscle cells may provide insight into the
mechanisms by which myocardiocyte growth is reg-
ulated during development and disease states. In
addition, the ability to induce controlled myocardial
growth in vivo would have therapeutic implications
for the treatment of heart disease. As a first step
toward these goals, we have generated several lineages
of transgenic mice whose hearts express the SV40
T-antigen oncogene. Expression of this transform-
ing gene in myocardiocytes induces cell division,
leading to the formation of heart tumors. We have
analyzed the structural and functional properties of
the cells constituting the tumors and have investi-
gated whether cardiac muscle cells derived from the
heart tumors can divide in culture, with the goal of
isolating a stable cardiac heart muscle cell line. In
separate experiments, we have identified a genetic
locus that regulates both the temporal pattern and
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morphology of cardiac tumorigenes-is_ This locus,
when identified and cloned, may provide insight in,
the molecular events that regulate myocardiocyte
proliferation. Descriptions of these studies are cop,.
sidered separately below.

PROPAGATION OF SUBCUTANEOUS TUMOR
TRANSPLANTS DERIVED FROM ANFTAG ATRIA

This work was carried out in collaboration with N.
Lanson, J. DelCarpio, and W. Claycomb (LSy
Medical Center, New Orleans). A transgenic mode|
was developed in which expression of T antigen wag
targeted to the cardiac atria using the atrial natri.
uretic factor (ANF) promoter. Transgenic mice car-
rying this fusion gene (designated ANF-TAG) expregs
T antigen in both atria. However, these animals
exhibit unilateral right atrial hyperplasia. The
differential capacity of right and left atrial cardio.
myocytes to respond to T antigen with right unilatera]
hyperplasia is most likely a result of differentjal
asymmetrical expression of genes in cardiac tissue.
This hypothesis is founded on the observation that
when prehyperplastic neonatal transgenic atria were
transplanted to a physiologically neutral environment
(i.e., subcutaneously in nude mice), only transgenic
right atria proliferated. This observation suggests
that the unilateral right atrial hyperplasia observed
in the ANF-TAG mice is unlikely due to a trivial
consequence related to environmental cues that differ
between the atria.

The tumorigenic capacity of hyperplastic right
atria was also demonstrated in histocompatible
syngeneic animals. Injection of minced transgenic
atria subcutaneously into numerous mice yielded
tumors composed of well-differentiated cardiomyo-
cytes. Subsequent passage of these tumors yielded
tumors with enhanced growth properties as assessed
in vivo and in tissue culture. Analysis of tumors by
electron microscopy, indicates that the majority of
tumor cells retain several differentiated characteris-
tics, such as well-formed sarcomeres, abundant
transverse tubules, atrial-specific electron-dense
granules (which contain ANF immunoreactivity),
and intercalated discs. Virtually all tumor cells, with
the exception of vascular tissue (presumably arising
from the host), contain both sarcomeric myosin and
T antigen. The tumor cells proliferate rapidly as
documented by the observation that 20-30% of cells
incorporate [*H]thymidine within an 18-hour peri-
od. Somewhat surprisingly, our analysis of the ex-
pression of additional cardiac determinants at either



the protein level or the RNA level revealed few dif-
ferences between normal cardiac tissue, the primary
atrial tumors, and the subcutaneous transplant
tumors.

Studies of cardiac cells are hindered presently by
the absence of a cell line that displays any signifi-
cant degree of differentiation. The well-differentiated
cardiac phenotype displayed by the cells constitut-
ing our tumors, coupled with their rapid prolifera-
tion in vivo, suggested that these cells might be an
ideal resource for cell-culture experiments. Thus, cells
dissociated enzymatically from either primary atrial
tumors or the subcutaneous syngeneic transplants
were tested for their ability to proliferate in culture.
Cells isolated from several primary atrial tumors
essentially do not divide in culture; however, cells
isolated from the transplant tumors grew quite
rapidly. Cells from both tumor types were well
differentiated and contracted spontaneously in cul-
ture. Intact cell-cell communication was evident from
the synchronous contraction of neighboring cells
observed under light microscopy. Structural analysis
by electron microscopy has revealed that the trans-
plant tumor cells are highly differentiated. Further-
more, the contracting cells retained a high degree of
cardiac-specific electrophysiological activity. For
example, the resting membrane potentials and the
action potentials are similar to those of normal atrial
cells. Cultures of spontaneously contracting tumor
cells can be obtained following passaging or recovery
from frozen stocks. The characteristics displayed by
these cells suggest that they are a unique and renew-
able resource of proliferating and highly differen-
tiated cardiomyocytes.

GENETIC LOCI AFFECTING ATRIAL HYPERPLASIA
IN ANF-TAG MICE

ANFTAG transgenic mice were produced in (C57BL/
6J x DBA/2J)/F, embryos, abbreviated (B6 X
D2)/F,. Consequently, subsequent breeding of the
transgenic animals must result in segregation of
alleles arising from one or the other progenitor
strains (namely, B6 alleles or D2 alleles). Given this
segregation, there is a distinct possibility that poly-
morphic alleles which differentially affect atrial
tumorigenesis in ANF-TAG mice may be identified.
To address this issue systematically, we have gen-
erated sublines by repeatedly backcrossing ANFTAG
mice to either the B6 or D2 progenitor animals. Over
the past year, we have monitored the survival of these
two populations of ANF-TAG mice.

We observe that backcrossing to B6 yields an
apparent homogeneous population of mice that die
from atrial tumorigenesis at 46.5 + 1.6 weeks
(n=30). In contrast, mice of the D2 subline appear
to consist of two statistically distinct populations;
approximately one half of the animals in the D2
subline die at 6.6 + 0.7 weeks (n=17), whereas the
other half die at 24.6 = 0.8 weeks (n=14). Unfortu-
nately, the mice from the 6.6-week group die around
the time of sexual maturity and are unproductive
breeders. Thus, the D2 subline must be propagated
from the slower dying population. Such crosses yield
transgenic offspring that fall into each of the two
populations (i.e., a 6.6-week group and a 24.6-week
group). The simplest interpretation of these results
is that a single genetic locus (designated X) differs
between the two progenitor inbred strains. Mice with
an XP/XP genotype would die rapidly and mice
with an XB/XB genotype would live longer. Heter-
ozygous mice (XP/XB) would die at an intermedi-
ate rate, assuming codominance. The strongest evi-
dence in favor of this working hypothesis is that
presumptive XP/XB heterozygotes (slower D2 pop-
ulation) when crossed to D2 (XP/XP) yield two
populations, fast and intermediate, in roughly equal
proportions. We are presently generating informa-
tive backcross populations to confirm that the
transition from the slow to intermediate population
is determined by a single locus.

Associated with the differences in the rate of
tumorigenesis is an intriguing morphological differ-
ence between atrial tumors in the two sublines. Mice
from the D2 subline show a gross hyperplasia involv-
ing essentially all right atrial myocytes. Moreover,
unilateral left atrial involvement has never been
observed. In contrast, atrial tumors in the B6 subline
appear to arise from a focal event involving the
proliferation of only a portion of the right atrial cells.
The delayed onset and focal nature of the atrial
tumors arising in the B6 subline suggest that addi-
tional genetic events are required for T-antigen-
induced proliferation. Were this the case, one might
expect that this putative cooperative event could
occur at finite frequency in the left atrium and
consequently give rise to left atrial tumors. Indeed,
such events do occur as illustrated by three mice (all
animals from the B6 subline) that had left atrial
tumors in the absence of right atrial involvement.
Finally, our observations regarding genetic back-
ground have been observed in two ANF-TAG lineages
in which the chromosomal location of the transgene
differs. This observation effectively rules out triv-
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jal explanations related to the site of transgene
integration.

In conclusion, these traditional genetic backcross
experiments have revealed at least one and at most
two genetic loci that regulate both the temporal
pattern and eventual end-stage morphology f’f T—a}n-
tigen-induced cardiac pathology. We hope to 1€ient1fy
genetically these loci by utilizing traditional llnkgge
studies as well as recombinant inbred lines of mice.

TRANSGENIC MODELS OF VENTRICULAR
CARDIOMYOCYTE PROLIFERATION

The initial microinjections of the ANF-TAG cc?n-
struct yielded several transgenic animals that died
at very early ages. At necroscopy, these animals
exhibited gross right atrial hyperplasia similar to that
seen in the established ANF-TAG lineages. Further
histological analyses revealed that these mice also
developed ventricular pathology; the left wall and
the septum of the ventricles were grossly hyperplas-
tic, whereas the right ventricular wall and left atrium
are relatively normal in appearance. Immunohisto-
logical analyses indicated that T-antigen expression
is seen throughout the hyperplastic septum and left
ventricle. As the endogenous ANF gene is expressed
in ventricles during late embryological development,
those ANF-TAG mice exhibiting ventricular onco-
protein expression presumably carried transgenes
that integrated in a chromosomal site compatible
with normal developmental expression of ANF
These observations demonstrate that T antigen can
induce embryonic or neonatal ventricular cardio-
myocytes to divide.

To extend these observations to adult ventricular
tissue, we have generated transgenic mice that express
T antigen when fused to different cardiac-specific
promoters. Our initial results are from mice express-
ing a rat a-myosin heavy-chain-T-antigen (MHC-
TAG) fusion gene. We have obtained three founder
mice that contain the MHC-TAG fusion gene. Two
of the mice died prematurely of cardiac tumorigen-
esis without transmitting the fusion gene to progeny.
The third founder mouse has transmitted the fusion
gene successfully and has a fractionated ECG typical
of that seen in ANF-TAG mice with atrial hyperpla-
sia. Transgenic progeny of this MHC-TAG founder
inherit similar electrical abnormalities and heart
pathology. Preliminary immunohistochemical anal-
ysis indicates that in this lineage, both atria and
ventricles contain the oncoprotein and exhibit hy-
perplasia. This pattern of T-antigen expression ob-
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tained from the rat a-myosin heavy-chain gene pro-
moter is consistent with the cell-type specificity for
the endogenous MHC gene. In summary, our pre-
liminary observations in the MHC-TAG lineages
indicate that adult ventricular myocytes can prolifer-
ate in response to T antigen. These animals wi]]
provide a useful resource to assess the pathqphysio_
logical consequences of ventr}cular tumorigenesis
and may also provide the basis for the generation
of a ventricular myocyte cell line.

Transgenic Models of Hypertension
Research

K. Cochrane, M. Steinhelper, S. Teplin,
P Weinberg, L. Field

Blood pressure and electrolyte homeostasis is largely
dependent on an integrated, multi-organ response
to numerous hormonal signals. The inappropriate
regulation of these hormones often has overt patho-
physiological consequences, as exemplified by the
malignant hypertension that can accompany adrenal
medullary tumors and reninomas. The ability to
generate animal model systems with specific, known
alterations in this hormonal regulatory cascade
would be of considerable utility. During the last three
years, our laboratory has been using the transgenic
approach to study the molecular biology and physi-
ology of ANF, a peptide hormone that is synthesized
and stored in the cardiac atria. The circulating form
of the hormone is a 28-amino-acid peptide derived
from the carboxyl terminus of a 152-amino-acid
preprohormone precursor by proteolytic cleavage.
ANF is secreted into the circulation in response to
volume overload, presumably as a consequence of
atrial wall stretch. ANF exhibits profound effects on
the cardiovascular and renal systems upon acute ad-
ministration. These include a prompt and pro-.
nounced natriuresis and diuresis, an increase in
glomerular filtration rate, inhibition of angiotensin-
II-stimulated proximal tubular sodium and water
reabsorption, inhibition of the renin-aldosterone
axis, as well as potent vasodilatory and smooth mus-
cle relaxant properties. Although the physiological
consequences of acute ANF administration are well
known, the role of the hormone in the chronic regu-
lation of blood pressure and electrolyte homeostasis
has remained elusive. In an effort to address this issue
directly, we have generated a transgenic model that
exhibits chronically elevated levels of ANF in the



systemic circulation. These transgenic animals are
hypotensive, i.e., they have lower blood pressure,
as compared to the nontransgenic littermates. Our
molecular and physiological analyses of this model
are described below.

GENERATION OF A TRANSGENIC MODEL WITH
ELEVATED ANF LEVELS

To generate transgenic animals that would exhibit
elevated levels of ANF in the systemic circulation,
we constructed a fusion gene composed of the
transthyretin (or TTR) promoter fused to the mouse
ANF structural gene. The transthyretin-ANF fusion
gene (abbreviated TTR-ANF) was designed such that
the TTR promoter would target expression of ANF
to the liver. The mouse TTR gene was isolated from
a BALB/cCr bacteriophage A genomic library, and
the promoter (localized on a 3-kb restriction frag-
ment of the 5-flanking region) was subcloned into
Bluescribe vector. The mouse ANF sequences were
also isolated from a BALB/cCr genomic library. The
promoter and a region of the 5-untranslated leader
of the ANF gene were removed by BAL-31 exonucle-
ase, and a Sa/l restriction site was introduced. This
fragment was ligated into the clone carrying the TTR
sequences such that transcripts arising from the TTR
promoter would encode pre-pro-ANF. The TTR-ANF
fusion gene was linearized at a unique Ndel site and
microinjected into one-cell embryos obtained from
C3HeB/Fe inbred mice using standard methodolo-
gies. Ten independent TTR-ANF transgenic mice
were obtained from our initial series of microinjec-
tions. Of these, four animals were genetically mosaic
and did not transmit their fusion genes, and two
animals were sterile. However, the remaining four
animals have successfully transmitted their fusion
genes, and transgenic lineages have been established.
These lineages have been designated TTR-ANF 2,
4, 5, and 6, respectively.

To characterize expression of the TTR-ANF trans-
gene, RNA was isolated from transgenic animals
from the four TTR-ANF lineages and subjected to
both Northern blot and RNase protection analyses.
Our experiments indicate that the TTR-ANF 2 and
4 lineages express the fusion gene in the liver and
the TTR-ANF 5 and 6 lineages do not. Developmen-
tal studies in the TTR-ANF 4 lineage indicate that
the transgene is active at day 15 of development and
is essentially at adult levels by birth. RNase protec-
tion tissue surveys for TTR-ANF fusion gene expres-
sion in the TTR-ANF 2 and 4 lineages have revealed

that the fusion gene is expressed only in transgenic
liver. To characterize the effect of transgene expres-
sion on hormone levels in the systemic circulation
in the TTR-ANF 2 and 4 lineages, an ANF-specif-
ic radioimmunoassay (RIA) was performed. These
studies revealed that the transgenic animals have
approximately eightfold elevated plasma levels of
immunoreactive ANF as compared to their nontrans-
genic littermates. This difference is observed at every
age assayed (3-25 weeks), and no differences in
expression are seen between male and female trans-
genic animals. Several studies have indicated that
plasma polypeptides can nonspecifically interfere
with the ANF RIA. For this reason, we also per-
formed the RIA on plasma that had been extracted.
Given the small blood volume of a mouse, it was
necessary to pool plasma from three animals for each
assay. Analysis of the extracted pooled plasma sam-
ples revealed that the transgenic animals have approx-
imately 20-fold elevated levels of immunoreactive
ANF as compared to their nontransgenic littermates.
Sephadex G-75 column chromatography was em-
ployed to assess the molecular form of the immuno-
reactive ANF present in the plasma of transgenic
animals. The study showed that approximately 65%
of the immunoreactive plasma ANF in the transgenic
animals comigrates with pro-ANF, and 35% comi-
grates with the processed hormone.

CHRONIC CARDIOVASCULAR REGULATION IN
TRANSGENIC ANIMALS THAT OVEREXPRESS ANF

The molecular and biochemical data described above
attest that mice expressing a TTR-ANF fusion gene
in their liver have elevated concentrations of immu-
noreactive ANF in the systemic circulation. Our ini-
tial assessment of the physiological consequences of
chronically elevated ANF levels has relied on blood
pressure determination. Direct measurements pro-
vide the most reliable assessment of blood pressure.
Although direct pressure is easily measured by can-
nulation of femoral arteries in anesthetized mice,
ideal recordings would be obtained from conscious
animals with indwelling catheters. To this end, we
have implanted indwelling cannulas into the aorta
of nontransgenic and TTR-ANF mice. These analy-
ses revealed that TTR-ANF 4 transgenic mice have
a MAP (mean arterial blood pressure) of 75.5+
0.9 mm Hg (n=9) and age-matched nontransgenic
littermates have a MAP of 103.9+2.0 mm Hg (n=9).
Similarly, the TTR-ANF 2 transgenic mice are also
hypotensive (78.9+ 1.4 mm Hg). The observation that
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two independent TTR-ANF t{ansgenic lmeag}‘:s Zz
hypotensive provides compelling proof that the ’
crease in blood pressure arises as a consequence O
transgene expression. Examination of water zalarth::
plasma and urinary electrolytes (sodl%lm.afl pOd’cl.f_
sium), and heart rates revealed no 31gmf1cant if
ferences between the TTR-ANF 4 mice and their

ransgenic littermates.
nOI\I;’e ha\%e characterized several tissues inthe TTR-
ANF transgenic lineages to determine w‘hether ANF
overexpression elicits any histopatholf)glcal changes.
The initial experiments simply entailed harv.estmg
tissue and processing for standard hematoxylin and
eosin histological analyses. We have observed a
reactive hyperplasia in the zona glomerulosra of .the
adrenal gland of the TTR-ANF 4 transgenic mice.
The zona glomerulosa in the transgenic animal is
markedly hyperplastic, as evidenced by its increased
thickness and by an increase in the ratio of nuclear
density to cytoplasm density. That this pathology
involved cell division was confirmed in [*H]thymi-
dine incorporation studies. The hyperplastic re-
sponse in the adrenal zona glomerulosa is somewhat
surprising as several studies have shown that ANF
effectively inhibits aldosterone production. Thus,
one would not expect zona glomerulosa hyperpla-
sia (which has previously been observed in animals
maintained low-salt diets). However, it is possible
that the signals to retain salt (i.e., aldosterone pro-
duction) circumvent the inhibitory effect of ANF on
zona glomerulosa cells. Alternatively, the zona glom-
erulosa hyperplasia may arise as a consequence of
ACTH stimulation. These issues will be resolved
when we determine the levels of aldosterone, ADH,
and ACTH in the transgenic mice.

The ability to generate transgenic mice that carry
defined modifications of the ANF structural gene
provides a unique opportunity to correlate specific
genetic alterations with their pathophysiological
consequences in intact animals. Our initial study
conclusively demonstrates that chronically elevated
levels of ANF can exert a sustained hypotensive
effect. In addition, the study attests to the potential
utility of the transgenic mouse model for the study
of cardiovascular physiology. Whether the lower
MAP observed in transgenic mice results from direct
actions of ANF on the heart and vasculature or from
indirect actions on other cardiovascular regulatory
systems, such as the renin-angiotensin-aldosterone
system or the sympathetic nervous system, is cur-
rently under study. Undoubtedly, the TTR-ANF
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transgenic mice will facilitate investigations of sych
regulatory mechanisms.

ACUTE CARDIOVASCULAR REGULATION IN
TRANSGENIC MICE THAT OVEREXPRESS ANF

These studies were carried out in collaboration with
A. Veress and H. Sonnenberg (Uni\fersity of Toron-
to). The studies described above ir}dlcate that chron-
ically elevated levels of ANF can induce a sustaineqd
hypotensive response. However, the opservation that
other physiological parameters remain normal indj-
cates that the animals are at physiological homeosta-
sis. In an effort to characterize cardiovascular
homeostasis in the TTR-ANF mice further, we have
initiated experiments to assess the capacity of these
animals to respond to acute physiological stress. As
indicated above, ANF is a major effecter of the rena|
response to intravascular or extracellular fluid vol-
ume expansion. In rats, plasma levels increase about
fivefold after a 25% increase of circulating volume,
and volume natriuresis is markedly impaired or pre-
vented either by atrial appendectomy or by prior
ANF antibody injection. To determine whether
chronically elevated ANF concentration would affect
the renal volume response, kidney function was
studied in TTR-ANF transgenic mice and their non-
transgenic littermates before and during acute
intravascular expansion. Animals were anesthetized
and prepared for clearance measurements. After a
1-hour control period, 4.5% albumin in Ringers was
infused intravenously over the next 20 minutes to
raise calculated blood volume by 25%. A further 40
minutes was allowed before taking a blood sample
for determination of immunoreactive ANF. Plasma
ANF averaged 5185+ 514 pg/ml in the transgenic
group, compared to 577+83 in controls, confirm-
ing earlier results. Similarly, average blood pressure
was about 20 mm Hg lower in transgenics. Despite
this relative hypotension, baseline urine volumes and
sodium excretions were not different from those of
nontransgenic controls. After blood volume expan-
sion, both diuresis and natriuresis were markedly
elevated compared to control, even though blood
pressure remained relatively depressed. Glomerular
filtration rates were not statistically different between
groups, either before or after volume expansion.
Since baseline hematocrits also were not different,
these data suggest that the ANF-induced decrease
in arterial and therefore renal perfusion pressure
counteracts the direct natriuretic effects of the pep-



tide, thus allowing maintenance of salt balance.
However, when volume is expanded acutely, the
relatively elevated ANF levels in the transgenic group
exaggerate the renal response, even to the point of
volume depletion. It will be instructive to determine
volume responses on different sodium diets, as well
as the nephron segments affected by the primary
lesion and compensatory mechanisms.

Transgenic Mice with Cardiac
Arrhythmias

M. Steinhelper, L. Field [in collaboration with K. Dresdner
and A. Wit, Columbia University]

A progressive increase in both the frequency and
severity of cardiac conduction abnormalities accom-
panies the formation of cardiac tumors in both ANF-
TAG and MHC-TAG mice. These pathological per-
turbations in cardiac conduction should have a basis
at the cellular and molecular levels. In an effort to
identify such mechanisms, we have examined certain
electrophysiological properties, such as the resting
membrane potential, action potential waveform, and
automaticity, as atrial hyperplasia proceeds. In
addition, application of multiple electrode recording
techniques has allowed us to map the three-dimen-
sional changes in intercellular electrical coupling
during atrial hyperplasia. Evidence acquired to date
indicates that atrial hyperplasia is accompanied by
the formation of multifocal pacemakers. In humans,
such multifocal pacemakers are responsible for a
significant portion of cardiac dysrhythmias. Addi-
tional characterization of the electrophysiological
perturbations during the development of atrial hy-
perplasia should enhance our understanding of the
molecular mechanisms by which cardiac arrhythmias
arise and develop.

The consistent observation of arrhythmias in
transgenic mice expressing the T-antigen oncoprotein
in cardiac tissue has led us to consider alternative
approaches for producing a heritable model of car-
diac arrhythmia in the absence of cardiac hyperpla-
sia. Although a molecular basis for the initiation and
maintenance of cardiac arrhythmias is not known,
it is highly likely that inappropriate intercellular
propagation of electrical depolarizations is involved.
In cardiac tissue, conduction of the electrical current
from cell to cell is facilitated by structures within the
cell membrane called intercalated disks. The disks

have low resistance compared with the surrounding
lipid bilayer, and it is thought that the velocity and
pattern of electrical propagation may reflect the
number and distribution of the disks in the cardiac
membrane, respectively. The cardiac intercalated
disks are related to the gap junctions present in
electrically inactive tissues such as the liver. Gap
junctions comprise a single protein (called a con-
nexin) that is arrayed as a homohexamer within the
plasma membrane. Recently, cDNA clones for the
liver and cardiac connexins were obtained from a rat
heart cDNA library. Analysis of the predicted protein
sequences revealed that connexin 43 (heart) and

. connexin 32 (liver) are highly conserved, with the

notable exception that the cardiac connexin has a
11-kD carboxy-terminal extension.

Several groups have assessed the ability of the con-
nexins to induce cell-cell coupling by injecting RNA
encoding these proteins into frog oocytes. Expres-
sion of both the liver and cardiac connexins induced
large voltage-insensitive conductance between pairs
of oocytes. However, expression of both connexins
within the same cell type yielded gap junctions com-
posed of nonfunctional heterohexamers. These ob-
servations provide formal proof that connexins can
mediate intercellular electrical communication. Fur-
thermore, these observations suggest that expression
of the liver gene in the heart would lead to the for-
mation of nonfunctional intercalated disks. To de-
termine whether inappropriate intercellular commu-
nication can induce cardiac arrhythmias, we have
created two fusion genes that should facilitate and
inhibit electrical coupling between cardiac muscle
cells. Our initial fusion gene constructs have ex-
ploited the ANF promoter so as to limit fusion gene
expression to the atria. In the past few months, we
have obtained several independent lineages of ANF-
C43 and ANF-C32 transgenic mice and will initiate
transgene expression analysis shortly.
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GENETICS OF CELL PROLIFERATION

M. Wigler J. Field Y. Wang A. Vojtek K. O’ANeill
D. Young R. Ballester I. Wieland M. Riggs
J. Colicelli E. Chang H.-P. Xu L. Rodgers
K. Ferguson  J. Gerst C. Nicolette  J. Brodsky
T. Michaeli G. Heisermann  G. Asouline  J. Douglas
G. Bolger M. Kawamukai

Our laboratory focuses on two general areas: signal
transduction and growth control. Much of our work
centers about the RAS proteins, small guanine-
nucleotide-binding proteins, which reside on the in-
ner surface of the plasma membrane, that have been
highly conserved in eyolution and play a critical role
in mediating signals that control cellular growth and
other cellular events. We study the RAS proteins in
the yeasts Saccharomyces cerevisiae and Schizosac-
charomyces pombe and in mammalian cells. In
addition to RAS, we also study the families of
mammalian cAMP phosphodiesterases, which play
1important roles in modulating the response of cells
to cAMP. We plan to continue our studies of ROS,
an oncogene that is expressed specifically in glio-
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blastomas. Finally, we are developing a method for
genomic difference cloning, which should enable
scientists to discover new genetic abnormalities in
cancer cells and search more effectively for new
pathogenic organisms.

RAS in Saccharomyces cerevisiae

J. Field, R. Ballester, E. Chang, K. Ferguson, C. Nicolette,
A. Voijtek, J. Colicelli, J. Gerst, T. Michaeli,
M. Riggs, L. Rodgers, H-P. Xu

There are two RAS proteins in S. cerevisiae, encoded
by the RASI and RAS2 genes. They are highly ho-



mologous to the mammalian R4S genes. These yeast
proteins are essential for growth and control the ac-
tivity of adenylyl cyclase, the product of the CYRI
gene. Activation of RAS2 by point mutation (e.g.,
RAS2v4!19) leads to activation of the CAMP signal-
ing pathway and a consequent cluster of cellular
phenotypes, including loss of tolerance to heat shock
and sensitivity to nitrogen starvation. We have pre-
viously described the cloning of many genes that
function along the RAS pathway, including CDC25,
which encodes a factor that probably functions to
regulate RAS by controlling guanine nucleotide ex-
change; CYRI; BCY1, which encodes the regulatory
subunit of the cAMP-dependent protein kinase
(cAPK); TPKI, TPK2, and TPK3, which each en-
code catalytic components of the cAPK; and PDE]
and PDE2, which encode the low- and high-affinity
cAMP phosphodiesterases, respectively. Using these
genes, we have demonstrated a powerful feedback
inhibition that maintains this system in homeosta-
sis. We have demonstrated that the mammalian RAS
proteins have been sufficiently conserved in evolu-
tion that they can function in yeast and stimulate
yeast adenylyl cyclase in in vitro biochemical reac-
tions. We have further demonstrated that RAS pro-
teins must bind guanosine triphosphate in order to
stimulate adenylyl cyclase. Finally, we have demon-
strated through genetic analysis that it is highly likely
that RAS proteins have additional functions in yeast
(Wigler et al., Cold Spring Harbor Symp. Quant.
Biol. 53: 649 [1988]).

Many of the most essential questions about RAS
in yeast remain unsettled: How is RAS itself con-
trolled? How does RAS control adenylyl cyclase? Are
there intermediate proteins required for this func-
tion? What are the other functions of RAS in yeast?
We have made progress on these questions.

RAS in S. cerevisiae:
How Is It controlled?

R. Ballester, E. Chang, K. Ferguson,
C. Nicolette, A. Vojtek

We have previously shown that RAS can stimulate
its yeast effector only when bound to GTP. Thus,
RAS may be controlled by factors that influence
nucleotide binding. Two genes have been discovered
in S. cerevisiae that are likely to encode proteins in-
volved in this type of control of RAS. The first is
CDC?25, which encodes a product that probably cata-

lyzes guanine nucleotide exchange on RAS. The sec-
ond is IRAI, which encodes a protein that probably
catalyzes GTP hydrolysis by RAS (Tanaka et al., Mol.
Cell. Biol. 9: 757 [1989]). IRAI has slight homology
with a mammalian gene called GAP (Trahey et al.,
Science 242: 1697 [1988]). GAP has been shown to
induce GTP hydrolysis by RAS (Trahey and McCor-
mick, Science 238: 542 [1987]). It has been proposed
by other investigators that GAP is the effector for
RAS (Adari et al., Science 240: 518 [1988]). In con-
trast, genetic analysis strongly suggests that IRA1
protein is involved with the down regulation of RAS
(Tanaka et al., Mol. Cell. Biol. 9: 757 [1989]), and
more specifically with its feedback control (Wigler
et al.,, Cold Spring Harbor Symp. Quant. Biol.
53: 649 [1988]; Ballester et al., Cell 59: 681 [1989];
Tanaka et al., Mol. Cell. Biol. 9: 757 [1989]). We have
found that mammalian GAP, when expressed in
yeast, does indeed down-regulate RAS (Ballester et
al., Cell 59: 681 [1989]). It down-regulates both wild-
type RAS2 and mammalian Ha-ras, when expressed
in yeast, but not the activated RAS2%" protein,
and can genetically complement iral~ yeast. These
results suggest to us that mammalian GAP may be
involved in the feedback inhibition of RAS in mam-
malian cells.

cAMP levels in yeast are regulated by glucose
(Thevelein and Beullens, J. Gen. Microbiol. 131: 3199
[1985]). Other nutrient effects may be mediated
through the cAMP effector pathway. We do not
know the chain of events by which these signaling
events occur. Other gene products besides those of
CDC25 and IRAI may be involved. To explore this
area, we have begun searching for genes that, when
overexpressed in yeast, can suppress the loss of IRAI
or can suppress the loss of CDC25. Several new can-
didate yeast genes have been identified, and they will
be characterized by sequence, genetic, and biochem-
ical analyses. To perform biochemical analysis, we
must first find conditions under which some com-
ponent can affect the nucleotide bound to RAS. We
are in the process of purifying CDC25 protein from
yeast to determine under what conditions it can cata-
lyze nucleotide exchange. We have shown that dom-
inant interfering mutants of RAS can block func-
tion of wild-type RAS (Powers et al., Mol. Cell. Biol.
9: 390 [1989]). Interference is suppressed by overex-
pression of CDC25. We therefore proposed that these
interfering RAS mutants form stable complexes with
CDC25. We are in the process of testing this hypoth-
esis by biochemical studies.

Our focus on the control of RAS is CDC25. For
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reasons stated below, we believe it is likely‘ thjat
CDC25 has a mammalian homolog. Qur studlels: 1Ir]1
yeast thus will help guide experiments 1n .mamma 1ad
cells. The fundamental question, bqth in yeggt an

in mammals, is the nature of the ult.m}aFe. m}tmﬂpg
signal for the pathway. In yeast, this initiating sig-

nal may originate from within the cell, perhaps a con-

sequence of the metabolic state of the cell. T here may
| in mammalian cells.

be a similar initiating signa

RAS in S. cerevisiae: Its
Interactions with Adenyly!
Cyclase

R. Ballester, J. Colicelli, K. Ferguson, J. Field, J. Gerst,
T Michaeli, M. Riggs, L. Rodgers, A. Vojtek

We showed several years ago that the major effects
of RAS proteins in yeast were explainable by their
stimulation of adenylyl cyclase and that RAS pro-
teins do indeed stimulate adenylyl cyclase in vitro.
It has remained an open question whether this in-
teraction is direct or whether it requires the presence
of intermediary proteins. To help resolve this ques-
tion, we are using extensive genetic and biochemical
approaches. S. cerevisiae adenylyl cyclase made in
Escherichia coli is neither full length nor RAS-
responsive (unpublished results). To purify the
adenylyl cyclase complex from yeast, we developed
a method of epitope fusion and utilized immunoaf-
finity chromatography. This epitope fusion method
is widely applicable for studying stable protein com-
plexes. The adenylyl cyclase purified by this method
copurifies with a tightly associated subunit with an
apparent molecular weight of 70K (Field et al., Mol.
Cell. Biol. 8: 2159 [1988]). We call this protein CAP
for cyclase-associated protein. We have raised poly-
clonal antisera to CAP and identified the cDNA en-
coding CAP (Field et al., Cell [1990] in press) by
screening an S. cerevisiae cDNA expression library
(a generous gift from J. Kuret, Structure Section)
with this antisera.

We have found that CAP is identical to a gene
we had previously isolated, called SUPC. supC was
a mutation that suppressed the phenotypes of acti-
vated RAS. In fact, cells that have disruptions of
CAP do not respond to activated RAS2"9 and the
adenylyl cyclase purified from such yeast does not
respond to RAS proteins in vitro.

We are currently testing if the coexpression of
CAP and adenylyl cyclase in E. coli is sufficient to
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generate a RAS-responsive c':omplex. At present, we
know that these two proteins do form a complex
when coexpressed in E. coli, but we do not yet know
if other factors are required to form a RAS respop.
sive complex. We are continuing the search for such
factors by both biochemical and genetic means,

CAP is itself an interesting protein. Preliminary
data suggest that it is conserved in evolution (see sec.
tion on S. pombe, below). Disruptions of CAPleaq
to a severe phenotype that, at present, can best be
explained by a failure to manage amino acid metab.
olism. We are in the process of testing this hypothe.
sis and are looking at the interaction of CAP with
GCN4, a protein involved in general amino acid me-
tabolism (Hinnebusch, Mol. Cell. Biol. 5: 9 [1985)).
The primary structure of CAP indicates that it cop-
tains two domains, separable by a stretch of prolines.
Work in progress suggests that each domain has a
distinct function: The amino-terminal domain s re-
quired for RAS responsiveness and the carboxy-
terminal domain is required for amino acid response,
We will continue to explore the function of CAP in
an attempt to understand its role in mediating RAS
effects, its role in mediating other signal transduc-
tion pathways in yeast, and its role in the evolution
of signal transduction pathways.

We have also investigated the domains of adenyly]
cyclase that appear to be required for interactions
with RAS by assaying the RAS responsiveness of mu-
tant adenylyl cyclase molecules in vitro. Figuring
prominently in this work is a domain of cyclase that
we call the leucine-rich repeat. The leucine-rich re-
peat occurs in the middle third of the adenylyl cy-
clase molecule and is composed of about 25 units
of a consensus motif 23 amino acids in length. This
motif is punctuated by proline and asparagine and
contains leucine or an aliphatic amino acid every two
to three residues. Similarly organized repeats have
now been noted in a number of mammalian and in-
sect proteins that form stable complexes with other
proteins (Field et al., Science 247: 464 [1990]). Our
work has shown that an adenylyl cyclase molecule
with an amino-terminal deletion within 100 amino
acids of the leucine-rich repeat is still fully RAS-
responsive (Colicelli et al., Mol. Cell. Biol. [1990] in
press). Deletions within the remaining molecule de-
stroy RAS responsiveness. Small inframe insertion
mutations reveal a different picture. Such mutations
are generally without effect, except within the
leucine-rich repeat. These data indicate that large-
scale spacing of the adenylyl cyclase molecule is crit-
ical to its ability to respond to RAS, and the struc-



tural requirements within the leucine-rich repeat are
especially rigorous.

We have discovered a second approach to study-
ing RAS/target interactions. Mutant forms of
adenylyl cyclase can actually interfere with the func-
tion of RAS, as evidenced by their ability to restore
heat-shock resistance to strains carrying the
RAS2v9 mutation (Field et al., Science 247: 464
[1989]). This observation led us to map the minimum
region of the adenylyl cyclase molecule capable of
interfering with RAS to the leucine-rich repeat it-
self. These studies also led to the design of genetic
screens for the mammalian effectors of RAS (see
below).

RAS in S. cerevisiae:
Its Other Functions

T Michaeli, A. Vojtek, H.-P. Xu

Although most of the functions of RAS in S. cere-
visiae can be explained by effects on the cAMP sig-
naling pathway, not all of its functions can be so
readily explained (Wigler et al., Cold Spring Har-
bor Symp. Quant. Biol. 53: 649 [1988]). First, rasl~
ras2” spores are not viable, whereas cyr/™ spores are.
Second, cells that are ras/™ ras2- and suppressed by
high-copy kinase genes, such as TPKI and SCHY,
are temperature sensitive, whereas cells that are cyri~
and suppressed by these kinase genes are not tem-
perature sensitive.

There is a third effect of RAS that is not readily
explained by its effects on adenylyl cyclase. We have
found that high levels of expression of an Ha-ras pro-
tein that has lost its carboxy-terminal processing site
(e.g., Ha-ras'r!86) can suppress the phenotype of the
RAS2v!9 gene in yeast (Michaeli et al., EMBO J.
8: 3039 [1989]). Our biochemical and genetic analy-
ses suggest that these types of Ha-ras mutants do
not interfere with the processing of RA4S2%" or its
interaction with adenylyl cyclase. Moreover, the mu-
tant Ha-ras proteins must be bound with GTP to
interfere. Our results are most readily explained if
the mutants of Ha-ras bind to a second RAS effec-
tor, effectively competing for its binding with
membrane-bound RAS. We think that this function
has been conserved in evolution, since similar inter-
fering effects of defective Ha-ras proteins are seen
in Xenopus oocytes (Gibbs et al., Proc. Natl. Aad.
Sci. 86: 6630 [1989]). Several candidate yeast suppres-
sor genes of these mutant Ha-ras genes have been

found and are being analyzed. These studies may
lead to the discovery of RAS effector pathways that
are truly conserved in eukaryotes.

RAS in S. pombe

M. Kawamukai, M. Riggs, L. Rodgers, Y. Wang,
H.-P. Xu, D. Young

We have initiated the study of RAS in S. pombe, a
fission yeast that is very diverged from S. cerevisiae.
At the nucleotide level, S. pombe appears as diverged
from S. cerevisiae as it is from mammals. In this or-
ganism, there is a single known homolog of RAS,
called ras! (Fukui and Kaziro, EMBO J. 4: 687
[1985]). rasi~ cells are viable, round, sporulation-
defective, and mating-deficient (Fukui et al., Cell
44: 329 [1986]). ras! does not appear to operate
through adenylyl cyclase. These differences between
S. pombe and 8. cerevisiae make the study of rasl
in S. pombe particularly attractive.

We have focused on the function of ras/ and have
utilized two approaches. First, we are in the process
of analyzing the adenylyl cyclase system of S. pombe.
Knowledge of this system will allow us to compare
and contrast S. pombe and S. cerevisiae RAS-re-
sponsive systems. We will be able to test S. cerevisiae
components in S. pombe to learn more about their
function. In particular, we will be able to learn if
these components are RAS-specific or adenylyl-cy-
clase-specific. Second, we are in the process of a
genetic analysis of suppressors of rasi-deficient cells,
in the expectation that some suppressors will encode
proteins in the ras/ effector pathway. Progress has
been made in both of these approaches. We have
identified the S. pombe gene encoding adenylyl cy-
clase (Young et al., Proc. Natl. Acad. Sci. 86: 7989
[1989]). This gene encodes a protein that is highly
similar to S. cerevisiae CYRI, including the carboxy-
terminal catalytic domain and the leucine-rich re-
peats. Amino-terminal to the repeats is complete
divergence. Overexpression of S. pombe CYRI leads
to sterility in that organism. We have begun to look
for suppressors of this phenotype. It is our expecta-
tion that S. pombe contains another RAS-like pro-
tein that controls its adenylyl cyclase activity.

The availability of the S. pombe system will en-
able us to examine the functions of S. cerevisiae genes
more clearly. For example, we have already found
that antibodies to S. cerevisiae CAP can be used to
precipitate S. pombe adenylyl cyclase activity. A
homolog to CAP must exist in this organism, and
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earching for it in S. pombe Fxpres-
sion libraries. By isolating this homolog, we will learp
about the evolution of the domains of CAP, and this
knowledge will help us to search for CAP homologs
in higher organisms. .

" Ongr genegtic analysis of the RAS pathway In
S. pombe has centered around the search for genes
that, when overexpressed, can suppress the ppeno-
type resulting from rasl deficiency: To do this, we
have created S. pombe strains lacking ras/ or con-
taining dominant interfering mutants in ras/, of the

type that we found in S. cerevisiae which block

CDC25 function (Powers et al., Mol. Cell. Btol.
9: 390 [1989]). Such cells are defective in sporulation.
One gene was isolated from a high-copy c.hromo-
somal library that could suppress the interfering ra:vl,
and we called it sirl. The nucleotide sequence of sirl
indicates that it encodes a serine/threonine kinase.
Genetic analysis indicates that the sirl product acts
downstream from Rasl protein and perhaps up-
stream of the product of byrl, another gene encod-
ing a protein kinase that is capable of suppressing
rasl deficiency (Nadin-Davis and Nasim, EMBO J.
7: 985 [1988]). Thus, it is likely that the sirl kinase
is closer to the root of the S. pombe rasl pathway
than is the byrl kinase. We are testing if sirl copuri-
fies as part of a ras/ responsive complex. In yeast,
Sirl protein appears to be exclusively membrane
bound. We have succeeded in expressing Sirl pro-
tein in E. coli.

we have begun s

Mammalian RAS

R. Ballester, E. Chang, J. Colicelli, K. Ferguson,
J. Field, C. Nicolette, M. Riggs, L. Rodgers,
A. Vojtek, H.-P. Xu

The parallels between the mammalian and yeast RAS
pathways are striking. First, mammalian RAS can
function in a yeast host and can stimulate yeast
adenylyl cyclase in vivo and in vitro. Second, yeast
RAS can function in mammalian cells to induce
transformation (DeFeo-Jones et al., Science 228: 179
[1985]). Third, mammalian GAP can complement
yeast deficient in JRA L. Fourth, we and other inves-
tigators have shown that Ha-ras mutants that are
dominant interfering in yeast are dominant interfer-
ing in mammalian cells (Powers et al., Cell 36: 607
[1984]; Feig and Cooper, Mol. Cell. Biol. 8 3235
[1988]). Most recently, we have shown that the yeast
SCD25 gene, a homolog of CDC25 (Boy-Marcotte
etal., Gene 77: 21 [1989)), can transform animal cells,
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Despite these similaritie.s, the targets of RAS actjop,
appear to be different 1n yf:ast and verteb.rates.

We have applied a genetic apgroach to identify.
ing mammalian components that m@ract with RAS,
We constructed mammalian cDNA libraries in yeag
expression Vectors and have searcht?d thc?se librarieg
for genes that can suppress mutations in the RAS
pathway in yeast (Colicelli et al., Proc. Natl. Acaq
Sci. 86: 3599 [1989]). We have utilized three types of
screens, using both S. cerevisiae and S. pombe 3
hosts.

The first cDNA screen has been for genes that
can suppress the heat-shock phenotype of cells with
the RAS2¥! mutation. The rationale for this screen
is that, like the defective adenylyl cyclase gene, the
mammalian effector of RAS might well interfere
with activated RAS. Several candidates have emergeq
from this screen. One set encodes CAMP phos-
phodiesterases (see below). The second set is under
evaluation. Genes from the second set do not ap-
pear to encode cAMP phosphodiesterases and bear
no homology with previously identified nucleotide
sequences in the data banks. At least one member
of this set encodes a product that interferes with ac-
tivated rasl in S. pombe. We expect that genes from
this set either encode true inhibitors of RAS func-
tion (e.g., by blocking nucleotide exchange) or, more
likely, are effectors of RAS that are not functional
in yeast hosts.

In the second cDNA screen, we have sought
cDNA genes that can suppress the loss of ras/ in
S. pombe. Several mammalian cDNAs have been iso-
lated this way, and they are still under investigation.
Among the genes so isolated have been Ha-ruas,
RAPI, and RAPIA. The latter two genes are mem-
bers of the RAS superfamily (Pizon et al., Oncogene
3: 201 [1988]). RAPI was also isolated as Ki-rev-1,
a gene capable of suppressing Ki-ras function in
mammalian cells (Kitayama et al., Cell 56: 77 [1989)).
Our results demonstrate that RAP genes and RAS
genes can share effectors.

The third cDNA screen is designed to search for
genes that can suppress S. cerevisiae with tempera-
ture-sensitive alleles of CDC25. We hope that this
screen uncovers mammalian homologs of CDC25.

The ROS Oncogene

C. Birchmeier, K. O'Neill, M. Riggs, S. Sharma

The ROS oncogene was first discovered as the trans-
forming principle of the avian retrovirus UR-2 (Neck-



ameyer and Wang, J. Virol. 53: 879 [1985]). We first
encountered it as MCF3, an oncogene arising by rear-
rangement following a DNA transfer experiment.
Subsequent studies revealed ROS to be expressed in
a high proportion of human glioblastomas, but in
very few other kinds of tumors, and not at all in nor-
mal glial cells. In glioblastomas, the predominant
mRNA is about 8.0 kb. We have cloned ¢cDNA to
this mRNA from SW1088 and have completed the
nucleotide sequence (Birchmeier et al., Cell 43: 615
[1985]). We have also cloned a cDNA to a 4.0-kb ROS
mRNA found in another cell line, U118 (Sharma et
al., Oncogene Res. 5: 91 [1989]). ROS can encode a
transmembrane tyrosine kinase that shares homol-
ogy with the product of the Drosophila melanogas-
ter sevenless gene, both in the intracellular kinase
domain and in the extracellular domain. Studies of
ROS have shown that in two out of two glioblas-
tomas, it has undergone mutation, consistent with
the idea that the aberrant expression of ROS con-
tributes to the malignancy of tumors of glial origins.
We plan to continue these studies, examining the ex-
pression of ROS in primary brain tumors, using an-
tisera to a ROS protein that we have developed. It
is our hope that ROS protein will prove to be a use-
ful cell surface marker for the diagnosis and treat-
ment of tumors of glial origin.

. lammalian cAMP Phosphodiesterase
Genes

G. Bolger, J. Colicelli, T. Michaeli, M. Riggs, L. Rodgers

In the course of analysis of mammalian cDNAs that
can suppress the effects of activated RAS in yeast,
we discovered several cDNAs encoding high-affinity
cAMP phosphodiesterases (Colicelli et al., Proc.
Natl. Acad. Sci. 86:3599 [1989]). These phos-
phodiesterases are of the class inhibited specifically
by rolipram, and they comprise a family of enzymes
similar in structure to the product of the dunce lo-
cus in D. melanogaster (Chen et al., Proc. Natl. Acad.
Sci. 83: 9313 [1986]). We have begun identifying and
enumerating the species of phosphodiesterases ex-
pressed in human brain. The number of such genes
expressed is surprisingly high. We are pursuing this
project in the expectation that the characterization
of the phosphodiesterases may be of medical value
and in the hope that an understanding of the pat-
tern of gene expression may lead to insights into

the organization and evolution of neuronal cell
populations.

A New Method for Genomic
Difference Cloning

| Wieland, G. Bolger, K. O'Neill, G. Asouline

One common and fundamental problem of molec-
ular biology confronts us when two similar genomes
differ and we desire to understand the difference. One
simple form of this problem can occur when a ge-
nome becomes deleted for sequences present in an-
other due to germ line mutation, as can happen in
genetic disease, or due to somatic mutation, as can
happen during the development of cancer. Differ-
ences can also be acquired by infection with a DNA-
based pathogen. Methods for identifying and isolat-
ing sequences present in one DNA population that
are absent or reduced in another are called “differ-
ence cloning.” Methods for difference cloning of
c¢DNA populations have been widely described. Only
one method for the difference cloning of genomic
DNA is reported in the literature. This method was
first described by Lamar and Palmer (Cell 37: 171
[1984]), who used it to clone sequences from the Y
chromosome. Kunkel and co-workers used a varia-
tion of this method to clone fragments of the
Duchenne’s muscular dystrophy locus (Kunkel et al.,
Proc. Natl. Acad. Sci. 82: 4778 [1985]), which be-
comes deleted in some afflicted individuals. We have
developed a different method for genomic difference
cloning that is potentially more powerful (Wieland
et al., Proc. Natl. Acad. Sci. [1990] in press). Al-
though our method is not yet sufficient to isolate
and define the small differences in genomes that
would make it enormously useful as a tool for the
study of neoplasia or infectious disease of viral ori-
gin, improvements are under way that will bring our
method into that range. In its present state, our
method is useful for the analysis of some genetic dis-
eases and infectious diseases of unknown origin.
In our procedure for genomic difference cloning,
sequences present in one genomic DNA population
(“tester”) are isolated that are absent in another
(“driver”). By subtractive hybridization, a large ex-
cess of driver is used to remove sequences common
to a biotinylated tester, enriching the “target” se-
quences that are unique to the tester. After repeated
subtractive hybridization cycles, tester is separated
from driver by avidin/biotin affinity chromatogra-
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phy, and single-stranded target is amplified by the

. . le-
polymerase chain reaction, rendering it doub

two situations: the gain of sequence o
infection with a pathogen and the loss o.f seq\t;a .
that result from a large hemizygous deletion. We 0 ’
tain 100-700-fold enrichment of target sequer;c?) .
We are in the process of improYing the methol. y
exploiting the second-order kinetics pf se{f anrfea ing.
We are hopeful that we can soon begin to identify very
small sequence differences between chromosomes.
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RAS ONCOGENES AND SIGNAL TRANSDUCTION

D. Bar-Sagi N. Gale S. Palmer
L. Graziadei A. Samatar
S. Kaplan Y. Yeh

During the past year, our research has continued to
focus on two areas: (1) the cellular function of ras
proteins and (2) the molecular properties of
phospholipase A, (PLA;). Both ras proteins and
PLA,; have been implicated in the transduction of
signals across the plasma membrane, and earlier
studies from our laboratory indicate a possible
functional link between PLA,; activation and ras-
induced cell transformation. Our goal is to under-
stand the role that these proteins play in the control
of cell proliferation.
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Molecular Cloning of
Phospholipase A,

N. Gale, S. Palmer, A. Samatar, D. Bar-Sagi

During the past several years, evidence has been
accumulating in support of a role for membrane
PLA, (mPLA,) in the transduction of mitogenic
signals. A major aim in our laboratory has been the
cloning of mPLA,. As an initial approach, we have
carried out immunological screening of rat pan-



creatic and rat brain Agtll libraries using rabbit
polyclonal anti-PLA; antibodies. These antibodies
recognize mPLA,; in rat cells, as determined by
immunocytochemical and functional assays, and
therefore constitute a potentially powerful tool for
use in screening cDNA expression systems. However,
exhaustive screening of a Agtll cDNA expression
library from rat brain tissue has not yielded positive
clones. Presumably, the low abundance of PLA,
message within cells and/or the toxic effects of its
overexpression in the Escherichia coli system has
made the cloning of PLA,; refractory to this meth-
od. In an attempt to circumvent these difficulties,
we are utilizing the polymerase chain reaction (PCR).
Alignment of the peptide sequences of all the known
mammalian PLA;s reveals a significant sequence
divergence among these enzymes. However, several
regions of high conservation can be identified,
including the calcium-binding loop and regions
comprising the enzyme’s active site. Using the
information generated by these alignments, we have
designed several slightly degenerate pairs of synthetic
oligonucleotide primers to be used to amplify the
rare PLA, sequence from rat brain cDNA. Although
this research is still in progress, pilot studies suggest
that this method will yield success in the cloning of
intracellular PLA,.

To learn more about the structure, function, and
evolution of PLA,, we have also sought to clone
the genes for other members of the PLA, family
from Drosophila melanogaster and Saccharomyces
cerevisiae. Toward this end, we are using a full-length
¢DNA clone of the secreted pancreatic form of the
enzyme that was isolated in our laboratory. South-
ern analysis reveals several hybridizing bands when
using the pancreatic cDNA probe at low stringency.
To date, a Drosophila genomic DNA library has been
screened, and several positive phages have been iso-
lated. Characterization of these clones from Drosoph-
ila and the pursuit of similar clones from yeast will
be the focus of continuing effort in the laboratory.

Role of Phospholipase A,
in Exocytosis

L. Graziadei, D. Bar-Sagi
Last year, we demonstrated that microinjection of

the ras oncogene induces exocytotic degranulation
in rat peritoneal mast cells. This exocytotic response

involves the translocation of histamine-containing
granules to the plasma membrane, fusion of the gran-
ule and plasma membranes, and subsequent release
of the granule contents to the extracellular space. Cel-
lular PLA, is a candidate for a mediator of this re-
sponse as the enzyme’s activity results in the release
of lysophospholipids, which are potent membrane
fusogens.

We have used our polyclonal anti-PLA; serum to
analyze the participation of PLA,; in ligand-induced
exocytotic degranulation. Affinity-purified prepara-
tions of these anti-PLA, antibodies recognized a
16-kD band on immunoblots of total cellular pro-
teins from mast cells. Furthermore, incubation of
mast-cell membranes with the anti-PLA, antibod-
ies resulted in a significant inhibition of PLA, ac-
tivity, as assayed by thin-layer chromatography.
These results indicate that the anti-PLA, antibod-
ies recognize a population of the mast-cell mem-
brane-associated PLA,. Compound 48/80 and the
calcium ionophore A23187 are each capable of in-
ducing mast-cell degranulation. Compound 48/80
acts via a cell surface receptor, whereas A23187
bypasses the receptor and activates the exocytotic re-
sponse by postreceptor signals. Microinjection of
affinity-purified anti-PLA; antibodies inhibited de-
granulation induced by compound 48/80, and that
induced by calcium ionophore was unaffected. These
observations suggest a regulatory role for PLA, in
ligand-induced exocytosis.

The anti-PLA, antibodies were employed in an
immunocytochemical localization study utilizing in-
direct immunoperoxidase and immunogold tech-
niques. Resting mast cells show a low level of im-
munoperoxidase staining primarily on the cell
membrane and, infrequently, on intracellular mem-
branes, including those of the histamine-containing
granules. Enhanced staining was detected on mem-
brane ruffles. Stimulation of cells with compound
48/80 or calcium ionophore induced a dramatic
redistribution of staining. Heavy, discrete patches of
staining were evident over the points of apposition
between the plasma membrane and granule mem-
brane that appear prior to membrane fusion. Sur-
rounding areas of membrane were depleted of stain-
ing. To refine the localization of immunoreactive
material, immunogold labeling was performed. A
sporadic gold labeling of the granule matrix was ob-
served in resting and stimulated cells. Granule mem-
branes showed little labeling, whereas most of the
gold particles were localized to the plasma membrane.
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Taken together, our observations indicate that
catalytic activity of PLA, is required for some types
of ligand-induced exocytosis in rat peritoneal mast
cells. The spatial redistribution of this enzyme dur-
ing exocytosis is consistent with a role for PLAZ.as
a catalytic membrane fusogen. Our future studies
will focus on the functional interrelation between
PLA, and ras proteins in the exocytotic response.

Role of ras Proteins in
Transmembrane Signaling
in B Lymphocytes

L. Graziadei, D. Bar-Sagi [in coliaboration with K. Riabowol,
Cold Spring Harbor Laboratory]

Signal transduction in B lymphocytes is marked by
a well-characterized set of morphological changes:
surface immunoglobulin (Ig) receptors cross-linked
by antibody or appropriate multivalent antigens
form aggregates called patches that then collect, via
interaction with the cytoskeleton, into a single cap-
like assembly at one pole of the cell. Receptor aggre-
gation constitutes the initial signal for a process
known as B-cell activation, which includes growth
factor receptor expression, clonal proliferation, and
Ig class switching. The movement of cross-linked sur-
face Ig provides a useful experimental system for the

identification of other cell membrane componentg
that may be involved in B-cell acFivation. In partic-
ular, using double-labeling techniques, it is possib]e
to monitor the movement of surface Ig induced by
a specific labeled ligand while visualizing any as.
sociated changes in the localization of a second, spe-
cifically labeled membrane component.

We have used double immunofluorescence stain-
ing to monitor the distribution of ras proteins ip
mouse splenic B cells during various stages of patch-
ing and capping. Surface Ig was stained with flug-
rescein-conjugated goat anti-mouse IgG. ras proteing
were stained using affinity-purified rabbit anti-rgs
antibodies, followed by rhodamine-conjugated goat
anti-rabbit IgG. The specificity of the anti-ras anti-
bodies was established by immunoprecipitation and
immunofluorescence staining. Resting cells displayed
a uniform membrane staining of IgG and ras. How-
ever, stimulation of B cells with anti-mouse Ig was
accompanied by the redistribution of ras proteins,
At each stage of patching and capping, ras redistri-
bution paralleled that of surface IgG, with ras be-
coming directly localized under each patch and cap
(Fig. 1). The kinetics of redistribution of each pro-
tein were identical.

We have initiated studies aimed at understand-
ing the mechanisms underlying the redistribution of
ras proteins and the functional significance of this
redistribution event. Treatment of B cells with meta-

¢

FIGURE 1 Redistribution of surface IgG and p2173 in mouse splenic B lymphocytes treated with anti-

mouse |Igg. Irf\duction pf patphing and capping was carried out using fluorescein-conjugated goat anti-
Im%use 9G or fluorescein-conjugated Con A. Upper panels show the fluorescence staining pattern of surface
g ; (a,c,g,g) anq Cpn A recgptors (/), and lower panels show the fluorescence staining pattern of p21@S
(at ) %Jr:!fornlw distribution prior to stimulation with goat anti-mouse IgG or Con A; (c,d) patching after 5
min of stimulation; (e,f) capping after 15 min of stimulation: ( el i

: . . ‘ :(9) 1gG caps at 15 min of stimulation; (h) same
cells asin panel h stained with secondary antibody alone; (/) Con A cap after 30 min of stimulation.(lvzagnifi-

cation, 3312x.
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bolic inhibitors or with cytoskeletal disrupting agents
prevents surface Ig capping. Under these conditions,
IgG is arrested in patches and ras remains in a cor-
responding patchy distribution. Furthermore, we
have demonstrated the specificity of ras capping by
using concanavalin A (Con A), a nonmitogenic lec-
tin, to induce the capping of Con-A receptors. Al-
though Con-A-induced caps are morphologically in-
distinguishable from those induced by IgG, ras
displays a resting, uniform membrane distribution
in these cells (Fig. 1). Thus, the redistribution of ras
proteins appears to be a signal-specific event. Over-
all, these findings illustrate for the first time the dy-
namic aspects of the association of ras with the
plasma membrane and provide evidence that the dis-
tribution of ras proteins can be controlled by recep-
tor-ligand interaction. We are now investigating the
functional significance of this redistribution event.
Two possibilities are being specifically examined: (1)
ras protein as a component of the mechanism for
the ligand-induced capping process or (2) ras pro-
tein as a component of the signaling pathway trig-
gered by the aggregation of ligand-receptor complexes.

Association of ras Proteins with
Cellular Polypeptides

S. Kaplan, D. Bar-Sagi

We are using polyclonal anti-ras antibodies to iden-
tify cellular proteins that interact with p217. In ad-
dition to p217 proteins, the anti-ras antibodies
precipitate from A431 cell lysates several polypep-
tides with relative molecular weights of approxi-
mately 150K, 120K, 105K, and 50K. Two-dimensional
gel electrophoresis of the immunoprecipitates reveals
two additional, although less prominent, “coprecipi-
tates” with relative molecular weights of 50K and
60K. Several lines of evidence suggest that these pro-
teins are cellular polypeptides that interact with ras:
(1) These polypeptides are not precipitated from cells
when the antibody is preincubated with an excess
of purified ras protein. (2) After denaturation, the
p217 proteins, but not the other polypeptides, are
specifically recognized by the antibodies. (3) In im-
munoblots of A431 cells, the anti-ras antibodies did
not detect the ras-associated polypeptides. Thus, it
is unlikely that the 150K, 120K, 105K, and 50K poly-
peptides are recognized directly by the anti-ras anti-
bodies due to epitopes shared with p21'* proteins.
Cellular fractionation reveals that the 150K polypep-
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FIGURE 2 Immunoprecipitation of native or denatured proteins
from A431 cells. A431 cells were labeled with [35S]methionine,
and cell lysates were prepared in RIPA buffer with or without 1%
SDS. The SDS-treated lysates were boiled for 5 min and then
diluted tenfold with RIPA buffer. Aliquots from the native and the
denatured samples were immunoprecipitated with the anti-ras
(a-ras) antibodies or with the anti-ras antibodies preincubated
with 1 pg of purified Ha-ras protein (T24). The immune complexes
were collected on protein A-Sepharose, washed, and separated
on a 12.5% SDS-polyacrylamide gel.

tide is found exclusively in the membrane (P-100)
fraction, whereas the 120K and 105K polypeptides
are found in both the membrane and soluble (S-100)
fraction. The 120K and 105K are phosphorylated on
serine and threonine residues. We are currently char-
acterizing the association of these proteins with
p217 in normal and ras-transformed cells. Our aim
is to establish whether the cellular proteins consti-
tute functional targets for ras proteins.
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NUCLEAR ONCOGENES AND SIGNAL TRANSDUCTION

M. Gilman R. Attar R. Graham
L. Berkowitz K. Riabowol
D. Girgenti W. Ryan

Our major interest is how extracellular signals are
communicated to the nucleus. Our focus is the proto-
oncogene c-fos, which is a critical crossroads for in-
formation flow to the nucleus. The c-fos gene is rap-
idly activated at the transcriptional level by trigger-
ing of any one of several intracellular signal
transduction pathways. Sequences within the c-fos
gene thus constitute physical targets for these incom-
ing signals. Several projects in our laboratory are
concerned with identifying these target sites and trac-
ing the signaling chains back toward the cell surface.

The product of the c-fos gene is a nuclear protein
that participates in the formation of a heterogeneous
set of sequence-specific DNA-binding proteins that
are presumed to act on the next set of genes acti-
vated in the transcriptional cascades triggered by
growth and differentiation factors. Thus, the c-fos
gene is itself part of the cell’s signal transduction ma-
chinery, acting to convert short-term signaling in-
formation (on the order of minutes) to long-term
cellular responses (on the order of hours and days).
Other projects in the laboratory are aimed at under-
standing the role of Fos in this process and especially
how the biological specificity of growth factors might
be reflected in the make-up of Fos protein complexes.
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Functional Analysis of the
Serum Response Element

M. Gilman, R. Graham

A major DNA target in the c-fos gene for incoming
signals is the serum response element (SRE). The
SRE was first identified as a sequence required for
induction of c-fos transcription by whole serum.
Subsequently, the SRE was shown to consist of a 20-
bp dyad symmetry element that is necessary and suf-
ficient for the response of c-fos to serum, many pu-
rified growth factors, and at least two distinct intra-
cellular signal transduction pathways. More recently,
the SRE has also been shown to be the target for
repression of c-fos transcription in unstimulated cells
and for the rapid repression that follows induction
by serum. In the latter case, the Fos protein itself
is believed to play a role. Thus, the SRE is a mul-
tifunctional element. As described below, the SRE
is a binding site for at least three cellular DNA-
binding proteins. At least one of these proteins is
required for activation of c-fos transcription in re-
sponse to serum, because microinjection of an SRE
oligonucleotide into quiescent cells blocks subse-



quent induction of c-fos expression by serum. Other
proteins may be required for repression.

To attempt to assign specific functional roles to
each of the DNA-binding proteins that interact with
the SRE, we performed saturation mutagenesis on
a portion of the SRE that is contacted by all three
proteins. Our goal was to generate a collection of
mutant sites that bound distinct combinations of the
three proteins. Of particular interest, we isolated sev-
eral single-nucleotide substitutions in the SRE that
bound one protein, SRF, at wild-type levels but failed
to form a ternary complex with a second protein
(p627CF) that specifically recognizes the SRE-SRF
complex (Fig. 1). This ternary complex has been
reported to be required for serum activation of c-fos
transcription. However, each of these mutants was
found to be inducible by serum at at least wild-type
levels. Our current hypothesis is that the SRF-p62™F
is required for activation by some but not all signal-
ing pathways.

Structural and Functional Studies
of SRE-binding Proteins

W.A. Ryan, Jr., M. Gilman [in collaboration with
D. Marshak and E. Chang, Cold Spring
Harbor Laboratory]

The c-fos SRE is a control element that mediates
c-fos activation by several distinct intracellular sig-
nal transduction pathways and c-fos repression by
one or more distinct pathways. To understand how
these different activities are regulated, we are study-
ing the cellular DNA-binding proteins that interact
at the SRE. Until recently, only a single SRE-binding
protein was known. This protein is SRF, a 67-kD pro-
tein that binds symmetrically to the SRE. Mutations
that interfere with SRF binding abolish both induc-
tion and repression of c-fos transcription. However,
it has not been possible to demonstrate any biochem-
ical changes in SRF activity or structure that accom-
pany c-fos induction or repression, so the specific
function of SRF has remained obscure. To identify
additional DNA-binding proteins that might partic-
ipate in the complex regulatory events at the SRE,
we fractionated human cell nuclear extracts and used
two different DNA-binding assays to look for novel
SRE-binding proteins. We found two. One protein
binds directly to the SRE in asymmetric fashion dis-
tinguishable from SRF. Its apparent molecular mass
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FIGURE 1 DNA-binding assay of mutant serum response ele-
ment derivatives. Nine SRE probes, each containing a single
nucleotide substitution, were used as substrates in a mobility-
shift assay. Each probe was assayed with partially purified nu-
clear fractions enriched for SRF and p62TCF. Arrow points to the
ternary complex containing SRE DNA and both proteins. The
lower band contains only SRF.

is 62 kD, as determined by DNA-affinity precipita-
tion and by UV cross-linking, and it is chromato-
graphically separable from SRF. We call this protein
p62PBF (direct binding factor). A second protein,
chromatographically distinct from the other two pro-
teins, does not bind directly to the SRE, but rather
specifically recognizes and binds the SRF-SRE com-
plex, forming a biochemically distinguishable ter-
nary DNA-protein complex. This protein complex
makes additional contacts with SRE DNA on the
5'side of the dyad not obtained with SRF alone. By
UV cross-linking, we have determined the size of this
protein to be 62 kD, and we call it p62TF (ternary
complex factor). The two 62-kD proteins are bio-
chemically and chromatographically distinct, but the
possibility remains that they are related forms of the
same polypeptide.

The specific roles played by each of these proteins
in the c-fos transcription cycle remain to be estab-
lished. At present, we have been unable to demon-
strate any biochemical modifications to these pro-
teins associated with induction or repression of ¢-fos
transcription. The DNA-binding activities of the pro-
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teins do not appear to change, and although these
are phosphoproteins in vivo, we have detected’no
changes in the phosphorylation state of the protems.
More sensitive assays are being used to examine these
ins in vivo. ‘
PTQIE(e)l?:r;y out structural and functional stu('iles of
SRF, we have obtained an SRF cDNA fI‘OII.l Rlchgrd
Treisman (ICRF) and expressed the protein at high
levels in Escherichia coli. E. coli SRF has an'appar-
ent molecular mass of 62 kD. It bind§ s:peglflcally
to the SRE in vitro, but its specific act1v1t.y‘1n these
assays is substantially lower than SRF purified fr9m
human cells. In addition, it is inef ficieqt at forming
a ternary complex with p62TC¢F. Preliminary results
suggest that E. coli SRF is efficiently phosphorylated
in vitro by casein kinase II (CK-II) and that'ph‘os-
phorylation significantly augments it§ DNA-binding
activity. Ongoing experiments are almeq at ‘under-
standing the role of CK-II phosphorylation in SRF

function.

Cloning of a Novel
SRE-binding Protein

R. Attar, M. Gilman

As described above, the SRE is a target for multiple
signals that activate and repress c-fos transcription.
The SRE is a binding site for at least three cellular
DNA-binding proteins. One of these proteins,
p62PBF | binds directly to the SRE in a manner dis-
tinguishable from that of SRF. To determine the
structure and function of this protein and its possi-
ble relationship to the other 62-kD SRE-binding pro-
tein, p62T¢F, we have purified this protein by DNA-
affinity chromatography and have attempted to iso-
late cDNA clones encoding it.

We screened a HeLa cell cDNA expression library
for phage expressing proteins that specifically bound
an SRE oligonucleotide. For this study, we used a
variant SRE sequence that binds p62PBF with high
affinity and binds SRF with low affinity. We isolated
a phage that encoded a lacZ fusion protein that spe-
cifically bound this SRE oligonucleotide, but not a
mutant site that does not bind the human protein
in vitro. The fusion protein binds specifically to the
SRE in both a Southwestern blot and a mobility-shift
assay (Fig. 2).

Analysis of the partial DNA sequence of this
clone revealed that it was a previously unidentified
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gene that belongs to the family of Zinc'finger_
containing proteins related to the Drosophila Krup.
pel gene. The clone contains seven tandem repeats
in the carboxyl terminus that match the zinc finger
consensus for this gene family. In the zinc finger re.
gion, the clone shares 65% sequence identity with
several human and mouse Kruppel-related genes,
The presence of zinc fingers in this clone strong]y
suggests that it is a DNA-binding protein and prop.
ably a transcription factor. Experiments currently
under way are aimed at determining whether thjg
clone indeed encodes p62P%F and what its effector
function is.

Regulation of c-fos
Transcription by cAMP

L. Berkowitz, M. Gilman

Among the signal transduction pathways that acti-
vate c-fos transcription is the well-characterized
cAMP pathway. We had found previously that in-
duction of c-fos transcription by cAMP was inde-
pendent of the SRE. To locate the sequences in the
c-fos promoter responsive to cCAMP, we tested a se-
ries of promoter deletions and point mutants for
their ability to respond to CAMP in a transient ex-
pression assay. We found that the c-fos promoter car-
ries multiple elements that contribute the cAMP re-
sponsiveness of the promoter. The relative strengths
of these sites as CREs correlated with their affinity
for CRE-binding factors in vitro. Thus, their
strengths reflect their intrinsic activities and not their
relative positions in the promoter.

The elements we mapped in the transient expres-
sion assay are functional as CREs in the endogenous
c-fos gene. This was demonstrated by microinjection
competition assays. We microinjected into quiescent
fibroblasts double-stranded oligonucleotides corre-
sponding to the major CRE at —65 and to the SRE
and stimulated the cells with cAMP or serum. Treat-
ment with cAMP failed to induce c-fos expression
in cells injected with the CRE oligonucleotide but
induced c-fos normally in cells injected with SRE
DNA. Conversely, induction of c-fos expression by
serum was blocked by the SRE oligonucleotide but
not by the CRE. We therefore concluded that bind-
ing of proteins to elements related to the CREs
mapped in the transient expression assays is also re-
quired for activation of the endogenous c-fos gene
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FIGURE 2 DNA-binding assays of novel SRE-binding protein. Cultures of E. coli were infected with phage vector or two insert-containing
recombinants. A2 is the clone described in the text; E2 is an independently isolated clone carrying a different insert. Portions of
the infected cells were lysed and loaded onto an SDS/polyacrylamide gel. (A) Portion of the gel stained with Coomassie blue; (B)
identical gel lanes were blotted to nitrocellulose. In lanes 7-6, proteins on the filters were denatured in guanidine HCI and renatured
by dilution; lanes 7-12 were not treated in this way. The filters were incubated in solution containing radiolabeled oligonucleotide
encoding an SRE derivative (PM34) that binds p62DBF or a derivative that does not bind (PM12). (C) Mobility-shift assay of solubilized
fusion proteins with the same probes as in panel B and with a true wild-type SRE probe.

in its natural chromatin configuration. Moreover, un-
related elements such as the SRE do not play a sig-
nificant role in regulating c-fos expression in re-
sponse to CAMP in these cells.

Microinjection experiments carried out previously
in the lab demonstrated that activation of c-fos ex-
pression by CAMP was due to the catalytic activity
of cAMP-dependent protein kinase (pkA) and that
the action of pkA also required CRE-binding pro-
teins. These observations suggested a model in which
activation of gene expression by cCAMP occurs via
phosphorylation of cellular proteins by pkA that
eventually act on CREs. The simplest form of this
model is that this interaction is direct, i.., that pkA
directly phosphorylates and activates CRE-binding
transcription factors. A candidate for such a factor
has recently been described by M. Montminy and
colleagues. This protein, termed CRESB, is a high-
affinity CRE-binding protein that is phosphorylated
in vitro by pkA. To determine whether direct phos-

phorylation of CREB by pkA could account for
regulation of gene expression by cAMP, we isolated
c¢DNA clones encoding human CREB. We recovered
two distinct clones that differed by a 14-amino-acid
peptide. Both CREB mRNAs are widely expressed
in many tissues. Both encode proteins that bind as
dimers to the c-fos CRE in vitro (Fig. 3). Both func-
tion as cAMP-regulated transcription factors in vivo.
When the site of phosphorylation by pkA was mu-
tated, cAMP-regulation of CREB activity was lost.
This observation is consistent with direct phosphory-
lation of CREB by pkA. The two forms of CREB
differ in their transcriptional activities when the pkA
phosphorylation site is destroyed. This observation
suggests a regulatory role for the inserted peptide
in the larger form of CREB.

Current experiments are directed at learning
whether CREB or other CRE-binding proteins par-
ticipate directly in the regulation of c-fos expression
in vivo. A second issue we would like to address is
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FIGURE 3 DNA-binding assay of in-vitro-translated CREB pro-
teins. CREB cDNAs were transcribed into mRNA in vitro using
T7 RNA polymerase, and the resulting RNA was translated in
a reticulocyte lysate. Shown is a mobility-shift assay of the reticulo-
cyte lysates programmed by CREB-A RNA (lanes 2-4, 11), CREB-
B RNA (lanes 5-7, 12), brome mosaic virus RNA (lanes 8-10).
The probes were c-fos promoter fragments containing either a
wild-type CRE (located at —65 in the promoter) (lanes 7-10), or
asimilar probe carrying mutations that inactivate the CRE (lanes
11-13).

where in the cell phosphorylation of CREB by pkA
takes place and how nuclear translocation of either
the kinase or phosphorylated CREB is regulated.

Generation of Antibodies
against Fos-associated
and Fos-related Proteins

K. Riabowol, D. Girgenti, M. Gilman

The Fos protein associates with a subset of proteins
in the nucleus, which includes the protein product
of the c-jun proto-oncogene. Like Fos, Jun is a nu-
clear transforming protein and both are members of
a set of DNA-binding proteins collectively termed
AP-1, which specifically bind activator protein-1 (AP-
1) sites. These sites are also referred to as TPA-
response elements (TREs). The Fos protein is able
to bind DNA by itself, but both specificity and
avidity of binding are conferred when Fos is com-
plexed with Jun. For example, in one set of experi-
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FIGURE 4 Immunoprecipitation of T-cell lysates with antisera
raised against Fos and Fos-associated proteins. [*5S]Methionine-
labeled H9 cell lysates were prepared from ionomycin-stimulated
(+) or unstimulated (-) H9 cells under denaturing (D) or non-
denaturing (ND) conditions. Lysates were immunoprecipitated
with antiserum from rabbits immunized with TrpE-Fos fusion pro-
tein (R1, R2) or with total proteins from preparative Fos im-
munoprecipitations. Immunoprecipitations from stimulated cells
were also done in the presence of unlabeled Fos fusion protein
(P) to determine if antisera from these rabbits directly recognized
the proteins they precipitated under nondenaturing conditions.

ments in which c-Jun homodimers were observed to
bind a TRE sequence, Fos:Jun heterodimers bound
30-fold more efficiently, whereas c-fos failed to bind
at detectable levels.

Fos, Jun, and the protein products of several other
genes including FosB, FRA1, JunB, and JunD con-
tain a highly conserved basic motif believed to bind
DNA, and a structure termed the leucine zipper. The
leucine zipper consists of a heptad repeat of leucine
residues that are oriented toward one “face” of an
a-helical polypetide. Leucine residues on an a-helical
region of one protein are proposed to interdigitate
with those of a second protein, resulting in dimer



formation through strong hydrophobic interactions.
Recent evidence suggests that the sequences of the
leucine zipper regions control the stability and there-
fore the composition of protein complexes that form
in vivo. This, in turn, would determine which com-
plexes could subsequently associate with subsets of
specific DNA regulatory regions, thereby regulating
gene expression through more amino-terminal acti-
vation domains. These observations suggest that the
diverse effects upon cellular physiology seen when
various cell types are treated with different extracel-
lular stimuli might be due to the expression of de-
fined subsets of the Fos/AP-1 complex proteins.
To determine if such cell-type-specific or stimulus-
specific expression of Fos complex proteins occurs
in vivo, we have taken a two-step immunological ap-
proach. The first step involves identification of cell-
type-specific or stimulus-specific proteins of the Fos
complex. As shown in Figure 4, antisera from two
rabbits immunized with TrpE-Fos fusion proteins (R1
and R2) directly recognize [**S]methionine-labeled
Fos protein from stimulated T cells under both de-
naturing (D) and nondenaturing (ND) conditions.
However, when antisera were preincubated with
excess Fos fusion protein, no Fos protein was re-
covered (lanes marked P). Antisera from these two
rabbits also independently recognize two other prom-
inent proteins, but only under nondenaturing con-
ditions. This suggests that these proteins associate
with the Fos/AP-1 complex by binding to discreet
regions of the Fos protein. One of these proteins mi-
grates on one- and two-dimensional gels similarly
to the previously characterized Fos-associated on-
coprotein Jun (antiserum from R1). The other pro-
tein called p35 in Figure 4 migrates with an M, of
35 kD, has an isoelectric point similar to that of the
characterized Jun proteins, and, like the putative
form of Jun recovered by R1 antiserum, is synthe-
sized in the absence of stimulation in T cells. Since

CELL BIOLOGY OF THE NUCLEUS

G. Lark

D.L. Spector S. Huang

R. Derby

we have been unable to detect the presence of p35
in a wide variety of human and rodent cell lines, p35
likely represents a T-cell-specific member of the Fos
protein complex. As a first step toward cloning p35
and other uncharacterized members of the Fos pro-
tein complex, large amounts of Fos complex proteins
were isolated using affinity-purified Fos antibodies
that had been cross-linked to protein A-Sepharose
beads. A rabbit was inoculated several times to gener-
ate antibodies that directly recognize proteins which
associate with Fos. Reactivity against several proteins
including Jun and p35 was obtained after three in-
jections. Unlike the case for antisera raised against
the Fos fusion protein, preincubation of the antise-
rum from rabbit 3 (R3) with Fos fusion protein failed
to prevent the immunoprecipitation of p35, Jun, or
the majority of other proteins recognized by this an-
tiserum (Fig. 4, compare R3 lanes ND* and P*). This
antiserum and monoclonal antibodies also generated
by boosting animals with proteins of the Fos com-
plex will be used to screen protein expression libraries
to isolate cDNA clones of these proteins.

PUBLICATIONS

Berkowitz, L.A., KT. Riabowol, and M.Z. Gilman. 1989. Multiple
sequence elements of a single functional class are required
for cyclic AMP responsiveness of the mouse c-fos promoter.
Mol. Cell. Biol. 9: 4272-4281.

Ryan, W.A., Jr, BR. Franza, Jr, and M.Z. Gilman. 1989. Two
distinct cellular phosphoproteins bind to the c-fos serum
response element. EMBO J. 6: 1786-1792.

In Press, Submitted, and In Preparation

Berkowitz, L.A. and M.Z. Gilman. 1990. Two distinct forms of
transcription factor CREB. (In preparation.)

Riabowol, KT., D.Q. Girgenti, and M.Z. Gilman. 1990. A T-cell-
specific member of the Fos protein complex. (In preparation.)

Riabowol, KT., DQ. Girgenti, and M.Z. Gilman. 1990. Biochemi-
cally and immunologically distinct Fos-containing complexes.
(In preparation.)

had several changes in personnel. Dr. Wai-Kit Chan
left the laboratory to attend Columbia University
Law School. Michael Delannoy, a technician in the

Our research program has continued to focus on the
structural-functional organization of the mam-
malian cell nucleus. During the past year, we have
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laboratory, has left to assume a new position at Johns

Hopkins University, where he is responsible fo.r the
operation of the electron microscopy laboratory., J oe
Suhan has left for an electron microscopy position
at Carnegie-Mellon University.

Dr. Sui Huang joined the laboratory as a post-
doctoral fellow, and she will be working on mRNA
transport. Gayle Lark joined the laborat'ory as an
electron microscopy technician, and she 1s c'onc.en-
trating on projects relating to nuclear locgllzatlon
of proteins involved in pre-mRNA processing. The
use of the electron microscopy core facility has con-
tinued to expand, and a large number of collabora-
tions are under way with the excellent techniga! ex-
pertise of Robert Derby, who has also recently joined

the laboratory.

Reorganization of snRNP-enriched
Nuclear Regions upon Alterations
in the Level of Transcription

D.L. Spector, M. Sovak [Undergraduate Research Program]

In a series of previous studies, we have shown that
small nuclear ribonucleoprotein particles (snRNPs)
are distributed in a nuclear network that extends be-
tween the nucleolar surface and the nuclear envelope-
lamina. In addition, we have shown that the bulk
of nuclear DNA is not contained within this nuclear
region. In the present study, we are interested in de-
termining the effects of alterations in the level of
transcription on the distribution of snRNPs. Cells
treated with 0.04 ug/ml of actinomycin D (for 2 hr),
a drug concentration that inhibits RNA polymerase
I activity, showed no alteration in the distribution
pattern of snRNPs (Fig. 1d) as compared to control
cells (Fig. 1b). Cells treated with 0.04 pg/ml ac-
tinomycin D showed little to no autoradiographic
grains over the nucleoli, since this dose of drug spe-
cifically inhibits RNA polymerase . However, cells
incubated with a higher dose of actinomycin D (10
ng/ml for 2 hr) known to inhibit all RNA. polymer-
ase activity exhibited a marked alteration in the dis-
tribution pattern of snRNPs (Fig. 1f). snRNPs were
diffusely distributed throughout the nucleoplasm,
excluding the nucleoli. Cells treated with this higher
dose of actinomycin D, which inhibits all RNA poly-
merases, showed no autoradiographic grains in the
nucleoplasm. The alteration in the SnRNP distribu-
tion pattern upon incubation of cells with concen-
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trations of actinomycin D that inhibit all RNA poly.
merases is similar to what we have previously shown
to occur to the distribution of s.nRNPs after heat
shock, which inhibits transcrip.tlon of most geneg
and processing of their transcnpt's,

Since RNA polymerase II, which is involved jp
the synthesis of pre-mRNA, is highly sensitive (o
a-amanitin, whereas RNA polymerase I is inseps;.
tive and RNA polymerase II1 is sensitive only to high
concentrations, we were interested in the effect of
this drug on the snRNP distribution pattern. Ceg
were treated with a concentration of a-amanitin that
would specifically inhibit RNA polymerase I] (5
pg/ml) for 5,9, 11, 18, and 24 hours. Cells were ex-
amined by immunofluorescence microscopy to de.
termine the effect on the snRNP distribution pat-
tern and by in situ autoradiography to determine the
effect on transcription. Cells incubated in drug from
5 hours (Fig. 2d) to 9 hours (Fig. 2f) exhibited snRNpP
clusters that were more rounded in appearance thap
those observed in control cells (Fig. 2b). At 9 hours
of drug incubation, the level of transcription by RNA
polymerase II was decreased as determined by sig-
nificantly fewer autoradiographic grains within the
nucleoplasm due to [*H]Juridine incorporation. Af-
ter 11 hours of incubation with the drug, the snRNPs
appear in larger clusters (Fig. 2h), which are fewer
in number as compared to control cells (Fig. 2b). By
18-24 hours, each cell contains one large im-
munoreactive region plus several rounded snRNP
clusters (Fig. 2j,1). These data show that the snRNP
network, characteristic of actively growing mam-
malian cells, reorganizes upon inhibition of tran-
scription by RNA polymerase I and is therefore sen-
sitive to the transcriptional level of genes transcribed
by RNA polymerase II.

Localization of Single Copy
Genes in the Interphase
Cell Nucleus

D.L. Spector

Recent developments that enhance the efficiency of
hybridization and the sensitivity of hybrid detection
have made it possible to identify and localize spe-
cific cellular or viral DNA and RNA sequences even
when present in low copy number. Although the
genes transcribed by RNA polymerase I are highly
organized within a nuclear region known as the
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FIGURE 1 CHOC 400 cellsimmunostained with anti-Sm antibodies exhibit a speckled
staining pattern throughout the nucleoplasm excluding the nucleoli (b). Cells incubated
with 0.04 pg/ml actinomycin D for 2 hr show no change in the distribution of sSnRNPs
(d). Cells incubated with 10 pg/ml actinomycin D for 2 hr exhibit a diffuse distribution

of snRNPS (f). Magnification, 830x.

nucleolus, little information is available with regard
to the nuclear organization of genes transcribed by
RNA polymerases II or II1. We have begun to study
the distribution of several genes that have different
transcription units to evaluate their intranuclear spa-
tial organization. This study represents the begin-
ning of a long-term goal to determine whether there
is an underlying spatial organization to the inter-
phase genome. These initial studies, which evaluate
the distribution of interphase genes based on the type
of transcription unit, will lay the groundwork for
future studies that will evaluate whether cell-cycle-
regulated genes, housekeeping genes, structural
genes, or developmentally regulated genes localize
in clustered patterns in the interphase nucleus. Such
studies combined with antibody localization studies
of proteins involved in such processes as transcrip-
tion and RNA processing (snRNPs) will provide im-
portant data on the organization of nuclear func-
tion. Our studies on gene localization have started
out by examining the localization of the dihydrofo-

late reductase (dhfr) gene, a housekeeping gene, in
the interphase nucleus of Chinese hamster ovary
cells. The mammalian dhfr gene is a 26-29-kb gene
that is transcribed by RNA polymerase I and whose
transcription unit contains introns and codes for a
poly(A) signal. We have obtained clones inserted into
pBR322 for several regions of the CHO dhfr gene
from Dr. Larry Chasin (Columbia University). We
have selected several of these clones, subcloned them,
and inserted them into the Gem4Z plasmid for use
in in vitro transcription reactions using SP6 and T7
polymerases. We have prepared subclones of the dafr
gene that range in size from 1.4 kb to 2.1 kb (Fig.
3) and represent unique sequences.

Probes pMB5-EcoRI and pB13-7 represent intron-
plus exon-containing probes, whereas probe pB61H]1
represents an intron-containing probe. Using T7
polymerase, we have made single-stranded bio-
tinylated RNA probes that are complementary to
the DNA sense strand and can be used for DNA lo-
calization. We have used a mixture of our probes
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FIGURE2 Cellsincubated with 5 pg/ml a-amanitinfor 5 hr begin to show a round-
ing up of snRNP clusters (d) as compared to control cells (b). This change is more
apparent after 9 hr of drug incubation (f). By 11 hr of drug incubation, snRNPs
appear to accumulate in large clusters (h), which increase in size by 18 and 24
hr of drug incubation (j,/). Magnification, 800x .
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FIGURE 3 Diagram of the dhfr gene and probes used for in
situ hybridization.

pMB5-EcoRI, pB61HI, and pB13-7 (Fig. 3) to
achieve a combined hybridization length of >5 kb
(total length=5.3 kb) to localize the dAfr gene in
nonamplified CHO cells, where it is present as two
copies per diploid genome. We have been able to
localize the two single copies of the dAfr gene in un-
amplified CHO cells by using Streptavidin-FITC.
Each cell in Figure 4 shows two spots, representing
the two copies of the gene in these diploid cells. Each
spot represents the signal from the hybridization of
biotinylated riboprobes spanning 5.3 kb of the gene.
We are now preparing probes to localize a second
gene in these cells. Double-label gene localizations
(4 spots) in the same cell will allow us to map the
three-dimensional localization of a specific gene
copy within the interphase nucleus.

Differential Distribution of Factors
Involved in Pre-mRNA Processing

in the Schizosaccharomyces pombe
Cell Nucleus

D.L. Spector, R.J. Derby [in collaboration with
J.A. Potashkin, Cold Spring Harbor Laboratory]

IMMUNOFLUORESCENT LOCALIZATION OF sNRNAs

We have localized the abundant snRNAs in a wild-
type strain of the fission yeast Schizosaccharomyces
pombe by indirect immunofluorescence and immu-
noelectron microscopy using an anti-m;G antibody
(obtained from Adrian Krainer, Cold Spring Har-
bor Laboratory) that recognizes the fission yeast
homologs of Ul-US snRNAs. The snRNAs were
localized to the nonchromatin-containing portion of
the nucleus (Fig. 5b,e,h,k), as determined by double-
labeling with the fluorochrome DAPI, which spe-
cifically binds to DNA (Fig. 5¢,f,i,I). This portion
of the S. pombe nucleus has been referred to as the

nucleolus. To confirm that the immunolabeled
snRNAs were present in the nucleolar portion of the
nucleus, a nucleolar-specific antibody was used on
another series of samples. D77 is an antibody (ob-
tained from John Aris, Rockefeller University) that
recognizes a nucleolar protein of 38 kD in Sac-
charomyces cerevisiae, and it has been shown to
cross-react with S. pombe. D77 is thought to recog-
nize the yeast homolog of fibrillarin, which is a pro-
tein found in the fibrillar region of the metazoan
nucleolus and is associated with the nucleolar-
specific U3 snRNP. Immunofluorescense micros-
copy of cells stained with the D77 antibody showed
immunoreactivity in the nonchromatin-enriched
portion of the S. pombe nucleus (Fig. 5n,q,t,w), con-
firming its nucleolar composition. To rule out the
possibility that the chromatin-enriched region of the
nucleus is inaccessible to antibodies, we used a DNA-
specific antibody, 2C10 (obtained from David Stol-
lar, Tufts University), for immunofluorescence stain-
ing. As shown in Figure 3, z, cc, ff, and ii, the DNA
antibody recognizes the same region of the nucleus
as the fluorochrome DAPI (Fig. 5aa,dd,gg,jj), which
clearly demonstrates that antibodies can penetrate
the chromatin-enriched portion of the nucleus.

IMMUNOELECTRON MICROSCOPY

When observed by electron microscopy, the S. pombe
nucleus contains a light staining region and a dark
staining region (Fig. 6a). The percentage of the to-
tal nucleus occupied by each of these regions in each
section varied depending on the plane of section
through the nucleus. The light staining region has
previously been shown to contain chromatin. The
chromatin appears to be fairly uniform in appear-
ance, with little to no condensed or heterochroma-
tin present (Fig. 6a). The dark staining region of the
nucleus contains nucleolar components. In our
preparations, there appear to be several electron lu-
cid zones (between 1 and 5) within the nucleolar re-
gion (Fig. 6a). These regions resemble fibrillar
centers of mammalian cell nucleoli and are often sur-
rounded by a region of greater electron density, which
resembles the fibrillar component of mammalian cell
nucleoli. To determine if there are any snRNAs in
the chromatin region that were not abundant enough
to be detected by immunofluorescence, we used im-
munoelectron microscopy. To visualize the snRNAs
at the electron microscopic level, we used monoclo-
nal m;G antibody in combination with secondary
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FIGURE 4 In situ hybridization to the dihydrofolate reductase gene in interphase CHO cells. The two
single copies of the gene have been localized in each cell (A,C E,G,/) using biotinylated riboprobes span-
ning 5.3 kb of the gene. Visualization is accomplished by FITC-labeled avidin. (/) Stained with the fluorochrome
Hoechst 33258 to show the total distribution of DNA. Magnification, 885x.
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FIGURES5 Indirectimmunofluorescence localization of snRNAs, nucleoli, and DNA in the fission yeast S. pombe. Immuno-
fluorescence was performed with spheroplasts prepared from a wild-type strain of S. pombe using a fluorescein-conjugated
anti-mouse secondary antibody. Phase-contrast views (a,0.9./,m.0.SV.Y, bb,ee,hh), immunfluorescence micrographs of cells
labeled with anti-msG (b,e,h,k) to localize snRNAs, D77 (n,q.,t,w) to localize nucleoli or anti-DNA antibody (z,cc,ff,/i), and
counterstained with DAP! to show the distribution of chromatin (¢, /1.0, r,u,x,aa,dd,gg, jf).
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FIGURE 6 Transmission electron micrograph of a cell section of S. pombe (a) showing the electon-dense
and less-electron-dense portions of the cell nucleus. Within the electron-dense portion of the nucleus, ir-
regularly shaped electron lucid regions are observed (arrowheads). These regions resemble fibrillar centers
of mammalian cell nucleoli. Ultrathin sections of fission yeast were incubated with anti-m3G primary anti-
body followed by 15-nm colloidal gold-conjugated secondary antibody and poststained for electron mi-
croscopy. The control cells that were not incubated with primary antibody show no gold labeling (a). Yeast
cells stained with both primary and secondary antibody show the majority of the gold particles in the nu-
cleus (b). An enlarged view of the nucleus shows that the majority of the gold particles were present in

the electron-dense portion of the cell nucleus (¢). Arrowheads in b and ¢ point to representative gold parti-
cles. Bar, 05 pm.
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antibodies coupled to colloidal gold. Control sec-
tions that were labeled only with secondary antibody
showed no gold staining (Fig. 6a). Sections of
spheroplasts labeled with both primary and second-
ary antibodies showed the majority of the gold par-
ticles in the nucleus and minimal background label-
ing in the cytoplasm (Fig. 6b). The gold particles
located in the nucleus were concentrated in the
electron-dense nucleolar region (Fig. 6c). The gold
particles were counted in 50 individual spheroplasts
to quantitate the distribution of snRNAs in yeast
cells. The results showed that 85% of the gold parti-
cles were localized in the nucleolar region, 11% were
present in the chromatin-enriched region, and 4%
were present in the cytoplasm. To confirm further
the nucleolar origin of the electron-dense nucleolar
region, cells were immunolabeled with the nucleolar-
specific antibody D77, and 20 cells were counted to
quantitate the distribution of this protein within the
cell nucleus; 78% of the gold particles were located
in the electron-dense nucleolar region, 10% were
present in the chromatin-enriched region, and 13%
were present in the cytoplasm.

The results from these experiments showed that
the majority of the snRNAs are present within the
more electron-dense portion of the nucleus, which
has been referred to in the literature as the nucleo-
lus. These findings are in contrast to the results ob-
tained with mammalian cells, where the majority of
the abundant snRNAs are present in a nonnucleo-
lar network within the nonchromatin-containing

CELLULAR TRANS-ACTIVATORS

B.R. Franza J-H.lLee G. Mak
Y. Li J. Ross

We study cellular proteins involved in the control of
growth of mammalian cells. The mammalian cell we
study most comprehensively is the human T lym-
phoblast. When an interesting event is observed in
the T lymphoblast, we then compare other mam-
malian cells, including lymphoblasts and fibroblasts
from different species, to determine the generality
or specificity of the proteins involved in the change.
The QUEST protein database system is the tool that
permits such comparative, qualitative and quantita-
tive observations. ‘
During the past several years, we have focused on

regions of the nucleoplasm. Our data suggest that
this dark-staining region of the S. pombe nucleus
contains both nucleolar components and nuclear
particles involved in pre-mRNA processing. Clearly,
further research is needed to define which nuclear
processes are occurring in the two parts of the yeast
nucleus and the relationship between components
within each of these nuclear regions as well as be-
tween the regions themselves. Such studies will de-
pend on the availability of new nuclear-specific
probes. In addition, the yeast system provides for
powerful genetic approaches to define associations
between nuclear structure and function.
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OF GENE EXPRESSION

three processes. One is the effect expression of on-
cogenes has on the entire complement of proteins
present in a particular cell type. The second process
is the induction of protein alterations when quies-
cent cells are stimulated to proliferate. These studies
are directed at determining the molecules involved
in conveying signals to the genome and the earliest
responses of the genome to these signals. The third
process is the control of gene expression at the level
of regulation of transcription of mRNA encoding
genes.

A coalescence of several observations of each of
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the above processes led to the recogniti9n that pro-
teins whose expression was altered w.ithm mo'mel.lts
of the quiescent (resting) cell receivmg.certam sig-
nals were among the proteins involved in modulat-
ing transcription of mRNA. Included in the resul-
tant set of proteins were the products of two cellular
genes whose abnormal expression leads to oncogen-
esis. The goal, implicit in these studies, tolconstruct
a molecular map of the networks involved in regulat-
ing transcription as well as other genome responses
to a change in growth status is in its mf.ancy. The
results of the initial studies appear to justify a com-
prehensive application of the strategy underlying
these early investigations.

The strategy employs several tools. Among them
are recombinant or synthetic fragments of DNA con-
taining genetically defined transcriptional control
elements; antibodies to proteins identified either to
associate with the control elements or to respond to
stimuli that activate quiescent cells; high-resolution
two-dimensional protein gels; a computer-accessible
protein database; and an in vitro assay of transcrip-
tional activation/repression to determine biological
function of identified proteins. Because of the for-
midable complexity of a living cell, the strategy is
designed to enable multiple investigators to make ob-
servations that ultimately can be linked. Several
projects, utilizing or contributing necessary compo-
nents to the strategy, were initiated or further devel-
oped during 1989. These will be discussed in indi-
vidual sections.

Further Studies of the Interaction
of Cellular Proteins with
Single-strand Transcription
Regulatory Control Sites

B.R. Franza [in collaboration with F. Rauscher,
Wistar Institute]

During the past year, we have characterized further
the interaction of the Fos and Jun proteins with
single-strand oligonucleotides that contain the AP-1
(ssAP-1) sequence element. One of the studies in-
volved the introduction of ssAP-1 or a synthetic mu-
tant (mssAP-1) into lysates of whole cells. The cells
used for these studies are the human T lymphoblast
line, Jurkat. Prior to lysing the cells, they were stimu-
l?.ted with agents that we know induce the expres-
sion of the Fos and Jun proteins. Unstimulated cells
serve as a control for the level of induction. The
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microscale DNA affinity precipitation (DNAP) 5.
say coupled with two-dimen§1ona1 gels are the
methods used to study the protein-DNA interactioHs
for these studies and others discussed below. As seep
in Figure 1 (panel B vs. E), a significant indyc.
tion of Fos and Jun occurred, and the proteins .
sociate with ssAP-1 oligonucleotides. No detectabje
Fos or Jun associated with the mutant ssAP-] oligo-
nucleotides (see Fig. 1, panel C vs. F). We conclyge
from this study that a specific single-stranded piece
of DNA is the target for a unique interaction of the
Fos/Jun complex. In this case, several thousand ce].
lular proteins were presented to the single-strang
AP-1 site, and yet only a very small number of pro.
teins apparently associated with it in a specific in.
teraction. All other proteins in the figure are nonspe.
cifically interacting with the insoluble matrix useq
to recover the DNA (compare Fig. 1, panels A anqg
D with the others).

A different approach to the issue of a specific in-
teraction of the Fos/Jun complex with ssAP] ip-
volved the expression of mutant forms of either the
Fos or Jun protein in vitro, followed by DNAP gs.
says of their ability to interact with the ssAP-l site
cooperatively. Several mutant forms of Fos and Jun
had already been shown to abrogate cooperative in-
teractions with the double-strand AP-1 site (T. Curran
and colleagues, Roche Institute, Nutley, New Jersey).
The same proteins showed significant reductions in
interactions with single-strand AP-1 sites. These stud-
ies suggest that a possible function for the Fos/Jun
complex, localized to the AP-1 site, may involve an
alteration of DNA structure in which single-strand-
specific binding is a requisite or consequence.

Development of Antipeptide Antibodies
to Proteins That Associate with

the Transcription Control Elements
AP-1 and CRE: Two-dimensional
Protein Gel Characterization

B.R. Franza, G. Mak

Among the transcription regulatory elements we
study are the AP-1 site and the cAMP response ele-
ment (CRE) site. We demonstrated that a subset of
Fos and Jun proteins along with other cellular pro-
teins preferentially associated with either site. Since
these studies were initiated, numerous groups have
isolated several different genes whose products in-
teract with these sites and in some cases are genetic
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FIGURE 1 Single-strand AP-1 site DNAP binding assays of cellular extracts. Jurkat cells were used for these assays. Cells were
either not stimulated or stimulated with PMA plus the calcium ionophore A23187 Stimulation was for 30 min, at which point [*®S]me-
thionine was added for an additional 30 min. Cells were extracted, DNAP assays were performed, and proteins were resolved on
two-dimensional gels. (A, D) Proteins from the unstimulated cells that are recovered using the single-strand probe ssDAP-1; (8, E)
proteins from stimulated cells that bind to the DAP-1 probe from cells that were stimulated; (C, F) proteins from stimulated cells that

associated with the mutant single-strand probe, mssDAP-1.

relatives of either Fos or Jun. To pursue further the
types of studies that interest us regarding these two
regulatory elements, we needed good immunologic
reagents.

To produce these reagents, we decided to choose
regions of each protein that are not conserved among
its genetic relatives. Peptides were synthesized by Dan
Marshak and colleagues at Cold Spring Harbor Lab-
oratory. We then injected the peptides, without any
modification, into the lymph nodes of rabbits. Fol-
lowing two additional lymph node injections, we de-
tected a very significant response to the first peptide
used. We are familiar with the proteins that antibod-
ies to this peptide immunoprecipitate from mammal-
ian cells. T. Curran designated it the M peptide —
amino acids 127 to 152 of the Fos protein —several
years ago. Anti-M-peptide sera were used in our ori-
ginal studies of the Fos complex and Fos-related an-

tigens (FRA). We used the same peptide to verify
whether immunization by lymph node injection of
unmodified peptide approach would work. It did,
and subsequently we have isolated substantial amounts
of antisera to one of the CRE-binding proteins to
FosB and Jun. Combined with more extensive DNAP
analysis, we envision using these and other antisera
to study protein-DNA interactions at each control
element as cells are activated to proliferate.

In Vitro Demonstration of
Transcriptional Activation
of the HIV-1 LTR

Y. Li, J. Ross

The strategy for elucidating the molecular network
that controls alterations in transcription in response
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to changes in cellular growth status incorpQrates an
in vitro assay to assist in determining the biochemi-
cal function of the participating proteins. We have
modified the traditional format for preparing ex-
tracts of cells for transcription assays. Thesg extracts
retain the ability to transcribe mRNA in vitro. The
modifications permit the extraction of small num-
bers of cells. The time from extraction to perfor-
mance of the transcription reaction has beep reduced
to 20 minutes. This approach permits the simultane-
ous analysis of multiple samples of cells expos.ed to
transcriptional activating agents for difffarem inter-
vals. In addition, several different experiments can
be compared with relative ease to determi.ne Fhe
reproducibility of the temporal course of activation
for different agents. Represented in Figure 2 are sam-
ples derived from Jurkat cells treated for different
periods with the mitogenic lectin, phytohemagglu-
tinin (PHA). The transcripts produced in the reac-
tion are detected and quantified by using the primer
extension method. A second primer to an endoge-
nous cellular transcript for the U2 snRNA gene is
used to control for sampling and/or gel-loading er-
rors. Clearly, a significant induction of transcription
from the HIV-1 LTR template occurs in cells exposed
to PHA.

We have also determined that biotinylation of the
template does not interfere with the production of
mRNA transcripts. This will permit the isolation of
the template from the reactions and determination
of proteins associated with templates using the
DNAP procedures. Initially, this approach allows
the correlation of induction of transcription with the
proteins associated with control regions within the
HIV-1 LTR template. Biochemical fractionation of
activated extracts combined with this approach will
enable simultaneous assay of transcriptional activ-
ity and the proteins enriched by the separation proce-
dures. We may learn whether the relative abundance
of several proteins in a cell at different moments in
its growth cycle will determine the transcriptional ac-
tivity of a gene. It may be that purification of a tran-
scription factor to homogeneity and subsequent ad-
dition of it to an assay, although productive of a
response, may not mimic its activity in the cell. In
the cell, it is in context relative to all other transcrip-
tion factors. Determining abundances of the several
proteins capable of interacting at a specific control
element may therefore be essential to understand-
ing the contribution they each make to the transcrip-
tion of specific genes. Coupling the DNAP assay,
two-dimensional gels, and in vitro assay of transcrip-
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FIGURE 2 Invitrotranscription of Jurkat nuclear extracts. This
figure demonstrates an analysis of the transcriptional activity of
Jurkat cells stimulated for the indicated intervals with PHA. The
HIV-1-LTR template was used in the in vitro transcription assays,
Primer extension analysis was used to demonstrate the quan-
litative change in in vitro transcription activity of each extract.
Duplicate reactions for each time point were performed. A se-
quence reaction is shown to the right of the assay products to
indicate the site of initiation of transcription.

tional activity may contribute to elucidation of these
issues.

Identification of the Large Subunits
of RNA Polymerase Il

B.R. Franza

Since we study mRNA transcription and since two-
dimensional gels and the resultant protein databases
are central to the strategy, we are beginning to ac-
quire antibodies to known proteins involved in tran-
scription. Using antibody provided by Dr. M.
Dahmus (University of California, Davis), we have
successfully identified a set of proteins, including
several isoforms of the large subunit of RNA poly-
merase I, the enzyme that catalyzes the synthesis
of mRNA (see Fig. 3). Several other proteins were
specifically enriched using the rabbit antisera pro-
vided by Dahmus. It may be that one or more of
these proteins is functionally associated with the
large subunit. Studies are under way to characterize
these proteins further, to identify all the members
of the RNA polymerase II complex, and to begin
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FIGURE 3 Two-dimensional gel analysis of Jurkat cellular proteins immunoprecipitated by an anti-human RNA polymerase |i anti-
body. (A) Cellular proteins immunoprecipitated by a control antibody; (B) proteins immunoprecipitated by an anti-RNA pol Il large-
subunit antibody. Jurkat cells were labeled for 2 hr with [33SJmethionine and then extracted and immunoprecipitated. Proteins were

then resolved on two-dimensional gels.

characterizing how these proteins are modulated as
the cell responds to signals that alter its growth status.

Characterization of cdc2 and
Associated Proteins in Human
T Lymphoblasts

B.R. Franza [in collaboration with G. Draetta and D. Beach
Cold Spring Harbor Laboratory]

Resting T lymphoblasts are cells capable of being
induced to synthesize DNA and then divide. Acti-
vation of these cells is accomplished by their being
exposed in vivo to antigenic challenge, cytokines
(growth factors), other cells, or combinations of the
above. The cells not only divide, but mature (differen-
tiate). The responses involve transcriptional activa-
tion (and repression) of specific cellular genes. These
events can be mimicked in tissue culture dishes by
exposing less mature cells to different growth fac-
tors, mitogenic lectins, tumor promoters, other cells,
antigens, or combinations thereof. In addition to cel-
lular genes being transcriptionally activated in re-
sponse to these signal-inducing events, viral genes
integrated in the cellular genome are also activated.

One of these viral genes is the proviral form (DNA
copy) of the AIDS virus, HIV-1.

The induction of transition from resting (G,) to
DNA synthesis and proliferation has been to some
extent genetically dissected. Mutant cells have been
identified that will arrest at different stages under
certain growth conditions. Genes have been identi-
fied to overide (suppress) the defect(s). One conse-
quence of mutation of the cell-division cycle gene,
cdc2, in Schizosaccharomyces pombe is a block of
progression of the cell through the G, stage to the
S stage (DNA synthesis interval). It was therefore
of interest to us to identify the cdc2 products in T
lymphoblasts so that we could monitor changes in
cdc2 as resting cells are induced to exit their resting
state, activate transcription of specific genes, and
commit to DNA synthesis.

The first immunoprecipitation of a T-lymphoblast
cellular protein extract with anti-cdc2 antibody and
the resultant two-dimensional gel image contained
several bits of information (see Fig. 4). It showed
the diversity of isoforms of cdc2 in asynchronously
dividing T lymphoblasts. It also revealed several
other proteins associated specifically with cdc2. Fig-
ure 4 shows the initial two-dimensional gel image of
the cdc2 complex in the human T-lymphoblast cell
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| samples

immunoprecipitated proteins were split into two equa
Proteins resolved by isoelectric focusing. (IEF); (right) pro
electropnoresis. NEQ gels are used to detect proteins thal
teins were labeled for 2 hr with [35S]methionine.

line, Jurkat. One of these proteins subsequently has
been identified as cyclin B (antibody provided by J.
Pines and T. Hunter, Salk Institute). Another pro-
tein, p13, was also identified to be associated with
cdc2, analogous to the situation in S. pombe.

A surprise was the identification of a cellular pro-
tein known from previous two-dimensional gel im-
ages (collaborative study with E. Harlow, Tumor
Viruses Section) to be associated with the adenovi-
rus E1A gene product. This protein, designated p60,
although its migration in two-dimensional gels is
faster than vimentin (known molecular size, 55,700),
was shown by P. Whyte and E. Harlow to be recog-
nized by a monoclonal antibody, C160. Use of this
antibody in immunoprecipitation assays followed by
two-dimensional gel electrophoresis showed that spe-
cific isoforms of cdc2 were complexed to p60. The
data presented in Figure 5 are the result of collabora-
tive studies involving A. Giordano, E. Harlow, D.
Beach, and G. Draetta (Cold Spring Harbor Labo-
ratory). Another human cell line, Hel.a, was used
in these studies. Of note is the absence of the spots
just below cyclin B (compare Fig. 5 with Fig. 4) in
the lymphoblast lines immunoprecipitated with anti-
cdc2 antibodies. Otherwise, the components of the
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teins resolved on a gel type referred to as nonegiulibrium gel (NEQ)
t are too basic to be resolved by isoelectric focusing. Cellular pro-

cdc2 complex are similar (details of the figure are
found in the legend).

Our interest in the p60 protein was further height-
ened by observations described in the next section.
In addition, G. Draetta established that the C160 an-
tibody immunoprecipitated a kinase activity toward
the histone H1 protein, a previously identified sub-
strate for the cdc2 kinase. The question we are most
interested in is p60, either in its H1 kinase form or
in some other form, a contributor to the activation
process when resting T lymphoblasts are stimulated?

Association of p60 with a Major,
Immediate Substrate of
Protein Kinase C

B.R. Franza, J-H. Lee G. Mak

Using the monoclonal anti-p60 antibody, I identifed
several other proteins, in addition to cdc2, that as-
sociate with p60. One of these proteins is now re-
ferred to as MARCKS. MARCKS was orginally iden-
tified as a substrate for protein kinase C. Agents that
activate protein kinase C induce an extremely rapid
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FIGURE 5 Two-dimensional gel of cdc2- and E1A-associated proteins. The left panel represents proteins detected in an
anti-cdc2 (G6) immunoprecipitate. A through / are regions of comparable two-dimensional gels in which p60 is resolved.
(A) Anti-cdc2; (B) anti-cdc2 precipitation performed in the presence of 100 nmoles of competing antigenic peptide; (C) anti-
p60 precipitation with the C160 monoclonal antibody; (D) mixture of proteins from immunoprecipitates shown in A and C;
(E) anti-E1A precipitation using the M73 monoclonal antibody; (F) mixture of proteins from immunoprecipitates shown in
A and E; (G) proteins recovered in a p13-Sepharose precipitation; (H) precipitation with anti-cyclin B; (/) mixture of proteins
in A and H. Open arrowheads in the p34/CDC2 box indicate isoforms that associate with p60 in C160 monoclonal antibody
precipitates. Filled arrowheads show the primary form of cdc2 in anti-cyclin B precipitates. Actin, tubulins, and the 73-kD
heat-shock protein (HSP73) are indicated for orientation purposes. p62/cyclin B, p60, and p13 isoforms are indicated in the
appropriate boxes. All samples were resolved in pH 3-10 isoelectric focusing gels (first dimension) followed by separation
in 10% polyacrylamide gels (second dimension) (Garrels 1983).

phosphorylation of this protein. Its two-dimensional  buffered solution, and [vy-**P]ATP is added. After
gel signature is unique. As shown in Figure 6, anti- 10 minutes at 30°C, the immune complex is solubi-
body to MARCKS (kindly provided by Dr. P. Green- lized and the proteins are electrophoretically sepa-

gard, J. Wang, and colleagues, Rockefeller Univer- rated. The addition of 32P to proteins is nonspecific,
sity, New York) immunoprecipitates the same cluster i.e., protein phosphorylation is apparently only a
of proteins as found associated with p60. In addi-  function of the mass amount of each particular poly-

tion to p60, several other proteins are associated with  peptide present in the immune complex. Proteins
p60 (A through D in Fig. 6). The technique for iden- that nonspecifically associate with the insoluble ma-
tifying these proteins is simple. Cells are lysed, the trix used to capture the immune corpplexes are de-
immunoprecipitation is accomplished, the immune tected. Therefore, many of the protems seen in eggh
complex is equilibrated in a kinase-permissive  image are the same and are confirmed as nonspecific
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FIGURE 6 MARCKS protein kinase C sub
with an anti-cdc2 antibody in the presence 0 synt
precipitated by the anti-cdc2 antibody; (C) proteins im

by their equivalent presence in the control reaction
in which the antigenic peptide is mixed with the e.x-
tract prior to addition of the anti-cdc2 antibody (Fig.
6, panel A). )

It is interesting that at least one of the proteins
associated with p60, i.e.,, MARCKS, is an immedi-
ate target of a kinase activated at the earliest mo-
ments of cellular activation. It is also interesting that
an apparently unique p60-associated protein, not
MARCKS, is found in lymphoblasts. In fact, in the
Jurkat T-lymphoblast line, MARCKS is not detected,
but the unique p60-associated proteins are. It may
be that signals converge on the p60/cdc2 complex
via MARCKS or the other p60-associated proteins.
p60 may thereby be used to convey signals to cdc2.
It is possible that the equivalent to the “start” func-
tion of cdc2 in S. pombe involves a functional con-
nection of MARCKS and the other p60-associated
proteins with cdc2. Having the gene for p60 will be
essential to studying such questions. Dr. J.-H. Lee
is attempting to clone the gene for the cdc2-asso-
ciated p60 protein.
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MOLECULAR BIOLOGY OF THE CYTOSKELETON

D.M. Helfman K. Galactionov L. Goodwin W. Guo
J. Kazzaz A. Kistler J. Lees-Miller
G. Mulligan M. Pittenger L. Finn
M. Leonard R. Roscigno

The cytoskeleton is involved in a multitude of cellu-
lar functions such as cell shape and motility, or-
ganelle movement, chromosome movement, and
cytokinesis. The cytoskeleton of all eukaryotic cells
is composed of three major filamentous systems: ac-
tin filaments, intermediate filaments, and microtu-
bules. Each of these filamentous systems contain a
number of different protein components, although
different cell types and tissues express specific pro-
tein isoforms that comprise these structures. The re-
search in our laboratory is focused on two related
problems in molecular and cell biology: (1) the mech-
anisms responsible for tissue-specific and develop-
mentally regulated patterns of gene expression and
(2) the functional significance of cell-type-specific
protein isoform expression. Our laboratory has been
interested in understanding the regulation and func-
tion of tropomyosin gene expression in muscle and
nonmuscle cells. Tropomyosins are a diverse group
of actin-binding proteins with distinct isoforms pres-
ent in striated muscle (skeletal and cardiac), smooth
muscle, and nonmuscle cells. We now know that 12
different tropomyosin isoforms are expressed from
three separate genes in rats. The a-tropomyosin (q-
TM) gene encodes nine isoforms, the B-tropomyosin
(B-TM) gene encodes two isoforms, and the tropo-
myosin-4 (TM-4) gene encodes only a single isoform.
We have been studying the expression of these genes
with particular attention to understanding the mech-
anisms of their regulation at the posttranscriptional
(alternative RNA splicing) and the transcriptional
levels. In addition, the expression of a diverse group
of tropomyosin isoforms in a highly tissue-spec1f1c
manner via alternative promoters and alternative

RNA processing strongly suggests that each isoform
is required to carry out specific functions in conjunc-
tion with the actin-based filaments of various mus-
cle and nonmuscle cells. The function of these differ-
ent isoforms is not known and is under study in our
laboratory. We are also interested in the relationship
between transformation and tropomyosin gene ex-
pression. Transformed cells exhibit dramatic altera-
tions in the patterns of tropomyosin isoform expres-
sion. How these changes in tropomyosin expression
are related to the transformed phenotype is currently
being investigated. Finally, we have begun to study
the role of p34 cdc2 in the process of differentia-
tion. Below is a summary of our present studies.

Alternative RNA Splicing in the
Control of Gene Expression

D.M. Helfman, R. Roscigno, G. Mulligan,
L. Finn, M. Leonard, W. Guo

An ever-growing number of cellular and viral genes
have been characterized that encode multiple pro-
tein isoforms via the use of alternatively spliced
exons. In many cases, alternative splicing contrib-
utes to developmentally regulated and tissue-specific
patterns of gene expression. At present, little is
known about the mechanisms that are responsible
for the selection of alternative splice sites in com-
plex transcription units and how the splicing signals
in alternatively spliced exons differ from those in
constitutively spliced exons. We are using the rat -
TM gene as a model to investigate developmental
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and tissue-specific alternative splicing. Thg gene
spans 10 kb with 11 exons and encodes two dls‘tmct
isoforms, namely, skeletal muscle B-TM and fibro-
blast TM-1 (Fig. 1). Exons I through 5,8, aqd 9 are
common to both mRNAs expressed from this gene.
Exons 6 and 11 are used in fibroblasts as well as
smooth muscle, whereas exons 7 and 10 are l!SCd ex-
clusively in skeletal muscle. In addition, dunpg my-
ogenesis, expression of these two isoformsﬁ is sub-
ject to developmental control. Fr.om this gene,
myoblasts express exclusively the fibroblast TM-1
isoform, but upon differentiation, they express gnly
the skeletal muscle B-TM isoform. Our previous
studies of tropomyosin pre-mRNA splicing revealed
an ordered pathway of splicing in which either of
the internal alternatively spliced exons (exons 6 or
7) must first be joined to the downstream common
exon before they can be spliced to the upstream com-
mon exon (Helfman et al., Genes Dev. 2:1627
[1988]). We subsequently characterized the branch-
points formed during the use of these alternatively
spliced exons (Helfman and Ricci 1989). These
studies revealed that the splicing of exon 5 to exon
7 (skeletal-muscle-type splice) is accompanied by the
selection of multiple branchpoints, which are located
an unusually long distance (144, 147, and 153 nucleo-
tides) from the 3’ splice site of exon 7. These results
were found to be different from those of most branch-
points mapped previously, in which a single adeno-
sine residue located 18-40 nucleotides from a 3’ splice
site is used during lariat formation. In addition, these
studies suggested that the use of branchpoints lo-
cated at long distances (i.e., >40 nucleotides) from
a 3’ splice site may be an essential feature of some
alternatively spliced exons.

We have now investigated the functional role of
the intron sequences between the unusual branch-
points and the 3’ splice site of the skeletal muscle
exon (exon 7) in splice site selection of the rat p-TM
gene. These studies have identified two distinct ele-
ments in the intron, upstream of exon 7, involved
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in splice site selection (Helfman et a!. 1?90). The firs
element is composed of a polypyrimidine tract |o.
cated 89-143 nucleotides upstream of the 3’ spljce
site, which specifies the location of the lariat branch.
points used, 144-153 nucleotides upstream of exqp
7. The 3’ splice site AG dinucleotide has no role j,
the selection of these branchpoints. The second ele.
ment is composed of intron sequences located be.
tween the polypyrimidine tract and the 3’ splice sie
of exon 7. It contains an important determinant of
alternative splice site selection, because deletion of
these sequences results in the use of the skeletg].
muscle-specific exon in nonmuscle cells. We propose
that the use of lariat branchpoints located far up.
stream of a 3’ splice site may be a general featyre
of some alternatively excised intron, reflecting the
presence of regulatory sequences located between the
lariat branch site and the 3’ splice site. The data also
indicate that alternative splicing of the rat B-TM gene
is regulated by a somewhat different mechanism
from that described for the rat a-TM gene and the
transformer-2 gene of Drosophila melanogaster (see
below). Work is currently under way to explore fur-
ther the role of specific intron sequences in alterna-
tive splice site selection and to identify cellular fac-
tors that may interact with specific regions of the
pre-mRNA to regulate alternative RNA splicing (see
below).

Analysis of cis-Acting Elements
Involved in Alternative Splice
Site Selection of 3-TM Pre-mRNA

W. Guo, D.M. Helfman

As described above, intron sequences upstream of
exon 7 act as a negative regulatory element, prevent-
ing the use of this exon in nonmuscle cells. The mech-
anism by which these intron sequences play a role
in alternative splice site selection in not known. One

258 -284
Poly A PolyA

Skeletal muscle 3 -TM

Fibroblast TM| (smooth muscle)

FI%URE 1 Schematic diagram of .the. rat BTM gene and the two different isoforms expressed from this gene. The amino
acids encoded by each exon are indicated. The cap site and polyadenylation sites are also indicated.
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way in which these sequences could regulate splice
site selection is by binding to factors in nonmuscle
cells that inhibit the use of this 3’ splice site. This
“blockage” mechanism has been proposed for a num-
ber of alternatively spliced genes, including the
transformer-2 gene and the suppressor of white
apricot gene of D. melanogaster. However, the block-
age model cannot explain the regulation of the rat
B-TM gene, because using precursors without dele-
tions in intron 6, we are able to detect splicing of
exon 5 to exon 7 both in vitro and in vivo if exon
7 is first joined to exon 8 (Helfman et al., Genes Dev.
2: 1627 [1988]). Therefore, it is unlikely that a nega-
tive factor simply binds to the 3’ splice site of exon
7 and prevents its use in nonmuscle cells. On the
other hand, a factor bound to the 3’ splice site of
exon 7 might function by preventing the use of the
5’ splice site of this exon. Such a mechanism would
be consistent with the observation that splicing of
exon 5 to exon 7 in nonmuscle cells requires that exon
7 first be spliced to exon 8 (Helfman et al., Genes
Dev. 2: 1627 [1988]). A second way in which these
sequences may regulate splice site selection is by par-
ticipating in the formation of RNA structures that
sequester this exon and prevent its utilization in non-
muscle cells. Computer analysis of possible RNA
secondary structures involving intron sequences up-
stream and downstream from the skeletal muscle
exon reveals that this exon may be sequestered in a
stable hairpin structure (Helfman et al. 1990). Al-
though the use of computer algorithms is not with-
out limitations, analysis of the same gene from
chicken reveals a similar secondary structure that
could sequester this exon. Thus, on the basis of com-
puter analysis, there is phylogenetic conservation of
these structures. Additional data consistent with this
hypothesis come from our previous studies which
demonstrated that splicing of exon 5 to exon 7 in
nonmuscle cells required that exon 7 first be spliced
to the downstream common exon. Joining exon 7
to exon 8 and thereby removing the flanking intron
may have prevented the formation of RNA second-
ary structures that interfere with the interaction of
splicing factors with the splice site of exon 7.

To determine whether intron sequences upstream
of exon 7 act either by interacting with cellular fac-
tors that block the use of this exon or through thp
formation of RNA structures that sequester thfs
exon, we are carrying out a more a detailed analysis
of these cis-acting sequences. We are introducing a
series of point mutations in specific regions of the
pre-mRNA and analyzing their effects in vitro and

in vivo. In addition, to determine if alternative splic-
ing is the result of RNA secondary structure, we are
introducing mutations in intron sequences upstream
as well as downstream from exon 7 that should
destabilize any secondary structure. These studies
should provide important information about the
mechanism responsible for alternative splice site se-
lection of B-TM pre-mRNA. In addition, these
studies should have broad implications for the
numerous biological systems that involve alternative
RNA processing as a mechanism to regulate the ex-
pression of cell-type-specific proteins.

Identification of Pre-mRNA
Binding Proteins

G. Mulligan, D.M. Helfman

Regulation of alternative splice site selection may be
achieved through blockage of splice sites or facilita-
tion of exon usage, perhaps via alterations in RNA
structure. We are presently defining factors that bind
to B-TM pre-mRNAs which may act to regulate al-
ternative splicing. Using pre-mRNA uniformly la-
beled with 32P-labeled nucleotides, we are determin-
ing whether muscle and nonmuscle cells express
proteins that interact with specific regions of the pre-
mRNA. These studies involve UV cross-linking, gel
shifts, and direct binding assays. In both HeLa and
myogenic splicing systems, we have identified a pro-
tein of 60-65 kD that binds to the long polypyrimi-
dine sequence within intron 6. This pyrimidine tract
is a cis-element critical for the use of the adjacent
upstream lariat branchpoints associated with the
splicing of exon 5 to 7 (skeletal-muscle-type splice).
Recently, a 62-kD protein was reported that binds
to extended polypyrimidine sequences thought to be
involved in pre-mRNA splicing (Garcia-Blanco et al.,
Genes Dev. 3: 1874 [1989]). It remains to be deter-
mined how these interactions contribute to the splic-
ing of tropomyosin pre-mRNAs. In addition, we are
pursuing proteins whose interactions exhibit tissue-
specific differences.

Structure and Evolution of the
Tropomyosin Genes

J. Lees-Miller, D.M. Helfman

Tropomyosin is a simple dimeric protein that forms
an a-helical coiled-coil along its entire length. Its
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a hydrophobic core formed

by nonpolar residues in the firs't and fourth '11“)}?81;3[[1;
of a repeated seven-amino-acid pattern. de oy
evolution of genes encoding tropomyosins and a )
of other coiled-coil proteins appears to he}ve ogcu;rnd
through duplication of seven-amlr}o-ac1d ufmtfn n
multiples there of. The tropomyosin genes fro s
isting organisms frequently possess €xons enclcl) e
21 or 42 amino acids. These values corfelgte we fwn
the presence of actin-binding site's, which is one unc-
tion that all tropomyosins have in common. A corlr:
parison of the D. melanogaster TMII g.e.ne and the
vertebrate genes indicates that the posmops of the
intron-exon splice junctions relative to th? final tran-
script are identical, demonstrating evolutionary conc;
servation of gene structure Over several hundre
million years. Another common f.ea'ture of mos:,t
tropomyosin genes is alternative splicing of the pri-
ranscript.

ma(r)yu; recent (I:)ompletion of the structure of th.e three
rat tropomyosin genes has allowed us to exgmlne the
evolution of the vertebrate tropomyosins (Fig. 3). Se-
quence comparison of several vertebrate tropomyo-

structure is stabilized by

STRIATED
MUSCLE

SMOOTH
MUSCLE

sins indicates that four genes e'volved from a co.
mon ancestor. The rat a-'gene.ls the most complex
of these transcription units (Fig. 2). It possesses g]-
ternative promoters, and alternative exons 2a ang
2b, 6a and 6b, and 9a, 9b, 9c., and 9d. The rat BT
gene is less complex, with a single promoter and twq
sets of alternative exons 6a and 6b ar{d 9a and 9q
(Fig. 1). The TM-4 gene is not a}ternatlvely spliced,
unlike all the other tropomyosin genes f'mm mul.
ticellular organisms that have been de§cr1bed (Fig.
3). Two exon-like sequences that are highly similar
to alternatively spliced exons 2b and 9a of the rat
a-TM gene, the rat B-TM gene, and the h'uman TMnm
gene have been located in the appropriate region of
the gene encoding rat fibroblast TM-4. However, sey-
eral mutations in these sequences render them non-
functional as tropomyosin-coding exons. We have
termed these exon-like sequences, vestigial exons. It
appears that most vertebrates do not require all the
possible tropomyosin isoforms that could be encoded
by four complex tropomyosin genes. Many of the
alternative splices and in some cases entire genes have
therefore been selectively lost.
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FIGURE 2 Schematic diagram of the rat a-TM gene and nine different isoforms expressed
from this gene. Boxes represent exons and horizontal lines represent introns; they are
not drawn to scale. The gene contains two alternative promoters that result in expression
of two different amino-terminal coding regions (exons 1a and 1b), two internal mutually
exclusive exon cassettes (exons 2a and 2b and 6a and 6b), and four alternatively spliced
3" exons that encode four different carboxy-terminal coding regions (exons 9a, 9b, 9c,
and 9d). The different polyadenylation signals are also indicated (A).
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FIGURE 3 Organization and evolution of the vertebrate tropomyosin genes. (A) The
intron-exon structure of the vertebrate tropomyosin genes. We have tentatively iden-
tified an exon-9c-like sequence in intron 9a of the chicken B-TM gene. No similar
sequence is found in the BTM gene of the rat. (B) A possible evolutionary relation-
ship between four vertebrate tropomyosin gene is presented. The sequence of 13
vertebrate tropomyosins were compared over the 176-amino-acid region encoded
by exons 3, 4, 5, 6b, 7, and 8. Gene duplications are indicated at diamonds (€).
The numbers represent a best approximation to the encoded amino acid differences
between the genes, where species-specific differences are ignored. The figure over-
estimates by three the number of amino acid substitutions between the TMnm gene
and the BTM gene. Double arrows indicate the difference. It should be noted that
exons 6a and 6b and exons 9a and 9d correspond to exons 6 and 7 and 10 and

11, respectively, presented in Fig. 1 for the rat BTM gene.

The Brain Tropomyosins

J. Lees-Miller, D.M. Helfman

Tropomyosins are thought to be involved in the regu-
lation of the structure and motility of cells through
their interaction with cytoskeletal actin filaments.
Within the nervous system, the cytoskeleton is es-
sential for the formation and maintenance of cell
contacts both within neural networks and between
neurons and their support cells. We have found that

a set of tropomyosins specific to brain (termed
TMBr-1, TMBr-2, and TMBr-3) is expressed through
the use of alternative promoters and alternative splic-
ing from the a-TM gene (Fig. 2). The alternative
splicing results in three brain tropomyosins with
unique carboxy-terminal sequences. This region of
tropomyosin is known to be critical for its interac-
tion with actin and with Ca**-sensitive regulatory
components such as troponin. Our goals are to de-
termine the functional significance of the brain iso-
forms and to understand the regulatory mechanisms
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involved in their expression. As a first step, we have

developed a high-yield bacterial expression system

and a rapid purification procedure that produce near-

iti i i tein, along
uantities of pure protein. This protein, &%
Sitha thetic peptide,

with a brain tropomyosin-specific syn ]
is being used to raise polyclonal and monoclona an-
tibodies. We now have a polyclonal serum specific
for TMBr-1 and TMBr-3. It is being used to study
the location of brain tropomyosins in the devel9p-
ing rat brain and their distribution in other species.
We are also searching for a cell line that expresses
the brain isoforms. These cells will be essential for
understanding the function of the brain tropomyo-
sins and the mechanism by which their expression

is regulated.

a-TM Diversity: Microinjection
of Fluorescently Labeled
Tropomyosins

M. Pittenger, L. Goodwin, D.M. Helfman

The function of the various tropomyosin isoforms
in cells is, with perhaps one exception, not under-
stood. In skeletal and cardiac muscle, tropomyosin,
in association with the troponin complex, is thought
to control the interaction between actin and myosin
filaments in response to fluxes of cellular calcium
levels. However, in the rat alone, there are 12 isoforms
of tropomyosin expressed from three genes that are
expressed in a tissue-specific manner. The a-TM gene
itself encodes nine tropomyosin proteins (Fig. 2). To
begin to understand the importance of o-TM isoform
diversity and the role that these proteins play in non-
muscle cells, we have utilized the cDNA clones gener-
ated in our laboratory to produce highly purified
quantities of each isoform in a bacterial expression
system.

In using the pET-8C expression system (made
available to us by Bill Studier of Brookhaven Na-
tional Laboratory), the translational start site of the
cDNA of interest is placed adjacent to a T7 poly-
merase transcriptional initiation site. The T7 poly-
merase is coded on another plasmid present in the
bacteria, and its expression is chemically inducible
by IPTG. The induced protein may represent up to
20% of bacterial protein. The tropomyosin isoforms
are purified by classical methods from the lysed bac-
teria, with yields of 5-30 mg of protein per liter of
culture. We have analyzed these purified proteins and
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find them to be 95—990{0 homogfeneous, with the
majority of the conta.mmants being frag.mt?nts of
tropomyosin polypeptides and therefore d!fflCll][ to
remove. These are probably not degradation prog.
ucts but are more likely due to inappropriate traps.
lation initiation. With the aid of the Protein Chep,.
istry core facility, we have sequenced the amino
terminus of several of the purified tropomyosins anq
found them to be correct. Moreoyer, certain tropo.
myosins isolated from euka{yotlc cells have beep
shown to lack the amino-terminal methionine coded
by the mRNA. We find that this bacterial expres.
sion system correctly removes this methionine frop
isoforms where it is not normally found, while [eay.
ing it on at least one isoform that retains this meth;.
onine in vivo. The signals for this type of processing
are not known but probably reside in the first cod-
ing exon.

With these tropomyosins in hand, we have begun
to ask questions about the functional role of these
proteins in living cells using microinjection and fly-
orescent analog cytochemistry. We have labeled the
purified proteins with FITC, an amine-reactive com-
pound, which usually modifies lysine residues un-
der our conditions. The FITC-Tm was purified away
from excess unreactive dye and analyzed for dye/pro-
tein ratio. We have found that a dye/protein ratio
of near one is necessary to visualize localized FITC-
Tm in fibroblast cells. Ratios of about 1.5 may prove
optimal, but higher dye/protein ratios can cause pro-
tein denaturation and have been difficult to attain
experimentally. These fluorescent derivatives were
microinjected into tissue culture cells and allowed
to mix with the endogenous pool. The cells were then
fixed and viewed with the fluorescent microscope.
So far, we have found that both the 248- and 284-
amino-acid tropomyosins are found in association
with actin filaments. We have not seen a preference
for any isoform at the leading or trailing edge of a
moving cell. The isoforms do not appear to enter
the nucleus. In preliminary experiments, we have syn-
chronized cells and tried to follow injected FITC-
TmS5A as the cell progresses through the cell cycle.
We have seen a speckled pattern around the nucleus
of cells that appear to be entering mitosis. Many
more such experiments are planned using this and
other FITC-Tms. We also will study the reorganiza-
tion of tropomyosin isoforms in cells migrating into
the wound created in a cell monolayer. Experiments
are also planned to microinject transformed rat cells
to see if the isoforms maintain the same localiza-
tion as in normal cells. Transformed cells have al-



tered Tm expression, and it will be of interest to note
how these cells respond to such injections.

Functional Significance of B-TM
Isoform Diversity

A. Kistler, M. Pittenger, K. Galactionov, D.M. Helfman

The B-TM gene generates two isoforms of tropomyo-
sins through alternative mRNA splicing (Fig. 1).
Both isoforms contain amino acids encoded by the
common exons 1 through 5, 8, and 9. In skeletal mus-
cle cells, exons 7 and 10 are utilized to produce skele-
tal muscle 3-TM, whereas in smooth muscle and non-
muscle cells exons 6 and 11 are used, generating the
TM-1 isoform. The mRNA for the skeletal muscle
B-TM is expressed in skeletal muscle but is undetect-
able in nonmuscle and smooth muscle cells. In con-
trast, mRNA for TM-1 is found in fibroblasts and
smooth muscle cells but not in skeletal muscle cells.
No mRNAs that contain exons 6 + 100or 7 + 11 have
been detected in any tissue or cell type examined.
These mutually exclusive exons encode differences
in the amino acid sequences in two short regions of
the tropomyosin molecule. Exons 6 and 7 encode an
internal region in the protein sequence (amino acids
189-213), and exons 10 and 11 encode the carboxyl
terminus (amino acids 258-284). The functional sig-
nificance of these differences in the two tropomyo-
sin isoforms is not understood. Similarly, why the
tissue-specific splicing prohibits incorporation of
exons 6 and 10 or 7 and 11 in the same isoform is
unclear.

Using our cDNA clones and the bacterial expres-
sion system described above, we have produced and
purified two naturally occurring B-TM isoforms. In
addition, we have also produced two chimeric iso-
forms (TM610 and TM711) by swapping the carboxy-
terminal exons (10 and 11) from the cDNA clones
of each of the naturally occurring B-TM isoforms.
The actin-binding capabilities of these proteins will
be assayed in vitro and compared to tropomyosin
biochemically purified from skeletal muscle tissue.
We are currently labeling these purified proteins with
various fluorescent probes. The labeled proteins vyill
be introduced into tissue culture cells by microin-
jection. By so doing, we hope to determine whether
the differences in each of the isoforms and chime.ras
result in differential localization or incorporation
into microfilament structures during various C?l'lu-
lar events, such as mitosis, spreading, and motility.

Why Do Transformed Cells Alter
Tropomyosin Expression?

M. Pittenger, D.M. Helfman

There are dramatic alterations in tropomyosin iso-
form expression in cells transformed by such diverse
agents as DNA and RNA tumor viruses, UV irradi-
ation, and chemical carcinogens. The underlying rea-
sons for these alterations are not understood. Mor-
phological alterations are the most obvious and
immediate characteristics of transformed cells in cul-
ture. It is not known whether these gross abnormal-
ities are directly related to transformation (e.g., by
interfering with cell-cell communication and/or sig-
nal transduction pathways) or if they occur only as
an indirect consequence. We are interested in asking
if morphological alterations are directly related to
changes in tropomyosin expression. This also re-
quires an understanding of the normal regulation
of tropomyosin expression.

We have used a pulse-chase experiment and high-
resolution gel electrophoresis and quantitative anal-
ysis to look at the half-life of tropomyosin proteins
in normal rat embryo fibroblasts. We find that all
tropomyosins have long half lives, greater than 20
hours. We will analyze some transformed rat cell lines
to see if alterations in half-life of particular isoforms
can account for the alteration in their abundance.
To analyze tropomyosin expression through the cell
cycle, we have synchronized populations of cells by
thymidine block and mitotic shake off. The newly
synthesized proteins in each population were pulse-
labeled and resolved by two-dimensional gel elec-
trophoresis. Only a modest change was detectable
in the newly synthesized tropomyosins. This alone
would not account for the changes seen in trans-
formed cells. However, it will be interesting to see
if there is any change in the degradation rate of iso-
forms through the cell cycle.

To address the question of whether morphologi-
cal alterations are directly related to changes in
tropomyosin expression, we have plated normal rat
fibroblasts on a substrate that has been treated with
polyHEMA to prevent cell attachment. This treat-
ment can be varied to allow cells to spread to differ-
ent extents. New synthesis of tropomyosins has then
been analyzed by two-dimensional gel electropho-
resis. We find that cells that cannot attach and spread
properly show synthetic patterns similar to those of
the transformed cells. Further experiments of this
type are planned.
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Transcriptional Control of
Tropomyosin Gene Expression

J. Kazzaz, D.M. Helfman

wo distinct isoforms
hanism (Fig. 1). Al-
le (skeletal,

The rat B-TM gene expresses t
via an alternative splicing mgc_ e

h the gene is expressed 1n m :
[cl;cr)(;liic, andgsmooth) and nonmuscle cells, a single
transcription initiation site is used in thg vanolclls cell
types that express the gene. We now wish tq eter-
mine if the same cis-acting elements are used in mus-
cle (skeletal, cardiac, and smooth) and noqmuscle
cells (e.g., fibroblasts), and if the same or d.1ff‘erent
trans-acting factors are involved in transcriptional
control of the gene in different cell types. Sequence
analysis of the 5’ end of the B-TM gene has already
revealed a number of potentially important elements
involved in transcriptional control in skeletal muscle
cells. The gene contains three copies ofa skeleta!-
muscle-specific enhancer element located approxi-
mately 304, 352, and 398 bp upstream of the trar}-
scriptional start site. The consensus sequence of this
14-nucleotide-long element (C/GNG/AG/ACAC/
GC/GTGC/TC/TNC/G) has been found in a num-
ber of genes expressed in skeletal muscle, including
the muscle creatine kinase, 8-subunit of the acetyl-
choline receptor, myosin light chain 1/3, desmin, and
vimentin (Buskin and Hauschka, Mol. Cell. Biol.
9: 2627 [1989]). This element is believed to be the
site of action of the myogenic regulatory factors
myoD and myogenin. Since these myogenic regula-
tory factors are expressed in skeletal muscle but not
in cardiac and smooth muscles nor nonmuscle cells,
it is likely that expression of the B-TM gene in cells
other than skeletal muscle will require a different set
of transcriptional regulatory proteins. Work is in
progress to determine the cis-acting elements re-
quired for expression in muscle versus nonmuscle
cells and to identify the cellular factors that interact
with these elements.

Cell Cycle Regulatory Proteins and
Growth Control in Mammalian Cells

K. Galactionov, D.M. Helfman

It is assumed that somatic cells predominantly pos-
sess a control point located in the G, phase of the
cell cycle, where they can be committed to the nor-
mal cell cycle or remain in a quiescent state. This
point has been named “start” in yeasts and restric-
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tion point (R) in mammalian tissue culture ce], In
yeasts, the function of one of the key proteins i,
volved in cell cycle control, p34 cdc2 (cdc28 in gg,.
charomyces cerevisae), is dependent on other genes
that regulate its function indfzpendently at G)-S apq
G,-M transition. The function of p34 cdc2 at ¢
G,-M transition was better unde.rstood after the gjs.
covery of cyclins and their role in activation of p34
cdc2 protein kinase activity (as a catalytic subunit
of maturation promoting factor, which is probably
the same entity as growth-dependent histone H| ki-
nase). On the other hand, earlier experiments op tis-
sue culture cells suggest that some unstable protein(s)
is required to pass the restriction point. Taking into
account that cyclin homologs were identified whicp
affect start function of S. cerevisae, it is possible t
question the role of cyclins, their homologs, or other
cdc2-associated proteins in Go-G, transition ip
mammalian cells. One can also speculate on the jp.
volvement of p34 cdc2 in the control of differentja-
tion in mammalian cells.

We are using the mouse myogenic cell line BC3H]
as a model to study the possible role of p34 cde)
in the regulation of differentiation. This cell [ine
responds to decreases of serum levels in the media
by cessation of proliferation and, 24-48 hours later,
induction of muscle-specific isoforms of actin, my-
osin, tropomyosin, etc. Because of the inability of
this cell line to form myotubes, the process of dif-
ferentiation can be reversed by simply changing the
serum concentration of the media. In this case, the
process of dedifferentiation was monitored by the
loss of the muscle markers and activation of the nor-
mal cell cycle. To study changes in the p34 cdc2 phos-
phorylation and associated proteins during cell cy-
cle activation from the quiescent state, we chose
Swiss-3T3 cells because the time course of the cell
cycle following serum stimulation has been previ-
ously studied in detail.

Proteins associated with p34 cdc2 during differ-
ent stages of differentiation and dedifferentiation of
BC3HI cells and cell cycle activation of the 3T3 cells
were detected by immunoprecipitation with G6 an-
tibody (kindly provided by G. Draetta and D. Beach,
Genetics Section) directed against a peptide, repre-
senting the carboxyl terminus of human cdc2. Work
from David Beach’s laboratory has shown that this
antiserum precipitates, in addition to p34 cdc2, pro-
teins with molecular masses of 62 and 60 kD from
HelLa cells (Draetta and Beach, Cell 54: 17 [1988)).
The 62-kD protein was shown to be the human cy-
clin B gene product, whereas the 60-kD protein rep-



resents a protein associated with the E1A gene prod-
uct in adenovirus-transformed human cells (Giordano
et al., Cell 58: 981 [1989]). Our data show that in
BC3HI cells, p34 cdc2 forms stable complexes with
the 47-, 55-, 56-, and 65- and 67-kD proteins that
are different from p62 (cyclin B), which is precipi-
tated as well. Some of these proteins associate with
p34 cdc2 mostly at G, (p56) and others at the G,-M
transition (47 and 62 kD). Isolation of complexes
containing p56 and p34 cdc2 are under way.

In the 3T3 cells, we found p34 cdc2? associated
with a previously unidentified protein with a mo-
lecular mass of approximately 56 kD (p56) in corre-
lation with passing the R point. This event precedes
phosphorylation of the p34 cdc2 at the particular
site(s) of the G,/S border. p56 is phosphorylated at
the same time point as p34 cdc2, but it is not the
substrate of the p34 cdc2 at this stage of the cell cy-
cle. S-phase-specific “isoform(s)” of p34 cdc2 was
shown to contain phosphotyrosine. No detectable
protein kinase activity toward histone H1 was found
in the complexes of p56 and p34 cdc2, compared with
the high activity of the complexes between p34 cdc2
and p62/cyclin B in the same cells. We are now in
the process of searching for possible G,/S sub-
strates for the complexes between p34 cdc2 and pS6,
specific for the G,-S transition.

Our data indicate that different proteins may as-
sociate with p34 cdc2 during differentiation of the
myogenic cells, compared to 3T3 cells entering a
quiescent phase of the cell cycle. We plan to isolate
these newly identified proteins associated with p34
cdc2 in the myogenic cell line BC3HI. The isolated
proteins will be used for preparation of antibodies

and for peptide sequence analysis, which could sub-
sequently lead us to cloning of the genes for these
proteins.
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QUEST PROTEIN DATABASE CENTER

J.I. Garrels  C. Chang M. Hannaford  S. Fang

B.R. Franza H. Sacco G. Mak T. Husain
P Myers  A. Rudman J. LaMarca
J. Kos C. Blanchford  A. Husain

During the past year, the QUEST Center has been
focused on the construction of two major databases,
one for mouse embryos and one for yeast cells. Both
of these are patterned after the rat REF52 database,
built by Jim Garrels and Robert Franza, which was
reported last year. At the same time, the QUEST
Center has continued to support many smaller proj-

ects of two-dimensional gel analysis, ranging from
human cells to bacterial cells to plants.

The mission of the QUEST Center is not only to
build databases derived from computer analysis of
two-dimensional gels, but also to continue to im-
prove and disseminate the technology that makes
such analysis possible. Because the QUEST facility
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from gel electrophoresis
arrels was able to spend
| leave. From October

is now operating smoothly
to database analysis, Jim G

much of 1989 on a sabbatica
1988 through September 1989, he has worked 2 days

per week with the Millipore company of Bedfor‘(ji,
Massachusetts, helping to explore improved n?etho Is
of two-dimensional gel electrophoresis. l?urmg this
period, he has also set up a home-office in the Bos-
ton area to continue explorations of future two-
dimensional gel software.

The year 1989 was also the renewal year for the
NIH Research Resources Grant that has 'funded
QUEST for the past 5 years. The new directions for
the technological and scientific goals of QUEST have
been approved at an increased funding level. In the
renewal, a full-time Computer Resource Manager
was requested to manage the software upgrades and
the interaction of users with the software. Further-
more, the renewal application included a new pro-
gram for QUEST, a protein identification section to
be headed by a full-time protein chemist. Both were
approved. The new Computer Resource Manager,
Gerald Latter, will start in January, 1990, and a pro-
tein chemist at the senior staff level will be hired dur-
ing 1990.

Our staff in the Grace Building has not changed
during 1989. Cecile Chang, the Operations Super-
visor, continues to interact with service and col-
laborative users to coordinate data processing and
use of the workstations. Jim Kos has maintained the
hardware and software, adding utility programs as
needed. Phyllis Myers tirelessly performs the service
of starting the gel matches and carefully checking
the results.

In the two-dimensional gel laboratory in the
McClintock Building, Ann Rudman departed in Au-
gust, and Heidi Sacco began maternity leave in Sep-
tember. During July, Heidi recruited and trained two
new laboratory technicians, Christy Blanchford and
Shuling Fang, and they have run the gel laboratory
during Heidi’s absence. When Heidi returns part-
time in 1990, she will continue to supervise the gel
laboratory, but will take on responsibilities in a new
core facility for two-dimensional gel scanning.

Yeast Database

J.I. Garrels, C. Chang, P. Myers {in collaboration with
C. McLaughlin, University of California, Irvine,
and J. Warner, Albert Einstein College of Medicine)

The yeast database has grown in the past year
through the analysis of several major experiments
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described below. Each of these CXPETileents has been
analyzed on three different two-dimensional gel
types (pH 3.5-10, 10% slab; pH 4—83 10% slab; ang
nonequilibrium, 15% slab), and routinely 2000-30¢
proteins per sample are scored. Thgse gels are seng;.
tive enough to detect many proteins that represen;
less than 0.001% of the total protein synthesis, a].
though many other proteins of such low intensity
cannot yet be resolved from the larger spots on the
gel. The proteins of lowest detectable intensity rep-
resent about 100-300 molecules per cell.

INTRONS IN YEAST

Our experiment to study proteins encoded by genes
with introns has been further analyzed. The mutant
rna? fails to remove introns at the nonpermissive
temperature, and, after the decay of normal mRNAg,
proteins encoded by genes with introns fail to be syn-
thesized. Our studies show that for Saccharomyces
cerevisiae grown in balanced growth on glucose, only
207 of the detected proteins are coded from genes
with introns. Interestingly, most of these are ribo-
somal proteins, which were previously identified on
gels of purified ribosomes.

KINETICS OF LABELING AND MODIFICATION

A study of the kinetics of labeling, processing, and
turnover has been put into the database. The vast
majority of yeast proteins appear to be labeled with
the same relative intensity in a 30-second pulse, a
60-minute pulse, and a 5-minute pulse, followed by
a 20-minute chase. (The time to complete a polypep-
tide chain in yeast is about 30 seconds.) Thus, for
most yeast proteins, the posttranslational modifica-
tions, if any, are rapid.

Most proteins are stable as judged from the 20-
minute chase (carried out under balanced growth
conditions). Protein spots that represent posttrans-
lationally modified forms should appear with in-
creasing intensity as pulse times increase from 2 to
60 minutes (unless the modification occurs quickly
on nascent chains). There are 50 such proteins. Those
that appear with lower intensity for longer pulses ei-
ther are precursors to a modified form or are unsta-
ble. In this class, 31 proteins have been found.

N-ACETYLATION OF YEAST PROTEINS

One of the most common protein modifications is
acetylation of the amino-terminal amino acid. Three



groups following entirely different strategies have iso-
lated mutants that affect this process and define two
genes that appear to code for subunits of the trans-
acetylase. Whiteway and Szostak isolated ARDI
(Cell 43: 483 [1985]) on the basis that it was involved
in the switch between the mitotic cell cycle and al-
ternate developmental pathways. The NATI gene was
isolated by Grunstein, Sternglanz, and co-workers,
who screened a library of temperature-sensitive mu-
tants to detect a mutant defective in histone acetyl-
transferase activity. The mutant turned out to be
defective in the acetyltransferase activity for a wider
range of proteins (Mullen et al., EMBO J. 8: 2067
[1989]), and the fact that it was functionally related
to ARDI was noted. Smith and co-workers took the
direct approach of purifying the N-acetyltransferase,
sequencing peptides, and preparing oligonucleotide
probes (Lee et al., J. Biol. Chem. 264: 12339 [1989)).
Both Sternglanz’s and Smith’s laboratories conducted
a preliminary survey of the two-dimensional gel elec-
trophoresis pattern in the mutants, the former using
the QUEST laboratory and the latter using Protein

| wit 2 u’.pl utant o uu—upce Uin 3% 22262.gel mutsnt argl

wild-type mixture

Databases Inc. Both groups noted that a number of
proteins changed position in the mutant.

We have undertaken a detailed analysis of pro-
tein synthesis in the ard! and nat! mutants because
of our intrinsic interest in protein modification and
because of the possible relationship between these
mutants and a switch between the mitotic cell cycle
and alternative developmental pathways. The com-
parison of protein patterns from normal and the
acetylation mutants was challenging because so
many of the major proteins are shifted in position.
Proteins that are N-acetylated in the wild type lose
one negative charge in the mutant and migrate to
a more basic position on the isoelectric focusing gel.
Figure 1 gives an example of the wild-type, mutant,
and mixed patterns, revealing charge shifts for a large
number of spots.

In a pH 4-8 gel, 152 of the 1325 scored proteins
are normally N-acetylated by the NATL,ARDI en-
zyme. Proteins that are clearly nonacetylated num-
ber 534. In addition, 639 low-intensity proteins do
not appear to be acetylated, but cannot be unam-

(o=

aiopiay go! -

mutant ard1

FIGURE 1 Comparison of the wild-type strain and the N-acetylation mutant (ard?) isolated by Szostak et

al. The cells were labeled with
teins (
(pH 4-8, 10% polyacrylamide), com
of wild type and mutant; + indicate
in the wild-type or mutant cells.

{35S]methionine for 15 min at log phase. In mutant ard1, atotal of 152 pro-
i i ic side of the two-dimensional gel

% of the total protein mass) were shifted toward the basic si ' ' :
o ! pared with the wild-type strain (see text). The middle graph is a mixture
s a group of four spots that correspond to the spots marked either
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biguously scored. The 152 acetylateq proteins rep-
resent about 50% of the total protein mass in this
gel type. Thus, N-acetylation is heavily biased to-
ward the major proteins. All of the N-ac?tylated pro-
teins are stable, and they all are labeled in the short-
est pulse labelings. In all 152 cases, the mgtant and
the wild-type proteins have the same relative .abun-
dance. Therefore, for cells in balanced growth in glu-
cose, the lack of the N-acetyl group does not. lead
to instability that can be detected in a 15-minute

pulse.

Mouse Embryo Database

J.I. Garrels, C. Chang {in collaboration with
K. Latham and D. Solter, Wistar Institute]

The mouse embryo database is being developed by
Drs. Davor Solter and Keith Latham as a tool to sup-
plement many studies ongoing in Dr. Solter’s labo-
ratory. As a baseline study of the normal embryo,
the database will be enormously valuable for in-
terpretation of more-specialized experiments involv-
ing genetic manipulation of embryos. The mouse em-
bryo database should be useful to many researchers,
and like the yeast database, it is being developed with
the needs of the larger community in mind.

Carefully staged mouse embryos have been la-
beled at 3-hour intervals, from fertilization through
the four-cell stage, which is a 57-hour time span.
Typically, 20-30 embryos are required per time point.
Further labelings have been done to extend this study
through the blastocyst stage, but only samples
through the four-cell stage have been analyzed.

It is known that by the two-cell stage, much of
the maternal mRNA has been degraded and new pro-
teins coded by embryonic mRNA are being made.
The timing of this switchover and its impact on the
types and amounts of proteins being synthesized
have not been previously studied in detail. We find
that during any 3-hour interval of the late zygote/
early two-cell stages, more changes occur in the pat-
tern of protein synthesis than in the entire transition
of REF52 cells from proliferation to quiescence. In
contrast, cells labeled 3 hours apart in the four-cell
stage appear to be as similar as duplicate cultures
of REF52 cells.

To explore this period of rapid change further,
we followed the fate of each of 748 proteins that can

138

be accurately measured during Fhe two-cell stage. Of
these, 169 (23%) disappear during the two-cel] stage
and are probably coded from maternal mRNA. Ap.
other set of 174 proteins (23%) appear for the firg
time during the two-cell stagg and are probably codeg
by newly activated embryonic genes. Most of the re.
maining proteins show increases or decreases of more
than twofold between the beginning and the end of
the two-cell stage. These may represent proteing
coded by both maternal and embryonic mRNAs, byt
for which the switch affects the rate of synthes;s,
Only 78 proteins (10%) remain constant (within a
factor of 2) during the entire two-cell period. In cop-
trast, 92% of the proteins are synthesized at a cop.
stant rate throughout the four-cell stage. Figure 2
shows a portion of the gels from the two-cell stage
(four of the eight gels) with the most constant pro-
teins highlighted. The massive changes in the sur-
rounding spots are apparent.

We plan to extend the mouse embryo database
to the blastocyst stage and to supplement it with
many more identified proteins.

Signal Transduction/Nuclear
Regulatory Protein Database

B.R. Franza

Efforts to identify several cellular proteins involved
in the processes of signal transduction and/or the
control of mammalian mRNA transcription have
been fruitful. Details of each of these studies are
presented in Cellular trans-Activators of Gene Ex-
pression, in this section. We have identified the fol-
lowing proteins in the QUEST two-dimensional pro-
tein pattern: the large subunits of RNA polymerase
IT as well as certain coimmunoprecipitating proteins;
mammalian cyclin B (p62); an important complex
between p60 and the “MARCKS” proteins (a known
substrate of protein kinase C); Fos B, a Fos-related
gene product; and pl3, another cdc2-associated pro-
tein. The QUEST two-dimensional gel system made
possible the recognition that proteins other than cy-
clin B and p13 were associated with cdc2 and that
a major substrate of protein kinase C was associated
with an ElA-associated cellular protein. These ob-
servations have prompted much experimentation at
Cold Spring Harbor Laboratory during 1989.
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FIGURE 2 Changes of protein synthesis during the two-cell stage of mouse embryos. Gel images are shown from four
time points of the two-cell stage, with constant proteins highlighted. The dramatic changes of protein synthesis are apparent,
reflecting the reprogramming of protein synthesis as embryos switch from the use of maternal mRNA to newly synthesized

embryonic mRNA.

Service Projects

C. Chang, P Myers, J. Kos, J. Garrels

The QUEST center performs numerous small ser-
vice and collaborative projects. Some of the key
projects for 1989 are described below.

S. Shaw and Y. Shimizu (National Institutes of
Health) have used the QUEST system to investigate
naive and resting T cells, separated on the basis of
their CD45 isoforms. Differences in the proteins pat-
terns were found, and these proteins are being charac-
terized to find additional regulators in the T-cell sig-
nal transduction pathway.

C. Kumar (Schering Corp.) has used the QUEST
system to study normal and transformed huma.m
HOS cells, using an isoform of myosin-light-chain
2 (MLC2) as a marker. So far, he finds that MLC2

expression is repressed by ras, met, src, and TPA,
but not by feline leukemia virus. He plans to expand
these studies into an entire database for HOS cells.

J. Higginbotham (Pioneer Hi-Bred and CSHL)
has used the QUEST system to study more than 1900
proteins from inbred maize lines. More than 200 sub-
stantial differences among strains were found, and
these were checked to be sure that environmental fac-
tors, such as time of imbibition, were not responsi-
ble. These studies will be useful in better understand-
ing the relationship of the inbred genotypes.

T. Holt and C. Thompson (Pasteur Institute) have
used QUEST to identify and study proteins involved
in the synthesis of the antibiotic bialaphos. More
than 20 proteins were identified, using regulatory
mutants that fail to induce the pathway, and the ex-
pression of these proteins was studied in cells pulse-
labeled from early log-phase growth to late station-
ary phase.

139



New Directions in QUEST Technology

J.I. Garrels [in consultation with G. Latter]

ear of our initial 5-year

Th 1989 was the last y
courc H Biomedical Research

Resource Grant from the NI
Technology Program. Therefore, much of the pas;
year has been spent in planning the next phase o
the QUEST center. We have explored new avenues
of hardware and software technology, we have tested
ideas and developed preliminary data, and we h?ve
presented and defended our ideas during the review
process. Throughout this period, Jerry Latter served
as a consultant to QUEST. The review was success-
ful, and Jerry has been hired to join QUEST as the
Computer Resource Manager in January 1990.

WORKSTATIONS

In reequipping the QUEST center, we have decided
to continue with the powerful Sun workstations for
the demanding task of processing hundreds of gel
images to build the master databases. We have also
decided to use the Macintosh computer more for
statistical analysis of the data and as a vehicle for
database dissemination (see below). New Sun Sparc-
station 4/330 and Sparcstation 1 workstations were
ordered by the end of the year. In addition, we are
thankful to Sun Microsystems for the gift of one Sun
4/330 and one Sun 4/60 Sparcstation as part of their
academic grant program.

STANDARDIZED USER INTERFACE

Standardized graphics is now an essential compo-
nent of modern software. X Windows give a library
of powerful subroutines for almost any type of
graphics or windowing operation, and programs that
use X can run on virtually any workstation. Con-
version of the QUEST software to X was begun by
Jim Garrels using a Sun 4/260 workstation. Displays
of gel images are now almost instantaneous. Previ-
ously, QUEST users could view only images from
one matchset at a time; now any number of match-
sets can be displayed simultaneously in overlapping
windows. It is even possible to control multiple
screens from the same program if desired.

One of the major responsibilities of Jerry Latter,
as the new Computer Resource Manager, will be the
development of a standardized user interface. Such
interfaces represent standard specifications and soft-
ware toolkits that allow implementation of menus
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and control windows witha common “look and fee| »
Jerry has researched tbese, an.d he is currently leap.
ing toward the OpenWindows interface standard ang
the X View toolkit developed by Sun. The implemep.
tation of a standardized user interface will greatly
improve our ability to train users of the QUEST sys.
tem, both at CSHL and elsewhere, when we begin
to disseminate the QUEST software.

New Directions in QUEST Databases

J.I. Garrels [in consultation with G. Latter]

We have also explored and tested new directions for
the QUEST databases. These databases, which are the
end result that proves the worth of all our technol-
ogy, will be enhanced (1) by making them available
to scientists everywhere who use personal computers,
(2) by making them compatible with commercial pro-
grams for statistical analysis and data presentation,
(3) by connecting them to other biological databases,
(4) by enlarging databases through core research in
key database areas, and (5) by enhancing them with
many more protein identifications.

DATABASE DISSEMINATION ON THE MACINTOSH

Jerry Latter has worked during 1989 to build a pro-
totype database interface for the Macintosh. Using
the Hypercard utility in the Macintosh, Jerry has
been able to present entire gel images that can be
scrolled and zoomed, and he has been able to con-
nect the spots as “buttons” that display annotations,
spot names, spot graphs, etc., when “pushed” by a
mouse click. Our aim is to format the spot quanti-
tation data, as well as the spot names and annota-
tions, from each database in a format compatible
with Hypercard, and to disseminate these data with
all the relevant gel images on CD-ROM disks. Such
a database would give users everywhere complete ac-
cess to the QUEST databases and would allow them
to check important results against the original im-
ages. One of the hardest tasks in developing the
QUEST system is writing the statistical analysis rou-
tines and plotting routines to cover every type of
analysis that a user might want. Fortunately, a wide
variety of commercial packages for the Macintosh
already provide for statistical analysis, for spread-
sheet analysis, and for creation of presentation qual-
ity slides and figures. Jim Garrels has explored many
of these packages during the past year, and he has



set up the interface to move data easily between the
QUEST program and the Macintosh.

THE NEW FOCUS FOR CORE DATABASES

New databases to be built by the QUEST staff are
(1) a mammalian cell proliferation database, ) a
nuclear regulatory protein database, and (3) a yeast
protein database. The first is an outgrowth of our
REFS52 database, but it has been broadened to in-
clude studies of interest from any mammalian cell
culture system that provides information about the
regulation of cell growth. The second database area
is centered on the work of Robert Franza (see his
section of this report). The third database area, yeast
cells, continues to be led by Calvin McLaughlin and
Jonathan Warner. In each of these areas, a database
can be built under the direction of one or two scien-
tists, who know both the particular field and the
fine points of using the QUEST system to build
databases.

We expect our work in each of these database
areas to be supplemented by a full-time protein
chemist, to be hired during 1990, who will special-
ize in protein identifications. The next generation
of technology should make database construction
severalfold easier and faster, and with a full-time ef-
fort at protein identification, we expect that QUEST
in the 1990s will truly become a database resource.
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GENETICS

Genetic techniques continue to be widely used at Cold Spring Harbor Laboratory,
in particular by those who work with the ascomycete fungi, Saccharomyces
cerevisiae and Schizosaccharomyces pombe. The Plant Genetics Group
continues to use both maize and increasingly the model plant, Arabidopsis, for
studies in molecular genetics. Arabidopsis is a pond weed that has a very short
life cycle and is highly tractable to genetic methods. Whereas yeast has been
viewed in recent years as the new E. coli, with the advantage that it is a
eukaryote, Arabidopsis is becoming the yeast of the plant world. This is a simple
system upon which genetic methods can readily be applied. The work of the
Genetics Group, in yeast, plant, and animal cells, is described in this section.

EUKARYOTIC CELL CYCLE CONTROL

D. Beach J. Bischoff S. Dembski K. Lundgren
T. Connolly  U. Deuschle T. Matsumoto
G. Cottarel  B. Ducommun L. Molz
S. Davey J. LaMonica

Our research has focused for the past five years on
the regulation of the eukaryotic cell cycle. Initially,
we studied the fission yeast exclusively, because of
the appealing genetic accessibility of this organism.
However, the broad conservation of the molecular
elements that regulate the cell cycle, apparently in
all eukaryotic cell types, allows us now to take an
integrated approach that initially involves identifi-
cation of regulators by the technique of yeast genetics
and subsequently elaborating their role in both yeast
and mammalian cells.

During the last year, the members of the “start-
up” Beach laboratory largely moved on to other po-
sitions. Giulio Draetta assumed a group leader po-
sition at EMBL, Heidelberg, and Maureen McLeod
became an assistant professor at Downstate Medi-
cal School, Brooklyn. Robert Booher and Leonardo
Brizuela each obtained PhD degrees (SUNY Stony
Brook) and moved on to postdoctoral positions at
the University of California at San Francisco and
Merck Sharpe and Dohme. We are joined by several
new postdoctoral fellows, including Jim Bischoff,
Uli Deuschle, Karen Lundgren, Tim Connolly, Giul-
laume Cottarel, Tomohiro Matsumoto, and Scott
Davey.

Fission Yeast Cell Cycle

T. Connolly, G. Cottarel, U. Deuschle, B. Ducommun,
K. Lundgren, T. Matsumoto, L. Molz, D. Beach

We have pursued the study of the cdc2* protein ki-
nase and continued to identify genetic elements with
which it interacts. cdc2* plays a central role in cell
cycle regulation and is required both for the initiation
of DNA replication and for entry into mitosis. Pre-
viously, we found that the products of both sucl*
and cdci3* act as subunits of the protein kinase.
cdcl3* is of particular interest because it is required
only at mitosis. The interaction between cdc2* and
cdcl3* thus defines a “G,-specific” function of
cdc2*. Nucleotide sequencing of cdci3* revealed ho-
mology with a class of proteins known as mitotic
cyclins. In fission yeast, we showed that the cdcl3*
gene product behaves as a cyclin. It accumulates pro-
gressively during interphase and is abruptly degraded
at each mitosis (Fig. 1).

cdc2 and the cdci3*-encoded cyclin progressively
form a complex during interphase, but the enzyme
is not catalytically activated until the onset of mito-
sis. Activation requires the function of the cdc25*
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FIGURE 1 (A)Representation of the cell cycle oscillation of cy-
clin and the cdc25 product, in comparison with the time of acti-
vation of the cdc2-cyclin complex (M-phase promoting factor,
MPF). (B) Molecular representation of the cdc2-cyclin complex
at the Go/M transition.

gene product. Antibodies were raised against the
cdc25* product, and immunoblotting revealed that
the protein varied in abundance during the cell cy-
cle. Thus, both the cdci3* and cdc25* products dis-
play cell cycle oscillation, but unlike the cyclin, cdc25
is a dose-dependent activator of mitosis (Fig. 1A).

Although the accumulation of the cyclin and
cdc25 proteins is gradual, the cdc2/cyclin complex
is activated very abruptly at the G,/M transition. In
higher eukaryotes, we found that at this stage of the
cell cycle, the cdc2 subunit of the protein kinase be-
comes dephosphorylated on tyrosine and threonine
residues. This also occurs in fission yeast, in partic-
ular in a cdc25* strain after release from the restric-
tive temperature (Fig. 2). The cdc25* protein is prob-
ably not itself a phosphatase but may act to stimulate
the relevant phosphatase (Fig. 1B). Direct evidence
that dephosphorylation of cdc2 contributes to acti-
vation of the enzyme has been obtained by treating
cdc2/cyclin from either starfish or f rog oocytes with
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potato acid phosphatase. The enzyme qephosphory_
lates cdc2 and stimulates its h.1‘stone kinase activity
(in collaboration with L. Meijer, Roscoff, France,
and C. Jessus, CNRS, Paris).

Cyclin/cdc2 Localization at
the Mitotic Centrosomes

8. Ducommun, G. Draetta, R. Booher,
L. Brizuela, D. Beach

In a study of the localization of cdc2 in mammaligy
cells (in collaboration with K. Riabowol, Cold Spring
Harbor Laboratory, and D. Vandre, Southern Meth.
odist University, Texas), we found that cdc2 is pre.
dominantly a nuclear protein in interphase cells. Fyr.
thermore, microinjection of anti-cdc2 antibodies
caused cells to fail to enter mitosis. This provides
the first direct evidence that cdc2 is required for ce]]
cycle progression in mammalian cells. During mito-
sis, cdc2 becomes widely distributed throughout the
cell as the nuclear membrane dissolves. At this time,
extensive staining of the mitotic centrosomes be.
comes apparent. This suggests that cdc2 is likely to
be involved in nucleation of the mitotic spindle.

In a further study in fission yeast (in collabora-
tion with C. Alpha and J. Hyams, UC, London),
we found that both cdc2 and its associated cyclin were
localized in the spindle pole body, which is the yeast
counterpart of the mitotic centrosome. The spindle-
pole-body-associated cyclin showed an interesting
property. Whereas the bulk of the cyclin is degraded
relatively early in mitosis, the pole-body-localized
protein is delayed in degradation. Thus, during spin-
dle elongation, cyclin is observed exclusively in the
pole bodies (Fig. 3).

cdc2 and Mammalian Oncoproteins

J. Bischoff, G. Draetta, L. Brizuela, D. Beach

During the course of studies of the cdc2 protein ki-
nase in mammalian cells, we have engaged in a se-
ries of collaborations with other laboratories at Cold
Spring Harbor to investigate interconnections be-
tween cdc2 and oncogene products.

We found that SV40 large T antigen is a particu-
larly good substrate of cdc2 (in collaboration with
D. McVey, 1. Mohr, D. Marshak, and Y. Gluzman).
We took advantage of T synthesized in bacteria and
were able to show that cdc2 phosphorylates residue
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FIGURE 2 (Top) Activity of cdc2-cyclin () and level of phosphotyrosine in cdc2 (heavy
circles) in a cdc25 mutant of fission yeast after release from a restrictive temperature. (Bot-
tom) Immunoblot showing the phosphotyrosine content of cdc2.

Thr-124. This site is known to be phosphorylated in
vivo and is essential for replication of SV40. Fur-
thermore, protein that is mutant at this site is un-
able to support virus replication in cell-free lysates.
In addition, bacterially derived T, unlike that puri-
fied from mammalian cells, cannot support DNA
replication. We found that this deficit can be directly
overcome by phosphorylation at Thr-124 by cdc2.
This provides the first evidence that cdc2 can act to
control DNA replication in a higher eukaryote.

FIGURE 3 Double staining of fission yeast with anti-
tubulin () and anti-cyclin (b). Each mitotic spindle can
be seen to be spanned by regions of anti-cyclin stain-
ing. These are the spindle pole bodies.

In a further study (in collaboration with A. Gior-
diano, R. Franza, and E. Harlow), we found that
a 60-kD polypeptide, previously identified as an E1A-
associated protein in adenovirus-infected cells, acts
as a cdc2 subunit in uninfected cells. p60 is not the
mammalian cyclin B (cdci3 homolog), and the cdc2-
p60 complex shows properties different from those
of cyclin B-cdc2. In particular, cdc2-p60 is most ac-
tive during interphase, whereas cyclin B-cdc2 is an
M-phase enzyme. Although the respective roles of
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yet clear, these obser-
a single protein
nit of a family

these two complexes are not
vations emphasize that cdc2 is not
kinase, but rather the catalytic subu
of cell cycle regulatory protein kinases.
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PRE-MRNA SPLICING AND sNRNA SYNTHESIS IN
SCHIZOSACCHAROMYCES POMBE

D. Frendewey D. Kim M. Gillespie
J. Potashkin |. Barta
A. Serrano

We pursue two related lines of research. Our primary
interest is the splicing of mRNA precursors (pre-
mRNAs). We have also recently begun to investigate
small nuclear RNA (snRNA) synthesis. We are study-
ing both of these processes in the fission yeast
Schizosaccharomyces pombe. These two areas of re-
search are related, in general, by the fact that the
snRNAs known as Ul, U2, U4, US, and U6 are re-
quired for pre-mRNA splicing and are components
of the spliceosome, the large ribonucleoprotein struc-
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ture in which pre-mRNA splicing occurs. In fission
yeast, this relationship exhibits an additional pecu-
liar twist: The gene for the U6 RNA of S. pombe
is interrupted by an intron whose structure resem-
bles that of a pre-mRNA intron. Therefore, in fis-
sion yeast, it appears that U6 RNA, in addition to
being an essential component of the pre-mRNA
splicing machinery, might itself be produced from
a precursor that is a substrate of the spliceosome.

Our initial efforts to examine these phenomena



have been genetic. To identify genes that are required
for pre-mRNA splicing or snRNA synthesis, we have
isolated temperature-sensitive (¢s7) mutants that are
defective in these processes. Analysis of the mutants
has generated the three main projects that are cur-
rently under investigation in our laboratory.

U6 RNA Synthesis

J. Potashkin, I. Barta, M. Gillespie, D. Frendewey

In our 1987 and 1988 Annual Reports, we described
the isolation and initial characterization of three s~
pre-mRNA splicing mutants: prpl, prp2, and prp3.
Indicative of the complete (prpl and prp2) or par-
tial (prp3) block in pre-mRNA splicing, these mu-
tants accumulate unspliced pre-mRNAs at the non-
permissive temperature (37°C). As part of our initial
analysis of the prp~ mutants, we observed that after
a short period at 37°C, each had areduced U6 RNA
content compared to the wild type. The levels of the
other snRNAs were normal. At the time, we had no
explanation for these results. However, the discov-
ery of an intron in the S. pombe U6 gene (Tani and
Ohshima, Nature 337: 87 [1989]) suggested that the
reduction in U6 RNA in the prp™ mutants might re-
sult from inefficient splicing of the U6 precursor (U6
pre-RNA).

In 1989, we confirmed the lower U6 RNA con-
centration in the prp~ mutants by a more sensitive
assay and went on to show that the splicing of the
U6 pre-RNA was indeed impaired in prpl, prp2, and
prp3. The severity of the U6 splicing defects exhibited
by the three mutants paralleled that seen for pre-
mRNA, suggesting that the U6 pre-RNA might be
spliced by the same mechanism and require some of
the same gene products as pre-mRNAs. We would
like to investigate these questions further in the
future.

The presence of a pre-mRNA-type intron in the
S. pombe U6 gene raises a number of interesting
questions with regard to splicing and snRNA syn-
thesis. The S. pombe U6 gene is the only example
of an interrupted U6 or other snRNA gene. How did
this intron arise and why is it maintained? The U6
RNA from all sources so far investigated is tran-
scribed by RNA polymerase 111, and this is also ex-
pected to be true for S. pombe. Yet the intron in tt}e
S. pombe U6 pre-RNA is the type found only in
RNA polymerase I transcripts (e.g., pre-mRNAS).
Is the U6 pre-RNA spliced by the pre-mRNA splic-

ing machinery or does it use its own unique mecha-
nism? It has been proposed (Brow and Guthrie, Na-
ture 337: 14 [1989]) that the S. pombe U6 intron was
inserted as the result of a mishap during the splicing
of a pre-mRNA. This hypothesis predicts that the
position of the intron reflects a functional domain
in the U6 RNA.

To begin to address these questions, we initiated
a search for intron-containing U6 genes in other
Schizosaccharomyces strains and several more dis-
tantly related species of yeast. The primary goal of
this project was to investigate the uniqueness of the
S. pombe U6 intron. In addition, if introns were
found in the other strains, their sequences might re-
veal conserved features peculiar to U6 introns. Our
approach was to use the polymerase chain reaction
(PCR) to amplify a highly conserved portion of the
U6 genes from the various yeast strains. The intron
resides in this region of the S. pombe U6 gene. The
sizes of the PCR products would be the first indica-
tions of the presence or absence of introns. Subse-
quent sequencing would define the position and
structure of any introns that were found.

The results of the amplifications showed that the
U6 genes in all of the Schizosaccharomyces strains
were interrupted by introns of approximately the
same size as that found in S. pombe. The U6 genes
from the other yeast species did not contain introns
within the fragment that was amplified. The PCR
products from the Schizosaccharomyces strains were
cloned and sequenced. The sequences of the introns
are shown in Figure 1. All the introns were found
in precisely the same position and were approxi-
mately identical in size (50-52 bp). As expected, the
positions displaying the greatest sequence conserva-
tion were at the 5’ and 3’ splice sites and the branch-
point consensus. However, an unexpected region of
homology was found immediately upstream of the
presumptive branchpoint. When 11 bases from the
corresponding region of the S. pombe intron were
compared with all available S. pombe sequences in
the databases, a surprising similarity was found to
the B-box promoter elements of the 7SL RNA and
several tRNAs (starred bases in Fig. 1). The B box
is the 3’ half of the bipartite internal promoter re-
quired for transcription of 7SL RNA and tRNA by
RNA polymerase III.

This result was surprising by comparison with ver-
tebrate U6 genes, whose transcription by RNA poly-
merase III does not require internal sequences.
Similarity to known promoter elements is, of course,
not proof of function. However, the hypothesis that
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the conserved internal sequence in the Schizosac-
charomyces U6 genes is a B-box promoter element
makes several predictions. First, we would expect to
find a corresponding A box in the fission yeast U6
genes. The first exon of the S. pombe U6 gene con-
tains a stretch of 12 bases that is very similar in se-
quence and position, relative to the transcription ini-
tiation site, to those of the A box in the S. pombe
7SL RNA gene. Second, deletion of the intron from
the S. pombe U6 gene should drastically reduce or
abolish transcription of U6 RNA. Thus, the intron
may be necessary for expression of U6 RNA, which
may explain why this unusual gene structure has been
maintained in the fission yeast. Third, the conserved
sequence in the S. pombe U6 intron should bind fac-
tors that recognize the B box, and therefore the
S. pombe U6 gene should compete for the transcrip-
tion of tRNA genes in in vitro assays. We have ini-
tiated experiments to test these predictions and to
define the sequences required for U6 RNA transcrip-
tion in S. pombe.

Pre-mRNA Splicing Mutants

J. Potashkin, D. Kim, D. Frendewey
The isolation of the prpl, prp2, and prp3 mutants
identified three genes that are required for pre-

mRNA splicing. During the past year, we initiated
a project to clone the prpl* and prp2* genes. Since
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the prp~ mutants are 57, our cloning strategy was
to transform prpl and prp2 with an S. pombe
genomic library and select transformants that can
grow at 37°C (#s*). If the #s* phenotype is dependent
on the plasmid, then the transformant is likely to
contain the prpl* or prp2* genes or a gene that can
suppress the prp™ mutation.

We have obtained #s* transformants for both prp/
and prp2. Plasmid has been isolated from these
transformants and cloned in Escherichia coli. We are
now testing the plasmids from the bacterial clones
to see if they can cure the ts~ phenotype in prpl and
prp2, thus confirming that we have cloned either the
prpl* and prp2* genes Or prp~ suppressors.

In addition to our attempts to clone one or more
prp* genes, we have recently expanded our bank of
ts” mutants and have initiated a screen for new prp-
mutants. In our previous screen, we used a North-
ern assay to identify mutants that accumulate pre-
mRNA at the nonpermissive temperature. Our new
search will take advantage of our observation that
unspliced U6 pre-RNA levels are elevated in the prp”
mutants. We will again use a Northern assay, but this
time we will be looking for mutants that accumu-
late U6 pre-RNA at 37°C. This screening method
is more sensitive (because of the abundance of U6
RNA compared to mRNA), faster, and easier. Any
mutants identified will also be checked for pre-
mRNA splicing defects. An important question in
S. pombe splicing is whether the U6 pre-RNA is
spliced by the same mechanism as pre-mRNAs or



whether it requires its own specific factors. The U6
screen might allow us to answer this question by iden-
tifying mutations that affect the splicing of the U6
pre-RNA but not pre-mRNA.

snm1: An snRNA Maintenance Mutant

J. Potashkin, A. Serrano, D. Frendewey

In the 1988 Annual Report, we described the char-
acterization of an unusual mutant, which at that time
we called prp4. This s~ mutant maintains reduced
steady-state levels of Ul, U2, U4, U5, and U6
snRNAs and K RNA, the RNA subunit of the tRNA
processing enzyme RNase P, compared to the wild
type. In addition, the mutant produces aberrantly
large U2, U4, and U6 transcripts at the nonpermis-
sive temperature. We observe a slight accumulation
of pre-mRNA and a significant reduction in pre-
tRNA processing in the mutant at 37°C. Because
these RNA processing defects are probably second-
ary effects of the reduction in snRNA content, we
have renamed the mutant snm/ to indicate a defect
in snRNA maintenance.

The initial analysis of the snml mutant pheno-
type has been completed in the past year. This in-
cluded experiments showing that the aberrantly large
U2 and U4 transcripts are extended at their 3’ ends,
as we had earlier expected. We also established that
the larger U6 RNA that accumulates in snm/ is not
extended at its 3’ end but is the unspliced U6 pre-
RNA. We have yet to determine if the reduction in
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Robertson’s Mutator
V. Sundaresan, J. Brown, J. Colasanti,

A. Doseff, Z.Y. Zhao

Our main area of investigation has been the maize
transposable element system called Robertson’s Mu-

U6 RNA in snml is solely the result of a splicing
defect or might be caused by a lower transcription
efficiency or instability. We are continuing our ef-
forts to better define the primary defect in snm/; i.e.,
does the snml mutation manifest its effect at the level
of transcription, processing, or stability of the
snRNAs?

We have also begun a project to clone the snmi*
gene by the same strategy described above for the
prpl* and prp2* genes. As with prpl and prp2, we
have obtained #s* transformants of snml, isolated
plasmid from the transformants, and cloned it in
E. coli. We are now testing the bacterial clones for
their ability to convert snml to ts* upon transfor-
mation. Since snm/ is the first mutant isolated that
affects snRNA metabolism, we are confident that
its analysis and the characterization of the snmi*
gene will enhance our understanding of the synthe-
sis and maintenance of an important class of RNAs.
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A. Jahrsdoerfer

tator (Mu). This system is characterized by an ex-
ceptionally high mutation rate due to the transposi-
tion of a family of elements called the Mu
transposons, of which a 1.4-kb element called Mul
is the best-characterized member. At present, little
is known about the protein factors that catalyze Mu
transposition or the genes encoding them. Mutator
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lines of corn carry many copies of actively trgnspgs-
ing Mu elements, but they can switch to an inactive
state in which the Mu elements are present but not
transposing. Our studies have focused on the mech-
anism and regulation of transposition of the Mu ele-
ments. A second area of interest has been the regu-
lation of plant growth. In this context, we ar¢
beginning to isolate genes for plant growth ho.r-
mones, as well as genes that regulate cell division 1n

plants.

Protein-binding Sites on the Mu
Terminal Inverted Repeat

Z.Y. Zhao, V. Sundaresan

To identify factors that regulate Mu transposition
activity, we have been characterizing protein-binding
sites on the terminus of the Mul element. Three such
sites have been identified in mobility-shift assays
using labeled Mul probes and nuclear protein from
Mu-active and Mu-inactive plants (see Fig. 1). The
binding activity for sites I and 111 is detected in nu-
clear protein from both Mu-active and Mu-inactive
lines, whereas the binding activity for site I1 is found
only in the Mu-active line. Thus, the protein that
binds to site II is a candidate for a Mu transposase.
The DNA sequences for sites I and II have been de-
termined more precisely by DNase I footprinting and
confirmed by mobility-shift experiments using syn-
thetic oligonucleotides. The oligonucleotide CGGG-
AACGGTAA (site 1) binds to protein from both
Mu-active and Mu-inactive plants, whereas the oli-
gonucleotide CGGCGTCT (site 11) binds only to pro-
tein from Mu-active plants. Furthermore, we deter-
mined that site I is in fact a duplication of a hexamer
sequence CGGG/TAA, which exhibits the same
binding activity and is the unit binding site. The iden-

II
CGGCGTCT

tification of these binding sites is particularly ip.
teresting in view of the discovery that there is an oyt.
ward promoter 16 bp from the end of Mul (R,
Martienssen, see below). When thf{ Mu system be.
comes inactive, it results in transcription of dowp.
stream sequences from this promoter, and suppres.
sion of mutant phenotypes can occur. When My ig
active, there is no detectable transc'ription from this
promoter. Currently, our model is that a protejp
binding to site I is a positive regulator of transcrip-
tion from this promoter. When Mu is active, the pro.-
tein binding to site II (the putative transposase) ip-
terferes with this activation of the Mul promoter by
the site I protein (the two sites are only 5 bp apart),
We have initiated transformation experiments to
verify this model by using the particle gun system
(Klein et al., Nature 327: 70 [1987]).

Changes in State of a Mu1
Insertion at the bronzel Locus

A. Doseff, V. Sundaresan

McClintock described a “change in state” of a mut-
able locus as a change at the locus that alters the
pattern of expression of the gene in a heritable man-
ner (Carnegie Inst. of Wash. Yearbook 66: 20 [1968)).
Examples of such changes in state have been exten-
sive in both the Spm and Ac-Ds transposon systems.
We have now found examples of changes in state in
the Mu system in our studies of a Mu/ insertion at
the bronzel (bzl) locus. The allele that we are study-
ing, bzMum9, was isolated by D. Robertson (Iowa
State University) and is characterized by a pattern
of small purple spots on a bronze background.
Southern blotting and DNA sequence analysis show
that a Mul element is inserted into the gene at the
intron-exon junction (J. Colasanti, Weiss, and V,

CGGGAACGGTAA
I

FIGURE 1 Location of the protein-bindin

gsites |, II, and Ill, and the transcript initiation

site on the 213-bp terminal inverted repeat of Mut.
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Sundaresan, unpubl.; see Fig. 2). Three heritable
changes in state of bzMum9 (csl, ¢s2, and cs3) have
been isolated, and their phenotypes and molecular
structure are summarized in Figure 2.

1. csl consists of an extremely high density of spots
so that the kernel appears solidly colored until
examined closely. We have found that this change
in state carries a new 1.7-kb insertion at the up-
stream end of the Mul element. The nature of
this new insertion is as yet unknown, but it does
not appear to be a Mu element. At present, we
have no model to account for the 10-100-fold in-
crease in excision frequency that is apparently due
to this insertion.

2. cs2is a pseudorevertant, i.e., the kernel is a solid
purple color, but the Mul element is still at the
locus. Interestingly, detailed Southern analysis re-
veals a 0.65-kb deletion of the downstream seg-
ment of Mul. We propose that this deletion has
created a new splice site downstream from the
normal splice site, and the new splice site allows
the Mul element to be spliced out of the mRNA,
resulting in bz expression. We will verify this
model by analyzing the RNA from cs2.

3. cs3 exhibits a pattern in which the spots are very
dense on the crown of the kernel, and sparse
otherwise (an “Rnavajo”-type pattern). So far, we
have not found any change in the DNA of c¢s3

by Southern blotting, but our experiments would
not detect very small insertions or deletions.

Coordinate Regulation of Activity
of Different Mu Elements

J. Brown, V. Sundaresan

The Mu transposon system can switch from an ac-
tive state to an inactive state during propagation of
Mu stocks, and this switch has been correlated with
hypermethylation of the Mul elements (Chandler
and Walbot, Proc. Natl. Acad. Sci. 83: 1761 [1986];
Bennetzen, Mol. Gen. Genet. 208: 45 [1987]). We
have questioned whether the switch to the inactive
state affects all the Mu elements at the same time
or whether there is a progression of inactivation. For
this purpose, we utilized the bzMum?9 allele described
earlier, along with a second Mu-induced mutation
at the waxy locus, wxMumS5. The kernel phenotype
of wxMumS5 is that of small sectors of normal starch
on a waxy background. This mutation has been
found to be due to the insertion of a Mu8 element
into an exon of the wx gene. Mu8 is a member of
the Mu family of transposons and has the same ter-
mini as Mul, but nonhomologous internal se-
quences. We crossed these two alleles together and
then outcrossed them to recessive testers; the

Bz ' DR e
bzMum9
bzMum9cs ! N N IIITITTIIIIRSSSSSSSSS
[T BN ANNNNN
bzMum9cs2 '
bzMum9cs3
mm Exon Mul
1 Intron [0 Unknown Insertion

FIGURE 2 Representations of the

bzMum9 and the corresponding DNA rearrangem

phenotypes of different changes in state alleles of

ents.
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bzMum9 wxMumS5 recombinants are being scored
for loss of mutability in the kernel. In the grosses
examined so far, there is an excellent correlatlon't.)e-
tween loss of mutability at bz and loss of rqutabll}ty
at wx, suggesting that the switch from gctlve to in-
active Mu occurs simultaneously for the different Mu

elements.

Synthesis of Cytosine Methylated
DNAs In Vitro

J. Colasanti, V. Sundaresan

For our studies of the effects of transposon activity
on DNA methylation, it was necessary to devise a
simple method to synthesize cytosine-methylated
DNA. We have found that this can be done by poly-
merase chain reaction (PCR) in which S-methy!-
dCTP is substituted for dCTP. The reaction condi-
tions are much the same as those for regular PCR,
except that the extension time had to be increased
to S minutes for a 1-kb fragment as the enzyme oper-
ates less efficiently with the methylated nucleotide,
and the yields decrease significantly for amplifica-
tion of larger fragments. Using this method, we could
demonstrate that cytosine-methylated DNA is com-
pletely resistant to the restriction enzyme Hinfl at
the concentrations normally used to cut genomic
DNA, i.€., 10-100-fold enzyme excess. This would
account for the observed resistance to Hinfl diges-
tion of the Mul elements in inactive Mu lines (Chan-
dler and Walbot, Proc. Natl. Acad. Sci. 83: 1761
[1986]). We find that Hinfl at 15,000-fold excess will
completely digest cytosine-methylated DNA, but use
of such a vast excess of enzyme is impractical in most
genomic digests.

A Suppressible Allele of
the d1 Locus of Maize

J. Colasanti, V. Sundaresan

Maize plants that are homozygous for the dwarf 1
(dl) mutation are 10-40% the height of wild-type
siblings, have broad dark green leaves, and undergo
aberrant floral development in which vestiges of the
male flowers appear in the female flower. Biochem-
ical studies have shown that these pleiotropic effects
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are the result of a deficiency of the active form of
the growth regulator gibberellic acid, QA,. T!le con-
version of the inactive form of gibberellic acjq
(GAy) to the active form is catalyzed by an enzyme
encoded by the dl gene. .

We have been attempting to isolate the d/ gene
by transposon tagging, using the transposable efe.
ment Mu. Initially, there were two dwarf mutantg
derived from the self of a Mutator line crossed with
a non-Mutator line in a screen by Michael Freeling
(University of California, Berkeley). One of the
mutants exhibited the expected ratio of dwarf to
normal plant for a recessive allele. After severa]
outcrosses, however, restriction-fragment-length poly-
morphism (RFLP) analysis with Mu-specific probes
showed that no particular element segregated with
the dwarf phenotype. The other dwarf mutant seg.
regated at non-Mendelian ratios upon selfing, with
mutant plants appearing less frequently with each
subsequent generation, until it finally disappeared,

Recent evidence with another Mu-induced my-
tation provided a precedent for a form of allelic sup-
pression, governed by the Mu element, that may ex-
plain the observed frequencies and loss of the
mutation. In the case of the AcfI06 mutation, the
activity of this gene is correlated with the state of
activity of the Mu element inserted within the gene
(R. Martienssen, see below). When Mu is active, the
hcfl06 gene expresses the mutant phenotype, and
when Mu is inactive, the 4cf106 lesion is suppressed
and the plants appear to be wild type. To determine
if a similar phenomenon was occurring with the dis-
appearing dwarf line, DNA from later generations
was analyzed, and the Mul elements were found to
be methylated, suggesting that Mu activity was lost
(Chandler and Walbot, Proc. Natl. Acad. Sci.
83: 1761 [1986]; Bennetzen, Mol. Gen. Genet. 200: 45
[1987]). Plants from this inactive line were crossed
to active Mu plants (Mu-active plants crossed with
Mu-inactive plants give Mu-active progeny), and the
resulting progeny were selfed to uncover recessive al-
leles. One line segregated dwarf plants at a ratio of
31, suggesting that the mutation has been rescued
by restoring Mu activity.

Because the expression of the mutation depends
on the state of Mu activity, it is likely that the dwarf
mutation is indeed caused by insertion of the Mu
element. We are now outcrossing the rescued dwarf
plants to follow the cosegregation of the Mu elements
with the mutant phenotype and to ultimately clone
the mutant gene.



Cloning of Plant
Cell-division Genes

J. Colasanti, V. Sundaresan

There are several important differences in the regu-
lation of growth and differentiation between plants
and animals. In plants, for example, the state of ter-
minal differentiation is not as clearly defined, and
in several plant species, an entire new plant can be
regenerated from a fully differentiated somatic cell.
Furthermore, plant cells in tissue culture can be in-
duced to form shoots, roots, or both, merely by vary-
ing the balance of certain plant growth hormones
(auxins and cytokinins). It is therefore of interest to
study such basic processes as regulation of cell divi-
sion, which have received much attention in animal
systems but have not yet been studied in plants. To
this end, we have begun to clone the plant homo-
logs of the cell-division-cycle genes. The first such
gene we have cloned is the gene encoding p34¢d<2,
a key regulatory protein of the cell cycle in both
animals and yeasts. Using oligonucleotides to highly
conserved regions of this gene, we were able to iso-
late a partial cDNA clone from maize, and a partial
genomic clone from Arabidopsis (Fig. 3). There is
one copy of the cdc2 gene in the Arabidopsis genome
by hybridization, and possibly up to five copies in
the maize genome, although some of these copies
might be pseudogenes. In maize, we have detected
a 1.4-kb mRNA for cdc2 that is highly abundant in
the apical meristem, where the most cell division oc-
curs, and in low levels in differentiated leaf. We are
currently attempting to isolate a full-length cDNA
clone for maize cdc2. Several new cDNA clones have
been recently isolated by screening a maize seedling
cDNA library (a gift from A. Barkan, University of
California, Berkeley), and these are being charac-
terized.

Role of the hcf106 Gene Product
in Thylakoid Biogenesis

R. Martienssen, A. Jahrsdoerfer [in collaboration
with A. Barkan, University of California, Berkeley]

The nonphotosynthetic mutant of maize, hcfl06,
contains a recessive nuclear mutation that prevents
the normal assembly of photosynthetic electron
transport complexes and causes aberrant thylakoid

Maize TNETIVLKKIRLEQEDESVPSTAIREISLLKE

Arabidopsis .. ... Dooooooooooa Booocoooooooonan
Human GQVVAM. ..... 8ol8%c@caacn0o0o0000000
S. pombe SGRIVAM...... ®o8c@uoooo0000000000

FIGURE 3 Comparison of partial amino acid sequence data
derived from the cloned maize and Arabidopsis cdc2 homologs
with that of human and S. pombe cdc2, showing a highly con-
served domain. The dots represent identity with the maize
seguence.

membrane organization. Figure 4 shows electron
micrographs of mature chloroplasts from wild-type
and mutant mesophyll cells. Mutant thylakoids have
lost the lateral heterogeneity characteristic of wild-
type plastids, comprising alternating stromal (un-
stacked) and granal (stacked) lamellae. Instead, they
frequently form circular structures such as the one
shown in Figure 4. Furthermore, photosystems I and
II, and the cytochrome f/be¢ complex, fail to ac-
cumulate to more than 5-10% of wild-type levels,
whereas the ATPase and light harvesting complexes
are unaffected. Consequent reductions in chloroplast
pigment levels result in pale-green leaves. These emit
an increased fluorescence when illuminated with
ultraviolet light (thus, the designation Ac¢f for high
chlorophyll fluorescence), as they are unable to chan-
nel harvested light energy into photosynthetic elec-
tron transport. Homozygous mutant seedlings die
approximately 3 weeks after germination, when seed
reserves are exhausted. Heterozygous plants survive
to maturity, enabling propagation of the mutation.
hcf106 arose in a Robertson’s mutator line and
showed signs of somatic instability (namely, dark
green sectors), suggesting that it was caused by the
insertion of a Mu transposable element. Heterozy-
gous plants were outcrossed in successive generations
to the inbred line B73, resulting in segregation of the
20-50 Mul elements found in these lines. A 3.7-kb
Sst] fragment homologous to Mul was found by
Southern analysis in every mutant seedling derived
from these outcrosses. This fragment was cloned into
a phage vector and was subsequently identified as
part of the Acf106 gene (Martienssen et al. 1989). A
1.2-kb transcript that hybridized to the cloned locus
was identified on Northern blots. This transcript was
regulated by mutator activity, suggesting that it en-
coded the hcf106 gene product (see below).
Thylakoid biogenesis in maize leaves occurs in a
well-defined developmental sequence. Proplastids,
which are found in younger, dividing cells at the base
of the leaf, have semicrystalline prolamellar bodies
and a poorly developed thylakoid membrane system.
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FIGURE 4 Electron micrographs of m

mesophyll cells from 10-day-old seedling leaves. Ma

More mature plastids are found in older, elongating
cells from successive leaf sections from leaf base to
leaf tip. These contain thylakoids that become pro-
gressively more elaborate, while the prolamellar bod-
ies rapidly disappear. Northern analysis has shown
that the AcfI106 transcript is found primarily in the
base of the leaf, consistent with a role in the early
stages of thylakoid assembly and organization.
Lower amounts (three- to fivefold) are found at the
tip of the leaf, and still lower (but detectable) levels
are found in the root. Thylakoid elaboration can also
be induced in etioplasts of dark-grown plants by ex-
posure to the light. A three- to fivefold induction
of mRNA was observed following a 24-hour dark-
light transition, reflecting this morphological change.

The RACE protocol for the rapid amplification
of cDNA ends was used to isolate several full-length
c¢DNA clones, and these are being sequenced. cDNA
clones made by conventional methods were also ob-
tained from A. Barkan (University of California,
Berkeley), and these are also being sequenced in case
of polymerase chain reaction (PCR) error. These
clones include a second, distantly related sequence
that appears to be the product of a low-stringency
cognate gene of unknown function.

Somatic Excision of Mu

R. Martienssen, A. Jahrsdoerfer

The Mul element at the hcfl06 locus is located in
the 5’-untranslated region, close to the initiation of
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transcription (see below). The first 5 bp of the 9-bp
target site duplication (ATCTCCAAC) are the same
as the last 5 bp of Mul (ATCTC). DNA from two
hcf106 revertant sectors was cloned from sectored
leaves following PCR amplification using primers
flanking the site of Mul insertion. The sequence of
the two revertant alleles and the sequence of the wild-
type allele from the inbred line B73 are compared
to the mutant sequence in Figure 5. The first exci-
sion precisely removed a single copy of the target-
site duplication. This was not a contaminating wild-
type product, since a 6-bp duplication (to the left
of the target site in Fig. 5) was present in the mutant
and revertant alleles, but absent from B73. The sec-
ond excision left 5 bp of one repeat at the locus. This
is the region of the Mul terminus homologous to
the target site. Thus, naively, both products might
have been generated by recombination between the
target site and either its duplication or the homolo-
gous sequence at the end of Mul. Further analysis
of other sectored leaves will be required to determine
if this is a general pattern of Mu excision.

Suppression of Mu-induced
Mutations

R. Martienssen [in collaboration with A. Barkan,
University of California, Berkeley]

The hcfl06 mutation is unusual in being Mu-
suppressible: When Mu activity is lost, homozygotes
adopt a wild-type phenotype. The loss of Mu activ-



=
(=
\j/

S

3"—]);'}"—]'—]

GAGTAGGCGGTCCCGGTCCACAGGCAAATCCCCdATCTCCAA

Doy o
(AR

GAGTAGGCGGTCC

GAGTAGGCGGTCCCGGTCCACAGGCAAATCCCCT

ACAGGCAAATCCCCTRTCTCCAAC

GAGTAGGCGGTCCCGGTCCACAGGCAAATCCCC’lfATCTC|

| |]aTcTccaackTerGanceeTe  hef106 :: Mut

CTGTGAACGGTG wild-type B73
TGTGAACGGTG revertant-1
[aTcTccaagrTeTeaaceeTe revertant-2

FIGURE 5 Nucleotide sequence of mutant, wild-type (from the inbred line B73), and revertant alleles of hcf106. The target
site duplication is boxed. Only the first 9 bp of the 200-bp terminal inverted repeats are shown. Mu1 is 1350 bp long.

ity is reversible: When Mu-off plants are crossed to
Mu-on plants, most of the progeny regain Mu ac-
tivity, but when Mu-off plants are selfed, no such
“reactivation” occurs. Suppression of the £¢f/06 mu-
tant phenotype is also reversible. When suppressed
hcf106 homozygotes (phenotypically wild type) were
crossed to Mu-on heterozygotes, the mutant pheno-
type segregated 1:1 in the resulting progeny. In con-
trast, when suppressed plants were selfed, no mu-
tant progeny were observed.

Mu-off plants typically have methylated Mul ele-
ments, whereas Mu-on plants have elements that are
unmethylated at the Hinfl sites in their terminal in-
verted repeats. Consistent with this observation, all
of the mutant hcfI106 seedlings examined had un-
methylated elements, whereas 95% of the suppressed
plants had methylated elements. An exceptional sup-
pressed plant had unmethylated elements (includ-
ing the one at the hcf106 locus), but appeared to be
Mu-off by other criteria (i.c., failure to detect new
Mul transpositions in the progeny). Suppression of
the mutant phenotype in the progeny of this excep-
tional plant was still reversible, as shown by reacti-
vation crosses. Suppression in this case may be due
to the segregation of a trans-acting factor (such as
transposase). Alternatively, suppression may have oc-
curred prior to the onset of DNA methylation.

Suppression of the mutant phenotype was accom-
panied by accumulation of mRNA transcripts from
the hcf106 locus, despite the insertion of a Mu/ ele-
ment into the untranslated leader. In contrast, mu-
tant seedlings had no detectable transcript (Martiens-
sen et al. 1989). The 5 end of the suppressed
transcript was mapped by Sl and primer extension
and was shown to be heterogeneous, with the lon-
gest transcript initiating at a site 15-16 bp inside the
Mul element (Fig. 6) (A. Barkan and R. Martiens-
sen, in prep.). This suggests that loss of Mu activity
results in activation (or derepression) of a promoter
in the Mul terminal inverted repeat. This may be as-
sociated with the binding of trans-acting factors to
this region (Z.Y. Zhao and V. Sundaresan, pers.
comm.).

In 95% of suppressed plants, suppression of the
mutant phenotype was associated with DNA meth-
ylation of Mul elements. In these plants, DNA flank-
ing the Mul element at the hcf106 locus was also af-
fected by loss of Mu activity (Fig. 6). Pvull and PstI
sites in the Acf106 promoter were unmethylated in
the wild-type and mutant alleles, but methylated in
the suppressed allele. A Pvul site downstream from
Mu was partially methylated in suppressed plants as
well. This may reflect a requirement for promoter
competition in the mutant phenotype. When the
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FIGURE 6 Promoter region of the hcf106 gene from mutant, wild-type, and suppressed alleles. Arrows indicate tran-
scription start sites. (@) Modified restriction sites; (O) unmodified restriction sites; (crosshatched circles) partially modified
restriction sites. The Southern blot shows DNA from wild-type (B73), homozygous mutant (On), and homozygous sup-
pressed (Off) seedlings digested with restriction enzymes and hybridized to a probe from the upstream flanking region

of the hcf106 gene. The faintly hybridizing upper band is a reduced stringency homolog unlinked to hcf106.

wild-type promoter is methylated, and inactive, the
Mul promoter becomes active, so restoring transcript
levels. Transient expression experiments using the
particle gun will be used to test this model.

In some families, mutant plants were observed
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that had large, phenotypically wild-type sectors.
DNA isolated from these sectors contained modi-
fied Mul elements, including the one at the hcf106
locus (Martienssen et al. 1990). The pattern of stripes
suggested that clonal switching events associated



with DNA modification had occurred in cells near
the tip of the apical meristem, so that more and larger
sectors were observed in successive leaves until, in
the upper leaves, the entire plant was phenotypically
wild type. This resulted in a gradient of transposon
inactivity (and methylation) up the plant and may
account for reciprocal effects in the transmission of
Mu activity (Brown and Sundaresan, CSHL Annual
Report, p.172 [1988]). This is because the male and
female flowers are formed from different parts of
the shoot apical meristem, and so have different
proportions of active and inactive cells.

Molecular and Genetic Analysis
of the Maize P Locus

T. Peterson, S. Allan, P. Athma, E. Grotewold

The primary goal of our work is to understand how
a gene in a higher eukaryote is expressed in particu-
lar organs during development. Our model is the
maize P gene, which is required for the production
of red flavonoid pigments in certain parts of the
plant. These pigments are nonvital, and thus mu-
tants with altered amounts and distributions of pig-
ment can be isolated and studied readily. Since the
expression of P can be visualized directly without
the need for a biochemical assay, subtle changes in
the intensity and pattern of pigmentation are read-
ily recognized.

We are using molecular, genetic, and biochemi-
cal methods to determine how P is regulated during
plant development. Our first aim is to delineate the
coding and regulatory regions of P. As reported in
last year’s Annual Report, we have cloned 34 kb of
DNA from the P locus and defined a region of 7
kb that is transcribed to produce several poly-
adenylated RNAs (Lechelt et al. 1989). Flanking thg
transcribed region are two 5.8-kb direct repeats.. Fi-
nally, a 250-bp sequence present within both direct
repeats is also repeated at a site outside the repejats.

Faced with the complex structure of £, we required
a method to define the P gene coding and regu.la-
tory sequences. We decided to implement‘ a Ipalor
program toward saturating the P locus with mger-
tions of the transposable element Ac. Our starting
allele, P-ovov, carries an insertion of Ac within the
transcribed region; from this allele, we selected de-
rivatives with altered P expression. To date, we have
isolated and studied nearly 100 mutant derivatives
of P-ovov. Structural analyses revealed that the mu-

tant derivatives carry deletions (P. Athma and T.
Peterson, in prep.), intragenic transpositions, and
other rearrangements. In the most informative cases,
Ac has transposed from its original site in the P-ovov
allele to a new site. In most cases, the new site of
Ac insertion lies within the 7-kb transcribed region.
However, in a significant number of cases, Ac has
inserted at sites located 5-7 kb upstream of the puta-
tive transcription start site. These insertions 5’ of the
transcribed region may identify regulatory elements,
although at present, we cannot rule out the possi-
bility of upstream coding sequences. We have also
identified four cases in which Ac has inserted into
either one or the other of the flanking 5.8-kb direct
repeats; however, in all four cases, the phenotypic
expression of P was normal. We conclude that in-
tact flanking direct repeats are not essential for P
expression.

We have continued to refine our knowledge of the
molecular structure of the P locus. In the past year,
we determined the nucleotide sequence of an addi-
tional 5.3 kb of genomic DNA, which, together with
3.3 kb previously sequenced, provides 8.6 kb of com-
pleted sequence. This region covers the 7-kb tran-
scribed region completely. The genomic sequence will
be compared to the cDNA clone sequence to deter-
mine the exon/intron boundaries, to search for
regulatory sequences in the 5’ region, and to design
oligonucleotide primers for polymerase chain reac-
tions (PCR) to determine the structures of mutant
P alleles. A number of ¢cDNA clones from P have
been isolated, but unfortunately, these have all been
too short to be useful. Since the average insert size
in our cDNA libraries is quite large, we suspect that
a region of strong secondary structure in the P
mRNA is inhibiting the progress of the reverse tran-
scriptase, resulting in short clones. To circumvent this
problem, we are currently mapping the 5’ end of the
P RNA, and with this information and the genomic
sequence, we will design oligonucleotide primers for
PCR amplification of P transcripts.

Last year, we reported that the P-ovov allele, which
produces orange variegated pericarp and cob, re-
sulted from a short-range transposition of Ac to
a new site in the P locus. Biochemical analyses
showed that the orange pigment specified by P-ovov
derives not from synthesis of a new pigment, but
rather from a reduced level of the pigments speci-
fied by P-rr. P-ovov carries an insertion of the 4.5-
kb transposable element Ac within the transcribed
region; Northern analysis indicates that P-ovov
produces two transcripts that are the same size as
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those in the wild-type allele and that the Ac se-
quences must be removed from the mRNA by splic-
ing (Peterson 1990).

In the last year, we have obtained an impor.tant
clue as to the function of the P gene. We examined
the expression of RNA from two unlinked structu'ral
genes that encode two enzymes in the pigment bio-
synthetic pathway. RNAs from both genes cguld be
readily detected in plants expressing a functional P
gene; however, no RNA from either gene ~could be
detected in plants homozygous for a deletion of P.
Thus, our current hypothesis is that P regulatfzs the
expression of RNA from the structural genes in the
pigment biosynthetic pathway. .

In the coming year, we intend to utilize the parti-
cle gun transformation method to study the expre.s-
sion of P in tissue explants. In this technique, [.IS-
sues can be transformed by bombardment wﬁh
DNA-coated particles and examined for expression
of the introduced gene. Our initial aim will be‘ to
perform a “complementation test” by introdu.a.ng
cloned segments of P into p pericarps. If a positive
result is obtained, we will then introduce deleted and
modified constructs to localize the 5’ elements re-
quired for pericarp-specific expression.

We thank Christopher Brown, Patrick Nolan, and
Michael Persans for their assistance in various
aspects of this work.

Molecular Tagging of a
Disease Resistance Gene

G. Johal, S.P. Briggs

Our focus is on efforts to describe the genes and pro-
teins that control disease resistance in plants. The
primary host molecules that determine disease re-
sistance in animals were recognized long ago as an-
tibodies. The study of antibodies and the genes that
encode them has provided a detailed understanding
of host-pathogen interactions in animals. No anti-
bodies or functionally equivalent molecules have
been found in plants. Clearly, plants and animals
have evolved different mechanisms for halting in-
fections. Although it is obvious from genetic analy-
sis that plants do have genes for resistance to patho-
gens, no such genes have been isolated. The isolation
of plant resistance genes would not only open up an
important new field for investigation, but also per-
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FIGURE 7 Cosegregation of a 3.2-kb Sstl fragment with the
hm656 allele. (Lanes 7-11) DNA from plants that inherited the
mutant allele; (lanes 12-15) DNA from siblings that did not in-
herit the mutant allele. The Southern blot was probed with the
Mu1 internal region.

mit resistance genes to be manipulated in vitro, pos-
sibly resulting in more effective forms of resistance.

We are using genetic methods rather than bio-
chemical methods to isolate plant genes for resis-
tance. Biochemical methods are not useful because
nothing is known about the products of such genes.
Our genetic approach utilizes transposable elements
to mutate resistance genes; transposition into a gene
disrupts both its DNA sequence and its function.
Such events are detected as rare susceptible plants
within a population of resistant plants. We have iso-
lated many mutants of this type. Two of our mutants
appear to result from the insertion of a well-known
transposable element, Mul, into a corn gene for re-
sistance. Standard methods can now be used to clone
the Mul element, along with some of the flanking
DNA that it inserted into. The flanking DNA is part
of the resistance gene, and it can be used to clone
the rest of the gene. This report describes how the
two Mul insertions were identified.

Earlier reports have described how our mutants
were isolated. Once we had obtained a collection of
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FIGURE 8 Cosegregation of a 58-kb Sstl fragment with the
hm1062 allele. (Lanes 7-12) DNA from plants that inherited the
mutant allele; (lanes 73-15) DNA from siblings that did not in-
herit the mutant allele. The Southern blot was probed with the
Mu1 internal region.

mutants, the challenge was to identify which ones,
if any, were caused by the Mul element. The test we
used was simple. Progeny were separated into two
classes: those that inherited the mutant allele and
those that did not. To separate the progeny into the
two classes, we needed an unambiguous test to iden-
tify the mutant, or Hm* allele from the standard
recessive, Am, allele. Both alleles produce the same
phenotype, a fully susceptible plant. We obtaiped
a set of restriction-fragment-length pOlymOTPhls{n
(RFLP) probes from David Grant at Pioneer Hi-
Bred International, Inc. These probes had already
been localized to the region of chromosome 1 where
Hm was known to be. By hybridizing each probe to
DNA from members of a family in which Hm was
segregating, we were able to place Hm on the RFLP
genetic map. The family members were from the
cross K61/Prl x K61, where K61 is a homogY-
gous Am inbred and Prl is a homozygous Hm In-
bred. Polymorphisms were detected with Sacl and
HindIIl. We scored Hm by inoculating each plant

with the fungal pathogen, Helminthosporium car-
bonum race 1, isolate SB111. Probes P10200644 and
P10200044 were found to map 5 cM proximal and
distal to Hm, respectively. These probes were used
to identify each Hm* allele and to determine which
family members inherited Hm*

We then examined the same progeny for the pres-
ence of the Mul element. For a probe, we used an
internal Aval-BstNI fragment of Mul (pAB/5 ob-
tained from Loverine Taylor), which does not hybrid-
ize to the highly repetitive terminal inverted repeats.
Nevertheless, the probe detects 10-50 fragments in
DNA from Mutator plants, when an enzyme that
cuts outside of the element is used. To simplify the
restriction pattern, we crossed our mutants with non-
Mutator inbreds to inactive the Mutator system (so
that no new fragments are created) and to reduce the
number of fragments by segregation. This strategy
permitted us to observe each of several fragments
segregating in the Hm* families. In two cases, we
found that a particular size DNA fragment that con-
tained Mul was only present in progeny which in-
herited a mutant (Hm?*) allele. This could be ex-
plained by an insertion of Mul into the resistance
gene (Hm), so that Mul and the mutant allele (Hm*)
are always inherited together. The Hm* alleles desig-
nated Ami-656 and hmi-1062 are associated with a
3.2-kb and 5.8-kb Sacl fragment, respectively (see
Figs. 7 and 8).
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G CYCLINS OF SACCHAROMYCES CEREVISIAE:

FIRST TICK OF A TWIN CLOCK?

G. Tokiwa
M. Tyers

|. Fitch
R. Nash

B. Elliott
K. Erickson

B. Futcher

Our main interest has been the WHII gene of Sac-
charomyces cerevisiae, which appears to be a rate-
limiting regulator of the cell cycle. Sequencing
showed that the Whil protein is a cyclin homolog.
This was surprising, because Whil regulates the
G,/S transition, whereas other known cyclins regu-
late G,/M. This suggested that there might be two
classes of cyclins, G, cyclins and mitotic cyclins,
that operate at different points in the cell cycle. That
is, we imagine that a control mechanism containing
the Cdc28 protein kinase and G, cyclins controls
the G,/S transition, and a different but homolo-
gous mechanism containing Cdc28 and mitotic cy-
clins controls the G,/M transition. In some species,
different Cdc28/Cdc2 homologs might specialize for
either G,/S or G,/M. We call this the “Twin Clock”
hypothesis, and we are attempting to prove it by iden-
tifying “mitotic” cyclins in S. cerevisiae and “G,” cy-
clins in other species.

Whil is not the only cyclin homolog working in
the G, phase. Steve Reed and co-workers have
found two other cyclin homologs in S. cerevisiae
called ClInl and Cln2. The simultaneous deletion of
all three of these cyclin homologs is lethal and pre-
vents cells from leaving the G, phase (Richardson
et al., Cell 6: 1127 [1989]). Because of the sequence
homology and functional overlap between WHII

and CLNI and CLN2, the WHII gene has been re-
named CLN3.
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Immunological and Biochemical
Characterization of the CIn3 Protein

M. Tyers, G. Tokiwa, K. Erickson, B. Futcher

Since ClIn3 bears considerable homology with the
cyclins, it is expected to have some biochemical prop-
erties in common with them. Other cyclins oscillate
in abundance during the cell cycle, reaching a peak
in mitosis and being degraded at metaphase/ana-
phase. These cyclins are found in a complex with their
cognate Cdc2/Cdc28 kinase homolog and serve to
activate the kinase. The CIn3-1 mutant protein is
a dominant, hyperactive protein that pushes cells
through the G,/S transition prematurely. At the
molecular level, the CLN3-1 mutant allele has a stop
codon two thirds of the way through the open read-
ing frame. This removes the last third of the protein.
This missing third contains PEST regions (Pro-, Glu-,
Ser-, and Thr-rich regions), which are thought to be
signals for proteolysis. A hypothesis for the pheno-
type of CLN3-I mutants is that the wild-type pro-
tein is short-lived because of its PEST signals but
that the mutant protein is long-lived because of the
absence of PEST signals. This would increase the
relative abundance of the mutant protein and so
make it appear to be hyperactive.

To see whether Cln3 and Cln3-1 behaved as pre-
dicted, we needed a good antibody against Cln3.



None of the simple approaches we tried produced
antibodies of sufficient sensitivity to detect CIn3 in
yeast. An approach that did work was based on the
epitope-tagging method developed by L. Field, R.
Lerner, M. Wigler, and co-workers. A nine-amino-
acid epitope was tandemly triplicated and then used
to tag the ClIn3 gene at its amino terminus, its car-
boxyl terminus, or at an internal site. The tagged
CIn3 genes were transcribed from the inducible yeast
GALI promoter, which increased steady-state mRNA
levels about 200-fold. This overexpressed, triply
tagged protein could be detected in yeast extracts by
immunoprecipitation and by Western blotting by a
high-affinity monoclonal antibody. The tagged pro-
teins seemed to have wild-type function. Triplication
of the epitope was essential — Cln3 with a single tag
was not detectable in yeast. Calculation of Cln3
abundance suggested that in a wild-type strain, the
normal protein is present at only a few copies per
cell, which explains our inability to detect it.

This system has only been working for a short
time, and so our results are still preliminary. We have
used glucose repression of the GAL promoter to
measure the half-life of Cin3 and Cln3-1. CIn3 is very
unstable, with a half-life of only a few minutes, but
CIn3-1is stable with a half-life of more than 1 hour.
Thus, the carboxyl terminus of Cln3 does seem to
cause rapid turnover, and the dominant, hyperacti-
vation of ClIn3-1 does seem to be caused by the lack
of proteolysis. This bodes well for the PEST hypoth-
esis. As yet, we have seen no evidence that CIn3 abun-
dance varies in the cell cycle, nor have we seen any
evidence of an effect of a factor on the protein. Both
CIn3 and Cln3-1 are phosphoproteins in vivo. When
CIn3 or ClIn3-1 is immunoprecipitated, a protein ki-
nase activity is coprecipitated that phosphorylates
Cln3 and Cln3-1 in vitro. It is not yet clear if this
protein kinase is Cdc28.

CLN10

cdcl3
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FIGURE 1 Alignment of the Cdc13 protein
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These results do not necessarily reflect the nor-
mal behavior of the protein. The proteins we have
studied are tagged and overexpressed. We are work-
ing on ways of controlling against or eliminating
potential artifacts.

Cloning of a Mitotic Cyclin
from S. cerevisiae

I. Fitch, B. Futcher

A prediction of the Twin Clock Hypothesis is that
S. cerevisiae should have at least one mitotic cyclin
as well as its three G, cyclins. A pair of degenerate
polymerase chain reaction (PCR) primers was made
corresponding to two highly conserved regions of
type-B mitotic cyclins. These were used to amplify
S. cerevisiae genomic DNA. A fragment of the ap-
propriate size was obtained. The corresponding gene
was cloned and has been partially sequenced. It is
approximately 60% identical to the Cdcl3 protein
of Schizosaccharomyces pombe, a known type-B mi-
totic cyclin. The alignment is shown in Figure 1; the
fragment is referred to as CLNIO.

We think that this fragment may come from a gene
for an S. cerevisiae B-type mitotic cyclin. Genetic ex-
periments will determine if loss of function of this
gene leads to a G, or mitotic arrest.

The whi3 Mutation

R. Nash, B. Futcher

Like WHII-1, whi3 is a mutation that causes cells
to divide at aberrantly small sizes. We originally ob-

LQLVGTSCLFIASKYEEIYSPSIKHFAYETDGACSVEDIKEGERFI

LQLVGIAALFIASKYEEVMCPSVQNFVYMADGGYDEEEILQAERXI

CLN10

cdcl3
and the CLN10 fragment.
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tained the whi3 mutation by transposon mutagene-
sis using the Ty transposon. Genetic crosses showed
that the inserted Ty element was inseparable from
whi3 (although this does not absolutely prove that
the Ty element caused the mutation). We haw? cloned
the inserted Ty element and flanking genomic DNA
on both sides. Some of the flanking DNA has been
subcloned and used as a probe to clone the wild-type
(uninterrupted) DNA from the same locus. T‘hls
DNA is unusual in that it undergoes recombinatlc?n
and rearrangement in E. coli; partly because of tl}ls,
it is not yet clear whether the cloned DNA contains
the intact WHI3 gene.

Relationship between Heat-shock
Resistance and Stationary Phase

B. Elliott, B. Futcher

Yeasts that have exhausted their growth medium and
have stopped growing or dividing are said to be in
stationary phase. Such stationary phase cells charac-
teristically have a 1C DNA content, have stores of
glycogen and trehalose, survive very well upon stor-
age, and are resistant to heat shocks and other en-
vironmental stresses. Stationary phase has been com-
pared and equated with the G state of mammalian
cells.

For historical reasons, it has been assumed that
only G, phase cells are capable of taking on sta-

tionary phasc charactcrislics,.and this has led to the
idea that resistance 10 Stress 15 dependent on being
in a special, G,-like cell cycle phasg. We have tested
this by measuring the extent to whnch .cclls can sur-
vive heat shock under different c0ndm~o.ns, We find
that fast-growing cells are very sensitive to heat
shock, nongrowing, stationary phasc.cclls are very
resistant to heat shock, and cells growing at various
intermediate rates have a corresponding intermedi-
ate degree of heat-shock resistance. Within these
populations growing at different rates, we have ex-
amined individual cells at known places in the cell
cycle. We find that position in the cell cycle makes
little or no difference to the heat-shock resistance
of each cell. Rather, heat-shock resistance seems to
be correlated mainly with growth rate. Therefore, it
now seems unlikely that the resistance to stress of
stationary phase cells has anything to do with any
special cell cycle compartment. Rather, stationary
phase is probably just arrest in G, phase, and not
a good model for the G, phase of mammalian cells.
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TRANSCRIPTION AND CELL CYCLE REGULATION IN YEAST

K.T. Arndt A. Sutton

K. Tice

In almost all aspects of basic cellular processes, the
yeast Saccharomyces cerevisiae has been found to
be very similar to higher eukaryotic cells. For this
reason, and the ease of manipulation and the power-
ful genetic approaches available with yeast, we are
using yeast in our laboratory to study transcription
regulation and cell cycle control.
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Transcriptional Regulation
of the HIS4 Gene

K. Tice

Our ultimate goal is to understand completely the
regulation of the yeast HI1S4 gene and use H154 regu-



lation as a model for the transcriptional regulation
of other systems. The HIS4 gene is under complex
transcriptional control. Two independent systems ac-
tivate F/1S4 transcription: basal control and general
amino acid control. In general amino acid control,
starvation for any one or more amino acids causes
an increase in the levels of the GCN4 protein. The
GCN4 protein binds to the sequence TGACTC,
repeated five times in the HIS4 promoter, to acti-
vate HIS4 transcription. GCN4 binds one of these
HIS4 elements, repeat sequence C, much more
tightly than the others, and most (about 80%) of
the GCN4-dependent activation of HIS4 transcrip-
tion is due to repeat sequence C. We are using defec-
tive GCN4 derivatives to obtain mutations in the
general transcription machinery (see below).

The basal level control activates AIS4 transcrip-
tion in the absence of amino acid starvation. In ad-
dition, either phosphate or adenine starvation will
cause a further increase in the already high basal lev-
els of HIS4 transcription. Activation of the basal
level transcription of HIS4 requires two frans-acting
proteins, encoded by the BASI and BAS2 genes. Mu-
tations in BAS2 cause a phosphate requirement
(BAS2 is the same gene as PHO2), and mutations
in either BASI or BAS2 cause an adenine require-
ment. Thus, in yeast, the phosphate, purine, and
histidine pathways are coregulated. Analysis of the
metabolites in these pathways shows the biological
rational for the coregulation.

DNA sequence analysis indicates that BASI con-
tains an amino-terminal region similar to that of
Myb proteins and that BAS2 contains a centrally lo-
cated homeo box. The Myb domain is the DNA-
binding domain for BASI, and the homeo box re-
gion is the DNA-binding domain for BAS2. The Myb
motif was first identified in the v-myb gene of avian
myeloblastosis virus. Cellular homologs of v-myb
were then found in all vertebrates. In addition, Myb-
type proteins have been found in Drosophila and
corn (C1). The Myb motif contains three repeats of
asequence, whose most striking feature is three reg-
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ularly spaced tryptophans. Within each repeat, the
first and second tryptophans are separated by 18 or
19 amino acids, and the second and third trypto-
phans are separated by 18 amino acids. The third
tryptophan of a given repeat is separated by 12 amino
acids from the first tryptophan of the next repeat.

The regions of the HIS4 promoter to which BASI
and BAS2 binds were determined by DNase I foot-
printing using proteins prepared from overproduc-
ing strains of Escherichia coli. The relative positions
of binding of BASI1, BAS2, and GCN4 are shown
in Figure 1. The combined BAS1+BAS2-binding re-
gion corresponds almost exactly to the cis-acting
regions of the promoter that were determined to be
required for basal level transcription of HIS4. In-
terestingly, at high BASI concentrations, BASI binds
to the GCN4-binding site. We have also determined
that (1) the amino-terminal fragment of BAS1 con-
taining the Myb motif has full DNA-binding activ-
ity, (2) BAS1 and BAS2 bind adjacently on the HIS4
promoter, (3) even though the BASI- and BAS2-
binding sites overlap by eight to ten bases, they can
bind simultaneously to the HIS4 promoter, (4) the
En protein (encoded by the homeo box engrailed
gene, which is the homeo box gene to which BAS2
is most closely related) binds almost identically to
the HIS4 promoter as does the BAS2 (En and BAS2
protect the same DNA sequences from DNase I and
bind at about the same affinity), and (5) BASI and
BAS2, from yeast or E. coli, show no evidence of
cooperative binding to the HIS4 promoter.

Basal level transcription of the HIS4 gene requires
both BASI and BAS2. Either protein alone, even
when overexpressed, can only poorly activate HIS4
transcription (at 1/100th the level of when both BAS]
and BAS2 are present). Since BASI and BAS2 do
not bind cooperatively to the HIS4 promoter, the na-
ture of the requirement for both BAS1 and BAS2
for basal level HIS4 transcription remains to be de-
termined. In addition to activation of HIS4 tran-
scription, BAS2 is required to activate the transcrip-
tion of the secreted acid phosphatases (the major
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FIGURE 1 HIS4 promoter and its binding factors.
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secreted acid phosphatase is encoded by the PHQ5
gene). However, BASI has no role in the activation
of the transcription of the secreted acid phospha-
tases. In the next year, we would like to determin¢
if BAS2 requires a second DNA-binding protein (to
take the place of BASI) for activation of the secreted
acid phosphatases. .

The function of BAS1 and BAS2 in yeast may
have relevance to their homologs in higher systems.
Like BAS2, the En protein of Drosophila cannot ac-
tivate transcription by itself. The question remain-
ing is whether En functions as a repressor (by com-
peting for the binding of other homeo box proteins
that are able to activate transcription by themselves)
or whether En is similar to BAS2 in that a second
DNA-binding protein is required for activation of
transcription. The avian v-Myb protein can trans-
form only myeloid cell lineages in vitro or in vivo.
One explanation of this result is that vertebrate Myb
proteins, like BASI, require a second DNA-binding
protein for activation of transcription of genes that
lead to the transformed phenotype. The BASI DNA-
binding site is similar to that defined for v-Myb pro-
tein in vitro. In the near future, we would like to
determine if a Myb/En system can functionally sub-
stitute for the BAS1/BAS2 system for activation of
HIS4 transcription.

BASI, BAS2, and GCN4 are the three activation
proteins for HIS4 transcription. In strains deleted
for all three proteins, H1S4 transcription is extremely
low and the strains are His". However, as measured
by gel-shift assays using total yeast extracts, these
three activator proteins represent only a very small
fraction of the binding activity to the IS4 promoter.
The major binding activity is due to a protein we
have termed YNFI that binds to the H/S4 promoter
as shown in Figure 1. In the absence of GCN4, BASI,
and BAS2, YNF1 is not able to activate HIS4 tran-
scription. In addition, the binding sites for YNF1
and GCN4 overlap; GCN4 binds much tighter to the
middle repeat element than to the other four repeat
elements, and most GCN4-dependent transcription
occurs through the middle repeat sequence. In vitro
DNA-binding studies show that either GCN4 or
YNF1 can bind to their respective sites. They cannot
bind simultaneously. This result argues that YNFI
might be a repressor of GCN4-dependent HIS4 tran-
scription. However, using HIS4 promoters that con-
tain point mutations in the YNF1-binding site that
completely eliminate YNF1 binding in vitro (which
are completely outside the GCN4-binding site), we
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have found that the presence of absence of YNF]
binding has almost 70 effect on t.hc.stcady-statc lev-
els of GCN4-dependent transcription.

We have very recently determined that YNF] ig
the same protein as RAPL. RAPI (which is proba-
bly the same as GRFITUF)is avery abgndant DNA-
binding protein in yeast that binds to silencers, telo-
meres, and the promoters of many of the genes
encoding ribosomal proteins and glycolytic enzymes.
In addition, most of the RAPI protein is found as-
sociated with the nuclear matrix or scaffold. The
binding of RAPI to the HIS4 promoter is somewhat
unexpected, since it was believed that RAPI1 by ir-
selfis a transcriptional activation protein. In the con-
text of the HIS4 promoter, RAPI cannot activate
transcription by itself, since a strain lacking GCN4,
BASI, and BAS2 has extremely low levels of HIS4
transcription. Future experiments will be directed to
show if RAPI is required for the rapid kinetics of
GCN4-dependent induction of HIS4 transcription,
such as occurs when general control is induced by
amino acid starvation. We also want to determine
if RAP binding to the H154 promoter correlates with
association of HIS4 with the nuclear matrix. These
experiments will allow us to determine if association
with the nuclear matrix is required for rapid kinetics
of induction. It may be that genes that are not as-
sociated with the nuclear matrix are in repressed
chromatin structures and cannot be induced until
that region of DNA undergoes DNA replication,
which then makes the promoter free to associate with
activator proteins. We already know that nucleo-
somes are phased on the HIS4 promoter and that
the nucleosomes are excluded from the RAPI-
binding site.

A Genetic Selection for General
Transcription Factors

A. Sutton

When the levels of HIS4 transcription are quanti-
tated by assaying the levels of B-galactosidase from
a HIS4-lacZ fusion, a wild-type strain gives about
400 units of activity, whereas a strain containing de-
letions of the GCN4, BASI, and BAS2 genes gives
less than one unit of activity. As a result, a strain
deleted for the three activators of HIS4 transcrip-
tion is His™. We have reverted this strain to His* with
the assumption that mutations in genes encoding
general transcriptional factors could result in in-



creased H1S4 transcription. This reversion analysis
has identified four suppressor genes that permit
HIS4 transcription in the absence of GCN4, BAS],
and BAS2. We have termed these suppressors sif
genes for suppressors of /nitiation of franscription.
These suppressor genes encode factors that affect
the transcription of many diverse genes.

Two of the suppressors, SITI and SIT2, are en-
coded by RPBI and RPB2, the genes for the two
largest subunits of RNA polymerase I1. All strains
containing suppressor mutations in RPBI! and RPB2
have reduced transcription of the /NOI gene and an
inositol requirement.

Mutations in S/73 or high-copy-number S/73 in-
crease HIS4 transcription in the absence of GCN4,
BASI, and BAS2. SIT3 is the only suppressor that
suppresses when the wild-type gene is present in high
copy number. The increase in H/S4 transcription by
high-copy-number SI73 or by sit3 alleles is largely
independent of the HIS4 TATA sequence. We se-
quenced the SIT3 gene and found that it is identical
to GCRI, a gene previously identified as being re-
quired for high-level transcription of almost all
glycolytic enzymes (whose combined mRNAs con-
stitute over 50% of the mRNA in a yeast cell).
Presently, we are not sure exactly how SIT3 func-
tions. Our current model is that SIT3 is a protein
that if altered (siz3 mutants) or if overexpressed (high-
copy-number S/73) can recognize transcriptional ac-
tivation proteins at almost any promoter to stimu-
late TATA-independent transcription.

The SIT4 protein is over 50% identical to the cata-
lytic subunit of bovine type-2A protein phosphatase.
In the haploid, si¢3 in any pairwise combination with
sitl, sit2, or sit4 is viable, consistent with the view
that SIT3 encodes a factor that functions as an ac-
cessory role to the RNA polymerase I holoenzyme.
In contrast, all pairwise combinations between sitl,
sit2, and sit4 are inviable. The inviability of sit/ sit2
double mutants is easily understood as an intergc-
tion between altered versions of the largest subunits
of RNA polymerase II that leads to a more severe
phenotype than either of the single mutants. Ope
interpretation of the gene interactions between.51t4
and the sit/ and sit2 RNA polymerase I mutations
is that S/74 encodes a factor that interacts with RNA
polymerase I1. This model needs to be tested directly
by Western and immunoprecipitation analyses to Qe-
termine the phosphorylation state of RPBI in strains
Containing wild-type SIT4, sit4 mutations, and over-
expression of SIT4.

Progression from G, to S Phase
Requires the SIT4 Protein
Phosphatase

A. Sutton

Regulation of the cell cycle, most importantly the
decision of whether or not to initiate a new cycle,
is a major determinant of cell proliferation. For the
yeast Saccharomyces, cells that are nutritionally
starved (such as by limiting an essential nutrient in
the growth medium) or cells in a saturated culture
arrest in G,. Cells that have arrested at this point
in G, are in a physiological state distinct from G,
cells in actively growing cultures. In general, cells ini-
tiate a new cycle only when they will be able to com-
plete the entire cycle.

Much of what is known about regulation of the
cell cycle comes from strains containing conditional
mutations that arrest in G, at the nonpermissive
temperature. Strains containing cdcl9, cdc25, or
cdc35 (adenylate cyclase) arrest in G; at what seems
to be close to the nutritional arrest point (unbud-
ded uninucleate G, cells with no spindle pole satel-
lites). Conditional mutations in the CDC28 gene,
which encodes a protein kinase, cause arrest in G,
as unbudded uninucleate G, cells containing spin-
dle poles with a satellite structure. This G, arrest
point in cdc28 mutants has been operationally de-
fined as START. Supposedly, if a normal cell passes
START, it is committed to completion of the cycle.

As stated above, we originally identified the SIT4
gene as a suppressor of a HIS4 transcriptional de-
fect. All sit4 strains are temperature sensitive for
growth. We have found that at the nonpermissive
temperature, sit4 strains (and mutations in sit4
created solely with a temperature criterion) have a
cell-cycle-arrest phenotype and arrest as large non-
budded uninuclear G, cells. Reciprocal shift experi-
ments show that SIT4 is required only for progres-
sion from G, into S phase. In the first experiment,
a sit4-102 strain was arrested in late G, by a-factor.
The cells were released from a-factor arrest by wash-
ing away the a-factor and shifted to the nonpermis-
sive temperature at various times after release. If the
released cells were shifted to the nonpermissive tem-
perature at any time before they began to initiate a
bud (which takes 30-40 min), they did not initiate
a cell cycle but arrested as large unbudded uninucle-
ate cells with a IN DNA content. In contrast, if the
released cells were shifted to the nonpermissive tem-
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perature at any time after they initiated a bud, the
cells continued with their current cell cycle (e.g., the
bud continued to grow) and arrested as large unbud-
ded uninucleate cells in late G,. In the second ex-
periment, unsynchronized sit4-102 cells were first
arrested at the nonpermissive temperature as large
unbudded cells. When a-factor was added and the
cells shifted to the permissive temperature, the cells
initiated budding and completed a cell cycle before
arresting in late G, by a-factor. In a third set of ex-
periments, sit4-102 cells in the G, stage of the cell
cycle were isolated by centrifugal elutriation. The
synchronized cells were grown until they formed a
very small bud, at which time both a-factor was
added and the cells were shifted to the nonpermis-
sive temperature (for sit4-102). The cells continued
with their current cell cycle and arrested exclusively
at the a-factor arrest point (as “schmoos”). These
experiments, and the proper controls, show that the
execution point for the essential function of SIT4
is in very late G, (and only in late G,) and that this
essential function of SIT4 is required for progres-
sion into S phase.

The localization of the SIT4 protein was deter-
mined by indirect immunofluorescence using anti-
bodies directed against the amino terminus of SIT4.
These experiments show that SIT4 is localized pri-
marily to the cytoplasm and mostly excluded from
the nucleus. SIT4 coimmunoprecipitates with two
larger proteins that might be regulatory subunits. Al-
though SIT4 is not phosphorylated, the two larger
SIT4-associated proteins are phosphorylated. We are
currently investigating if the association of these two
proteins with SIT4 or the phosphorylation state of
these two proteins varies in the cell cycle. The steady-
state levels of SIT4 do not vary in the cell cycle.

We are also investigating the role of SIT4 in
progression from G, into S phase using two differ-
ent genetic approaches. Hopefully, these approaches
will identify substrates of SIT4 or regulators of SIT4
activity. The first approach we have taken is to iden-
tify wild-type genes that, in high copy number, sup-
press the slow-growth defect of sit4 His* suppressor
strains. Using this approach, we have obtained four
different genes. None of these genes rescue the
temperature-sensitive defect of sit4 strains. One of
these genes is another protein phosphatase that we
call PPH2. DNA sequence analysis of the PPH?2
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gene shows that it is 86% idcnli.cul. to .lypc-ZA pro-
tein phosphatascs and that the similarity extends (¢
the very carboxyl terminus. In co.nlrast,’SlT4 has no
similarity to the carboxyl terminus of type-2A or
type-1 protein phosphatases. Since overexpression of
PPH? partially rescues only a subset of the defects
of a sit4 strain, we believe that SIT4 represents a class
of phosphatase distinct from the canonical type |
and type 2A.

A second gene (which we call SISI) that, in high
copy number, suppresses the slow-growth defect of
sit4 strains encodes a predicted protein that is 280,
identical overall (for an overlap of 330 amino acids)
to bacterial Dnal proteins. The SISI protein has a
predicted molecular mass of 37.6 kD and is essen-
tial for viability. Immunoprecipitation experiments
show that SISI is phosphorylated and coimmuno-
precipitates with a protein (p40) of 40 kD that is not
phosphorylated. We are currently investigating if
SIS] is a substrate of SIT4 and if the association of
SIS] with p40 varies in the cell cycle. A third gene,
called SIS2, that, in high copy number, suppresses
the slow-growth defect of SIT4 strains encodes a
predicted protein of 53 kD that is not similar to any
protein in the current databases. We are investigat-
ing the function of this protein in relation to the role
of SIT4 in G,/S progression.

Our second genetic approach to SIT4 function
is to obtain second-site suppressors of the tempera-
ture-sensitive arrest phenotype of sit4-102 strains.
This analysis has identified three different comple-
mentation groups, which we call pt¢s/ through pts3.
Interestingly, about half of the alleles of both prs/
and pts2 cause complete failure to germinate. In ad-
dition, all ptsI strains are sensitive to nutrient limi-
tation. Hopefully, the PTS genes have identified
important G, control proteins that relate to SIT4
function.

PUBLICATIONS

Arndt, KT., C. Styles, and G.R. Fink. 1989. A suppressor of a
HIS4 transcriptional defect encodes a protein with homology
to the catalytic subunit of protein phosphatases. Celf
56: 527-537.

Tice-Baldwin, K., G.R. Fink, and K.T. Arndt. 1989. BAS1 has a
Myb motif and activates H/S4 transcription only in combina-
tion with BAS2. Science 246: 931-935.



INITIATION AND TERMINATION OF
HUMAN SNRNA GENES AND HIV-1
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N. Hernandez S. ffill S. Lobo P. Reinagel
L. Johal R. Ratnasabapathy M. Sheldon
J.A. Lister

SMALL NUCLEAR RNA GENES

The human U2 and U6 small nuclear RNA (snRNA)
genes constitute a fascinating model to examine the
links between formation of a transcription complex
at a specific promoter and the ability of this tran-
scription complex to elongate and recognize (or ig-
nore) transcription termination signals. In addition,
they also provide a so far unique system to study the
mechanisms that govern RNA polymerase selection
by transcriptional promoters.

The U2 snRNA gene is transcribed by RNA poly-
merase II. The promoter contains a proximal element
located around position —50 and functionally
equivalent to a TATA box, in that it is essential for
efficient transcription and localizes the start site of
transcription. It also contains an enhancer located
around position —200 and consisting of an Spl-
binding site adjacent to an octamer motif. Termina-
tion of transcription just downstream from the re-
gion corresponding to the mature 3’ end of the RNA
isdirected by the 3’ box, a short sequence conserved
among RNA polymerase Il snRNA genes. This ter-
mination signal is peculiar in that it is recognized
only by transcription complexes derived from
snRNA promoters and not by transcription com-
plexes derived from mRNA promoters. Reciprocally,
the RNA polymerase 11 snRNA promoters are pe-
culiar in that the transcription complexes they di-
rect are not capable of transcribing through long
DNA templates, but they will terminate at sequences
even only remotely related to the 3’ box. .

The U6 snRNA gene belongs to a growing family
of RNA polymerase 111 genes that include the 7SK
and probably the RNase MRP RNA genes. In these
genes, the elements essential for initiation of tran-
scription are not contained within the coding se-
quences, but rather lie within the 5-flanking se-
quences. Curiously, two of these promoter elements
are similar in their sequence and spatial arrangement
to the U2 promoter elements. Thus, the U6 promoter
contains an enhancer region that is characterized,
like the U2 enhancer, by the presence of an octamer
motif. It also contains a proximal element that

matches in 13 out of 17 positions the human U2 prox-
imal element. The third element of the U6 promoter
is not found in the U2 promoter and consists of an
A/T-rich region located —18 to —26 nucleotides
upstream of the start site of transcription and remi-
niscent of the TATA box of mRNA promoters. Its
function is, however, quite different. In the human
U6 promoter, the A/T box constitutes a dominant
element that defines the promoter as a U6 promoter.
Mutation of the A/T box converts the U6 promoter
into a predominantly RNA polymerase 11 promoter,
whereas insertion of the A/T box into the U2 pro-
moter converts it into an RNA polymerase III pro-
moter. We are interested in characterizing in detail
the cis-acting elements involved in transcription by
RNA polymerase II and III and in identifying the
trans-acting factors involved in transcription of the
U2 and U6 genes.

HUMAN IMMUNODEFICIENCY VIRUS TYPE 1

The human immunodeficiency virus type 1 (HIV-1)
contains, in addition to the genes normally found
in retroviruses, a set of genes encoding regulatory
proteins. One of these genes encodes the tat protein,
a potent frans-activator of viral gene expression. fat
acts through a sequence called TAR, located down-
stream from the transcriptional start site. TAR could
thus represent a DNA element, an RNA element, or
both. Indeed, the mechanism of tat trans-activation
is the subject of considerable controversy, and fat
effects at the levels of translation, initiation and elon-
gation of transcription, and other ill-defined path-
ways have all been described in the literature. We are
particularly intrigued by the proposal that TAR may
be a termination site and faf an antiterminator; in
this model, fat would increase gene expression by al-
lowing the RNA polymerases to bypass a transcrip-
tional block located close to the initiation site of tran-
scription. In support of this model, short transcripts
whose 3’ ends map just downstream from TAR can
be detected in steady-state RNA from cells express-
ing the HIV-1 long terminal repeat (LTR). However,
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in contradiction to this model, deletion of TAR does
not result in increase of expression from the HIV
LTR. Thus, TAR does not seem t0 contain a nega—
tive element such as a premature termination Site.
This paradox could be resolved if the HIV-1 promoter
directed the formation of a transcription complex
with not much processivity, comparable in this re-
spect to the transcription complex formed on the U2
promoter. Such a transcription complex might stop
at a premature termination site such as TAR if TAR
were present, and might stop randomly if the prema-
ture termination site were deleted. As an approach

ase 11 and 111 in the U2 and U6 promoters. We haq
shown before that insertion of the U6 A/T box into
the U2 promoter extending from position —247 (o
—7, i, lacking the U2 cap site, converts it into ap
RNA polymerase 111 promoter (see Fig. 1A, con-
structs pU2/—247/RA.2 and pU2/TA). This obser-
vation suggests that the U2 and U6 promoters bingd
a common set of transcription factors and that RNA
polymerase specificity is determined by the absence
or presence of the factor(s) binding to the A/T box.
However, in the Xenopus U6 gene, transcription by
RNA polymerase 111 requires, in addition to the A/T
box, the sequences surrounding the start site of tran-

to understand the mechanism of zat trans-activation,
we would like to determine how the short transcripts
are generated and what the role of HIV promoter
elements is in fat trans-activation.

scription. This observation raises the possibility that
in the complete U2 promoter with an A/T box in-
serted, the sequences surrounding the cap site just
upstream of the potential RNA polymerase 111 start
site could suppress RNA polymerase 11 transcrip-
tion. To exclude this possibility, we modified the con-
struct pU2/TA by site-directed mutagenesis to cre-
ate pU2/TA/U2Cap (Fig. 1A). In this modified
construct, the natural U2 sequence surrounding the
U2 cap site was restored, so that the U2 promoter
sequences now extend to position +7 downstream
from the U2 cap site. Analysis of expression from
this construct in vivo and in vitro showed that 50%
of the total transcription was directed by RNA poly-
merase 111, compared to 80% with the parent con-
struct. Thus, although the U2 cap site sequences

cis-Acting Elements and Factors
Involved in Transcription of the
Human U6 snRNA Gene

S. Lobo, P. Reinagel, J. Lister, L. Johal,
S. Ifill, N. Hernandez

ROLE OF THE REGION AROUND THE U2 CAP SITE
IN RNA POLYMERASE SELECTION

We have continued our analysis of the cis-acting ele-
ments involved in transcription by RNA polymer-

PROXIMAL ELEMENT

[ |
pU2/-247/RA.2 CTCACCGCGACTTGAATGTGGATGAGAGTGGGACGGTGACGGCGGGCGCGAAGGCccctCgAgtACcTagaGt

pg%;UZCap ....................................................... GAGCGCATCGCTTagaGt
p 2 7 N R t.t.tatat........... ccctCgAgtACcTagaGt
PUZ/TASU2CAP ceeneresconcannsenecessonasaassssaos t.t.tatat........... GAGCGCATCGCTTagaGt
B.
PROXIMAL ELEMENT

pU2/-247 GGC TGGGGCTCTEACCGCGACTTGAATGJGGATGAGA i
LS-34/-43 900 ©00000000000000000G00GG000 cecte gG gecacsTeACEBCOGaCaCEARGGCaRGERCATEGCT
ggé?;zéRA.Z ACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCY

.............................. tetCcgagaa. . ... . . e e 0000008l
pU2/-247/RA.2 GGC TGGGGCTCT gtAl
T oot TeeeeeTet CACCGCGACTTGAATGTGGATGAGAGTGGGACGSTGACGGCGGGCGCGAAGGCccctggA ACcTa
BUZ/IA/ (LS=30/=43) . e e e TtAtatat........... ccctCg.gtA.c.a

................... cccte...g........tTtAtatat...........ccctcg.gta.c.a

g;ﬁg:iy:}o'(;;?ef?::rlgg Zesqber:;:e in different U2 constructs. The nucleotides that differ from the wild-type U2 sequence are repre-

resent RNA polymerase I o ; t ? erscores indicate the different start sites of transcription; uppercase underscored characters rep-

e i rase Il start sites, a,nd onvercase undersgored characters represent RNA polymerase |l start sites. The proximal
mology is indicated. (B) 5-flanking sequences in different U2 and U6 constructs. Symbols are the same as in A.
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coinfluence the relative levels of RNA polymerase
Il and I1I transcription, the U6 A/T box is neverthe-
less the dominant element.

CHARACTERIZATION OF THE U6 A/T BOX

The U6 A/T box has the sequence TTTATATAT.
This sequence is nearly perfectly conserved in the
human 7SK gene (TTTATATAG), but quite diver-
gent in the mouse RNase MRP RNA gene (ATAAA-
TTAG). To characterize the sequence flexibility in
this region for RNA polymerase 111 transcription,
we replaced the U6 A/T box with TATA boxes from
different mRNA promoters. Analysis of expression
of the different constructs showed that a large num-
ber of different sequences can replace the A/T box
without suppressing RNA polymerase I1I transcrip-
tion. The minimal requirement seems to be a run of
at least six A and T residues. We are in the process
of refining this analysis and determining whether se-
quences flanking the A/T box also play a role. A
detailed knowledge of the sequence requirements in
this region for RNA polymerase 11 transcription will
be useful to discriminate between factors binding
specifically to the U6 A/T box and therefore proba-
bly involved in U6 transcription and factors bind-
ing nonspecifically to A/T-rich regions.

CHARACTERIZATION OF THE REGION IMMEDIATELY
3' OF THE PROXIMAL ELEMENT

We also examined in some detail the region immedi-
ately downstream from the proximal element homol-
ogy in the U2 and U6 promoters. We showed before
that in the U2 promoter, a linker-scanning mutation
that modifies this region and overlaps with the prox-
imal element homology itself only by 1 bp (Fig. 1B,
mutant LS-34/-43) is as detrimental to transcription
as mutations that modify the central part of the prox-
imal element homology. This suggested that the re-
gion immediately downstream from the proximal ele-
ment contains some element required for RNA
polymerase II transcription, although this region 18
not conserved in different RNA polymerase II
SnRNA promoters. In the human U6 promoter, a
clustered point mutation that modifies essentially the
same region (LSS5, see Fig. 1B) has little effect on
RNA polymerase 11 transcription. However, when
combined with a mutation that debilitates the A/T
box and switches the U6 promoter to a predomi-
nantly RNA polymerase 11 promoter, the LSS mu-
tation has a marked deleterious effect, again Sug-

gesting that this region is required for RNA
polymerase II transcription. However, because the
above mutations are different and were introduced
in the context of different promoters, the above data
cannot be rigorously interpreted.

To determine whether the region downstream
from the proximal element represents an element re-
quired mainly for RNA polymerase II transcription,
we introduced the LS-34/-43 mutation in the con-
text of the pU2/TA promoter that directs both RNA
polymerase II and RNA polymerase III transcrip-
tion, thus creating the pU2/TA/(LS-34/-43) con-
struct (Fig. 1). Analysis of expression from this con-
struct showed that introduction of the LS-34/-43
mutation suppressed RNA polymerase II transcrip-
tion but had little effect on RNA polymerase III tran-
scription. Thus, at least one element in the U2 and
U6 promoters appears to be required by RNA poly-
merase II but not by RNA polymerase III. The U2
and U6 transcription complexes thus differ by at least
one factor in addition to the A/T box binding fac-
tor, and the absence of this factor in nuclear HeLa
cell extracts might explain the apparent paradox of
active RNA polymerase III but inactive RNA poly-
merase II transcription from snRNA promoters in
vitro.

Why does the U6 gene contain a polymerase 11
promoter element? This element may represent a
remnant from when the snRNA promoters may have
been transcribed by the same RNA polymerase. Al-
ternatively, there may be slightly divergent U6 gene
copies in the human genome that are transcribed by
RNA polymerase II. Little is known about the ge-
ncmic organization and the copy number of the true
U6 genes in the human genome, although the total
number of U6 loci including pseudogenes has been
estimated to be 200. Finally, the U6 gene we have
analyzed may itself be transcribed by RNA polymer-
ase II under circumstances not reproduced in our
assay.

We are now interested in identifying and eventu-
ally purifying transcription factors involved in U2
and U6 transcription, and one of the intriguing ques-
tions is how the 3’ box signals termination of tran-
scription by RNA polymerase 1I. To determine
whether the factors recognize the 3' box at the DNA
level, we performed competition experiments in vivo,
in which an excess of 3’ box sequences was trans-
fected together with a reporter gene containing a 3’
box followed by a polyadenylation site. Even the
highest concentration of 3’ box sequences did not
result in an increase of polyadenylated RNA rela-
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tive to RNA ending at the 3’ box from the reporter
construct. This suggests either that the amount of
3’ box binding factor in the nucleus is very large, or
that the 3' box does not bind a factor at the DNA
level, or that the U2 transcription complex is locked
in a stable structure such that individual fac{ors can-
not readily exchange between different binding sites.
However, similar experiments in which an excess of
U6 proximal element sequences was colrapsfecled
with the U2 gene or an €xcess of U2 proximal ele-
ments was cotransfected with the U6 gene resulted
in a decrease of U2 and U6 transcription, r§sgec-
tively, suggesting that the U2 and U6 transcription
complexes are not completely stable and demonstrat-
ing that the same factors can bind to the U2 and U6
proximal elements in vivo. To identify the factor(s)
that interacts with the U6 proximal element, we h.ave
more recently begun to fractionate the U6 in vitro
transcription system. This approach should also gl-
low the identification of the factor(s) interacting with
the A/T box.

Mechanism of trans-Activation of
the HIV-1 Promoter by the Viral
trans-Activator tat

R. Ratnasabapathy, M. Sheldon, S. ffill, L. Johal,
N. Hernandez

To study the mechanism of tat trans-activation, we
are following two approaches. In the first one, differ-
ent constructs are transfected into T cells or HeLa
cells, and tat trans-activation and formation of short
transcripts are monitored by RNase T1 protection.
In the second, formation of short transcripts is stud-
ied in an in vitro transcription system.

IN VIVO ASSAYS

Figure 2 shows the hybrid gene construct used in the
transfection experiments and from which all other
constructs are derived. It consists of HIV-1 sequences
from —147to +80, i, containing the HIV promoter
and the entire TAR sequence. The HIV sequences

Spl
ENHI_—|D TATA TAR
pHIV-1/TAR

are followed by a fragment from. adcpovirus 2(Ad2)
containing the L3 polyadenylation site, and this en-
sures that transcripts that rcad’lhrough .lhc poten-
tial premature termination sites in TA.R will have dis-
crete polyadcnylated 3’ ends apd w1ll.(hercforc be
stable. This artificial transcription unit is followed
by two fragments: (1) a fragment carrying the T3 pro-
moter, so that riboprobes can be generated from each
construct without additional cloning steps, and (2)
a fragment (not shown in the figure) carrying the
SV40 origin of replication, so that the plasmid can
be replicated in vivo by inclusion of an SV40 T.
antigen expression vector in the transfections. §' tg
the HIV-1 promoter are two tandem polyadenylation
sites (not shown in the figure) derived from Sv4p,
The presence of the tandem SV40 polyadenylation
sites reduces considerably the amount of stable RNA
extending through the HIV-1 promoter in transi-
ent transfections, presumably because RNA derived
from cryptic promoters within the vector becomes
polyadenylated at these sites.

This construct was transfected into Jurkat cells
with or without a second plasmid directing expres-
sion of the tat protein, and the transcripts generated
were characterized by RNase T1 protection mapping,
We detect bands whose sizes correspond to short
transcripts ending downstream from the TAR region
as well as transcripts extending to the Ad2 L3 poly-
adenylation site. Control experiments have con-
firmed that (1) these transcripts correspond to cor-
rectly initiated RNA, (2) the bands are not the results
of artifactual cleavage of the hybrids by RNase TI,
and (3) the long transcripts correspond to poly-
adenylated RNA, whereas the short transcripts are
not polyadenylated. In the presence of fat, the
amount of polyadenylated RNA increases, whereas
the amount of short transcripts decreases, both in
T cells and in HeLa cells. This observation is simi-
lar to the results reported by M. Peterlin and col-
leagues for experiments in COS cells and is consistent
with tat acting as an antiterminator of transcription.

We have generated a whole series of constructs
in which the HIV-1 promoter was replaced by differ-
ent mRNA promoters or by the U2 and U6 pro-
moters. Surprisingly, all of these hybrid constructs

%

pA
AAUAAA

F!GURE 2 Hybrid gene in HIV-1 construct. The HIV-1 promoter elements, the TAR re-
gion, the L3 polyadenylation site, and the T3 promoter are indicated.
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still generated short transcripts and were trans-acti-
vated by fat. The only exception was the U6 promoter,
which when placed upstream of TAR generated short
transcripts but was not trans-activated by tat. Thus,
the HIV-1 promoter does not contain any element
required for short transcript formation or for tat
trans-activation. We have now generated more con-
structs with substitutions in the TAR region, so as
to define which regions of TAR are required for short
transcript formation.

TRANSCRIPTION IN VITRO

We have prepared nuclear extracts from HeLa cells
and from Jurkat cells. These extracts direct efficient
transcription initiation from the HIV-1 promoter.
Initiation is accurate, and transcription is directed
by RNA polymerase I1. Interestingly, a large amount
of short transcripts is generated in vitro, which are
identical in size to the short transcripts observed in
vivo. The amounts of short transcripts vary in differ-
ent extracts, but they are always detectable. Prelimi-
nary experiments suggest that these short transcripts
are not the results of a processing reaction uncou-
pled from transcription, but rather are generated by
termination of transcription or by a processing reac-
tion coupled to transcription. Thus, in time courses,

the short transcripts appear at the same time as long
transcripts. Moreover, in experiments in which tran-
scription is allowed to proceed for 1 hour, then
blocked by addition of a-amanitin, and incubation
is continued for various periods of time, the amounts
of short transcripts do not increase during the incu-
bation period. We have vet to find a mutant that does
not generate short transcripts in vivo nor in vitro to
convince ourselves of the specificity of the in vitro
reaction. If it does accurately reflect in vivo events,
we will determine by competition or depletion ex-
periments whether specific factors are involved in
premature termination of transcription in the TAR
region.
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STRUCTURE AND COMPUTATION

This section includes five laboratories interested in the detailed structural proper-
ties of proteins and computational biology. It includes the laboratories of Jim
Pflugrath and John Anderson, who are interested in macromolecular crystallogra-
phy, and Rich Roberts, whose group has had a long-standing interest in restriction
enzymes and their associated methylases. During the last year, the program lost
one of its founding members, Dr. Mark Zoller, who has joined Genentech Corpora-
tion in San Francisco to pursue his interests in site-directed mutagenesis. For-
tunately, Dr. Jeff Kuret, a former postdoctoral fellow of Dr. Zoller, was persuaded to
stay on and has accepted the position of Staff Investigator. His laboratory studies

protein kinases, and Dr. Kuret has established a close collaboration with Dr.
Pflugrath. The program was also fortunate in enticing Dr. Tom Marr to leave Los
Alamos National Laboratory, where he has been responsible for designing the
new GENBANK database. Dr. Marr has accepted the position of Senior Staff In-
vestigator at Cold Spring Harbor Laboratory. His extensive background in biology
and computer science will considerably enhance computational biology at the

Laboratory.

NUCLEIC ACID CHEMISTRY

R.J. Roberts A. Dubey C. Marcincuk  J. Posfai
L. Hamablet J. Martling D. Roberts
S. Klein J. Meyertons M. Wallace
S. Klimasauskas ~ S. Miceli K. Zachmann
D. Macelis G. Otto

Studies of the Mspl Methylase

A. Dubey

The Mspl restriction-modification system recognizes
the sequence 5'-CCGG-3'. The complete system has
been previously cloned and sequenced (Lin et al.,
Nucleic Acids Res. 17: 3001 [1989]). A subfragment,
containing the methylase gene, was cloned next to
a fragment containing the inducible plac promoter,
and this derivative overproduces the methylase to
high levels. Dr. B. Mollet in this laboratory had pre-
viously attempted the purification of the Mspl
methylase directly from this strain and found that
it was possible to purify small amounts of the methy-
lase quite readily; however, most of the enzyme \fva}s
in the form of large aggregates of unknown specific
activity. This was caused by overexpression of the

Mspl methylase in Escherichia coli strain RR1, which
results in the formation of inclusion bodies. We have
now examined the formation of these inclusion bod-
ies and discovered that they are temperature-sensitive
and are not produced at temperatures below 30°C.
At normal growth temperatures of 37°C, about 50%
of the total Mspl methylase produced forms biolog-
ically inactive aggregates. At 30°C, greater than 99%
of the total Mspl methylase is soluble. We are con-
tinuing to fine-tune the overexpression system to pro-
duce higher yields of soluble and enzymatically ac-
tive Mspl methylase.

In the recombinant strain overexpressing the Mspl
methylase, a shorter protein with an apparent mo-
lecular mass of 40 kD has been identified in addi-
tion to the 51-kD species. Amino-terminal sequence
analysis of these two proteins shows that the 40-kD
protein is a truncated form of the Mspl methylase,
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missing exactly 40 amino acids from the amino ter-
minus. The new amino terminus is located at the sec-
ond methionine within the open reading frame that
encodes the protein. This suggests that the twg for.m.s
are produced by alternative sites of translation ini-
tiation. However, the missing amino acids from the
amino terminus are not sufficient to account for the
differences in apparent molecular mass, and we are
continuing to analyze the lower-molecular-mass
form. We are presently trying to identify the Mspl
methylase from the original Moraxella strain so as
to discover which of the two forms of the methylflse
represents the bona fide protein. We are also trying
to separate the two forms of the enzyme so as to char-
acterize them. For these studies, we have prepared
polyclonal antibodies against the Mspl methylase to
help identify the protein in cells that are not overex-
pressing it.

A new scheme for the purification of the Mspl
methylase is presently being devised using phos-
phocellulose and hydroxyapatite chromatography.
Considerable purification has been achieved, al-
though at least one further step will be necessary be-
fore homogeneous protein is available for kinetic
studies and crystallization.

The Architecture of Cytosine
Methylases

J. Meyertons, S. Klimasauskas

The primary goal of this work is to identify the pro-
tein domains of the Hhal (recognition sequence: 5'-
G™CGC-3") and Hpall (recognition sequence: 5'-
CmeCGG-3') methylases that form part of their
respective restriction-modification systems. These
enzymes are responsible for the sequence-specific
recognition of DNA, although nothing is known
about the detailed mechanisms by which this is
achieved. A plasmid was constructed with the two
methylase genes in tandem and arranged in the same
orientation relative to transcription. Hhal and Hpall
methylase gene fusions were made by cleaving the
plasmid between the methylase genes and digesting
the plasmids with BAL-31 nuclease. This resulted in
hybrid methylases that had the amino-terminal re-
gion of the Hhal methylase fused to the carboxy-
terminal region of the Hpall methylase, and vice
versa.

An alternative scheme to generate hybrid methy-
lases is also being pursued. The polymerase chain
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reaction (PCRY) is being used to construct exact de-
letions from the plasmid contair}lng both methylage
genes such that the amino terminus of~one methy]-
ase becomes joined to the corresponding carboxy]
terminus of the second methylase. These constryc.
tions take advantage of the conserved sequence mo.
tifs that are present within the cytosine methylases
so that the boundaries in the hybrids are defined by
the sequence motifs. Thus, in each case, the overal|
architecture of the methylase is maintained.

To detect the hybrid methylases, an assay was de-
vised that relied upon the Mcr system of E. coli, The
Mer system is a sequence-specific, modification-
dependent restriction system that cleaves DNA at 5-
methylcytosine residues. The two Mcr systems known
are identified as A and B. The McrA system restricts
DNA methylated by the Apall methylase, whereas
both McrA and McrB systems restrict DNA methy]-
ated by the Hhal methylase. Methylated plasmids
transformed into an E. coli strain with an active Mcr
system are cleaved and destroyed. To permit detec-
tion of active hybrid methylases, E. coli strains with
temperature-sensitive mutations in the Mcr genes
were constructed. Three E. coli strains with tempera-
ture-sensitive Mcr mutations were identified. The
Mcr temperature-sensitive mutations in E. coli will
be further characterized, because these strains could
potentially have value in studying both prokaryotic
and eukaryotic methylases.

Isolation of Mutants of Integration
Host Factor

D. Roberts

Integration host factor (IHF) is a site-specific DNA-
binding protein in E. coli that has been shown to play
a role both in regulation of gene expression and in
site-specific recombination (for review, see Friedman,
Cell 55: 545 [1988]). It is a heterodimer composed
of two homologous subunits, IHF-a and IHF-B, each
about 100 amino acids long. IHF binds DNA by con-
tacts in the minor groove (Craig and Nash, Cell
39: 707 [1984]; Yang and Nash, Cel/ 57: 869 [1989]).
Binding of IHF to DNA causes the DNA to bend
(Prentki et al., EMBO J. 6: 2479 [1987]; Stenzel et
al., Cell 49: 709 [1987]; Robertson and Nash, J. Biol.
Chem. 263: 3554 [1988]). We are interested in learn-
ing more about the structure and function of IHF,
and as a first step in studying this, we have isolated
many new mutants of IHF.



IHF mutants were isolated with the genes on plas-
mids. Both genes have been cloned (Miller, Cold
Spring Harbor Symp. Quant. Biol. 49: 691 [1984];
Flamm and Weisberg, J. Mol. Biol. 183: 117 [1985]).
We subcloned small fragments containing the genes
(350-400 bp) and inserted them downstream from
the /ac promoter. These plasmids were mutagenized
by growth through the mutator strain mutD and
screened for mutants using two different screens.
First, mutants were selected as survivors of heat in-
duction of a Mu lysogen. IHF is required for growth
and replication of the bacteriophage Mu (Ross et al.,
J. Bact. 187: 905 [1985]). A lysogen of a Mu phage
with a temperature-sensitive repressor was made
IHF, transformed with the mutagenized plasmids,
and plated at 42°C. Only transformants with defec-
tive IHF genes on the plasmids should survive. The
second screen was to look for increased B-galac-
tosidase activity from a /acZ fusion to a promoter
known to be repressed by IHF. The promoter used
was the Tn/0 transposase promoter.

We isolated 80 mutants of IHF, 50 mutants of
IHF-a, and 30 mutants of IHF-B. These mutants
were tested for IHF function in five different genetic
assays, involving five different IHF-binding sites.
About two thirds of the mutants were defective in
all assays, and sequence analysis showed that these
were either single-base insertions, single-base dele-
tions, stop codons, or introduction of a proline in
an a-helical region. The remaining mutants were all
missense mutations. Since IHF is homologous to the
bacterial histone-like protein HU, and the crystal
structure of HU has been determined (Tanaka et al.,
Nature 310: 376 [1984]; White et al., Proteins 5: 281
[1989)), the effects of the missense mutations can be
interpreted with reference to the structure of HU.
Most of these changes were in amino acids that are
conserved between IHF and HU in the region likely
to interact directly with DNA. The strongest mutant
was nonfunctional in all assays and was a glycine-
to-glutamic acid change in the DNA-binding region.
The effect of this mutation can be easily explained
by the inability of the protein to interact with DNA
due to the presence of a larger and charged amino
acid residue. The rest of the mutants appeared to be
defective in some assays but functional in others anfl
included changes of phenylalanine to serine, argi-
nine to cysteine, arginine to histidine, and proline to
serinz. Although these changes could weaken the
protein:DNA interaction, it is not clear why the mu-
tant proteins function in some assays but not in
others. These mutants will be investigated further

for DNA binding and bending to determine whether
specific DNA contacts are affected.

Prediction of Protein Function
from Sequence

G. Otto

We are continuing our work on the comparative anal-
ysis of sequences with the aim of predicting protein
function. The general strategy is to compare a test
sequence of unknown function with sets of sequences
sharing known functions. Significant similarities be-
tween the test sequence and sequences of one of these
sets imply that the test sequence shares the function
of that set. One focus of this work is on the methods
of measuring sequence similarity. We define similar-
ity as a probability that an optimal alignment of two
sequences is due just to random matching of unre-
lated sequences. This definition leads to a useful ar-
ray of techniques for (1) comparing sets of sequences,
(2) deriving a sequence pattern or motif from a set
of sequences, and (3) searching for matches to a given
pattern in a set of sequences.

An important goal of this work is to develop a
database of sequence patterns that are predictive of
specific protein functions. This will be useful as a
screen to analyze newly determined sequences for
possible functions. As the Human Genome Initia-
tive begins to produce large volumes of sequence,
it will be essential that methods are available to ana-
lyze those sequences automatically. A predictive mo-
tif database would be extremely useful in this regard.
We have designed a prototype version of this data-
base and are presently implementing it. In addition
to exploring ways to find new motifs for entry into
the database, we are tackling the difficult problem
of making sure that it is completely up to date. With
each new release of the sequence databases, it is
necessary to ensure that the formal description of
each motif is still predictive.

Advanced Computer Tools for the
Analysis of Biological Sequences

J. Posfai, K. Zachmann, R.J. Roberts

FUNCTIONAL MOTIFS IN PROTEIN SEQUENCES

The sizes of sequence data libraries have increased
dramatically over the past few years. In many cases,

175




sequences of functionally related proteins are now
available from different organisms. The successful
global comparisons of such related sequences often
reveal the presence of conserved elements that rep-
resent regions of the proteins that are important for
function and/or structure. This in turn can allow the
definition of amino acid sequence motifs that are
diagnostic of function or structure. A database of
such diagnostic motifs would be of great importange
in assigning function to new protein sequences. T!us
database cannot conveniently be built and main-
tained by manual methods, since these would be too
time consuming given the ever-increasing number of
known sequences. Therefore, we have been develop-
ing algorithms and computer tools that enable such
motifs to be generated semiautomatically.

The first step is to identify groups of function-
ally related sequences from the databases. This is
achieved by use of the key words that appear in the
annotation of database entries. For instance, these
key words in the PIR database are treated as descrip-
tors of knowledge about protein functions (e.g., bind-
ing a substrate and catalyzing a reaction), and pro-
teins that share key words are considered to be
functionally related. Such sequences are retrieved
from the database, and a filtering program eliminates
any duplicate sequences. This is necessary because
the databases frequently contain identical duplicates.
At the next step, the pairwise sequence similarity
scores are calculated by the RDF method (Lipman
and Pearson, Science 227: 1435 [1985]). A program
that provides a convenient visual representation of
similarity helps in the selection of the globally related
sequences. This program shows the sequences se-
lected and their interrelationships as dots and edges
in a graphic display. The investigator manipulates
these symbols by a high-level interface (buttons,
slides, scrollbars, pop-up menus, mouse). Exception-
ally high or exceptionally low scores of selected sub-
sets of the sequences can be displayed. The valency
of each point, defined as the number of sequences
with exceptional scores connected to it, is also dis-
played. The order in which the sequences are put on
the screen is determined by an algorithm, which
results in globally similar sequences appearing as
closely packed dots with many internal connections.
The final decision in selecting the sequences for
global alignment from all sequences on the screen
is left to the operator, since human pattern recogni-
tion is still superior to that of the best computer al-
gorithms. Additional tools for alignment, motif de-
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tection and testing, incorporation into the databage,
and update are either in prototype form or being

designed.

DETECTION OF ERRORS IN DNA SEQUENCES

The DNA sequence libraries have been estimated o
contain one error in every 10,000 bases. It would be
extremely useful to be able to detect the locations
of sequence €rrors before sequences were placed in
databases. We have designed an algorithm that would
help to detect insertion/deletion errors located in
coding regions. Since these errors shift the reading
frame of translation, any sequence similarity of the
gene product of the correct DNA sequence with
other protein sequences will be shifted from one
frame of translation to another frame near the lo-
cation of the error. A comprehensive error checking
of a new DNA sequence by this principle requires
a program that screens the protein sequence library
for local similarities with any of the six translation
frames of the DNA sequence. The other reading
frames must be checked for continued similarity
around the starts and ends of any similarities found.
Such adjoining similarities could indicate possible
sequence errors and would suggest that the primary
data be checked carefully for inconsistencies.

Because of the sizes of sequence databases, the
simple program outlined is extremely demanding in
computational resources. To get results in reason-
able times, instead of straightforward algorithms, we
have applied a special tool of computer science,
called a “finite state machine” at two critical stages
of the checking process. This imaginary machine is
created as a series of pointers, tables of states, and
vectors of outputs when the program starts. At a cost
of memory usage and computational time at the start
of the program, considerable speed is gained at ev-
ery cycle of the repeated steps when processing large
amounts of data. One machine performs the trans-
lation from DNA sequence to amino acid sequence.
This way we can actually build the translated se-
quences more quickly than we would get them from
pretranslated sequences stored in disk files. A sec-
ond machine is used to report seven out of ten (or
similar) hits between two matched segments by per-
forming a single comparison between two amino
acids instead of ten comparisons.

Using this approach, we detected two errors in a
particular DNA sequence in the EMBL database in
which we were interested. Careful examination of the



literature that appeared after the initial determina-
tion of the sequence revealed that in a subsequent
publication, the original authors had found and cor-
rected the errors, thus verifying the validity of our
approach. As our knowledge of sequences becomes
more and more complete for every new sequence, the
chances of finding similar ones in the databases in-
creases and so does the potential of our method. The
basic idea of searching for interrupted similarities
in a protein or DNA sequence can be generalized as
a technique for error detection and may also find
application in the detection of consecutive introns.

Restriction Endonucleases

L. Hamablet, S. Klein, D. Macelis, J. Martling,
J. Meyertons, S. Miceli, R.J. Roberts

The collection of restriction endonucleases continues
to grow, and more than 1300 enzymes have now been
characterized; 157 different specificities are known.
During the last year, 28 new enzymes have been iso-
lated and characterized as part of a collaborative pro-
gram with I. Schildkraut and D. Comb (New Eng-
land BioLabs). Among these are six valuable new
specificities. Of special interest is an enzyme that we
have found from a Frankia species that recognizes
the octanucleotide sequence GGCCGGCC. This en-
zyme has been characterized in detail; unfortunately,
it is present in extremely small quantities, and the
Frankia strain from which it is isolated grows ex-
tremely slowly. The enzyme will be extremely valu-
able for genome mapping studies, since it cleaves
DNA such as the human genome very rarely. Within
known human DNA sequences, the frequency of
Fsel sites is very similar to that of NoI sites.

In collaboration with New England BioLabs, we
have begun experiments to clone the gene for Fsel.
Initially, we have been exploring a new general
strategy with which to clone cytosine methylase
genes, taking advantage of the sequence motifs that
we have found in cytosine methylases to design PCR
primers. Initial tests of this approach in a strain of
Staphylococcus aureus, which produces an isoschiz-
omer of Sau3Al, have proved quite successful. The
initial experiments with DNA from the Frankia spe-
cies gave rise to an amplified segment that had all
of the characteristics of a cytosine methylase, al-
though it remains to be determined whether this frag-
ment that we have cloned truly contains the coun-
terpart methylase of the Fsel restriction enzyme gene.

For many years, we have maintained a database
of information about restriction enzymes. This data-
base, REBASE, has now been fully implemented in
a relational format. We have been using the ORACLE
Database Management System for this purpose and
have written a large number of report generators so
that the contents of the database can be disseminated
to individual investigators. Presently, we send elec-
tronically either a standard generic form that may
be reformatted by the recipient or a variety of spe-
cific formats that will directly support known pack-
ages of computer programs for identification of re-
striction enzyme recognition sites. One of the most
popular of these is a file that can be used directly
by the UWGCG software package. Further software
tools are being developed that help in the acquisi-
tion and management of these data. Another major
project currently under way is a package of programs
that will aid in the identification of new restric-
tion enzymes based mainly on digestion patterns on
known DNAs and, when necessary, preliminary
mapping of a few cleavage sites. This project involves
the improved implementation of existing programs,
many of which were written at Cold Spring Harbor
Laboratory, together with new routines to digitize
the incoming data and to allow the rapid visualiza-
tion of results.
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MACROMOLECULAR CRYSTALLOGRAPHY

J.E. Anderson  E. Chang J. Fu T. Sellati
J. W. Pflugrath  CK. Cheung T Malone D. Sterner
F-C. Chuan D. Milano K. Zachmann

A primary objective of the Macromolecular Crys-
tallography Group is to determine the structures of
a number of biologically important proteins to
atomic resolution in order to better understand their
functions in cell processes such as signal transduc-
tion, growth control, and development. Our studies
are designed to benefit from and to complement the
genetic and biochemical experiments performed by
other groups at the Laboratory. Together with these
biochemical data, crystallographic models of ki-
nases, oncogene products, frans-acting factors, and
other proteins will help us to comprehend the roles
of these macromolecules in cell division, in cell trans-
formation, and, ultimately, in afflictions such as can-
cer, AIDS, and Alzheimer’s disease.

Our crystallographic experiments require well-
formed crystals of the macromolecule being inves-
tigated. To grow crystals of a useful size (>0.3 mm
on a side), one must have available several milligrams
of the highly purified macromolecule. Although this
does not guarantee that crystals can be produced,
it is the minimal prerequisite before attempting to
crystallize the molecule. To this end, a major part
of our laboratory and time is devoted to producing
and purifying to crystallographic homogeneity the
proteins we are studying. When a suitable crystal is
obtained, it is placed in an intense X-ray beam
smaller than a pencil lead. The X-ray beams dif-
fracted by the crystal are measured on our area de-
tector. We must quantitate tens of thousands of these
diffracted beams from several dozen different crys-
tals. Fortunately, these experiments are computer
controlled, with much of the software written in-
house. Only after all the data are collected can we
begin to construct a three-dimensional model of the
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macromolecule — all the atoms and bonds — with the
aid of computer graphic tools.

——

Structural Studies of Pvull
Endonuclease

J. Anderson, F-C. Chuan [in collaboration with
. Schildkraut, New England BioLabs]

We have two crystal forms of the restriction endo-
nuclease from Proteus vulgaris, R - Pvull, that dif-
fract X-rays to 2.5 A resolution. R+ Pvull binds to
the DNA site CAGCTG and cleaves both strands be-
tween the internal cytosine and guanine. One of the
crystal forms is space group P422, with a=b=176.2
A, c=50.6 At grows as trapezoidal prisms by va-
por diffusion in hanging drops over reservoirs con-
taining 0.13 M ammonium acetate, 0.065 M sodium
acetate, and 20% PEG-4000 (pH 5.5). Each 4-6-pl
drop yields 1-10 crystals in several days. Crystals of
the second crystal form, which appear much less fre-
quently under the same conditions, are orthorhom-
bic needles with unit cell dimensions of 106, 84, and
47 A. The space group has not yet been determined,
due to the scarcity of crystals large enough for dif-
fraction experiments.

We are currently collecting native data from the
P422 crystals and are preparing to make heavy atom
derivatives. We are making slight modifications of
the crystallization conditions in an effort to increase
the frequency and size of the orthorhombic needles
so that we can characterize them and collect data
from them. We are also preparing to set up cocrystal-
lizations of R - Pvull with oligonucleotides carrying



its recognition site in order to determine the struc-
ture of the complex and compare it to that of the
free protein.

Structural and Functional Studies of
Fos and Jun Proteins

CK. Cheung, E. Chang, F-C. Chuan, J. Anderson
[in collaboration with C. Abate and
T. Curran, Roche Institute]

The protein products of the proto-oncogenes c-fos
and c-jun interact to form a DNA-binding transcrip-
tion factor that is a major component of the activity
of the eukaryotic transcription factor AP-1. Fos/Jun
heterodimers bind to DNA at AP-1 sites (TGACTCA)
in the promoters of many genes, including the hu-
man immunodeficiency virus (HIV). Once bound,
they can activate or repress transcription. We intend
to crystallize these proteins and determine their struc-
tures in the presence and absence of oligonucleotides
carrying AP-1 sites. This will help us to understand
the role that these proteins play in normal cellular
regulation and in the regulation of HIV, and the role
altered versions of these proteins play in oncogenesis.

OVEREXPRESSION AND PURIFICATION OF JUN

We overexpressed Jun in Escherichia coli using a bac-
teriophage T7 expression system. Bacterial cells
freshly transformed with the expression plasmid and
induced at 37°C with isopropyl-B-D-thiogalactoside
produce about 30% of their total protein as Jun. Jun
is in the insoluble fraction of the crude cell lysate,
and after an initial centrifugation, the overexpressed
protein is already 80-90% pure. The pellet is resus-
pended in 6 M urea and loaded onto a heparin-
Sepharose column equilibrated in 6 M urea. About
4 mg of Jun eluting in 1 ml from the heparin column
at about 100 mm NaCl in a linear salt gradient is
denatured with SDS and B-mercaptoethanol (BME)
and layered as a single sample onto a 1.5-mm thick
10% SDS-polyacrylamide gel. After electrophore-
sis, the protein is located by staining a small slice
of the gel with Coomassie blue. The protein band
is sliced out of the gel, diced, and electroeluted in
50 mM ammonium bicarbonate overnight in a Bio-
Rad electroelution apparatus; at the same time, the
SDS is removed by dialysis against a large excess of
50 mM ammonium bicarbonate. About 2 mg of Jun

is recovered after electroelution. By silver-staining,
it is judged to be greater than 98% pure.

STRUCTURAL DOMAINS OF JUN

After digestion of purified Jun in phosphate-buf-
fered saline (PBS) with a variety of proteases (Staph-
Ylococcus aureus V8 protease, chymotrypsin, pro-
tease K, papain, trypsin, and thermolysin), relatively
resistant fragments consistently appear. The frag-
ments have apparent molecular weights of approxi-
mately 30K from SDS-PAGE. Since sites for these
proteases exist throughout the protein, we interpret
this to mean that the 30K polypeptides are folded
in such a way that the sites are protected from cleav-
age. In other words, these fragments represent folded
structural domains. The 30K fragments from V8 and
chymotrypsin digestion were isolated by gel electro-
elution, and their amino-terminal sequences were de-
termined. The V8 fragments have rather heteroge-
neous amino termini, but they tend to begin in the
neighborhood of residues 80 and 110. The chymo-
tryptic fragment begins at residue 99. The differences
in amino termini probably reflect the availability of
protease sites in the sequence. We made a prepara-
tive digestion of Jun with chymotrypsin, and puri-
fied the 30K fragment, called Jun99, by electroelu-
tion as described above for intact Jun.

GEL SHIFT EXPERIMENTS SHOW THAT BACTERIAL
JUN PROTEINS ARE ACTIVE

Both Jun and Jun99 prepared as described above
bind to DNA carrying an AP-1 site in initial gel-shift
experiments (C. Abate). The binding of both is im-
proved in the presence of a truncated Fos protein
comprising the Fos DNA-binding domain, which
forms heterodimers with Jun and Jun99.

CRYSTALLIZATION OF FOS AND JUN PROTEINS

We are currently carrying out crystallization trials
with purified Jun. When sufficient quantities of pu-
rified Jun99 become available, we will attempt to
crystallize it as well. We are attempting to cocrystal-
lize Jun with the Fos DNA-binding domain. We will
also try to cocrystallize the proteins with oligonu-
cleotides carrying an AP-1 site. Once crystals are in
hand, we will determine their structures using X-ray

crystallography.
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Structural and Functional Analyses
of CRE-binding Proteins

E. Chang, T. Sellati [in collaboration with M. Gilman and
D. Marshak, Cold Spring Harbor Laboratory]
Transcription of many cellular and viral genes is in-
duced by cAMP. This often involves the binding of
protein factor(s) to a conserved sequence called tl}e
cAMP-responsive element (CRE; TGACGTCA) in
the promoter region of these genes. Many CRE-
binding (CREB) proteins have been cloned and iso-
lated by a number of research groups. However, the
mechanism by which these proteins stimulate tran-
scription remains unknown. We are studying the
CREB protein with the hope of learning how this
protein regulates gene expression in response to
¢AMP. To facilitate our studies, we have overex-
pressed two CREB proteins, CREB2 and CREBS,
in E. coli. CREB2 and CREB6 are very similar to
each other, except that CREB6 contains 14 addi-
tional amino acid residues in its amino-terminal re-
gion. These CREB proteins are produced in the solu-
ble fraction of E. coli extracts and can be easily
purified to 90% homogeneity.

CREB?2 has been further characterized. Several
lines of evidence emerging from these studies sug-
gest that the E. coli-produced CREB2 protein is func-
tionally active and therefore has a conformation
similar to its counterpart from mammalian sources:
(1) The E. coli-produced CREB protein retains its
sequence-specific binding activity. Results from gel-
shift experiments indicate that CREB2 binds to a
DNA fragment containing the —65 CRE sequence
from mouse c-fos promoter but fails to bind to a
similar fragment carrying mutations in the CRE. (2)
The DNase I footprint generated by E. coli-made
CREB?2 protein on the c-fos CRE is similar to that
determined by other groups for CREB protein iso-
lated from mammalian cells. (3) The E. coli-made
CREB?2 protein stimulates transcription in vitro from
a c-fos promoter containing the wild-type — 65 CRE
sequence but not the same promoter carrying a mu-
tant CRE. (4) The E. coli-made CREB protein, like
the CREB proteins produced by mammalian cells,
can be phosphorylated by protein kinases.

We are currently studying several aspects of CREB
structure and function. Since proteins produced in
bacteria are largely unmodified, the recombinant
CREB proteins will be very useful for studying the
effects of phosphorylation on CREB structure and
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function. We will phosphorylate the £. coli-myde
CREB protcins with protein Kinase(s) and determine
whether the modification affects their DNA-binding
and transcriptional activitics. Limited proteolytic
digestion of the E. coli-produced CREB2 protein
with S. aureus V8 proteasc generates a 30-kD pro-
tease-resistant fragment. We will determine if phog.
phorylation will change the protease digestion pat-
tern. In addition to the full-length CREB protein,
we have overexpressed several truncated CREB pro.
teins in E. coli. We are now characterizing these pro-
teins with respect to their ability to bind to the CRE
and to stimulate CRE-dependent transcription. These
experiments initiate our efforts to identify impor-
tant structural and functional domains of CREB,

Finally, we are further purifying the E. coli-made
full-length and truncated CREB proteins. Once this
is accomplished, we will try to crystallize the pro-
teins and determine their three-dimensional struc-
tures in the presence and absence of the cognate
DNA substrate. Results from such studies will help
to reveal the structural basis for substrate specific-
ity. Furthermore, these results, together with the
results of similar studies of Jun (see above), will help
to explain how the similarities and differences be-
tween CREB and Jun affect their ability to recog-
nize and bind to similar DNA sequences.

Yeast cAMP-dependent Protein Kinase

JW. Pflugrath, T. Malone, D. Sterner [in collaboration with
J. Kuret, Cold Spring Harbor Laboratory}

Protein kinases are key regulatory molecules that
modulate many cellular processes including cell
growth, differentiation, and proliferation. Nearly 100
protein kinases have been identified thus far, each
of which is capable of integrating input signals and
coordinating physiological responses by phosphor-
ylating a specific range of substrate proteins. A
detailed three-dimensional structure would expand
our knowledge of this class of important enzymes
to the molecular level. Toward this end, we have ini-
tiated a crystallographic study of the cAMP-depen-
dent protein kinase from Saccharomyces cerevisiae,
also known as TPKI.

From extremely pure preparations of genetically
engineered TPKI1 (see J. Kuret’s section), we grew
kinase crystals in the hexagonal space group P612°2
(or its enantiomorph) with unit cell lengths of 61 A



by 61 A by 320 A. Density measurements of these
crystals indicate the presence of 12 protein molecules
in the unit cell or one per asymmetric unit. We mea-
sured diffraction intensities on our Enraf-Nonius
FAST area detector with monochromatized X-rays
generated by a GX-21 rotating anode operated at 45
kV, 95 mA. All the data collection experiments were
controlled by the software package MADNES, de-
veloped in part by us. The reproducibility of the data
as determined by Ry, ranged from 4% to 8%. To
solve the crystallographic phase problem, we have
soaked numerous crystals in a stabilizing buffer con-
taining different heavy atom compounds. Although
many such treatments cracked or dissolved the crys-
tals, we collected diffraction intensities on the in-
tact crystals to find any that had incorporated the
heavy atom. Isomorphous difference Patterson maps
calculated with data from two separate crystals
treated with a gold compound and a mercury com-
pound showed significant substitution. These should
allow us to calculate an electron density map in the
coming months. Further heavy atom screening will
continue. Finally, data from several native crystals
were collected at the National Synchrotron Light
Source beamline X12-C with the generous assistance

of R. Sweet. We will continue to use this national
resource.

Area Detector Software

J. W. Pflugrath [in collaboration with the EEC Cooperative
Workshop on Position-Sensitive Detectors)

Although we continue to develop and improve the
device-independent area detector software system
MADNES, the year ended with the software in a ma-
ture state. This system is used by our group and
dozens of other crystallography laboratories world-
wide to collect and process X-ray diffraction data
from several kinds of area detectors. Our group coor-
dinates the maintenance and debugging of MADNES.
This is done through a digest distributed worldwide
to interested colleagues via a computer network. In
the past year, MADNES was adapted for use on two
new kinds of detectors, including a new experimen-
tal CCD-based detector of M. Strauss and E. West-
brook of Argonne National Laboratory for use at
synchrotrons. As more scientists use the program,
it has become clear that a new intuitive user inter-
face is required. We have begun to address this need.

PROTEIN KINASE STRUCTURE AND FUNCTION

J. Kuret A. O'Connor

K. Kopecek

Protein kinases are enzymes that catalyze the trans-
fer of the y-phosphoryl group of ATP to nucleophilic
amino acids of protein substrates, thereby modulat-
ing the substrates’ biochemical function. They are
employed by cells for regulatory purposes because
of the fine control and high signal amplification
achievable by reversible protein phosphorylation;
evidence of their importance in cell biology can be
found throughout this volume. Our research com-
bines the techniques of X-ray crystallography aqd
molecular genetics to study these enzymes in detail.

Yeast cAMP-dependent
Protein Kinase

J. Kuret, A. O'Connor [in collaboration with
JW. Pflugrath, Cold Spring Harbor Laboratory]

Our first aim is to elucidate the structural basis of
protein kinase activity, a goal that is crucial for un-
derstanding how these enzymes modulate a limited
subset of proteins. For years, this question has been
approached by chemical, enzymological, and genetic
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methods by many investigators, with each new tech-
nique surpassing its predecessor in elegance. Ye?, in
the end, the problem can be solved only with a hlgb-
resolution three-dimensional structure of a protein
kinase. Therefore, we initiated a crystallogra}phlc
study of the yeast cAMP-dependent protein kinase
(cAMPAPK) catalytic subunit (TPK1). We chose to
study this enzyme because (1) its gene has been
cloned (by Mike Wigler’s Laboratory, see Molecu-
lar Genetics of Eukaryotic Cells Section), (2) mu-
tant proteins with altered catalytic properties can be
obtained using genetic screens in yeast, (3) it can bg
overexpressed in a soluble form in yeast, and (4) .1t
retains the well-characterized structural and kinetic
features of the mammalian enzyme. Thus, the yeast
system allows us to study the structure and f unction
of a protein kinase using diverse techniques.

The first step in our structural approach to ki-
nase function was to simplify the primary structure
of TPKI as much as possible while retaining its en-
zymatic properties. We reasoned that by reducing
main-chain flexibility and microheterogeneity, the
resolution obtainable from X-ray crystallography
could be maximized. Moreover, by minimizing the
mass of TPKI1, we could employ a wide range of
heavy atom compounds for isomorphous replace-
ment and make nuclear magnetic resonance (NMR)
analysis of its active site practical. A similar strategy
proved valuable in the successful study of c-Ha-ras
p21 tertiary structure.

Examination of the primary structure of TPKI
reveals an amino terminus extending far beyond the
beginning of the canonical protein kinase domain
and bearing little similarity to any known kinase
structure, including TPK2 or TPK3 (two isozymes
of TPK1). Many Saccharomyces cerevisiae genes en-
code proteins far larger than their mammalian homo-
logs, including BCY! (the cAMPdPK regulatory
subunit), without conferring any obvious functional
advantage on them. This strange organization of the
S. cerevisiae genome may result from reverse tran-
scription of yeast mRNA to ¢cDNA, which, after in-
sertion into chromosomes by recombination, creates
genes deficient in introns and extended at their 5
ends. Regardless of their origin, nonessential se-
quences can complicate structural studies. In the case
of TPKI, the amino-terminal 83 amino acids con-
tain five of the eight most flexible regions in the pro-
tein, as predicted by the algorithm of Karplus and
Schulz. Moreover, this same region contains the most
hydrophilic region of the protein, as predicted by the
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method of Hopp and Woods, whi.ch IS consistent
with it being highly solvated anq flexible.

Considering that the structural features potentially
detrimental to crystallography were located in the
amino-terminal 83 amino acid residues of TPK]1, that
the sequence similarity among Tl?Kl, TI?KZ, and
TPK3 begins 14 residues from the first glycine of the
putative nucleotide binding loop, gnd that all pro-
tein kinases contain at least ten amino acids amino-
terminal to this glycine, we decided to eliminate
residues 1-80 of TPK]1 and replace them with the syn-
thetic amino terminus Met-Pro-. We chose Met-Pro-
as the amino terminus for truncated TPK1 because
this sequence is a good substrate for the yeast meth-
ionyl aminopeptidase and is a poor substrate for
known posttranslational modifications. Thus, the
engineered sequence (termed TPKIA) eliminates
nearly 20% of the mass of TPKI, reduces main-chain
flexibility, retains homology with TPK2 and TPK3
at the amino terminus, and cannot be modified post-
translationally.

We overexpressed TPKIA in yeast, developed a
novel purification procedure that yielded enzyme of
very high purity, and characterized its biochemical
properties. As summarized in Table 1, TPKIA is very
similar to its parent in substrate affinity, maximum
velocity, and sensitivity to the protein kinase inhibi-
tor analog PKls,. We conclude that TPKIA re-
tains all the structural features necessary for protein
kinase activity and that determination of its three-
dimensional structure will help us to localize the
amino acid residues responsible for catalysis and sub-
strate recognition.

With highly purified and concentrated enzyme in
hand, we searched for suitable TPKIA crystalliza-
tion conditions using the hanging-drop vapor diffu-

TABLE 1 Properties of Catalytic Subunits: Yeast
TPK1 and TPK1A
Kinase TPK1 TPK1A
Physical properties
quarternary structure monomer monomer
amino acid residues 396 318
molecular mass 46,000 37,300
amino-terminal blocking group ? none
Kinetic properties
Vimax (pmole/mg/min) 13.2 1.1
Km Kemptide (pM) 101 83
Km MgATP (um) 33 45
K, PKls.24 (nM) 280 125
casein phosphorylation no no




sion technique combined with an incomplete fac-
torial search strategy. Remarkably, after consuming
just 1.5 mg of protein, we discovered hexagonal crys-
tals growing over a period of 2-4 days at 4°C. After
careful refinement of precipitant concentrations, we
were able to grow crystals of the same morphology
at room temperature as well (Fig. 1). These condi-
tions have consistently yielded crystals from several
separate preparations of the protein. Our best crys-
tals are obtained at this temperature by seeding, are
hexagonal dipyramids, and have the dimensions 0.5
X 0.5 X 1.5 mm. The close of the year found Jim
Pflugrath employing the data collection software
package MADNES to record the crystal’s diffrac-
tion pattern and screening for suitable heavy atom
reagents required to solve the structure by the method
of isomorphous replacement.

Yeast Casein Kinase 1

J. Kuret, A. O'Connor

We are also using S. cerevisiae to study casein ki-
nase 1, a ubiquitous protein kinase in eukaryotes.
Our principal goals are to purify the enzyme from
yeast, to determine its primary structure by sequenc-
ing its gene, and to elucidate its biological function
by a combination of genetic and biochemical ap-
proaches. During the past year, we successfully pu-
rified casein kinase 1 from S. cerevisiae to near
homogeneity using classical purification procedures.
The enzyme is a monomer of 54,000 daltons in so-
lution, possesses a blocked amino terminus, is in-
hibited by heparin (ICs,= 80 ng/ml), has an isoelec-
tric point of 9.0, and has a turnover number of
approximately 4.3 when assayed with casein. Al-

FIGURE 1 Crystals of TPK1A.

though these physical and kinetic features are very
similar to those of mammalian casein kinase 1, de-
finitive proof must be provided at the level of amino
acid sequence. We are in the process of isolating the
c¢DNA encoding casein kinase 1 from a yeast cDNA
expression library prepared in bacteriophage A.
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NEUROSCIENCE

Neuroscience at Cold Spring Harbor Laboratory has focused on the role of growth
factors in the differentiation and aging of neural cells. We have been bolstered this
year by the dramatic finding that the neurite extension factor, a form of the protein
S1008, is elevated in certain cells surrounding the amyloid plaques in Alzheimer's

disease. We are also pursuing the role of this factor in Down's syndrome, a de-
velopmental neurological disease. As we look forward to the new Neuroscience
Center at Cold Spring Harbor, our studies continue to probe the fundamentals of
growth and differentiation of neurons, particularly as it pertains to human neuro-

logical diseases.

NEURONAL GROWTH AND DIFFERENTIATION

S. Pesce
A. Vongs

D.R. Marshak YS. Bae
N. Chester
J.C. Figueiredo

During the last 4 years, the work in our laboratory
related to neuroscience has centered on the out-
growth of processes, or neurites, from embryonic
neurons in cell culture. This system serves as a model
for the development of neurons in vivo, by allowing
us to isolate and characterize a neurite extension fac-
tor. We have characterized the structure and func-
tion of the factors and have developed reagents to
permit analysis of brain tissue taken from patients
with several neurological diseases on autopsy. The
past year has revealed some spectacular findings
related to the neurite extension factor protein, S100B,
and neurological diseases.

Role of S100p in Alzheimer’s Disease

D.R. Marshak, S. Pesce [in collaboration with W.ST. Griffin,
University of Arkansas]

A significant segment of the population over 65 years
of age is afflicted with Alzheimer’s disease (AD), a
neurodegenerative process that results in memory
loss and progressive dementia. The hallmarks of AD
neuropathology are prevalent in temporal lobe struc-
tures, such as the hippocampal formation, that have
been associated with learning and memory. These

neuropathological symptoms include an abnormal
number of neurons that contain neurofibrillary tan-
gles, extracellular plaques with B-amyloid cores, and
reactive astrocytes. A puzzling feature of plaque
pathology is the presence of enlarged neurites en-
circling the B-amyloid deposits. The presence of solu-
ble neurotrophic factors could give rise to inappropri-
ate growth of neurites. In support of this idea, we
have shown that the levels of a neurotrophic factor,
the protein S100B, and its encoding mRNA are
elevated in AD, but not control, brain temporal lobe.
Moreover, AD temporal lobe extracts had more
S100B-specific neurotrophic activity than similar ex-
tracts from age-matched controls. We have suggested
that elevated levels of S100B contribute to the cellu-
lar neuropathology in AD.

Levels of S100p in Down’s Syndrome

D.R. Marshak, S. Pesce [in coliaboration with P. Whitaker,
SUNY Stony Brook, and S. Kish, Toronto]

Down’s syndrome (DS) is a developmental disorder
arising from extra copies of all or part of human
chromosome 21, by either trisomy, partial duplica-
tion, or translocation. In addition to mental retarda-
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FIGURE 1 Autoradiograph of protein immunoblots of AD and
control samples of temporal lobe. Samples extracted in hypo-
tonic buffer containing nonionic detergent were subjected to poly-
acrylamide gel electrophoresis, transferred to nitrocellulose filters,
and incubated with S100p antibodies followed by radioiodinated
goat anti-rabbit immunoglobulin.

tion, DS patients that live to middle age invariably
develop a degenerative neurological disorder that is
indistinguishable from AD. This is further supported
by the findings that genes related to AD reside on
chromosome 21, although distinct from the DS
regions. Because the gene for S1008 is located on
chromosome 21 near the telomere of the long arm,
we tested samples of DS autopsy brain for S1008 lev-
els. It appears that immunoreactive levels of S1008
are elevated in DS early in life, reaching fivefold over
normal levels at 3 months and decreasing to normal
levels by 9 months. This correlation holds for both
frontal and parietal cortex in 21 normal and DS sam-
ples. We are trying to obtain autopsy tissue from DS
patients of various ages, including middle age, el-
derly, and fetal, to attempt to identify the critical
time of S100B elevation in human brain development.

Molecular Cloning and
Expression

D.R. Marshak, S. Pesce, J. Figueiredo, N. Chester
Isolation of a cDNA clone for S100B was done for
several reasons. First, cloning of the ¢cDNA in an

Okayama-Berg vector allowed transfection in COS
cells and expression of the protein in mammalian

186

cells. Second, subcloning the l:‘()dillg region into g
commercial vector (pBS® Stratagene) alloweq
production of a ¢RNA probe {()r slot-blot and N()rlh-
ern blot analyses of RNA from cc}ls and tissucs,
Third, the clone provides a vector for constructing
transgenic mice that overexpress thc protein ag
models of neurological discasc. Oligonucleotides
corresponding to the 5’ and 3’ ends of the coding re-
gion were synthesized and used to screen a rat brain
¢DNA library made in pcD2, a mammalian expres.-
sion vector that utilizes the SV40 early promoter. Of
63 clones that were positive with the 3’ probe, 15
clones that were also positive for the 5" probe were
selected. Restriction enzyme maps and DNA sequence
analysis permitted the selection of a full-length clone
with a total insert of 1.6 kb. Transfection of COS
cells followed by labeling with [**S]methionine and
immunoprecipitation yielded a full-length protein
product comigrating on polyacrylamide gels with na-
tive S100B. Extracts of the transfected cells showed
neurite outgrowth activity, whereas extracts of mock-
transfected or untransfected cells showed no neurite
extension factor activity.

The coding region of the cDNA clone was iso-
lated as a 916-bp BamHI fragment and subcloned
into pBS*. Restriction maps of this construct indi-
cated that the insert was oriented with the 5’ end of
the complementary strand under control of the T3
promoter. Synthesis of RNA probes using the T3
polymerase resulted in positive slot blots and North-
ern blots of brain RNA. Finally, transgenic mice are
being constructed to provide an animal model for
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FIGURE 2 Immunoprecipitation of S100p expressed in COS
I cells. Celis were transfected with 5 pg or 20 pg plasmid (as
indicated) or with salmon sperm DNA (Mock). The cells were
labeled and extracted as described in the text. The extracts were
subjected to polyacrylamide gel electrophoresis and autoradi-
ography. Arrow shows the position of migration of S100B.



Down’s syndrome. We are also investigating trisomy
ten mice (with C. Epstein, UCSF) that have an extra
copy of the S100B gene and severe neurological
defects. The cDNA probe has also been used in col-
laboration with K. Gardiner of the Eleanor Roosevelt
Institute in Denver to confirm the localization of the
gene and continue fine-structure mapping of chro-
mosome 21. Present experiments revolve around the
construction of expression plasmids that utilize
tissue-specific promoters for specific populations of
cells in the brain.

Role of S100p In Vivo

D.R. Marshak, S. Pesce [in collaboration with E. Azmitia,
New York University, and P. Whitaker, SUNY Stony Brook]

We have begun to examine the role of S100§ in vivo
using the rat model system. The findings of Drs.

Hippocampus

AAA

Medial Raphe’

Whitaker and Azmitia indicate that serotonergic neu-
rons of the brain stem that innervate the hippocam-
pus appear to respond to S100B as a neurotrophic
factor. Combined with our findings of increased
S100B in temporal lobe areas including the hippo-
campus, this suggests that S1003 may play a key role
in the normal development of contacts between
serotonergic neurons of the Raphe nuclei and neu-
rons of the hippocampus. Abnormal levels of SI00B
either during development (as in Down’s syndrome)
or in aging (as in Alzheimer’s disease) may lead
to errors or lesions in these connections. We have
demonstrated that serotonergic agonists can specif-
ically release S100p from glial cells that surround the
neurons of the hippocampus, indicating that the neu-
rotransmitter compound itself might regulate the re-
lease of the neurotrophic factor in the developing
brain. Further studies indicate that chemical lesion
of the connections between the brain stem and the
hippocampus results in up-regulation of serotonin

OO OO
EE EB

o © .....5HT

FIGURE 3 Working model of neurite factor (NEF -
developing serotonergic neurons of the Raphe nuclei, the sq
sent astroglial cells. When astrocytes of
neurons. These cells grow axons tha
hippocampal glia, which in turn promotes continued outgrowth
tion of the hippocampus.

) action in the developing nervous system. In each panel, the triangles represent
uares represent target neurons in the hippocampus, and circles repre-
the Raphe proliferate, they release NEF ("), which indyces neurite outgrowth‘ frqm the serotonergic
{ innervate the hippocampus and release serotonin (5-HT). The serotonin induces lN!EF from
of axonal processes. The final result is a mature serotonergic innerva-
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receptors and sensitivity to S100B release by sero-
tonergic agonists. Injection of radiolabeled S100p
into the hippocampus indicates that much of the
S100p released is associated with hippocampal neu-
rons. Further studies are in progress to map the pa}th-
ways and pharmacology of S100B action in Vivo,
which may reveal some of the characteristics of S100P
function in normal brains and in diseased states.

Structural Analysis of Neurite
Extension Factor

D.R. Marshak [in collaboration with J. Pflugrath,
Cold Spring Harbor Laboratory]

Previously, sequence analysis and gel electrophore-
sis indicated that neurite extension factor (NEF) con-
sisted of a disulfide form of the protein S100p. Sub-
sequent analysis of various preparations of NEF
suggested that the active species was a disulfide dimer
of two identical subunits. In further experiments,
monomer and dimer species have been identified on
immunoblots of brain extracts of humans and in an-
imal models, including rat, chicken, and cow, indi-
cating that the dimer is present in vivo. Separation
of monomer and dimer species has been accom-
plished by high-performance electrophoresis chro-
matography on polyacrylamide gels and by HPLC
gel-filtration chromatography in the presence of
acetonitrile at either pH 6.0 phosphate buffer or
0.1% (w/v) trifluoroacetic acid. In all cases, the di-
meric form appears to be the active species. How-
ever, concentration of the protein under acidic con-
ditions gives rise to polymers, which can be reduced
by treatment with 2-mercaptoethanol. Analysis of
the protein by plasma desorption mass spectrome-
try gave a subunit molecular weight of 10,553, con-
sistent with an acetylated amino terminus, and no
other covalent modifications. Therefore, the present
evidence points to a disulfide dimer as the active
species.

Further analyses of the three-dimensional struc-
ture of the S100f monomer and dimer are being ac-
complished by solving the X-ray crystal structure.
In collaboration with J. Pflugrath at Cold Spring
Harbor Laboratory, we are attempting to grow crys-
tals of S100B suitable for X-ray analysis. We have
also succeeded in synthesizing the protein chemically
using solid-phase methods on an automated instru-
ment. The protein has 91 amino acids and took ap-
proximately 4 weeks to synthesize after several ini-
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tial failures. Purification and Characlcriz;'j[ion of the
product are now under way. We would like to com,.
pare the three-dimensional structures of the native,
synthetic, and dimerized forms of S100p.

Regulation of Brain Protein
Kinases

YS. Bae, D.R. Marshak

The action of growth factors in the nervous system
has been implicated in the onset of symptoms of
neurological disease, such as Alzheimer’s disease, We
have begun to study the regulation of the signal
transduction systems that are stimulated by growth
factors in the brain. In particular, we have purified
casein kinase II (CK-II) from bovine brain to ex-
amine the stimulation and repression of the actjvi-
ty. Brain CK-II appears to have an endogenous
inhibitor as well as compounds that can activate the
enzyme. Our current research focuses on the isola-
tion and characterization of molecules that regulate
this kinase. CK-II is important to transcriptional
control, and it is possible that alterations in CK-]
levels or activity are associated with degeneration
of neurons.

TABLE 1 Mass Spectrometric Analysis of Bovine
Pancreatic Thread Protein (PTP)
Observed Calculated Difference
Protein M/Z M/Z (%)
Unmodified intact
PTP
[M+H]* 15,036.11 15,035.96 0.001
[M+2H]?+ 751999 751849 0020
[M+3H+ 501330 5012.66 0013
Unmodified A
chain
[M+H]* 11,07313 11,07339 0002
[M+2H)?* 553704 5,537.20 0003
Unmodified B
chain
[M+H]* 3973.07 396963 0.087
Pyridylethylated
A chain
[M+H]* 11,390.35 11388381 0014
M +2H2* 5694.72 5694.91 0003
Pyridylethylated
B chain
(M+H]* 4,286.40 428505 0032
[M+2HP?+ 214403 214303 0047




Structural Analysis of Pancreatic
Thread Protein

D.R. Marshak {in collaboration with J. Crabb,
W. Alton Jones Cell Science Center, and J. Gross,
Massachusetts General Hospital]

The pancreatic thread protein (PTP) is a macro-
molecule that forms helical structures that can be
identified under electron microscopy and is a com-
ponent of insoluble occlusions found in the pan-
creas. Interestingly, monoclonal antibodies against
the protein identify the same protein in brain lesions
found in Alzheimer’s disease. The protein was iso-
lated from bovine pancreas and was found to con-
sist of two disulfide-bonded chains. Plasma desorp-
tion mass spectrometry allowed us to measure the
molecular weight of the intact protein, as well as the
separate A and B chains. Upon reduction and alky-
lation of the protein with 4-vinylpyridine, each chain
was found to have three cysteinyl residues by mea-
suring the increase in mass due to the chemical
modification. Further analysis of proteolytic frag-
ments of the unreduced protein allowed us to as-

sign the complete disulfide bonding pattern. This
is another example of the utility of mass spectrom-
etry in conjunction with classic methods of protein
chemistry in the analysis of proteins involved in neu-
rological disease.
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CSH LABORATORY JUNIOR FELLOWS

In 1986, Cold Spring Harbor Laboratory began a new program to encourage inde-
pendent research by outstanding young scientists who, during their graduate
studies, displayed exceptional promise of becoming leading scientists of the future.
The purpose of this program is to provide an opportunity for one fellow each year
to work independently at the Laboratory for a period of up to 3 years on projects
of their choice. Each fellow is provided with a salary, research support, and techni-
cal assistance so that they can accomplish their goals free from other distractions.

The interaction among research groups at the Laboratory and the program of
courses and meetings on diverse topics in molecular biology contribute to a re-
search environment that is ideal for innovative science by these fellows.

The first Cold Spring Harbor Fellow (1987) was Adrian Krainer, a former gradu-
ate student with Tom Maniatis at Harvard University. The 1988 Fellow was Carol
Greider from Elizabeth Blackburn's laboratory at the University of California, Berke-
ley. The 1989 Fellowship was awarded to Eric Richards from Fred Ausubel's labo-
ratory at the Massachusetts General Hospital. Dr. Richards joined the Laboratory
during the summer of 1989 and is studying the molecular biology of the centro-

meres and telomeres of Arabidopsis.

C.W. Greider
E.J. Richards

Telomerase: The Long and
the Short of It

CW. Greider, L.A. Harrington, S. Kaplan

TELOMERASE BIOCHEMISTRY AND REACTION
MECHANISM

Telomerase is an RNA-containing enzyme that synthe-
sizes repeats of the telomeric sequence d(TTGGGQG),
onto the ends of chromosomes. This enzyme may
be involved with both normal telomere replication
and healing of broken chromosomes. Without a
mechanism to elongate telomeres, one would pre-
dict that chromosomes might shorten from their ends
due to the inability of DNA polymerases to repli-
cate completely both strands at the end of a DNA
molecule. Thus, telomeres, in conjunction with
telomerase, serve to replicate and protect chromp-
some ends. We are interested in both the biochemls‘-
try of telomerase and the biology of telomere repli-
cation in vivo.

The telomerase enzyme is a unique kind of DNA

polymerase; it contains an essential RNA compo-
nent that provides a template for the d(TTGGGQ),
repeats which the enzyme synthesizes. Last year, we
cloned and sequenced the Tetrahymena telomerase
RNA component and showed that it contained the
sequence S-CAACCCCAA-3'. The presence of one
and a half repeats of the sequence CCCCAA sug-
gested that d(TTGGGG), sequence primers could
be stably bound, elongated, translocated, and then
further elongated in a processive manner as shown
in Figure 1A. However, an alternative is that telomer-
ase may add a single repeat, dissociate from the
primer, and then rebind for a further round of
d(TTGGGG) addition (Fig. 1B). To distinguish be-
tween the processive and distributive mechanisms,
we carried out primer challenge experiments. Telo-
merase was reacted in the presence of excess primer
under standard reaction conditions (I um [3?P]-
dGTP, 100 um dTTP, 1 mm Mg**, 10 mm Tris at pH
8.0) for 2 minutes, and the reaction was then diluted
30-fold into two different reaction mixtures. The first
mixture contained unlabeled dGTP, 100 um dTTP,
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FIGURE 1 (A) Processive model for elongation of telomeres by telomerase. The Tetrahymena telomer,e is shown cqntaining an
overhang on the d(TTGGGG), strand. After recognition of the d(TTGGGG), strand by telomerase, the 3 -mogt nucleotides are hy-
bridized to the CAACCCCAA sequence in the RNA (7). The sequence TTG is then added one nucleqtn;le at a time (2). Translocation
then repositions the 3’ end of the TTGGGG strand such that the 3-most TTG nucleotides are hybridized to the RNA component
of telomerase (3). Elongation occurs again, copying the template sequence to complete the TTGGGGTTG sequence (4). (B) Distribu-
tive model for elongation of telomeres by telomerase. This model is similar to that described in A, except that instead of the transloca-
tion step, the enzyme dissociates from the telomere (3) and must reassociate (4) for a further round of A(TTGGGG), addition.

and a large excess of primer d(TTGGGG), oligonu-
cleotide. The second mixture contained unlabeled
dGTP, 100 pm dTTP, and no primer oligonucleo-
tide. The reactions were then allowed to proceed for
3, 4, or 10 minutes (Fig. 2). The labeled products
increased in size, even after dilution into excess
primer oligonucleotide, suggesting that the telomer-
ase reaction is processive.

Another interpretation for the results seen in F ig-
ure 2 is that the telomerase preferentially elongates
long products over short ones. To test this, we mixed
d(TTGGGG); with d(GGGGTT), and showed that
even at a molar ratio of 1:0.3, the shorter oligonu-
cleotide was the preferred substrate. Kinetic analy-
sis confirmed these results. d(TTGGGG);s has a K,
of 22 nM, and d(TTGGGG), has a K, of 2 nM. From
these experiments, we conclude that d(TTGGGG),
repeat synthesis by telomerase is processive.

The telomerase reaction produces a characteris-
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tic 6-bp ladder of products (see Fig. 2). Careful ex-
amination of the pattern of these products showed
that there is a strong pause after the addition of
the second dT and the first dG in the sequence
d(TTGGGG). The pause at the first dG residue is
consistent with the model proposed in Figure 1A,
in which elongation proceeds to the end of the tem-
plate and then a translocation step occurs after the
addition of the first dG residue. These data suggest
that the entirer CAACCCCAA template is used by
telomerase.

We are actively pursuing purification of the telo-
merase enzyme with the aim of identifying the (as
yet still elusive) protein components and of obtain-
ing very pure enzyme for further biochemical dis-
section of the enzyme mechanism. The experiments
described above were done using enzyme purified
over two columns, with a purification of about
40-60-fold. Since it’s initial identification, telomer-
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FIGURE 2 The telomerase reaction is processive. Telomerase
was reacted for 2 min in the presence of 1 um [3?P]dGTPR, 100
uM dTTP, and 3000 nM d(TTGGGG),; 30 pl of this reaction was
diluted into 900 ul of either 1 um cold dGTP, 100 um dTTP, 2700
nM d(TTGGGG), (lanes labeled diluted + (T2Gg)s) Or 1 pm coid
dGTP, and 100 uM dTTP (lanes labeled diluted without (ToGg)a)-
The reactions were then stopped after 3, 4, or 10 min total reac-
tion time and run on a sequencing gel. As controls, the undiluted
reaction was also stopped at either 2 or 10 min total reaction time.

ase has proven to be extremely labile, making purifi-
cation over more than two columns very difficult.
We are taking both conventional and affinity ap-
proaches to purification and hope to soon have
highly purified enzyme for structural and functional
analysis.

TETRAHYMENA TELOMERASE RNA EXPRESSION
IN YEAST

In addition to telomerase biochemistry, we are pur-
suing several aspects of telomere biology in vivo. One
approach is to express the Tetrahymena telomerase
RNA component in the yeast Saccharomyces cere-
visige. Identification of the RNA component of a
yeast telomerase through direct hybridization has not
been possible. This is not unexpected since the se-

quence of the telomerase RNA from the ciliate Fu-
plotes crassus does not cross-hybridize with 7etra-
hymena RNA, although the RNA can fold into a
structure similar to that of the Tetrahymena RNA (D.
Shippen-Lentz and E.H. Blackburn, pers. comm.). To
express the 7etrahymena RNA in yeast, the gene was
cloned directly behind the bacteriophage T7 pro-
moter. This construct allows the bacteriophage T7
polymerase to produce a transcript identical in se-
quence to the RNA found in 7etrahymena. This T7
construct was transformed into a yeast strain that
contains the T7 RNA polymerase gene cloned be-
hind the yeast GAL10 promoter (a gift from Rolf
Sternglanz). When these yeast are grown on galac-
tose, the T7 RNA polymerase is induced and the
telomerase RNA is transcribed. The telomerase RNA
is stable in yeast as it can be visualized by Northern
analysis of total yeast RNA.

We are examining the chromosomal telomeres in
the yeast cells expressing the telomerase RNA. If the
Tetrahymena RNA competes with the putative yeast
telomerase RNA, telomeres might become shorter.
If the Tetrahymena RNA substitutes for the yeast
RNA, Tetrahymena telomeric d(TTGGGQG), repeats
might be incorporated into the yeast telomeres. These
possibilities are being examined by Southern blots
and by cloning and sequencing yeast telomeres.

TELOMERES SHORTEN DURING MAMMALIAN AGING

As a second approach to in vivo telomere biology,
we have recently begun a collaboration with Drs. B.
Futcher and C. Harley to examine the behavior of
human telomeres with aging. This study is rooted
in the observations of Hayflick (Exp. Cell Res.
25: 585 [1961]) that primary (i.e., nontransformed)
fibroblasts can go through only a limited number
of doublings in vitro. Fibroblasts taken from a young
donor can go through about 90 doublings, whereas
those from an old donor go through many fewer dou-
blings before senescence. Similar observations were
made for other cell types and other species. The rea-
son for the limit on the number of cell divisions is
unknown.

In 1973, before the structure of telomeres was
known, Olovnikov proposed that chromosome short-
ening due to incomplete telomere replication might
limit the number of divisions a cell can go through
(J. Theor. Biol. 41: 181 [1973]). Recently, Cooke and
Smith (Cold Spring Harbor Symp. Quant. Biol. 5I: 213
[1986]) observed that human sperm telomeres are
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about 15 kb long, whereas telomeres from other so-
matic tissues are only about 10 kb long. This obser-
vation, in conjunction with the proposal by Olov-
nikov, suggested that human telomeres are elongated
only in the germ line and that these telpmeres are
then gradually shortened during vegetative growth.
Loss of telomeres may be a direct cause of cellular
senescence. )
To examine this theory, we passaged primary fi-
broblasts from different aged donors and examined
telomere length after increasing the number of dou-
blings in vitro. We found that mean telomere length
decreases by about 30 bp per generation, that the
distribution of telomere lengths becomes broader,
and that the total hybridization signal to the telo-
meric probes decreased as cells aged (Figs. 3 and 4).
We also found that telomere lengths at early passage
correlated with the age of the donor; older donors

had shorter telomeres. These observations are cop-
sistent with sequences being lost from the chromo-
some ends with each round of replication and telo-
mere lengthening occurring in the germ line,

To follow up the observations on telomere length
and aging, we plan to look at the lengths of telo.-
meres in a number of different tissues from individ-
uals of different ages, as well as from individuals who
have specific aging diseases, such as progeria and
Werner’s Syndrome. Since mouse telomeres have the
same sequence as humans, we can further test the
correlation of aging with telomere length in animal
models. In addition, the recent identification of
telomerase activity in HeLa cells allows us to look
directly at whether telomerase activity is restricted
to the germ line in mammalian cells. Thus, we hope
to directly test whether telomere shortening is a cause
or an effect of aging in mammals.

HSC 172

A

Probe: (TTAGGG)3

S = ol

—
MPD: I8 28 38 53 65 7l 74 80 88
bo". - -

Ikb
marker

B
(TTGGGG)g

1
7828385365 71 7480 88

- o

LI

[

FIGURE 3 Primary fetal lung fibroblasts (HSC172) were passaged until senescence occurred (88 Mean
Population Doublings, “MPD 88"). The DNA from these cells was digested with Mspl and Rsal, run on
a 0.7% agarose gel, and blotted to Nytran. (4) The blot was probed with the human telomeric probe

d(TTAGQG)g. (B) As a control, the same blot was stripped and reprobed at low stringency with d(TTGGGG)
to identify internal repetitive DNA bands (indicated by an ).
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FIGURE 4 Mean telomere length (A) and total telomeric DNA
(B) were determined by scanning Southern blots similar to those
shown in Fig. 3. Mean telomere length is plotted as a function
of in vitro age for three cell lines. HSC172 (O) is a fetal fibroblast
cell line, and FOO1 (A) and FO02 (O) are two primary fibroblast
lines established from old individuals (70 and 90 years).

éharacterization of Centromeric
DNA from Arabidopsis thaliana

E.J. Richards, David Fessell

Centromeres are the chromosomal regions respon-
sible for the proper partitioning of the chromosomes
during mitosis and meiosis. One component of the
centromere is the kinetochore, a complex nucleopro-
tein structure that attaches to the spindle microtu-
bules and drives chromosome movement. In addi-
tion, control of sister-chromatid separation is exerted
at the centromere, resulting in sister-chromatid sepa-

ration at anaphase in mitosis and meiosis II and
sister-chromatid nondisjunction at meiotic anaphase I.

I am interested in identifying and characterizing
the DNA sequences required for centromere func-
tion as a first step toward understanding how cen-
tromeres work. At present, functional centromeric
DNA sequences have been identified in only two sys-
tems, Saccharomyces cerevisiae and Schizosaccharo-
myces pombe. The picture that emerges from cen-
tromere studies in the yeasts is rather confusing; the
budding yeast centromeres are quite small (120 bp)
and do not resemble the large (50-100 kb) arrays of
repetitive DNAs that make up S. pombe centromere
regions. Although it is generally thought that the
S. pombe centromeres may provide a simple model
for the larger, more structurally complex centromeres
of higher eukaryotes, I have decided to begin charac-
terizing a higher eukaryotic centromere directly.

I have chosen to work on the flowering plant,
Arabidopsis thaliana, for several reasons. The
streamlined genome of this plant, with only 70
Mbp/n and a low repeated DNA content, facilitates
chromosome walking and physical mapping efforts.
In addition, A. thaliana is a good genetic system,
and this attribute has been exploited to construct
restriction-fragment-length polymorphism (RFLP)
maps, providing molecular landmarks sprinkled
throughout the genome. The availability of viable
aneuploid mutants and strains carrying chromo-
somal rearrangements is particularly useful for mo-
lecular chromosome studies.

CENTROMERE 1: CHROMOSOMAL WALKING AND
PHYSICAL MAPPING

I am presently trying to characterize and isolate an
A. thaliana centromere using a combination of phys-
ical mapping and chromosome walking techniques.
The approach is similar to that first used to isolate
yeast centromeres: begin with molecular markers that
flank a centromere and walk across the gap. The cen-
tromere of A. thaliana chromosome 1 is the best tar-
get, since it is the most precisely mapped, and sev-
eral genetic and RFLP markers are closely linked
to this centromere. Included among these RFLP
markers is an AT-rich moderately repetitive element
I previously identified as residing adjacent to an ar-
ray of highly reiterated telomere-similar repeats. The
challenge now is to put together a fine-structure
genetic and physical map of the region to delimit the
centromere. Toward this end, I am setting up crosses
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using aneuploid strains in order to isolate chromo-
somes with crossover between centromere 1 and
neighboring morphological and RFLP markers. The
results of these experiments will establish a more pre-
cise genetic map position for centromere 1 and or-
der flanking markers. These markers can then be
used to construct large-scale restriction maps of the
region, providing a location of the centromere in
physical terms.

While the mapping project is under way, I have
begun a chromosomal walk in the region. Using the
centromere-1-linked moderately repeated element as
a low-copy-number probe, 1 have isolated several
YAC clones from a library constructed in C. Som-
merville’s laboratory (Michigan State University).
The clones are currently being analyzed to determine
if they are derived from centromere 1.

USING TELOCENTRIC CHROMOSOMES TO ISOLATE
CENTROMERIC SEQUENCES

Several A. thaliana aneuploid strains have been iso-
lated that contain telocentric chromosome deriva-
tives, in addition to the normal diploid complement
of ten metacentric chromosomes (i.e., telotrisomic
mutants). The telocentric chromosomes were recov-
ered after fracture through the centromere and con-
sequently should contain a new, “healed” telomere
close to the centromere. Using telomeric probes, it
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should be possible to identify and isolate the healed
telomeres with large regions of flanking sequence
stepping into the centromere. In essence, this is an-
other version of the chromosome walk just de-
scribed, except in this case, the starting point is a
telomere, rather than flanking RFLP marker.

Because of the potentially large size of the cen-
tromere and the uncertain molecular distance be-
tween the healed telomeres and their “adjacent” cen-
tromeres, a YAC cloning system is being used to
isolate large inserts. I have recently shown that cloned
A. thaliana telomeres can serve as telomeres in S. cere-
visiae, demonstrating the feasibility of isolating large
telomeric restriction fragments directly by selection
for telomere function in yeast.

PUBLICATIONS

Greider, CW. and E.H. Blackburn. 1989. A telomeric sequence
inthe RNA of Tetrahymena telomerase required for telomere
repeat synthesis. Nature 337: 331-337.
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Richards, E.E., W.D.B. Loos, J. Giraudat, H.M. Goodman, and
F.M. Ausubel. 1990. The centromere region of Arabidopsis
thaliana chromosome 1 contains telomere-similar sequences.
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54th COLD SPRING HARBOR SYMPOSIUM
ON QUANTITATIVE BIOLOGY

Immunological Recognition

May 31-June 7, 1989

ARRANGED BY

James D. Watson, Cold Spring Harbor Laboratory
John R. Inglis, Cold Spring Harbor Laboratory

446 participants

The stark necessity of healthy immune function has been thrust into public
consciousness in the 1980s by the tragedy of AIDS. The consequences of
immune function gone awry can also be seen in such treatable but still incurable
disorders as rheumatoid arthritis, multiple sclerosis, diabetes, and the myriad
forms of allergy. To understand immune responses, and thus their malfunction,
requires knowledge of the genetics of lymphocytes, the complexity of the signals
they deliver and respond to at the cell surface, and the extraordinary assortment
of responses they make when stimulated.

Research in the 1980s cut through to the molecular basis of these events.
Antigen receptor molecules from T cells were identified and found to be encoded
in a unique set of rearranging gene segments, separate from but evolutionarily
related to the immunoglobulin genes. The analysis of other cell-surface molecules
revealed diversity among T cells that correlated with differences in function.
Crucially, it was observed that the products of MHC loci could bind peptide
fragments of antigen and deliver them to the surface of antigen-presenting cells. A
structural basis for T-cell antigen recognition became apparent when the solution
of the crystal structure of the class | histocompatibility molecule HLA-A2 showed

L. Annenberg Hazen, G. Nossal, J.D. Watson
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peptide and the variable T-cell receptor might
bind. X-ray crystallography also clarified the interaption between'an antibody and
its ligand, with the solution of the structure Qf an immune csornp e):.‘ )

By 1989, therefore, the time was clearly ripe for a Cold Spring Harbor
Symposium focusing on the molecular, cellular, anq structural aspects gf |
immunological recognition. The theme of the meeting centered on the interactions
among MHC molecuies, peptides, and antigen rgceptors that trigger T-cell
activation, but sessions were devoted to the shaping of T-cell and B-celll '
repertoires by these events and their consequences for lymphocyte activation,
tolerance, and autoimmune responses. N 4

The final program included 114 speakers and 446 participants. Everyl available
seat in Grace Auditorium was occupied throughout the week, and the aisles were
filed. The meeting opened with splendid presentations by Leroy Hood, Philippa
Marrack, Don Wiley, Emil Unanue, and Hugh McDevitt, whose talil<s highlighted
the themes of the coming week. Then came 14 sessions of great intensity and an
elegant and wide-ranging summary by Jonathan Howard. .

The meeting was supported in part by the National Cancer Institute and
National Institute of Allergy and Infectious Diseases; the National Science
Foundation: the U.S. Department of Energy, and the Lucille P Markey Charitable

Trust.

that it had a groove in which both

PROGRAM

Opening Remarks
J. D. Watson

T-cell Development
Chairman: S. Tonegawa, Massachusetts Institute of Technology

B-cell Development

Chairman: T. Honjo, Kyoto University

Interactions between T-cell Receptors, Antigen, and MHC Molecules. |
Chairman: B. Benacerraf, Dana-Farber Cancer Institute
Self-recognition by B Cells and Antibodies

Chairman: F. Melchers, Basel Institute for Immunology

Lymphocyte Activation. |

Chairman: R. Klausner, National Institutes of Health

Recognition by Antibodies
Chairman: D. Davies, National Institutes of Health

Antigen Processing
Chairman: H. Eisen, Massachusetts Institute of Technology

Histocompatibility Antigens

Chairman: W. Bodmer, Imperial Cancer Research Fund Laboratories
Tolerance in T Cells

Chairman: J. Miller, Walter and Eliza Hall Institute of Medical Research

Interactions between T-cell Receptors, Antigen, and MHC Molecules. Il
Chairman: R. Zinkernagel, University of Zurich

Lymphocyte Activation. Il

Chairman: N. Mitchison, University College

Selection of T-cell Receptors

Chairman: P. Kourilsky, Institut Pasteur

Inter.actions between T-cell Receptors, Antigen, and MHC Molecules. Il
Chairman: M. Gefter, Massachusetts Institute of Technology

Summary: J. Howard, AFRC, Institute of Animal Physiology
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MEETINGS

Genome Mapping and Sequencing

April 26-April 30, 1989

ARRANGED BY

Charles Cantor, Columbia University College of Physicians & Surgeons
Maynard Olson, Washington University School of Medicine
Richard Roberts, Cold Spring Harbor Laboratory

252 participants

This year's meeting on Genome Mapping and Sequencing was the second in
what is likely to be a continuing series. The meeting emphasized current
techniques in use for genome mapping and sequencing and highlighted some of
the systems in which great progress is being made. The importance of small
technical breakthroughs was exemplified by studies of telomeres. In 1988, a single
presentation, included at the last minute, described the cloning of a stretch of
DNA that hybridizes to all human telomeres. At this year's meeting, a whole
session needed to be devoted to telomeres. Among the many ongoing mapping
endeavors, several groups reported good progress in the hunt for specific human
disease genes, including the much sought after cystic fibrosis gene. On the
technical front, spectacular progress was announced in the use of confocal
microscopy to map genes directly onto chromosomes. The final session of the
meeting was devoted to computation and served to illustrate the important role
that computer science will play within genome research.

PROGRAM

Genome Organization
Chairman: V. McKusick, Johns Hopkins University

Telomeres -
Chairman: C. Cantor, Columbia University College of Physicians & Surgeons

Polymorphism
Chairman: W. Bodmer, /ICRF, London

Mapping Techniques. | L
Chairman: M. Olson, Washington University School of Medicine

Mapping Techniques, || '
Chairman: S. Brenner, MRC Laboratory, Cambridge

Mapping Experience
Chairman: D. Cohen, CEPH, Paris

Sequencing
Chairman: E. Soeda, Riken Institute

Computation N
Chairman: D. Lipman, National Library of Medicine
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Regulation of Liver Gene Expression

May 7-May 11, 1989

AT

ARRANGED BY

Gerald Crabtree, Stanford University . .
George Fey, Research Institute of Scripps Clinic
Shirley Tilghman, Princeton University

265 participants

The second meeting of this series was attended by more than 250 participants,
including speakers presenting exemplary work from other areas of gene
regulation, such as Drosophila and yeast. The focus of the meeting was on
mechanisms of gene regulation. Highlights included the characterization and
cloning of hepatocyte nuclear factor 1 (HNF1), a key factor determining
hepatocyte-specific transcription of albumin, fibrinogen, and other liver marker
genes. With the description of the cloning of CBP and DBP and the purification of
HNF3 and HNF4, other factors determining liver-specific transcription, significant
progress was reported toward the solution of a key problem in this field: How can
interactions among factors that each may not be restricted to one cell type
generate cell-type-specific transcription? Novel types of control elements in the far-
upstream region of the albumin gene were discovered that allowed the expression
of this gene in hepatic cells only when the cells were cultured in special media
and on a collagen matrix. This result demonstrates the existence of control
mechanisms that signal the contact of cells with the extracellular matrix to the
nucleus and activate the expression of specific genes. Along with bone marrow
cells, the liver has emerged as the target of choice for the correction of gene
defects. Several examples were presented for phenotypic corrections of defects in
genes that are primarily expressed in the liver. These included correction of the

- S | A

H. Choy, M. Yaniv, R. DuBois
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spf mutation by expression of a correct human gene in transgenic mutant mice
and the correction of a hereditary deficiency of LDL receptors in Watanabe
rabbits. In this case, the correct wild-type gene was introduced with retroviral
vectors into cultured Watanabe rabbit hepatocytes. Attempts to reintroduce
corrected cells into animals were described, including injection into the portal vein
and homing in the liver, as well as growth of hepatic cells on cytodex beads and
reimplantation of these grafts at extrahepatic sites. Important progress was
described in improving long-term acceptance of liver celi allografts in rats.

Recent work was presented on myo D, a master gene capable of converting
fibroblasts to muscle cells, and on the search for corresponding genes determin-
ing the hepatic phenotype by somatic cell genetics. Another highlight of the
meeting was the announcement of the purification and cloning of HGF, a novel
hepatocyte growth factor. Important progress was reported in the identification of
characteristic markers for hepatic precursor cells, mature hepatocytes, and biliary
epithelial cells. With the help of these markers, it was possible to follow the
differentiation from embryonal progenitor cells in culture to both hepatocytes and
biliary epithelial cells, and to study the influence of growth- and differentiation-
promoting agents on this process.

The liver is increasingly appreciated as an excellent experimental system for the
study of gene regulation. It offers the logistic feasibility of analyzing both the
transcriptional machinery at the biochemical level and a number of unique biologi-
cal processes involving gene regulation, such as regeneration and hepatocellular
carcinogenesis. The participants thanked the host laboratory and its meetings staff
for. their excellent work and expressed their hopes that this series of meetings will
be continued at Cold Spring Harbor.

PROGRAM

Transcription. |
Chairman: G. Crabtree, Stanford University
Hormonal Modulation of Gene Expression
Chairman: G. Schutz, German Cancer Research Center
Transcription. Il
Chairman: M. Yaniv, Institut Pasteur
Regulation of Liver Acute-Phase Genes .
Chairmen: H. Baumann, Roswell Park Memorial lnst/tute.

G. Fey, Scripps Clinic and Research Foundation
Developmental Regulation )
Chairman: S. Tiighman, Princeton University
Somatic Cell Genetics )
Chairman: K. Fournier, Fred Hutchinson Cancer Research Institute
Liver Genes and Disease o
Chairman: S.L.C. Woo, Baylor College of Medicine
Growth Regulation and Regeneration of Liver Cells
Chairman: B. Knowles, The Wistar Institute

Requirement for Hepatic Differentiation in Cultur.ed Cells -
Chairman: H. Isom, Pennsylvania State University College of Medicine
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C. elegans

May 10-May 14, 1989

ARRANGED BY

Scott Emmons, Albert
Jonathan Hodgkin, MRC Laboratory of
Judith Kimble, University of Wisconsin
James McGhee, University of Calgary

Einstein College of Medicine
Molecular Biology

385 participants

Attendance at this years C. elegans meeting was almost 30% higher than two
years ago, reflecting the continuing growth and excitement in the field. Much
research on C. elegans has focused on a description of the organism. This
information sets the stage for genetic and molecular analyses of many important
problems in biology.

Analysis of genes identified by mutations continues to be a central approach of
C. elegans research. Most of the genes governing the sex of the animal have
been identified, and molecular studies of their products are well under way. A
likely candidate for the X-chromosome-specific sequence whose dosage
determines sex has been identified. Genes have been described that are required
for specification of fates of early embryonic blastomeres, determination of position
and polarity within the body, control of programmed cell death, development of
the vulva in the hermaphrodite and copulatory structures in the male, timing of
events during development, and many other functions. From analysis of cloned
genes, it has been found that laminin plays a central role in determination of
position and direction in the body. Other developmental control genes have
similarity to growth factors and homeobox genes of higher organisms. Powerful

Wine and cheese
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transformation methods are now available for analysis of gene function. Sequences
have been identified that direct expression of the myosin-heavy-chain gene to
specific muscle tissues. Future work will address the question of how expression of
key genes is regulated in the genetic program whose outcome is the nematode
worm.

PROGRAM

Sex Determination and Dosage Compensation
Chairman: V. Ambros, Harvard University

Cell Biology
Chairman: J. Thomas, University of Washington

Developmental Pathways and Control Genes
Chairman: A. Fire, Carnegie Institution of Washington

Cell Fate and Differentiation
Chairman: P. Meneely, Fred Hutchinson Cancer Research Center

Nervous System
Chairman: D. Moerman, University of British Columbia

Genome Organization and Gene Expression
Chairman: J. Shaw, University of Minnesota

Embryogenesis and Positional Information
Chairman: E. Schierenberg, University of Cologne

RNA Processing
May 17-May 21, 1989

ARRANGED BY

Michael Green, Harvard University . o
Anita Hopper, Hershey Medical Center, Pennsylvania State University
Norman Pace, Indiana University

448 participants

mechanisms that convert primary

de RNAs not destined for further use by
RNA Processing meeting testifies to the
at RNA processing affects many

juded eight sessions of short

RNA processing encompasses the cellular
transcripts into functional RNAs and degra
the cell. The large attendance at the 1989
rapid growth of the field and to the recognition Fh
areas of cellular function. The five-day meeting inc
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a concluding session of four review

presentations, three poster sessions, and
were discussed, ranging in detail from

lectures of broad interest. Diverse topics

the atom to the organism level.
A recurring theme of the meeting was the analysis of the molecular structure

involved in RNA processing. For example, local RNA structure determines catalytic
activities and substrate sites; long-range folding of large RNAs aligns splicing sites
and can determine developmentally controlled, alternative splicing pathways. RNA
processing often requires the assembly of macromolecular compiexes, commonly
composed of stable RNAs and discrete proteins. Increasing success was reported
in dissecting the constituents of such complexes, for instance those involved in
splicing or polyadenylation, and in reconstituting them in vitro. The involvement of
RNA processing in regulatory mechanisms in several systems was discussed. Sex
determination in Drosophila, for instance, is dependent in part on alternative
mRNA processing.

The range of cellular events that rely on RNA or RNA processing continues to
expand. Recently discovered examples discussed at the meeting included the
service of RNA as a template for telomere formation in ciliates and probably
humans, and ‘“editing.’ the alteration of MRNA sequences that occurs in many
organisms by modification, excision, or addition of nucleotides. Particularly,
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extensive additions to and excisions from some mRNAs in trypanosome mitochon-
dria question the source of sequence information for the editing process. Putative
templates remain unidentified, however.

The annual RNA Processing meeting is an important forum for communications
of recent results and methods. The iarge size of the 1989 meeting, and the fact
that many applicants could not be accommodated, prompted suggestions for finer
focus of future meetings, for example, on splicing phenomena or catalytic RNAs.
However, the consensus of participants at the 1989 RNA Processing meeting
seemed to be that the eclectic coverage provided by the current format is of
overriding value in this rapidly advancing field.

The meeting was supported in part by the National Science Foundation and
the National Institutes of Health (National Institute of General Medical Sciences).

PROGRAM

Catalytic RNA

Chairman: J. Szostak, Massachusetts General Hospital
Splicing: Specificity, Regulation, and Pathways
Chairman: J. Beggs, University of Edinburgh

snRNPs: Formation and Function

Chairman: J. Steitz, Yale University

Splicing: Factors and Spliceosome Assembly

Chairman: J. Abelson, California Institute of Technology
3' ENDS, hnRNPs, and Export

Chairman; T. Platt, University of Rochester Medical Center
Stable RNAs

Chairman: J. Dahlberg, University of Wisconsin
Regulation and Turnover

Chairman: B. Baker, Stanford University

Special Topics Reviews
Chairman: W. Keller, Biocenter of the University of Basel

RNA Tumor Viruses

May 24-May 28, 1989

ARRANGED BY

Hung Fan, University of California, Irvine
Eric Hunter, University of Alabama, Birmingham

398 participants

The 1989 RNA Tumor Virus meeting considered retrovirus replication,'structure,
and pathogenesis. in the last few years, the meetipg has become an important
forum for basic research in human retroviruses-this year nearly half of the
presentations concerned HIV and related primate Yiruses, er HTLV.. Sqme <|Jf the
highlights included discussion of recent advances in retrovirus rephcatpt;\.dn
particular, progress in identifying several retrovirus receptors was described,

i i ja vi r.
including molecular cloning of the ecotropic muriné leukemia virus recepto
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Reports on the mechanism of retroviral integration iij'Uded deSC”P“O”S Of.in vitro
integration systems and mechanistic studies on the integrase proteur]. Considerable
attention was focused on human retrovirus regulatory protemg pgrtfcularly tat, rey,
and tax, although important information was presented, the hlghhght was the
description of high-resolution structures of avian‘and human ret‘rowrlle proteases;
these will be important in structure-function studies and, potent‘lal!y, in the design
of new anti-retrovirus drugs. Sessions on retrovirus pathogenesis included
discussions on the mechanisms of virus-induced tumorigenesis and immunodefi-
ciency. Several animal model systems for immunodeficiency were presented,

including feline, murine, and human viruses.

PROGRAM

Replication—Entry through Integration ‘ _
Chairmen: H. Varmus, University of California, San Francisco

S. Goff, Columbia University

Transcription and Transcriptional Control

Chairmen: N. Hopkins, Massachusetts Institute of Technology
C. Rosen, Roche Institute of Molecular Biology

Replication—RNA Splicing through Virus Assembly
Chairmen: A.M. Skalka, Fox Chase Cancer Center
A. Rein, Frederick Cancer Research Facility

Nonstructural/Regulatory Genes
Chairmen: M. Martin, NIAID, National Institutes of Health
B. Cullen, Howard Hughes Medical Institute, Duke University

Oncogenesis
Chairmen: P. Jolicoer, Clinical Research Institute of Montreal
W. Hayward, Memorial Sloan Kettering-Cancer Center

Protein Structure and Function Endogenous Viruses and Evolution
Chairmen: V. Vogt, Cornell University
J. Coffin, Tufts University School of Medicine
Vectors and Gene Transfer
Chairmen: M. Linial, Fred Hutchison Cancer Research Center
S. Hughes, NCI Frederick Cancer Research Facility

Immunosuppression and Cytopathogenesis
Chairmen: H. Robinson, University of Massachusetts Medical Center
F. Lilly, Albert Einstein College of Medicine
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Yeast Cell Biology

August 15-August 20, 1989

ARRANGED BY

Scott Emr, California Institute of Technology

Amar Klar, NCI-Frederick Cancer Research Facility
John Pringle, University of Michigan

Steve Reed, Scripps Clinic and Research Foundation

325 participants

Participants of the meeting on Yeast Cell Biology considered the many ways in
which the experimental tractability of yeasts is being exploited in investigations of
fundamental problems in eukaryotic cell biology. The utility of this approach
depends in part on the degree to which structures and functions are conserved
between yeasts and the larger eukaryotes, and the meeting provided further
evidence that such conservation runs very deep indeed. The meeting also
provided abundant illustrations of just how experimentally tractable yeasts have
become. Many papers gave dramatic evidence that the traditional barriers (real
and psychological) to application of conventional cell biological approaches (light
microscopy, electron microscopy, and cell fractionation/in vitro reconstitution) to
yeast have been overcome. At the same time, the genetic approaches for which
the yeasts have long been renowned have become even more diverse and
powerful as a result of conceptual and technical advances presented at the
meeting. These genetic approaches are of two general types, both of which were
much in evidence. In “forward genetics,” potentially novel features of the cell are
explored by isolating and analyzing mutants with interesting phenotypes:
Molecular genetic methods (including DNA sequencing and the use of fusion
proteins to elicit antibody production) are then used to explore the functions of the
gene products at the molecular level. This approach has brought many exciting
recent advances, such as the realization of the very wide range of functions in
which GTP-binding/hydrolyzing proteins are involved, the discovery of cyclin-like
molecules involved in G, control of the cell cycle, and the discovery of an appar-
ently novel pathway of secretion. Equally potent is the approach of ‘reverse
genetics? in which molecular genetic methods are used first to clone the gene
encoding a putatively important protein and then to make mutations in that gene
to explore the role of the protein in vivo. This approach continues to produce
many surprises, such as the new result that mutants unable to acidify their
vacuoles are apparently healthy. In a more general way, the practice of reverse
genetics in yeast (and a few other suitable organisms) has greatly increased our
appreciation of the subtlety of cellular functions and of the degree of redundancy
and overlap in the functions of individual proteins. .

In summary, use of the powerful amalgam of genetic and.nongenetlc '
approaches that can be applied to yeast has produced exciting progress In
understanding virtually all parts of the yeast cell, from the cell wal] to the '
nucleolous and microtubule, as reported at the 1989 Yeast Cell Biology meeting.
There is no reason to think that the pace of discovery will slow between now Iand
the next such meeting in 1991 and every reason to think that the results obtained

will be of wide interest to cell biologists generally.
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PROGRAM

Nucleus and Plasma Membrane ‘
Chairman: J. Woolford, Carnegie Mellon University

Cytoskeleton and Morphogenesis

Chairman: F. Solomon, Massachusetts Institute of Technology
Chromosome Structure, Function, and Segregation

Chairman: M. Grunstein, University of California, LoS Angeles

Secretion and Protein Sorting. |
Chairman: R. Trimble, New York State Department of Health

Cell Cycle and Growth
Chairman: K. Tatchell, North Carolina State University

Secretion and Protein Sorting, Il
Chairman: E. Jones, Carnegie Mellon University

Signal/Transduction/Cell Wall

Chairman: J. Thorner, University of California, Berkeley
Mating Type, Meiosis, and Sporulation

Chairman: B. Byers, University of Washington

Cell Cycle Control
Chairman: P Fantes, University of Edinburgh

Secretion/Endocytosis
Chairman: S. Michaelis, Johns Hopkins University School of Medicine

Peroxisomes and Mitochondria
Chairman: H. Ruis, Universitat Wien

Molecular Genetics of Bacteria and Phages

August 22-August 27, 1989

ARRANGED BY

Gary Gussin, University of lowa
Lucia Rothman-Denes, University of Chicago
Andrew Wright, Tufts Medical School

315 participants

The 1989 meeting on Molecular Genetics of Bacteria and Phages was extremely
successful and attracted more than 300 people, including many young investiga-
tors and graduate students. There were 112 talks and 130 posters covering all

aspects of prokaryotic molecular genetics. Prior to each session, the chairperson

210



gave a brief overview of the topics to be discussed:; this proved a useful addition
to the previous format. Topics included DNA replication site-specific recombina-
tion, transcriptional activation, antitermination of transcription, and posttranscrip-
tional control by RNA degradation or by translational control. Mechanisms df
signal transduction, membrane assembly, and protein secretion were also
discussed.

W. Szybalski, H. Murialdo

G. Mosig, N. Sternberg, A. Abeles

There has been considerable progress in a number of these areas during the
past year. Of particular note was the number of systems in which DNA bending or
looping plays a role in regulation. Several reports supported a ubiquitous role for
IHF as a regulator of gene expression, as an essential element in site-specific
recombination, and as a factor required for packaging of phage DNA. In each of
these cases. IHF facilitates the formation of unique DNA structures through its
ability to bend DNA. The most dramatic example of DNA loop formation involved
in regulation was that shown to occur in the deo operon of E. coli (Dandanelt and
Hammer). The deoR repressor, containing eight identical subunits, binds to three
operator sites and forms single and double loops, the latter being consistent with
its high efficiency and cooperative behavior observed in vivo. These studies all
illustrate how sites at a distance interact with one another. Significant progress in
the understanding of structural elements that alter stability (Emory and Belasco;
Wagner et al.) and new methods of analysis (Mackie) and understanding of this

complex process seems within reach.
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sented was the demonstration by Ebright that a
y simple chemical modification of a cysteine
ted into an endonuclease, with

Among the exciting results pre
DNA-binding protein, cap, could b

idue i NA-binding helix be conver :
Lens;i:ree;n g;\TAI-:)binding affignity and specificity. It should now be pqsgble to design
other reagents of this type that will allow cleavagg of DNA at specifically selected
sites. The report (Van Dyk et al.) that overproduction .of the groES and groEL gene
products, major heat shock proteins, suppresses a wnde‘ range of temperatgre-
sensitive mutations in E. coli further strengthens the notion that these protems play
a major role in protein folding. Overall the presentations were of very high quality

and the meeting stimulated intense interest and discussion.

PROGRAM

Replication/Repair

Recombination/Excision/Transposition

Chromosome Packaging

RNA Polymerase-Promoter Interactions

Transcription Termination/Antitermination
Posttranscriptional Regulation

Protein Secretion/Membrane Assembly/Signal Transduction
Transcriptional Regulation. I: Activation

Transcriptional Regulation. Il

Thermal Regulation/Modern Genetics

Eukaryotic DNA Replication

August 30-September 3, 1989

ARRANGED BY

Thomas Kelly, Johns Hopkins University School of Medicine
Bruce Stillman, Cold Spring Harbor Laboratory

290 participants

This was the second meeting on Eukaryotic DNA Replication held at Cold Spring
Harbor; the first was held two years ago. The meeting focused on all aspects of
the subject, including two sessions on replication of virus DNA; two sessions on
the replication of cell chromosomal DNA, including yeast and mammalian cells; a
session on the replication of extrachromosomal elements and selective amplifica-
tion of DNA; one session on replication proteins; and one session on the control
of DNA replication. In addition, two large poster sessions were held. As with the
previous meeting, the 1989 meeting saw a large amount of high-quality science,
indicating that the field is strong and will be for some time to come. It has also
become clear that the field of DNA replication is branching out to include topics
on gene regulation, cell cycle control, genome amplification and organization, and
cell biology.
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E. Johnson, S. Berberich

B. Stillman, M. McAlear, R. Laskey, N. Heintz

PROGRAM

Replication Proteins .
Chairman: P Burgers, Washington University School of Medicine

Virus DNA Replication. |
Chairman: C. Prives, Columbia University

Cell Chromosome Replication. | ' ,
Chairman: J. Huberman, Roswell Park Memorial Institute

Virus DNA Replication. Il
Chairman: P van der Viiet, University of Utrecht

Extrachromosomal Replication
Chairman: G. Wahl, The Salk Institute

Control of Cell Cycle and S Phase
Chairman: D. Beach, Cold Spring Laboratory

Cell Chromosome Replication. H '
Chairman: R. Laskey, University of Cambridge
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Regulation of Eukaryotic mRNA Transcription

September 6-September 10, 1989

s 2

J. Witkowski, D. Baltimore

ARRANGED BY

Winship Herr, Cold Spring Harbor‘Laboratory
Robert Tijan, University of California, Berkeley .
Keith Yamamoto, University of California, San Francisco

427 participants

The 1989 Cancer Cells meeting, Regulation of Eukaryc?tic mRNA Transcription,
was attended by an international group of over 400 scientists sharing overlapping
interests in regulation of transcription in eukaryotic Cell§. The‘ reports presented by
the participants spanned a broad spectrum of topics, mclu'dmg the biochemistry of
general transcription factors, structural studies, yeast genetics, and Drosophila
development. In the first session, several groups reported the molecular cloning of

R. Treisman, K. Yamamoto, P. Sigler

the gene encoding the yeast TATA box binding factor TFIID, a major breakthrough
in understanding the structure and function of basic initiation factors. The se-
quence of this gene revealed that it had also been isolated genetically, because
mutations in this gene affect the selection of transcription initiation sites in yeast.
Another basic transcription factor, the RNA-polymerase-|l-associated protein
complex RAP 30/74, was shown to process DNA helicase activity, suggesting it
may be involved in establishing an open transcription initiation complex. Many
studies described the dissection of sequence-specific DNA-binding transcription
factors revealing in increasing detail the many structural motifs involved in both
DNA binding and transcriptional activation. An unexpected finding revealed that a
chromosomal translocation associated with a class of leukemias results in the
fusion of a transcription factor expressed in lymphoid cells to a novel homeodo-
main, thus probably conferring a new DNA-binding specificity. One session
focused on the influence of chromatin and DNA topology on regulation of
transcription, with one report describing how sequence-specific factors are already
bound to the promoter in vivo before transcription of the gene is activated; this
indicates that other levels of regulation (e.g., protein modification) are involved. In
the final session, reports on the analysis of homeodomain genes in Drosophila
revealed how regulation of transcription factor activity can have dramatic effects on
development. The meeting closed with a striking presentation in which individual
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H. Weintraub, W. Driever

transcription complexes were revealed within the nuclei of stained Drosophila
embryos. The success of the meeting was indicated by the large number of
scientists standing in the aisles or sitting on the stairs of Grace Auditorium during
the sessions.

The meeting was funded by the National Science Foundation and National
Institutes of Health.

PROGRAM

RNA Polymerase Il and Basal Initiation Factors

Chairman: A.L. Greenleaf, Duke University Medical Center

Initiation Complexes and Post-Initiation Events

Chairman: C. Gross, University of Wisconsin

Tissue Selective Enhancer and Promoter Factors

Chairman: R. Roeder, Rockefeller University

Mechanisms of Transcription Regulation: Activation Domains and Protein/Protein
Interactions

Chairman: M. Ptashne, Harvard University

Regulation of Transcription Factor Activity

Chairman: D. Baltimore, Whitehead Institute and Massachusetts Institute of Technology

Structure and Function of Sequence-Specific DNA Binding Proteins

Chairman: P.B. Sigler, Yale University

The Influence of Template Topology, Nuclear Matrices, and Chromatin Structure on
Transcription

Chairman: J. Wang, Harvard University

Transcription of Developmentally Regulated Genes

Chairman: M. Levine, Columbia University

Translational Control

September 13-September 17, 1989

ARRANGED BY

Michael Mathews, Cold Spring Harbor Laboratory
Nahum Sonenberg, McGill University

313 participants

The first Translational Control meeting was held at Cold Spring Harbor two years

ago. That meeting engendered great enthusiasm am.ong its .participan.ts, Ea:jnyi/nof
whom felt that it signaled a renaissance of researqh in prqtenn synt:"\jesuiz . cglib?a r
from the increased attendance, the wealth of new information and the hig
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" to be made in defining the mechanism

B. Thimmappaya, M. Mathews,
B. Hayes

uring this year's meeting, these expectations have

lar genetic approaches have allowed great strides
of translation initiation in yeast and in

or contributions to this knowledge have stemmed from the
cloning of the genes for many of the eukaryotic initiation factors. Advances have
been made in defining the cis-acting elements within prokaryotic and eukaryotic
mRNAs that function in translational control, and it has become clear that
secondary and tertiary structure elements are key components in translational
control mechanisms operating during the initiation and elongation phases and in
ribosome frame shifting. Regulatory factors that either suppress or enhance
translation have been characterized, and it is anticipated that many more such
trans-acting factors will be identified in the next few years. The control of trans|a-
tion during development and growth has attracted considerable attention: As more
genes involved in the regulation of development, growth, and differentiation are

it becomes increasingly apparent that many of them are translationally

of the presentations made d
been translated into fact. Molecu

higher eukaryotes. Maj

cloned,
controlled.

PROGRAM

mRNA 5’ Untranslated Region

Chairman: H. Voorma, University of Utrecht

Initiation

Chairman: W. Merrick, Case Western Reserve University

Elongation and Termination
Chairman: A. Spirin, Academy of Science of the USSR

Prokaryotes
Chairman: M. Grunberg-Manago, Foundation Edmond de Rothschild

Phosphorylation of Initiation Factors
Chairman: R. Thatch, Washington University

Stability, Poly (A), and Other Tales

Chairman: D. Cleveland, Johns Hopkins Medical School
Growth, Development, and Heat Shock

Chairman: R. Jackson, University of Cambridge

Initiation Factor Genes and Their Regulation
Chairman: A. Wahba, University of Mississippi Medical Center
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Modern Approaches to New Vaccines
Including Prevention of AIDS

September 20-September 24, 1989

ARRANGED BY

Fred Brown, Wellcome Biotechnology Ltd.

Robert Chanock, NIAID, National Institutes of Health
Harold S. Ginsberg, Columbia University

Richard Lerner, Research Institute of Scripps Clinic

276 participants

The seventh annual meeting on Modern Approaches to New Vaccines offered an
opportunity for molecular biologists, microbiologists, and clinical investigators to
interact and broaden their perspective of immunoprophylaxis. Biomedical scientists
concerned with prevention of viral, bacterial, or parasitic diseases met to
exchange the latest information on (1) the molecular and immunological properties
of important human and animal pathogens; (2) the application of this knowledge
to the development of new vaccine strategies, and (3) the evaluation of the
resulting candidate vaccines for safety and efficacy in the laboratory or in clinical
trials.

Among the many exciting advances described were the induction of antibodies
that catalyze peptide cleavage at a specific site, the development of a combinato-
rial system for cloning and expressing the antibody repertoire of an animal in
E. coli, the demonstration of the role of HIV gag-specific cytotoxic T cells in
resistance to AIDS, and the first experimental evidence that immunization with an
inactivated simian immunodeficiency virus (SIV) induces effective resistance in
monkeys to subsequent SIV challenge. Equally notable were the first descriptions
of the sequence and genome organization of the feline immunodeficiency virus
(FIV), which now appears to be a promising experimental surrogate for human
AIDS. Evidence was <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>