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DIRECTOR’S
REPORT

| have now been closely associated with Cold Spring Harbor Laboratory for more
than 45 years. During this almost half-century interval, the Lab has both stayed
the same and changed itself radically. What initially made me so admire, if not
love, the Lab was the beauty of its harbor and buildings, then populated by indi-
viduals such as Barbara McClintock and Alfred Hershey, who had extraordinarily
high intellectual objectives and standards. There was then, as still today, no
snobbery or hypocritical obeisance to age or authority. Instead, what mattered
was the truth or falsity of the facts and ideas of genetics. As a 20-year-old sum-
mer student, | felt both liked and needed for wanting passionately to unravel the
essence of the gene, the master unit of heredity that we now know to be com-
posed of DNA.

This preoccupation with genetics, which for so long made Cold Spring Harbor
Laboratory so unique, goes back to the turn of the century. It was then that
Mendel's laws, effectively lost for 35 years, were rediscovered independently by
the European plant breeders Correns, de Vries, and Tschermak. in 1904, Cold
Spring Harbor became one of the first sites to take on the challenge of the new
genetics when money from Andrew Carnegie’s steel fortune was used to create a
Station for Experimental Evolution here. It was headed by the Harvard-trained
zoologist Charles B. Davenport, who was already in charge of a summer teach-
ing program at The Biological Laboratory. This neighboring institution had been
started in 1890 by the Brooklyn Institute of Arts and Sciences and supported by
the local Jones family, one of whose houses adjacent to the Lab was the largest
on Long Island until its destruction by fire in 1861. Initially, the main preoccupa-
tion of the Station, later to be renamed the Department of Genetics of the
Carnegie Institution of Washington, was to extend the validity of Mendel's laws to
a large variety of plants and animals including our own human species.

To carry out these studies, which soon made Cold Spring Harbor a world-
class leader in genetics, several new buildings in talianate style were con-
structed using designs from leading architects of the time. Initially, these new
structures must have seemed discordant with the more traditional New England
style buildings along the western shore of the inner harbor, where the whaling in-
dustry of the Jones family had been located from the 1830s until the start of the
Civil War. Particularly stark and ungraceful in early photographs was Blackford
Hall. This residence and dining hall was built in 1907 from reinforced concrete at
the suggestion of the Lab's early patron William John Matheson, a founder of
Allied Chemical, whose massive, brick, Tudor style home, “Fort Hill," graced the
entrance from Long Island Sound into Cold Spring Harbor. But by the time | first
arrived here some 40 years later, the various buildings worked well together
nestled amidst the trees that had grown up between them. | remember well one
particular early June day at sunrise when, already exposed to the magnificent
buildings of the old world Cambridge, | thought Blackford to be one of the world's
most beautiful buildings.

But these buildings from the past were not equal to the next phase of
genetics, whose objective was to understand the gene at the chemical level. The
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director at that time, Milislav Demerec, rose to the challenge by selling off Lab-
owned land along both sides of Stewart Lane to build, in 1953, the box-shaped,
concrete laboratory that today bears his name. Seen at night from. across Fhe har-
bor, its long regular rows of windows conveyed a commercial feeling that jarred
with the sylvan feeling of the inner harbor then dominated by the Moorings
Restaurant, whose red leather interior long graced Long Island's fabled Gold
Coast. Also strange must have seemed the new Scandinavian style auditorium
that later was to be named after Vannevar Bush, who then led the Carnegie In-
stitution of Washington. This 250-seat edifice was sorely needed to maintain the
viability of the annual June Symposium when attendance was routinely creeping
beyond 100 and thus impossible to accommodate in the Fireplaoe.Room of
Blackford. No one, however, then protested its appearance, since it gave to the
Symposium a home appropriate for its ever-growing reputation as the world's
most influential meeting in biology.

These 1950s additions soon blended with those of the past, with motorists
driving along route 25A always much less conscious of the Lab than of the
elegant 1836 Jones family church, St. John's, and the adjacent Fish Hatchery,
whose 1881 founding by John D. Jones and E.G. Blackford just preceded that of
The Biological Laboratory in 1890. Even when | became the director in 1968, the
Lab's existence was unknown to many nearby residents who, if asked, would
most likely have said that the buildings stretching northward along Bungtown
Road were connected to the Fish Hatchery. Equally at variance with reality were
the perceptions of those biologists who only knew the Lab indirectly through its
yearly Symposium volumes and from the growing reputation of its summer
courses in which the experimental techniques of the new DNA-based molecular
biology were taught. It was presumed that such prestigious activities very likely
had to emerge from up-to-date laboratories and auxiliary buildings. But all in-
siders knew that except for two relatively new buildings dating from the 1950s,
virtually all of the other buildings on the 95-acre waterfront campus bordered on
the derelict. If such decay was not attended to soon, high-level science at Cold
Spring Harbor would soon disappear.

The thought that Cold Spring Harbor Laboratory might vanish obviously
worried its many friends, and it was to prevent that from happening that | became
director in 1968. Key to that decision was the reassurance from Harvard Univer-
sity that | would remain a salaried professor there as long as | continued to give
my lectures and oversee those graduate students doing their Ph.D. thesis work
under my supervision. So | could worry about the future of the Lab without fear
that my salary might vanish along with the Lab. My decision to take on the task of
saving science at Cold Spring Harbor was not, however, an entirely selfless act.
As the director here, | would have the ability to start a major effort focused on
using tumor viruses to work out the genetic basis of cancer, an intellectual objec-
tive that increasingly dominated my thoughts after 1966. By then we knew the
main features of how RNA is involved in protein synthesis, my main intellectual
goal since finding the double-helical structure of DNA in 1953. From the start, |
saw that the task of understanding cancer would require large team efforts in-
volving many senior scientists with highly different backgrounds and so beyond
my resources as a professor at Harvard. There my research space linked me to a
research group of at most ten students and postdocs. In contrast, there would be
no limitation of available laboratory space at Cold Spring Harbor provided | could
obtain the funds to upgrade the unoccupied but dilapidated structures.

Ordinarily, incoming directors of research institutions inherit significant num-
bers of scientists appointed by previous directors and whose continued
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presence inhibits the new director from moving swiftly in new intellectual direc-
tions. But the poor physical condition of most of our laboratories coupled with the
lack of any long-term fiscal stability had led many previous staff members to
move to more stable academic positions. At least initially, we had all the space
we needed as long as | could find the funds to renovate preexisting laboratories
into acceptable facilities for molecular work on cancer-causing viruses.
Fortunately, this proved to be an easy task, since in 1968 there was far more fed-
eral money available for research on cancer than could be used effectively by
the scientists then working on this disease. At that time, cancer was thought to be
deadly not only for its unfortunate victims, but also for the careers of those
scientists who invariably failed to understand its underlying diabolically complex
molecular mechanisms. Most first-class biochemically oriented scientists in the
prime of their careers thus stayed away from work on cancer.

But the public did not know this, and each year Congress could be counted
on to vote even more money for cancer research, and so the money was there.
Soon after | became director, the National Cancer Institute was asked for funds
both to renovate James Laboratory, parts of which remained virtually unchanged
since its construction in 1929 as a concrete shell for biophysics research, and to
bring to the Lab some top-level younger scientists already trained to work on
tumor viruses. Key to our getting the grant was Joe Sambrook’s decision to move
here from the still almost new Salk Institute. At the Salk, Joe was one of the
younger stars working in Dulbecco’s DNA tumor virus group. With his arrival, we
instantly had the potential to soon become one of the world’s best cancer re-
search laboratories. But | worried about the disparity between the facilities here
and those in the magnificent Louis Kahn-designed Salk laboratories and soon
was out seeking funds for an annex to James that would allow the scientists to
have offices separate from where they worked with viruses as well as a library
seminar room where experiments could be discused over coffee. Then only
$200,000 was needed to build the imaginative wooden structure that had been
designed by the talented New York architect Harold Edelman. But even this rela-
tively small sum greatly exceeded any funds at our disposal, and so it was to our
great good fortune that retired Pfizer executive John Davenport decided to make
the major gift that allowed the Annex to be completed early in 1971. By design,
the unpainted cedar boards of the Annex blended nicely into the hill behind it,
and the grand Norway spruce in front of it made it virtually invisible from across
the harbor, except at night when its large windows reflected the fact that science
here goes on until very late in the evening.

The James Annex was not the first new building of my directorship. Upon ac-
cepting the directorship, | and Liz, whom | had just married, decided to live in
Osterhout, then an older building dating from just before 1800. Feeling flush with
the royalties from my just published, best-selling book The Double Helix, | gave
the Lab the funds to totally renovate Osterhout and expand it to the designs of
Harold Edelman. When construction started in the summer of 1968, however, the
builder quickly told us that Osterhout had decayed beyond saving, but he offered
to build a completely new structure for the price agreed upon for the renovation.
Everyone liked the final result, which still had early New England features, and no
one complained that we had given up part of our whaling-era identity.

Happily, we were able to save the 1830-era Wawepex, despite its advanced
decay which had required us to abandon its use. Using monies from Manny Del-
briick, who with her husband Max had been a summer visitor here for 25 years,
Wawepex was converted from a primitive laboratory to a year-round residence
capable of housing 16 students during the summer teaching intervals. By then,




ped Cold Spring Harbor for more than a

decade had passed, and our scientists could worry about their experiments with
tumor viruses rather than about whether they would have jobs over the foresee-
able future. The Lab thus looked very alive when we learned in thg summer of
1972 that our neighbor Charles S. Robertson, whose large estate in Lloyd Harbor
bordered on Cold Spring Harbor, was seeking an institution to make use of the
land and buildings on Banbury Lane that he no longer wished to keep after the
unexpected death that spring of his beloved wife Marie.

A visit was soon arranged for him to tour the Lab and to have lunch at Oster-
hout, whose large picture windows on the harbor side revealed the summer A
beauty of Cold Spring Harbor at its pest. Within days, we knew we had won his
support to a degree that we had never anticipated. Not only would he deed to us
his wonderful Lioyd Harbor property, but even more important, he also planned
to give us an endowment of 8 million dollars to support research at the
Laboratory. Gifts like this generally go only to distinguished universities whose
elegant buildings convey the fact that they will live forever. The fact that both the
James Annex, in which by then my office was situated, and Osterhout were ar-
chitecturally elegant had to have been a factor in convincing Charles Robertson
to choose us as beneficiaries of his great philanthropy. The message was clear:
Whenever possible, we should design attractive buildings appropriate for the fu-
ture of an elite institution.

The means were thus available to expand further the research done at the
Lab by additional renovations to preexisting spaces. At the same time, ever-
increasing community support for the Lab, marshaled by Edward Pulling's firm
leadership of the Long Island Biological Association (LIBA), allowed us to sys-
tematically renovate the other buildings on the Lab grounds, in particular to con-
vert many from summer-only to year-round use. In this way, Blackford Hall ac-
quired the heating system that lets this dining hall function year-round. It was also
LIBA's help that let us buy the circa 1885 Takami House (now Olney) that was
surrounded by Lab grounds and that by then included the field to the north which
had once been owned by Charles Davenport. Several years later, thanks again to
LIBA support, a new Williams House modeled after the original unsalvageable
1830 "tenement* gave us five new apartments for visiting scientists and course in-
structors.

My decision to give up our house near Harvard and move full-time to Cold
Spring Harbor led to the 1973-1974 renovation of Airslie, the director's residence
since 1943. This 1806 former Jones family farmhouse had been purchased in
1943 from Mrs. de Forest following the death of her noted philanthropic and capi-
talist husband and the subsequent breakup of their large estate at the end of
Bungtown Road. Their specimen-tree-covered property adjacent to the Lab
stretched up over Ridge Road, extending northward to virtually contact the estate
of their close friend Louis Comfort Tiffany. Following the acquisition of Airslie, the
Lab did not have the monies to renovate it properly, and its north-facing rooms
remained largely unheatable during the severe cold of the winter. But by 1973 we
had the resources to carry out a clever renovation scheme proposed by the al-
ready celebrated architect Charles W. Moore, who then headed the School of
Design at Yale. Moore’s plan left the 1806-1850 exterior virtually unchanged but
radically changed the inside space, in particular by creating a three-storied
entrance hall that went to the top of the house. When so renovated, Airslie was a
major architectural triumph, photos of which later graced architectural books and
magazines.

I had to feel highly privileged living in such an exciting yet so livable house,

the crisis atmosphere that had envelo



whose renovation costs totaled almost $200,000 for its 6600 square feet of
space. My intent, however, was to raise all of our housing to such standards, and
we later spent roughly the same sum to renovate the by then totally derelict Vic-
torian house located at the Bungtown Road entrance to the Lab. Now called
Davenport House, it was built in 1884, and since the 1930s has continually
served as a large residence for postdoctoral fellows and graduate students. Most
important, my wife Liz, who oversaw the renovation project, had the house
repainted in its original six Victorian colors which now give continuous pleasure
to the thousands of motorists who drive past it on route 25A each day.

With the renovation of Davenport, virtually all of the previously derelict build-
ings had been restored to functional use. Our gamble that we could do first-class
research on tumor viruses using preexisting space more than paid off, with Cold
Spring Harbor already acknowledged by the mid 1970s as one of the world's
leaders in this area. Admittedly, a 1000-square-foot west annex to James had to
be built in 1973 to provide special rooms for the growth of viruses, but that we
could so quickly leap-frog scientifically ahead of the Salk shows that the heart of
success depends much more on the esprit and competence of specific scientists
than on the grandeur of the facilities in which they work. Certainly the 1970s
represented one of the best decades in the Lab's history, with last year's Nobel
Prize in Medicine or Physiology awarded to Richard Roberts for research done
here between his arrival in 1972 and the historic discovery of RNA splicing in
1977.

The challenge of the 1980s was completely different with the world of
molecular biology exploding because of two new important methodological de-
velopments of the 1970s—that of recombinant DNA (1973) and that of
monoclonal antibodies (1975). Effective utilization of recombinant DNA proce-
dures was held up for several years because of misplaced concerns about
potential biohazards, but no such inhibitions held up work on monoclonal
antibodies. This technique had already been brought here in 1978 when David
Lane arrived from London to use monoclonal antibodies to study the T antigen,
the SV40 tumor virus protein at the heart of the cancer-causing potential of this
virus. The making of such antibodies required the facilities for a mouse colony,
and the tiny "mouse house" that we had placed in the former sheep shed next to
McClintock Laboratory was inadequate for the tasks ahead. Using funds from the
Kresge Foundation and the National Cancer Institute, a modern, barn-like, animal
facility, the Harris Building, was finished in 1982 on the site where a woolen-mill-
era building had existed since the early nineteenth century.

At the same time, to create the additional laboratories needed to properly use
monoclonal antibodies for cancer research, a major addition to James Laboratory
was finished in 1985. Its planned existence allowed us in 1983 to recruit the
American-born and -educated Ed Harlow from London, where his Ph.D. thesis re-
search had involved monoclonal antibodies. In retrospect, the building of this tur-
reted wooden-clad north annex, now known as Sambrook Laboratory, was a cru-
cial step in the Lab's development since it let Ed make one of the great dis-
coveries of all tumor virus research. To our amazed delight, in 1987 he showed
that the key adenovirus E1A protein binds to a normal cellular protein that func-
tions to inhibit cell growth—a tumor suppressor protein. Without the opportunity
the Sambrook Labortory gave to Harlow to form his own lab group, the discovery
that capped some 30 years of worldwide research on DNA tumor viruses would
most likely have occurred elsewhere. Instead, our leading position in cancer re-

search was retained.
There also arose the need to build two successive additions to the 1926




style building just off Bungtown Road that | first

knew as Davenport Laboratory. Robertson Research Funds had permitted it to be

upgraded into a heated year-round facility in 1973 so that it could function as the

home of our tiny but intellectually powerful Yeast Genetics group. The aim of this
hanism for how yeast cells can

group was to determine a molecular genetic mec
suddenly switch from one sex to the other. Using the new procedure§ of recom-
binant DNA, Jim Hicks, Amar Klar, and Jeff Strathern hoped to establugh the
validity of their "cassette model,” which time has shown to be a revolutionary step
forward in understanding how genetic information is moved from one
chromosomal site to another. But they had to do so in the context of routinely
losing their labs when the summer courses were taught. Tq solve this dilemma, a
modest addition, designed to look from across the harbor like a separate
whaling-era house, was made to the south in 1981. The same architectural trick
was used six years later when a slightly larger north addition was added that let
us seriously move back into plant genetics to exploit Barbara McClintock's jump-
ing genes idea, which by then had widespread implications for both pure
science and commercial plant breeding.

During the same period, we made two additions to the by then 30-year-old
Demerec Laboratory to let it function more effectively as a center for the further
development of recombinant DNA technology, particularly in the area of protein
and nucleic acid chemistry. Of these, the first addition, made in 1982, was the
largest, being built using monies from Exxon for facilities needed for our joint pro-
gram to introduce advanced recombinant DNA technologies into our respective
research programs. Before we signed this major agreement with Exxon, which
was to provide us with 7.5 million dollars over five years, we had reason to worry
that Cold Spring Harbor would become an increasingly marginal player in
science as recombinant DNA techniques more and more dominated biological
research. Happily, Exxon's help came just in the nick of time to let us compete
successfully with major institutions doing biomedical research, virtually all of
which were adding large new facilities for DNA-based research. Now, in
retrospect, the 1980s were every bit as successful scientifically as the 1970s,
with the computerized citation indices, which track the key scientific articles that
are quoted by other scientists, now revealing us as the most influential research
institution in the world doing biomedical research over this two-decade interval.

A major contributing factor to this success has been our advanced courses
and meetings which set out the important challenges and dilemmas of biology.
During the spring, summer, and fall sessions, we function, in effect, as the inter-
national center for DNA-based research. By the middle 1980s, however, these
teaching and conference activities were coming under increasing strain as they
continued to grow in size and number. Not only was Bush Auditorium much too
small for meetings attended increasingly by more than 300 scientists, but also
our dining and on-site housing could no longer handle a meeting schedule that
now stretched into summer months when the rain could no longer be counted on
to feel warm. Closed-circuit TVs, long food lines, dining tents, and massive
busing to not always near motels could no longer be the norm if we were to have
a future for disseminating important biological facts and technigues.

The first challenge we faced was to build a bigger home for our world-
famous Symposium, which we did in the shape of the strikingly elegant, brick-
faced, Oliver and Lorraine Grace Auditorium. This 360-seat almost-square struc-
ture embodies both modern and traditional features, with its dormer-windowed
south-facing facade warmly compatible with neighboring multicolored Davenport
House. Upon its completion in 1986, we possessed for the first time a building
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more appropriate for our increasingly year-round, as opposed to summer-camp-
like, existence. That our new auditorium enhanced, not diminished, our always
cherished sense of history led to a complete change in our thoughts as to how
we should further develop our *middle campus” land on the hill to the west of
Blackford Hall. In the mid 1950s, part of this hill had been flattened for the Page
Motel and its companion parking space to provide additional housing for summer
visitors. Three decades later, we began to think about replacing this by then very
dilapidated relic with a much larger Adirondack style year-round lodge. It was to
be adjacent to a modest new laboratory for neurobiology, also designed to look
like a component of a summer camp but also suitable for winter use.

That we needed to expand in the area of neurobiology had been obvious ever
since the Sloan Foundation had given us the funds in 1970 to initiate a program
of advanced courses on nerve cells and how they underlie perception, memory,
and thinking. Understanding the brain was very likely to be the ultimate frontier
for biology, an undertaking soon to be populated by many of the brightest and
most courageous minds in science. Increasingly obvious to virtually all percep-
tive biologists was the fact that the brain would be to the twenty-first century what
the gene was to the twentieth century— the place where the real action lies.
Moreover, especially after the onset of the recombinant DNA revolution, genetic
methodologies were likely to prove indispensable to understanding how the brain
develops and functions. Much useful synergism would develop by promoting
neurobiology at institutions with strong genetic heritages. So in the late 1970s,
the recently created Marie H. Robertson Fund for Neurobiology helped us attract
several young neurobiologists to use our summer neurobiology teaching labs for
their year-round research, retreating during the summer course season to the for-
mer mouse house now converted to a tiny laboratory. The research they did was
first-class, but, for lack of appropriate research space, all too soon they were
recruited away to institutions where they could properly exploit their new ad-
vances.

In 1985, when Sue Hockfield, our last remaining talented young neuro-
biologist, had left us for Yale, we decided to seek the funds for a modest
neurobiology laboratory in which both advanced teaching and research would
occur. Our planning, however, necessarily only became focused when we knew
that we had a realistic chance of raising the required multimillion-dollar sums.
That moment came in the summer of 1987 when the Howard Hughes Medical In-
stitute made a gift of 7 million dollars toward the building, its equipment, and staff
support. By then the success of Grace Auditorium led us to decide on an "aca-
demic® as opposed to ‘rustic* design. So we asked our architects, Centerbrook of
Essex, Connecticut, the descendant of Charles W. Moore's original firm, to de-
sign a building complex in which the neurobiology laboratory is separated by a
courtyard from a 60-room residence for visitors to our meetings and courses. Par-
ticularly appealing in their resulting design was an imaginative bell tower that
also functioned as smoke stacks.

No building anywhere near the size of the 1991-completed 65,000-square-
foot Neuroscience Center had ever existed on our Bungtown Road site, and natu-
rally concerns were voiced as to whether its existence would fundamentally
change the way we do science at Cold Spring Harbor. But these worries
vanished as soon as some of us had moved into Beckman Laboratory and the
summer courses had been successfully run in its labs. Much more sophisticated
experiments could be done in the new teaching laboratories than in the older
facilities in James and Jones Laboratories, totally justifying the decision of the
Howard Hughes Medical Institute to fund the new teaching laboratories. Although
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we deliberately retained a hillside layer of deciduous trees that would make the
Neuroscience Center effectively invisible from across the harbor in t.he sgmmer,
there was no way to keep it invisible during the winter, and its massive size upset
some neighbors who would have preferred us to remain perpetgally old-
fashioned. But the planting of appropriate conifers eventually will give the
Neuroscience Center the appearance of a lower building and, with time, I'm sure
that its clever architectural details will begin to be appreciated in their own right
as more and more of our neighbors accept the fact that we should look like the
major academic institution that we in fact are.

Less attention will also be drawn to the Neuroscience Center because of
alterations more recently made elsewhere on our grounds. To do away with the
need for tents to feed attendees at the Symposium and other similar size meet-
ings, a major addition to Blackford Hall, largely to its east, was finished in 1992. It
effectively doubled its size, creating in particular the elegant new Clarkson Dining
Room on the ground floor. Although its appearance from Bungtown Road has
hardly changed, Blackford looks different from the harborside, with the new stair-
case to lower floors topped by our second bell tower.

Also presenting a larger facade to the western shore is the newly renovated
McClintock Laboratory, which had a third, penthouse-like floor added to it to
‘make it over into a very effective facility for cancer research. Ever since | became
the director, | saw the eventual need to give McClintock proper offices and semi-
nar space through adding a tastefully designed upper floor. Without such an ad-
dition, McClintock, perhaps the most historic of all our buildings through the
Nobel prize winning research done within it by Barbara McClintock and Alfred
Hershey, was increasingly too small for the complexities of modern science. Hap-
pily, the upper floor further enhances the ltalianate elegance of the original 1914
design while providing breathtaking views of the inner harbor.

Although we take much deserved pleasure from the way we propelled Cold
Spring Harbor Laboratory into a world-leading role in science while simultaneous-
ly preserving the flavors of its historic past, our rapid growth of the past decade
worries some of our nearby neighbors. They say we have already grown too
much and want to take legal steps that will restrict how we grow in the future.
That such fears exist should not surprise us, since rapid change is invariably un-
settling to those comfortable with the present and who would like their environ-
ment to present only the challenges that they had faced in preceding years.
Moreover, we share the concerns of those who wish to preserve forever the great
intrinsic beauty of Cold Spring Harbor. It greatly enhances the value of the
houses of those fortunate, like me and my family, to live in our vicinity as well as
the quality of the commuting lives of those whose work necessitates driving daily
along route 25A. No one, in fact, has a greater vested interest in the beauty and
ambiance of our site than the Lab and its residents.

Had we not been located on such an idyllic site, I'm sure that the Laboratory
would have gone under during the financial crises of the 1960s. Moreover, the
chief reason why we have functioned so well as a meeting and teaching center is
the almost rural feeling that still characterizes our buildings along Bungtown
Road, as well as the inner harbor itself. The desire to keep this atmosphere is
what led us in the still fiscally tricky early 1970s to buy the Whaler's Cove Marina
that lies across from us on the eastern shore of the inner harbor. if we had not so
acted, its size would have soon doubled to 100 slips, its owner having just won a
lengthy legal battle for the expansion. Such a move would have radically
changed our inner harbor, paving the way for the awful congestion that already
characterized nearby Huntington Harbor. We saw our purchase of the property to
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be totally for the public good, but we did displease a tiny minority who felt that we
should close down the marina instead of letting it continue to operate at its cur-
rent size. But we did not want to upset those who had their boats there, since
they did not seriously disturb us or even their closer neighbors. In addition, the
rent paid to us by the marina, then and still now, each year covers the stipends of
several young postdoctoral fellows. Finally, the small, quiet marina preserves the
bucolic ambience of Cold Spring Harbor that we love.

More recently, we have taken the equally important step of successfully work-
ing to see that the main Laboratory grounds and those of our neighboring Fish
Hatchery were in January 1993 nominated to the State and National Registers of
Historic Places. Toward this recognition, my wife Liz, assisted by Nathaniel Com-
fort and Susan Cooper, diligently documented our achievements as one of the
major founding sites for American science. By being on the register, we will have
to demonstrate that future major changes to our campus do not have a negative
impact on its historic flavor. This designation, however, in no way means that we
cannot make additions to clearly historic structures like those just done to
McClintock Laboratory and Blackford Hall. Nor does this designation inhibit us
from building the new laboratories that we will need to continue to be a major re-
search and educational establishment. Such changes, however, must be done in
ways that respect Cold Spring Harbor’s unique environment for science and its
teaching. Since this is the way we have proceeded over the past 25 years, | do
not see our freedom to act imaginatively being seriously restricted. During all this
time, we have always instructed our architects to design structures compatible
with their preexisting neighbors. This does not mean, however, that invariably
their resulting designs will please everyone, since often many years, if not
decades, must pass before a new building finds general acceptance. We must
thus always take care that we do not fall into the trap of perpetuating architectural
styles long past the time when they are the best solution for a given era. Imagine
Yale or Princeton slavishly burdened by the need to build perpetually in Gothic
Revival styles.

Our freedom to continue to build imaginatively upon the past is aided by the
fact that we still utilize only a small fraction of our 95-acre site in Laure! Hollow,
with nearly all our science and conference activities done on land at the south
end of our property. Moreover, within this region, which comprises less than a
quarter of our land, there remains much room on our middle-campus slopes to
expand these activities further when the need arises. So we should never have
reason to change the basic rural character of the land along the northern reaches
of Bungtown Road. Future visitors to our meetings and courses should perpetual-
ly have the pleasure of walking along Bungtown Road, which has the feel’ing of a
narrow country lane. Of course, there will be subsequent changes along it, put
we hope that they will further add to its charm, for example, by the construction
near our tennis courts of a small, barn-like athletic building containing a squash
court and a modest exercise room. When we find the funds, we plan to replace
he Kurahara family with a hillside, barn-like

the split-level former residence of t ith @ .
ds Department, which is now crowded into

building for our Buildings and Groun
inadequate facilities along the waterfront below Blackford Hall.

Even within our more built-up region at the head of the harpor, V\{e sh0u!d
have the ability to expand our research and educationa! actlvmes’ without sig- .
nificantly increasing the number of individuals working on our main campus. This
can be done by moving certain programs to nearby off-campus sites. We, in fact,
began this process in 1976 when we were given the 45-acre Lloyd Harbor estate
of Charles S. Robertson to use as a site for small conferences where some 30-40
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was attached to the land preventing us from
convey the character of past days when it was fa
biance that now makes our Banbury Conference
forever preserved and help Lloyd Harbor keep sO
years ago, when it was largely covered by the mag
New York's best-known families. . N

We likewise were able to restart a serious program in plant genetics by utiliz-
ing land and farm buildings, purchased from the Nature Consgrvancy. on the for-
mer 90-acre estate of Mrs. George Nichols, less than a half mile away from us to
the east on Lawrence Hill Road. By sharing the maintenance of its buildings, we
helped the Nature Conservancy keep intact what was once one of Long Island’s
finest estates maintained for agricultural purposes.

We have helped the village of Cold Spring Harbor preserve the handsome
Georgian style school building located on Main Street at the foot of Goosehill .
Road. By purchasing it from our local school district for use as our DNA Learning
Center, we prevented its transformation into commercial office space that would
have destroyed its academic flavor. It was built in 1925 using funds provided by
Mrs. Walter Jennings, whose Standard Oil fortune husband had built in 1906 the
magnificent Burrwood mansion at the top of Snake Hill Road. Sadly, Burrwood it-
self has just been demolished, having served as a residence for the blind long
since the end of World War Il following the deaths of its original owners. For years
| had dreamed of finding the funds to renovate Burrwood as a residence for our
increasing number of graduate students who now number some 50. But a
multimillion-dallar sum would have been necessary to restore it properly, and |
never seriously shared this hope with others, knowing it to be unrealistic.

But now that Burrwood is gone, our community has lost an important expres-
sion of its fabled past. We should work to see whether further opportunities exist
whereby we could save remaining historic properties through utilizing them for
our current needs. In particular, we now desperately need more residences for
our younger scientists, few of whom have the resources to live within our well-to-
do local neighborhoods. Although we possess hilltop land off Moore's Hill Road
in Laurel Hollow suitable for such residences, we would prefer now to keep that
land vacant, both to maintain a buffer space between us and our nearby neigh-
bors and to retain the future possibility of devoting some of this land to scientific
uses. Thus, | believe, it would be in the best interests of both ourselves and our
neighboring villages if we can acquire additional off-ground sites whose historic
flavor we can maintain by our occupancy.

I am thus optimistic that the Cold Spring Harbor Laboratory will continue to
serve well both its own scientists and those working outside it while at the same
time further enhancing the quality of life for those citizens who live nearby. We
must always remember that only by continuing to do science at its best will we
maintain the financial strength needed to allow us to design and maintain build-
ings that our neighbors can forever take delight in. So we must necessarily al-
ways look more to the future than to its past. What we look like must reflect the
way we need to be to do the science that the world wants.

| will always remember our sage neighbor Amyas Ames remarking that if it
were not for the Lab, Cold Spring Harbor would be no different from the Green-
wich that lies just across Long Island Sound. We will not let it go that way.
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HIGHLIGHTS OF THE YEAR

A Nobel for Splicing: The Tumor Virus Program Bears Fruit

Beginning in 1969, Joe Sambrook and | began assembling a tumor virus group at
Cold Spring Harbor. After the successes of the 1960s in understanding the ge-
netic code and the way genetic information was translated into proteins, a next
logical step was to apply this new knowledge to understanding cancer. Tumor
viruses seemed to be an ideal model system. These tiny packages of proteins
and genes somehow contained the necessary information to generate cancer. In
addition, the National Cancer Institute was soon to embark on its "War on Cancer*
and so funding for cancer research was readily available. So | began to recruit
the best scientists | could find to tease out the functions of the handful of genes
in DNA viruses such as simian virus 40 (SV40) and the somewhat larger
adenovirus 2, which Ulf Pettersson brought from Sweden to Cold Spring Harbor
in 1971. That year, a young postdoc named Phillip Sharp came from Caltech to
work with Joe Sambrook, and the next year Richard Roberts, an expert DNA
chemist from England, came to set up his own research group in Demerec
Laboratory. Soon, both of them turned their attention to the wide-open adenovirus
field, which was relatively unpopulated at the time. As with the discovery of a new
continent, the first job to be done is the cartography. In genetics, this means
mapping out the locations of the genes. So Roberts and Sharp collaborated on
an early paper on adenovirus gene mapping.

Sharp accepted a job offer from the Massachusetts Institute of Technology in
1974, where he took his postdocs and set up shop to continue working on
adenovirus. Roberts stayed at Cold Spring Harbor and pursued among other
projects his own adenovirus research. Soon his laboratory began identifying
novel restriction enzymes, proteins discovered in the 1960s that are used by host
cells to defend themselves against invading viruses by cutting up their DNA.
Each one of these enzymes recognizes a specific DNA sequence and cuts the
DNA at each occurrence of that sequence. Roberts realized that many such en-
zymes were likely to exist and quickly developed techniques for seeking them out
and purifying them. Here he saw, perhaps more than anyone else, their immense
potential as tools for molecular biologists. Not only could these enzymes break
up a long DNA sequence into manageable pieces, but they would cAut a genome
the same way every time. Moreover, if you knew what sequence a given enzyme
cut, you therefore knew the sequence at each cut it made in novel DNA.. '

Soon Roberts effectively set up a restriction enzyme clearing-house in his
laboratory, with bottles and flasks and a line out the door of scientis}ts from all'
over the country wanting to borrow a little EcoRl or BarmHI. This propct was his
bread and butter, allowing him to pursué riskier projects with adenovirus.

With his talented postdoc Richard Gelinas, who had come frgm Harvard,
Roberts began in 1975 to try to identify the sequences of adenovirus promoters,
the DNA sequences used to turn on gene transcription. No ene had yet se-
quenced a promoter from an organism higher than a bacterium, and Robertg rea-
soned that a virus which infected a higher cell would likely have promoters similar
to that of its host. Furthermore, they reasoned that each of the 20 or so viral
genes would have its own promoter. To find them, Roberts and Gelinas devel-
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oped a way to isolate just the left-hand (5 "y end of the RNA messages for some
20 different adenovirus proteins. But when they did the expenmgnt‘ they only got
one sequence, an 11-nucleotide-long string. This seemed certainly to be an ‘
artifact, since they expected some 20 different sequences, one for each protein.
When they repeated the experiment, however, they got the same result. Two con-
clusions were possible: Either the same 11-base seguence was repeqted
throughout the adenovirus genome at the beginning of every gene or it only oc-
curred once in the genome and was somehow tacked onto eaph RNA message
during transcription. The latter possibility was unheard of, but it turned out to be
correct.

S

Dr. Richard Roberts (/eft) receiving 1994 Nobel Prize for Physiology or Medicine from King
Carl XVI Gustaf of Sweden

12



It was easy enough to check whether a given sequence occurred with un-
usual frequency in the adenovirus genome, and when they looked, they found
that it did not. At the same time, another postdoc in Roberts' laboratory, Sayeeda
Zain, unexpectedly found another piece of the puzzle. She had been looking at
recombination between SV40 and adenovirus. A recombination event happened
to occur at a spot just in front of one of the adenovirus genes that Gelinas and
Roberts had been studying. A natural assumption was that Zain would therefore
encounter a DNA sequence complementary to the now-notorious 11-base se-
quence in the RNA, but she did not. The DNA complement to that 11-base se-
quence therefore had to lie somewhere “upstream” in the genome. The gene, in
other words, had to be in at least two parts, which were somehow joined during
transcription to make a single messenger RNA.

At this point, late in 1976, Roberts and Gelinas began to suspect the exis-
tence of what we call today split genes. A key paper they coauthored in January
1977 suggested that the DNA complement to the 11-base message fragment
might not lie adjacent to the DNA for the rest of the RNA message. Roberts and
Gelinas then began to design and carry out experiments to show that this 11-
base message fragment was not a contaminant or other artifact. One Saturday
morning in the early spring of 1977, Roberts conceived the key experiment dur-
ing one of his regular meetings with Gelinas. It would use electron microscopy to
show that a DNA fragment from upstream in the adenovirus genome would bind
to the end of the RNA message from the downstream gene. Neither Roberts nor
Gelinas knew electron microscopy, but fortunately right downstairs in Demerec
Laboratory were Louise Chow and Tom Broker, who knew the specific tech-
niques needed to do the experiment. Roberts and Gelinas explained to Broker
and Chow what they wanted to do. Chow said she thought it sounded possible
and agreed to do the experiment. Within 3 days, they had the result, and it
looked almost exactly as Roberts had drawn it on the blackboard the previous
Saturday.

Chow, however, had a good microscopist's eye for detail, and she explained
to Roberts and Gelinas that her pictures showed that the RNA was a composite
of more than two distinct regions of DNA. The adenovirus gene was instead
made up of four separate regions that were spliced together to make a single
RNA message.

Over the next few months, many people contributed to fleshing out the final
picture of split genes. Dan Klessig, from Ray Gesteland’s laboratory, had been
applying the techniques Gelinas had been using to specific RNA messageg, and
he showed much more detail in terms of how splicing occurred. He also articu-
lated the probable mechanism by which the splicing of RNA mfassage fragmepts
from different regions of the genome could occur. Other scientists at Colq Spnng
Harbor had results that in fact could only be adequately explained by sjplucnng'.
John Hassell and Ashley Dunn, from Joe Sambrook’s laboratory, and. Jim Lewis,
Carl Anderson, and John Atkins, from Ray Gesteland's laboratory, reinterpreted
their results in terms of RNA splicing, making a very strong case indeed. Roberts
coordinated a group of four papers that were shipped off to the journal Cell and
were published back-to-back in the October 1977 issue.

At the same time up at MIT, Phil Sharp and Sue Berget had.made the same
discovery. A slightly different approach to the same electron ‘mucroscopy experi-
ment had led them directly to the conclusion that the adenovuru§ messenger RNA
molecules were coded by four discrete regions of the DNA. Thenr results were
published in the August 1977 issue of Proceedings of the National Academy of

Sciences.
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ke time bombs, lingering in the literature for
ted or their generality to all life becomes

clear. this was a land mine. As soon as Roberts Srlc;esgzrlz ;fﬁ::i ;)rnbg.rlt blew

' i i re.
i e'mire‘ flildnzf ?LS]J';E;ZZE:ICI: g ?:gnfg: (t;)t:fore the first publication—the papers
izrgﬁgrsplau;z:jnTng éroker reporting on the discovery oAf §p|ic?in(é;vw‘/1%resfollowed by
another on splicing in adenovirus and two more on Sp“m:g('jnbeen .et?i?]n (fg::ary_
one discovered that RNA splicing expla(;ned results they ha g g

ost instantly accepted. .

mor}t:iss' :,te\gf ;acl)rztober. 16 ygars after the discovery, RNA spl|f;1ngng:)s ;ePC'Og-~
nized by the Nobel Committee, and Roberts and Sharp shafred ST (;hel rize in
Physiology or Medicine. The week after the announcemen; rortn ztcaff o :1 we
held a party for Rich that was attended by maqy of the Labora ory. tTW o A
wanted to celebrate this most glorious of all prizes awarded f.or §Clen ific achieve-
ment. Our pleasure in the occasion was tempgred by the omission of those Ot.her
Laboratory scientists who contributed to the discovery. The Nobel Comm‘lttee s
“Rule of Three" has often precluded acknowledgement of al! wh.o shared m. the
burden of research, most notably in this case the vital contributions of Loms?
Chow and Richard Gelinas. Last year, Rich concluded 20 years at Cold Sprlng
Harbor and moved to the Boston area to head research at Neyv England Biolabs,
the premier source for restriction enzymes. He continues his thues with the
Laboratory, however, not least through his exciting collaboration on DNA

methylases with staff scientist Xiaodong Cheng. . o
The phenomenal growth of the splicing field, now with its own subdisciplines,

such as the exciting field of alternative splicing, is proof of the value of basic re-
search and yet another reminder that most real scientific innovations come from
"pure’ investigations, undertaken for their own intrinsic interest. Splicing has clini-
cal interest as well—dozens of diseases, including p-thalassemia, Tay Sachs, and
some forms of cystic fibrosis and muscular dystrophy, have been shown to result

from defects in RNA splicing.

If some scientific discoveries are li
years until they become widely accep

A Good Year for Cancer Research, Crystallography, Plant Genetics

In 1981, in Demerec Laboratory, Mike Wigler was one of the first scientists to dis-
cover a human oncogene, called ras. The Ras protein, made by the ras gene,
plays a key role in telling a cell when to grow and divide. When genetically
damaged, the ras gene's respective protein product can become stuck in the
"on" position, sending the cell into uncontrolled growth. This discovery began
what has become a worldwide effort to understand exactly how the Ras protein
functions, how it is activated, and what it in turn activates to initiate cell growth.
This year saw large advances in our understanding of the Ras pathway, and
several laboratories at Cold Spring Harbor contributed significant pieces to this
large jigsaw puzzle. We now have a nearly complete molecular pathway, from the
extracellular signal all the way down to the DNA.

The Ras pathway begins at the cell membrane, with a receptor protein such
as the epidermal growth factor (EGF) receptor. The EGF receptor receives a
molecule of growth factor, which circulates in the blood, to trigger the Ras path-
way and at least one other pathway called SIF. The SIF pathway has fewer steps
to the DNA than the Ras pathway, and it activates a different set of genes. In
James Laboratory, Mike Gilman’s group showed that the EGF receptor's SIF
pathway activity is independent of its Ras pathway activity. By mixing cell mem-
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branes, cytoplasm, and EGF, they reconstituted the activity of the EGF receptor
in a beaker and showed that they could recover SIF activity.

In the Ras pathway, the EGF receptor becomes activated when EGF binds to
it. It can then bind a complex of two proteins, GRB2 and Sos. Dafna Bar-Sagi,
working in Demerec Lab, showed that GRB2 binds the EGF receptor, and when
Ras is in the activated state binds Sos. Mike Wigler's laboratory furthermore
showed that activated Ras in turn binds a protein called RAF. The RAF protein is
the first in a bucket brigade of protein kinases, each one activating the next by
phosphorylating it, that results in the activation of a protein such as AP-1, which
binds DNA to turn on genes. Also essential to controliing cell growth is
deactivating the proteins in this pathway. Nick Tonks' laboratory isolated a
protein that deactivates MAP kinase, the last step in the kinase bucket brigade.
The protein, called a tyrosine phosphatase, is one of the first such proteins to be
purified and understood functionally in the cell.

In our Keck Laboratory of Structural Biology, David Barford has just worked
out the three-dimensional structure of the first tyrosine phosphatase. Equally ex-
citing has been the achievement of Xiaodong Cheng, who produced a high-
resolution three-dimensional map of Hhal methylase. This project, part of a col-
laboration between Xiaodong and Rich Roberts, promises to elucidate the func-
tion of an enigmatic kind of enzyme. Methylases attach a small chemical group
called a methyl group (CH,) to DNA. Some researchers hypothesize that
methylation blocks other proteins from binding to the DNA. Thus, if a promoter or
an enhancer region were heavily methylated, the gene might be *silenced.”
Methylation is at the center of a hot debate over how gene activity is controlled in
the cell.

DNA-binding proteins have specific *domains" that recognize a particular
DNA sequence. Some bind to a gene's promoter, which directly turns on the
gene, whereas others bind to an enhancer, which, as its name implies, enhances
the activity of the promoter, providing another level of regulatory control. Winship
Herr's group, in James Laboratory, helped determine the structure of the DNA-
binding domain for a protein that binds to an SV40 enhancer. The structure of this
DNA sequence, called the POU-specific domain, is strikingly similar to that of the
DNA-binding domain of the repressor of bacteriophage A, a bacterial virus. To-
gether with other results, this revealed that human dwarfism can occur by defects
similar to those that affect A replication—an amazing similarity between such dis-
tantly related organisms.

Laboratory scientist David Beach is one of the world leaders in the cell cycle
field. This year, his group in McClintock Laboratory identified two new genes and
their proteins, which are key players in regulating cell growth. One, called p21,
interacts with the nearly ubiquitous tumor suppressor protein p53. In response to
DNA damage, p53 activates p21, which then interacts with a vgriety of othgr
proteins to halt cell growth. The p21 protein functions by blocking the actuvnty'of
cyclin-dependent kinases, which are proteins that have a key regulatory role in
the cell cycle. If p21 is damaged, this check on growth could b’e rgmoved, lgad-
ing to tumor formation. The other gene, which they callgd p16, lnhlpntg g major
cycle protein complex called cyclin D/Cdk4. This protein compleg inhibits y.et an-
other protein called Rb, which inhibits cell growth. Through t'hIS Atnpl.e negative,
the p16 protein holds cell growth in check. Early in 1994, SC'leﬂtlSt.S in Utah found
a gene that was damaged in @ large proportiop of cancers, including c?ancers of
the lung, brain, bladder, breast, blood, and skin. The discovery that this gene
was the same as p16 marks the most direct link to date of cancer to the genes

that contro! the cell cycle.
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Francis Crick and
James D. Watson

a Consortium on Manic Depressive Diseases

tive research project was begun this year to identify the
¢ depressive illness (MDI). The project is funded
tion and involves research teams at Cold Spring
ford. The team at Johns Hopkins is selecting
pressive illness for genetic analysis, and this
Johns Hopkins and Stanford. The

n integrated database that will have at its

Formation of the Dan

An exciting new collabora
genetic underpinnings of mani
by the Charles A. Dana Founda
Harbor, Johns Hopkins, and Stan
very carefully families with manic de
analysis is being carried out at both

Laboratory’s contribution is to develop a
core programs for linkage analysis but will as well incorporate information on all

aspects of the diagnoses and laboratory analyses of these families. This data-
base is being designed in Tom Marr's Computational Biology group, using a pro-
gram developed by Marr called Genome Topographer. An especialily exciting
feature of this approach is that the database will be useful for genetic research
on other disorders. We are also promoting research on manic depressive illness
through meetings being heid at Banbury Center and through courses intended to

train psychiatrists in basic molecular genetics.

Double Helix Turns 40

The year 1993 marked the 40th anniversary of the discovery of the double helix.
The Laboratory celebrated with a special 3-day meeting entitled DNA and
Biotechnology, which spanned both the history and the future of DNA science.
Among the audience were leading scientists from the now almost 40
pharmaceutical, diagnostic, and biotechnology companies that are the corporate
sponsors of our meetings programs. On the opening night, Francis Crick gave a
thoroughly engaging public evening lecture to a packed Grace Auditorium, after
which | presented him with a minature golden helix to celebrate the occasion.
The next day featured talks by many of the pioneers in DNA science, including

Paul Doty, Tom Maniatis, James D
4 b . Watson, and Wally Gilbe i
40th anniversary of the double helix ’ et ceicbration !
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Mahlon Hoagland, Rich Roberts, Wally Gilbert, Stanley Cohen, and Mark
Ptashne. Kary Mullis' talk on his discovery of the polymerase chain reaction, for
which he won the Nobel Prize in Chemistry this year, was a colorful and entertain-
ing highlight of that afternoon. Then after a banquet, | talked about how | have
tried to adapt to the various stages of my life as a student, a scientist, a profes-
sor, a writer, an administrator, and a bureaucrat. As befits the central role played
by DNA, talks on future developments in biotechnology covered a wide range of
topics. We can now control gene expression (Peter Dervan), design proteins (Jim
Wells), and study how the brain works (Sol Snyder). New strains of plants can be
made with special characteristics (Robert Fraley) and human proteins can be
produced in both animals and plants (Alan Colman). Genetic disorders can be
diagnosed (Tom Caskey) and, most spectacularly, gene therapy is being used to
help those afflicted (French Anderson). The whole meeting was a testament to
the extraordinary power of molecular genetics and to the work of thousands of
scientists over the past 40 years.

Symposium LVl

This year's Symposium was on DNA and Chromosomes, a further tribute to the
40th anniversary of the double helix. Forty years after the 1953 Symposium on
Viruses where | first presented our model for the structure of DNA, Bruce Alberts
of the University of California, San Francisco, and Bruce Stillman put together a
first-class program featuring sessions on some of the most interesting new re-
search areas, such as silencing, imprinting, and chromosome domains, as well
as productive mainstream areas such as transcription and regulation. Eric
Lander, of the Whitehead Institute and MIT, gave the annual Dorcas Cummings
public lecture, which occurs midway through each Symposium. Lander is one of
the world'’s leading genome scientists, and his talk was entitled "Mapping Genes
and Genomes." Lander is adept at accurately simplifying complex issues, and he
outlined with elegance the arguments for mapping and sequencing the human
genome. A highlight of the event was a gift from Laboratory employees and many
of my friends and colleagues of a 15-foot bronze sculpture of a double helix,
crafted by local artist Charles Reina. "Bronze Helix* has become the focal point of
the Grace Auditorium lobby and is a fitting tribute to four decades of excellent
science as well as the world's prettiest molecule.

A Rich Program at Banbury Center

Banbury Center continues to hold exciting meetings, ranging from "hard" sc‘ience
to social issues affecting the way modern research is pursued. An outstan@ng
meeting in 1993, and one typical of the Banbury style, was that on Apoptotic Cell
Death: Functions and Mechanisms. This is a topic that has changed beyond
recognition in recent years, and cell death is now seen to be .a normgl and essen-
tial process in the lives of cells, including cancer Cellg. For th|§ megtmg, we
brought together scientists working on cell death in diverse bjological systems,
who find now that their research has converged on common molecular pathways.

All of us hope that the new knowledge coming from the Human Genqme Pro-
ject and other research can be put to use to help people. For disorders like ‘
Duchenne muscular dystrophy, we want methods to treat boys afflicted by this
disorder, and Banbury Center was the site of a megting to examiqe a novel
strategy to do this. Molecular studies suggest that it may be possible tp turn on a
gene for a protein called utrophin, which might substitute for the protein
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this can be achieved in practice.

ding for research becomes more difficult
ly to private sources. But close associa-
e corporate world are fraught with

dystrophin that is missing or damage
dystrophy. We must now seé whether

With each passing year, federal fun
to obtain, and so we must turn increasing

tions between academic institutions and th ' . : .
potential conflict of interest problems. In a very interesting and important meeting

at Banbury Center held in May, the benefits and problerﬁ; were rev:e\A{ed and as-
sessed by scientists, institutions, and politicians. No definitive Conf: tlsclions were
reached, but at least the complexities of the situation were appreciated.

Baring Brothers Executive Meeting
eetings for senior executives in the worlds of

we turned to the topic of Human Molecular
o in our first executive conference held in

For the eighth year of our October m
pharmaceuticals and biotechnology,

Genetics, a field that we drew attention t . .
1986. The advances that have been made since then have been quite astound-

ing. The major successes up to 1986 were locating the gene for Hgntington's dis-
ease and cloning the gene for Duchenne muscular dystrophy. .But m.1993, our
speakers were able to discuss the trinucleotide repeat genes, including the gene
for Huntington's disease, the hunting of genes involved in brea;t ancer ar.1d
other complex disorders, approaches to developing new genetic diagnostic
techniques, progress in genome research, and, far in advance of our e>.<pect'a-
tions, gene therapy for inherited diseases and cancer. The recent meetings in
this series have been supported by Baring Brothers of London together with Dil-
lon Read of New York. | would like to pay a special tribute to Robin Broadley of
Baring Brothers, London, who has been such an enthusiast for bringing together

the worlds of commerce and biology.

Robertson Research Fund Marks 20th Anniversary

This was a year of milestones. In addition to the 40th anniversary of the double
helix, we celebrated the 20th anniversary of the Robertson Research Fund. The
more than generous gift in May 1973 from Charles Robertson and his family of $8
million and their family estate instantly secured the Laboratory's future as a con-
tinuing leader in molecular biology research. Until then, the Laboratory did not
have a meaningful endowment. Today, thanks to prudent, conservative manage-
ment, the original Robertson sum has grown to over $48 million. The Robertson
estate, originally endowed with its own $1.5 million endowment that now has risen
to $7.8 million, has become our Banbury Conference Center, home to an eclectic
and engaging series of meetings and workshops on biology and social topics. In
early June, we feted the Robertsons with a special evening featuring talks by
some of our scientists and a brief but moving acknowledgment from Bill Robert-
son, a leather-bound booklet outlining the history and achievements of the Fund,
and a wonderful dinner in Blackford Hall. A bronze plagque on the wall in Grace
Auditorium lobby now commemorates the Robertson Fund.

Major Gifts

The Laboratory received a number of major gifts in 1993 from corporations, foun-
dations, and private individuals. Major gifts are an important part of our ability to
support young scientists. Many of these were gifts to the Cancer Research Fund,
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which supports all aspects of cancer research at Cold Spring Harbor. Nearly two
thirds of the research done at Cold Spring Harbor has implications for under-
standing cancer. The Cancer Research Fund now stands at $4.1 million, thanks
to a number of substantial recent gifts. Among these are gifts of $100,000 from
the Booth Ferris Foundation, $94,000 from Sherburn Becker, $25,000 from the
David Koch Foundation, $150,000 from William and Irene Miller, $55,000 from Dr.
David Pall, $50,000 from the Perkin Fund, and $10,000 each from the Daphne
Seyboldt Culpeper Foundation and Oncor, Inc. The Fannie E. Rippel Foundation
has made a challenge grant of $250,000 to raise the $750,000 needed to cover :
the $1 million equipment budget for the Cancer Research Fund. We are particu- ‘
larly grateful to George and Mary Lindsay for the $250,000 unrestricted gift. A\

The Infrastructure Fund was concluded this year with great success. It raised William Miller
a total of $4,124,000 that will be used to build and improve facilities and support
research. The Fund is being named in honor of William Miller, in recognition of his
leadership. Research Support Funds will continue to target the pharmaceutical
industry, but the focus will now shift to program support. Henry Wendt and Max-
well Cowan were the first contributors to this fund, with pledges of $150,000 and
$25,000, respectively, for neuroscience fellowships.

This year, we also launched the Genetic Diseases Fund, which will be used to
support research into the biology of hereditary iliness with initial emphasis on
muscular dystrophy. Inaugurating this fund were gifts from John Cleary and his
family, Owen Smith, the Daphne Seybolt Culpeper Foundation, and myself. The
Fort Hill Foundation provided $500,000 toward the William J. Matheson Chair,
and the Banbury Fund contributed $50,000 for the Charles S. Robertson Chair.

We received Planned Gifts this year from Townsend and Elise Knight, Robert
Gardner, the Taggert Whipple estate, Charles Henry Leach Il, and Ed Palmer.
The Annual Fund, made up of contributions from the nearly 900 members of the
Cold Spring Harbor Laboratory Association, continues to be strong and vigorous.
The 100 new members of the Laboratory helped bring the Annual Fund total to-
$526,241.

McClintock Remodeled, Reinhabited

Renovations to the 1912 McClintock Laboratory were completed this year, and
David Beach and Dick McCombie moved in. The main externally visible change
is the addition of a mostly glass third floor, topped with an already-patinaed cop-
per roof, set atop the flat roof of the original structure. The third floor houses of-
fices and the William and Eleanore Everdell Seminar Room. Interestingly, a third
floor was first considered for the building in 1937, but it was thought to be ar-
chitecturally impossible. Indeed, even today it would have been cheaper and
easier to raze the historic structure and build a new, larger facility. But the old
Animal House is a Laboratory landmark; both Barbara McClintock and Al Her-
shey did their Nobel-winning research there. So we brought in the ever-talented
Bill Grover and Centerbrook Architects to remodel the interior, design a tasteful
third-floor addition, and plan out the structural strengthening that would be
needed to turn the 80-year-old building into a modern cancer and gene-
sequencing laboratory. The old Animal House is now very much a yeast house.
Upstairs, David Beach uses the yeast Schizosaccharomyces pombe to probe the
genes and proteins that control the cell division cycle. Downstairs, Dick McCom-
bie is mounting the "Pombe Genome Project,” a large-scale effort to sequence all
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of the yeast DNA. The two laboratories are complementary and further.collabora_
tions take place with Tom Marr's computer laboratory across the road in Hershey
building.

On the second floor, the two main laboratories for cancer research now have
plagues acknowledging the great generosity of the late Charles Leech Il and the
Farish Fund. The ground floor is the gene laboratory made possible by a gift from
Lita Annenberg Hazen, who long has been one of the Laboratory’s most devoted
supporters. So it was with great pleasure that we have attached her noted name
to our Gene Sequencing Laboratory. Early in October, we formally dedicated the
new McClintock Laboratory in the presence of the major donors who made pos-
sible this latest facility for modern science at Cold Spring Harbor.

A Great Architect Passes

Charles Moore, founder of Centerbrook Architects and one of the great architects
of the 20th century, died of a heart attack on December 15 at his Austin, Texas,
home. Born in 1925 in Benton Harbor, Michigan, Moore took a Bachelor of Ar-
chitecture degree at the University of Utah in 1947 and a Ph.D. at Princeton in
1957. He accepted an associate professorship at the University of California,
Berkeley, in 1959. Three years later, he became chairman of the Berkeley ar-
chitecture department and formed a partnership with three colleagues, Dorilyn
Lyndon, William Turnbull, and Richard Whitaker (MLTW). Moore first achieved na-
tional recognition with the development of the popular Sea Ranch Condominiums
on California’s North Coast. Over the next 8 years, MLTW designed many promi-
nent structures in California, including several at the new University of California
campuses at Santa Barbara and Santa Cruz. In 1965, Moore took the chair of the
architecture department at Yale. He began a solo practice in 1970, after the
MLTW partners separated, and in 1975, he formed Moore Grover Harper in Es-
sex, Connecticut—the forerunner of Centerbrook Architects.
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It was during June 1972 that the Laboratory first became acquainted with
Moore. On a trip to California, my wife and | drove north of San Francisco where,
after spending a night at the Sea Ranch Lodge, we toured the extraordinary col-
lection of new homes that surrounded it, including Moore’s now famous Condo-
minium. Upon returning East, we realized that Charles Moore was also active on
Long Island, being responsible for the design of the Whitman Village Apartments
in Huntington Station. So we asked him to visit the Lab with the thought that he
would help renovate Airslie, the director's house into which my wife and | were
soon to move. Soon he and his talented collaborator, Bill Grover, gave an elegant
design to the interior of Airslie. Two years later, they also gave us super plans for
remodeling the Robertson family carriage house to create the Banbury Meeting
Center. In 1981, when his Palladian-styled Sammis Hall residence at the Banbury
Center was dedicated, Moore was again on the West Coast, a professor of ar-
chitecture at the University of California, Los Angeles. In 1985, he moved again,
this time to Austin, Texas, where he took a professorship and opened a new
practice with Arthur Andersson. Throughout his long career, Moore showed style,
imagination, respect for tradition, and dissidence from current fashions in ar-
chitecture. He won the most prestigious awards in his field, including the
AIA/ACSA Topaz Medallion for architectural education and the AIA Gold Medal.
Beyond that, he was simply one of the great minds in architecture. We are proud
to have his stamp on our institution.

DNA Learning Center Renovates, Goes Multimedia

The DNA Learning Center underwent an extensive set of renovations, designed
by Centerbrook of Essex, Connecticut, that left it with a new exhibit space,
sophisticated computer lab, and, most spectacularly, a state-of-the-art
auditorium, complete with a multimedia show about Long Island.

Sponsored by Cablevision Systems Corp., the Stone Foundation, Inc., Edwin
S. Webster Foundation, and the Weezie Foundation, the renovations included
more than $600,000 worth of work and affected 90% of the building’s 7600
square feet. A new computer lab is linked to the “wet" lab next door, enabling
classes to do experiments and then go into the next room to work computer
simulations that explain the biology. A new exhibit space features an elaborate
mural of the inside of a cell, painted by art students at Cooper Union and New
York Tech.

The highlight of the new Learning Center is the auditorium. Located in what
was once the Cold Spring Harbor elementary school's gymnasium, the 104-seat
hall now features a bank of 5-foot by 7-foot video screens, 36-inch monitors, and
12 sets of speakers. The hall can accommodate nearly any type of presentation,
from “chalk talk" to slides to computer-generated movies. The showpiece of the
hall, though, is "Long Island Discovery," a 28-minute multimedia presentation
sponsored by Cablevision Systems Corporation and developed for the Learning
Center. The movie uses the multiple screens and surround-sound capabilities of
the auditorium to give a rich picture of the history and diversity of Long Island.
The DNA Learning Center staff encourage local teachers to use the show as a
teaching tool and to draw classes to the other features of the Learning Center.

Nick Tonks Wins Colworth Medal

Nick Tonks received a high honor when he was awarded the Colworth Medal this
year. This prestigious award is given to the "top British biochemist under the age
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David Beach Honored with Lilly . -
Senior Staff Scientist David Beach was honorgd with the [:gn l;my ar}igzmp?jny
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Bruce Stiliman, Fellow of Royal Society

in March of this year, Bruce Stillman was elected. a Fellow to the Roya||hSOCiety‘
one of the most prized honors for scientist; of Brm;h or Comrf;on\fveat\.t
citizenship. Bruce, an Australian citizen, jo‘lns an elite groupd(? sctlen ists stretch-
ing back to the sixteenth century. Bruce will be the second director tg have been
elected to the Royal Society, the first being my predecessor John Cairns who
was elected to the Society in 1974 soon after his return to England.

A Boom Year for the Press

The Press continued an ambitious publishing program by adding 15 new books
and 2 new videotapes, bringing its total titles in print to more than 120, doubling
the frequency of both its current journals, and announcing plapg for the launch of
a third journal in 1994. Sales increased by 16% to over $4.3 million, and the
balance after expenses, including significant one-time charges, rose by 25%.

New titles were added in all categories of the catalog. Sales of laboratory
manuals continued to flourish, particularly the perennial bestsellers Molecular
Cloning, Antibodies, and the recent success A Short Course in Bacterial
Genetics. There were new manuals on molecular probes of the nervous system
and fission yeast biology. The Symposium volume on The Cell Surface, published
in the 60th anniversary year of the Symposium’s founding, was a worthy and
colorful addition to this prestigious series. The second volume of the authoritative
monograph Transcriptional Regulation was published, and the entire book was
almost immediately reprinted in paperback in response to the strong demand for
an edition affordable by graduate students. A paperback edition of the widely ap-
preciated memoir of Barbara McClintock, The Dynarmic Genome, was released,
featuring the elegant cover that won a national design award.

Two new books made a dramatic impact both visually and scientifically. The
RBNA World revisited a prebiotic era in which evolution may have depended on
replicating RNA, not DNA, and reviewed current ideas about the structure and
function of this ancient miolecule. A notable feature of this book is the
frontispiece—an RNA hologram. Even more arresting is the lavish artwork in The
Development of Drosophila melanogaster, a monograph on the molecular analy-
sis of fruit fly embryology. This book set includes 114 color plates and a separate
stunning 50-page atlas created entirely with computer graphics.
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It was a year of expansion for our journals. Genes & Development was again
listed as the most cited journal in genetics and in developmental biology and, as
in previous years, had a steady increase in circulation. Because of rising demand
to publish in the journal, the decision was taken to produce issues semi-monthly
in 1994. The success of PCR Methods and Applications, launched in 1991,
necessitated an acceleration from quarterly to bimonthly publication with the start
of Volume 3 in August. The growing tide of interest in the molecular analysis of
mental function prompted the decision to launch a new journal, Learning &
Memory, in 1994. A distinguished group of editors and advisors was readily as-
sembled, attracted by the idea of a journal devoted exclusively to papers on this
broad and fascinating topic.

Undergraduate Research Program

This year's cohort of promising undergraduates included 19 students from nine
states and four countries. Like their predecessors of the last 24 years, these stu-
dents spent 10 weeks during the summer in the laboratories of Cold Spring Har-
bor scientists. They learned the fundamental techniques of molecular biology,
carried out semi-independent research projects, and, most important, were im-
mersed in the culture of science. The program is highly competitive; this year, we
received 176 applications. Thirteen of the successful applicants were women.
Research projects undertaken by this year's students included RNA splicing,
plant molecular biology, genetics of the yeast cell cycle, DNA sequencing, and
Drosophila learning and memory. This highly successful program would be im-
possible without the sponsorship of the National Science Foundation, Burroughs-
Wellcome, the Robert P. Olney Fund, Hanson Industries, Bio-Rad Laboratories,
the Phillips Petroleum Foundation, Libby, Zeneca, and the Cold Spring Harbor
Fund.

Partners for the Future

This was the fourth year for our Partners for the Future program. Born in 1990 out
of the Laboratory's centennial celebration, Partners for the Future extends the Un-
dergraduate Research Program to the level of high school seniors. Local
businesses support five talented Long Island students in a 6-month after-school
research effort, undertaken with the guidance of a Laboratory scientist "Mentor.”
These students spend at least 10 hours per week from October through March,
learning new techniques and concepts as well as something about what the day-
to-day life of a scientist is like. This year's Partners, followed by their school and
Mentor, were: Edwin Yoo, Half Hollow Hills High School West (Dr. James
Pflugrath); Olivia Cheng, Plainview-Old Bethpage JFK High School (Dr.
Venkatesan Sundaresan); Seema Gupta, Syosset High School (Dr. Jerry Yin);
Jason Kass, Oceanside High School (Dr. Daniel Marshak); Joann Romano, Great
Neck South High School (Drs. Tim Tully and Mike Regulski).

Long-term Service

Seventeen Laboratory staffers celebrated big anniversaries of employment.
Celebrating 15 years with the Lab were Katya Davey, Banbury Hostess; Gus
Dulis, Mechanical Technician; Jim Garrels, Senior Staff Scientist; Patti Maroney,
Payroll Administrator; Chris McEvoy, Assistant Grounds Foreman; Charlie
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Employees celebrate 15- and 20-year anniversaries at the Lab: (Top, left to .right) Jim Qar-
rels, Chris McEvoy, Carol Caldarelli, Dorothy Youngs, James D. Watson. (Middle) Patti
Maroney, Gus Dulis, Bea Toliver, Mike Wigler, Charlie Schneider. (Bottom) Laura Hyman,

Nancy Ford, Katya Davey, Elizabeth Watson

Schneider, Estimator/Draftsman; Bea Toliver, Banbury Administrative Assistant;
Mike Wigler, Senior Staff Scientist; Jeanne Wiggins, Laboratory Technician; and
Dorothy Youngs, Head Housekeeper. Celebrating 20 years of service were Carol
Caldarelli, Housekeeper; Nancy Ford, Managing Editor, CSHL Press; Laura
Hyman, Administrative/ Business Manager, Library; and Hans Trede, Grounds
Foreman.

Changes in Scientific Staff

We said good-bye to Drosophila neurobiologist and Senior Staff Scientist Ronald
Davis, who returned to Baylor College of Medicine in Houston, where he was of-
fered an endowed chair. Several of his laboratory group accompanied him, in-
cluding Staff Associate Jim Cherry. Senior Staff Investigator Elizabeth Moran left
to take a joint appointment at Temple University's School of Medicine in Philadel-
phia, as Associate Professor of Biochemistry and Director of the Fels Institute for
Cancer Research and Molecular Biology's program in molecular genetics. Betty
got her start at Cold Spring Harbor as a postdoc in Mike Mathews'’s laboratory in
1983, where she began working on oncogenes in adenovirus. Senior Staff Inves-
tigator Tom Peterson will pursue his maize transposon work in the heart of corn
country, lowa State University, in Ames, where he has an endowed chair in Plant
Genetics. Tom came to Cold Spring Harbor in 1987, from CSIRO, Division of
Plant Industry, in Canberra, Australia.

Staff Investigator Roymarie Ballester has left Mike Wigler's laboratory for a
faculty position at the University of California, Santa Barbara. Michael Laspia, a
Staff Investigator in Mike Mathews' laboratory, has taken a position at Dartmouth
Medical School, in Lebanon, New Hampshire. Scott Patterson, a Staff Investigator
in the 2D gel facility, has taken a research position at AMgen, Inc., in Thousand
Oaks, California. Gil Morris, a Staff Investigator under Mike Mathews, has taken a
job at Tulane Medical Center in New Orleans.

Graeme Bolger, a Staff Associate in the Wigler laboratory and a postdoc here
from 1985 to 1990, has moved to the University of Utah Medical Center in Salt
Lake City. Susan Lobo, Staff Associate with Nouria Hernandez, has moved to the
University of Alabama in Birmingham as an assistant professor.
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Montage presented to J.D. Watson by staff members. Photos represent long-time employ-
ees who worked at Cold Spring Harbor Laboratory between 1968, when Watson became
Director, and 1993, his 25th anniversary.

Several visiting scientists have completed their work here and returned to
their home institutions. These include: Jacques Camonis, from Mike Wigler's
laboratory, who returned to Centree Hospitalier Lariboirere, Paris; Javier Diaz-
Nido, who came from the Universidad Autonoma de Madrid to Dan Marshak’s
laboratory; Igor Galkavtsev, from the Medical Genetics Center in Moscow, who
spent time in David Beach's laboratory; Nicholas Muzyczka, who took sabbatical
leave from SUNY Stony Brook to work in Bruce Stillman’s laboratory; Kikuo Sen, a
member of Shinshu University, Faculty of Agriculture, in Nagano, Japan, who
worked in the Wigler laboratory; Huan Ran Tan, visiting from the Beijing Medical
University, Department of Pharmacology, to work with Bob Franza; Robert West,
Jr., from SUNY Health Science Center in Syracuse, who worked with Ron Davis;
and Daisuke Yamamoto, from Mitsubishi Kasei Institute of Life Sciences, in
Tokyo, who also worked with Ron Davis.

New Staff Members

A large number of visiting scientists came to the Laboratory this year. Peter
Barker, from the German Cancer Research Center in Heidelberg, is working with
Mike Wigler. Brian Cox, from Oxford University, is working with Bruce Futcher.
William Eckberg, from Howard University in Washington, D.C., is working in Nick
Tonks' laboratory. Alexandre Melnikov, from the State Control Institute of Stan-
dardization of Medical and Biological Preparations in Moscow, is working with
Dick McCombie. Carol Prives is on sabbatical from Columbia University and
working in Bruce Stillman’s laboratory. John Scott is also on sabbatical from the
University of Hawaii at Hilo to work in Bruce Stillman's laboratory. Tokio Tani, from
Kyushu University in Fukuoka, Japan, is working in David Spector’s laboratory.
Rui-Ming Xu, from SUNY Stony Brook, is working with Jeff Kuret.
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Mike Gilman

Nouria Hernandez

Promotions
i ere promoted
Senior Staff Investigators Mike Gilman and Nouria Hernandez were p to

) ] Spring Harbor in 1986, following
Senigr Staff Scientits; r:g \x:]):{el\:::dclir;itfe(ﬁ:z raps cc?—discov.erer Bob.Weinberg.
a.frunful postdoc a on signal transduction, the set of chemical rgactuons that
His work now focusez:3 from outside the cell into the nucleus. Nouria a|§o.arr|ved
.relay growth n;TSS?/?/einer's laboratory at Yale. Her field is gene transcnptuon..She
;201338963' ::rn;ffo?tns on two systems: small nuclear RNAS (molecules that function

within the nucleus to carry out RNA splicing) and transcription of genes of the
AID? \A\//:)r:zl ;lt:/éts were promoted to Senior Stz?ff Ir?vestigator tlhlst}t/etar. (f3ngon
Enikolopov, who came in 1988 as a visiting scngntlst from the r;s itute oI .
Molecular Biology at Moscow's Academy of Scuenpg. ha; fouh lsz\./erathsur;;)r..li.
ing functions of the increasingly remarkable ggs nitric oxide, lncsu ;?? e;a ility
to initiate gene transcription. Jacek Skowronski, promoted .from taff Inves ~|gator,
came to Cold Spring Harbor in 1986 from the National Ingtltutes of Health, in
Bethesda, Maryland. Jacek studies the effects and function of the HIV gene nef
in mice. . ‘

Postdoc Harriet Feilotter was promoted to Staff Investigator in November. As
liaison for the Laboratory's collaborative effort into the genetic .basis of manic .
depressive illness, Harriet will coordinate efforts among scientists at Cold Spring
Harbor, Johns Hopkins, and Stanford.

Postdocs Eric Chang, from Mike Wigler's laboratory, Erich Grotewold, in the
plant genetics group, Shobha Gunnery from Mike Mathews' laboratory, Misha
Jung in the structural biology group, as weil as Stevan Marcus, Akila Mayeda,
and Linda Van Aelst from Mike Wigler's laboratory were promoted to Staff Associ-
ate. Visiting scientist Natalia Peunova was also appointed to Staff Associate.

Postdoctoral Fellows

A large number of postdoctoral fellows moved on to other positions this year.
Cyrille Alexandre, a postdoc with Mike Gilman, has moved to the ICRF in London.
Also from Gilman'’s laboratory, Ricardo Attar has moved to Princeton, New Jer-
sey, for a position with Bristol-Meyers Squibb. Prasanna Athma, from Tom Peter-
son's laboratory, has left for New York Medical College, in Westchester County.
Kanagasabapathi Balendran, a postdoc with John Anderson, has moved to the
Fels Cancer Institute at Temple University, in Philadeiphia. James Bischoff has
left David Beach'’s laboratory for a job with Onyx Pharmaceuticals, in Richmond,
California. Christian Brandes, a postdoc with Tim Tully, has moved to Brandeis
University, in Waltham, Massachusetts. Paul Clarke, a postdoc with Mike Math-
ews, has returned to the UK, to the Institute of Cancer Research Royal Marsden
Hospital, Sutton, Surrey. Simon Green, also from Mathews' laboratory, has gone
to Ribogene Inc., in Hayward, California. Mubasher Dar, from Betty Moran’s
laboratory, has left for Georgetown University. Brigitte Dauwalder, Kyung-An Han,
Victoria Meller, and Efthimios Skoulakis have accompanied Ron Davis to the
Baylor College of Medicine, Houston. Salah Ud Din, who worked under Jim Gar-
rels and Bruce Stillman, has gone to pursue other activities. Ahmed Ebrahim,
from Betty Moran's laboratory, is now at home in Bayville. lan Fitch, who worked
with Bruce Futcher, has moved to the University of California, San Francisco,
while Michael Tyers, also from Futcher's laboratory, has taken a faculty position
at the University of Toronto. Kyuhyung Han, a postdoc with Ron Davis, has gone
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to Hallym University, South Korea. Chris Hardy left Bruce Stillman’s laboratory for
a position at Washington University in St. Louis, and John Ruppert went on to a
position at Johns Hopkins University School of Medicine, in Baltimore. Luis
Jiménez-Garcia, from David Spector's laboratory, has gone to the National
Autonomous University of Mexico, in Mexico City. Betty Leichus, a postdoc with
Jeff Kuret, has moved to the University of lowa, in lowa City. Maarten Linskens,
from Bruce Futcher's laboratory, and Karen Prowse, from Carol Greider's
laboratory, have taken research positions at Geron Corporation, in Menlo Park,
California. Karen Lundgren and Nancy Walworth, who worked with David Beach,
have both moved on to other jobs: Karen took a position at Glaxo, in Research
Triangle Park, North Carolina, while Nancy went to the Netherlands Cancer Cen-
ter, Amsterdam. Alan Nighorn finished his postdoc with Ron Davis and took a job
at the University of Arizona, Tucson. Arne Ostman, who worked with Nick Tonks,
went to the Ludwig Institute for Cancer Research in Uppsala, Sweden. Gian-Luigi
Russo, a postdoc with Dan Marshak, has moved across the ocean to the Univer-
sity of Naples, while Anthony Rossomando, also from Marshak’s laboratory, has
moved across the Sound to Miles Pharmaceuticals, in West Haven, Connecticut.
Robert Swanson, from Mike Wigler's laboratory, has taken a position at
Pharmacopeia, Inc., Monmouth Junction, New Jersey. Ales Vancura has left Jeff
Kuret's laboratory for St. John's University, in Jamaica, New York, while Pi-Chao
Wang has moved to the National Taiwan University, in Taipei. Heidi Wang left
Betty Moran's laboratory for a research job with Bristol-Myers Squibb
Pharmaceutical Institute, in Wallingford, Connecticut. Peter Yaciuk also finished
up his work in Betty's laboratory and moved to an assistant professorship in mi-
crobiology and immunology at St. Louis University Medical Center. Both Yue
Xiong, from David Beach'’s laboratory, and Qing Yang, from Nick Tonks’
laboratory, took positions at the University of North Carolina, Chapel Hill.

Graduate Students

Several graduate students have moved on. Jill Crittenden and Kwok Hang Wu
have followed Ron Davis to Baylor. Fred Bunz, from Bruce Stillman's laboratory,
has left to complete his M.D. at SUNY Stony Brook. Lea Harrington finished up
her degree under Carol Greider and took a postdoctoral fellowship at the Univer-
sity of Toronto. Jiann-Shiun Lai, from Winship Herr's laboratory, has begun a
postdoctoral fellowship with David Baltimore at The Rockefeller University. Robert
Nash finished his degree under Bruce Futcher and headed for California, for a
postdoc at the University of California, San Francisco. Michael Sheldon left
Nouria Hernandez's laboratory for a postdoc at Rutgers University. Wei Guo fin-
ished her degree with David Helfman and continues as a postdoctoral fellow.
John Connolly, a visiting graduate student with Tim Tully, came from Dr.C.P.
Kyriacou's laboratory at the University of Leicester in England. He has since
returned to England, but may return as a postdoctoral fellow.

A Rock-solid Board of Trustees

After the major turnover in our board of trustees in 1992, it was a relief to have
few changes this year. We did bid a sad farewell to two members, however.
Retiring were George Cutting, whose board membership started in 1986 when he
became president of LIBA, and David Pall, the renowned Long Island scientist
and corporation founder, who has served since 1987. Both have long been close David Pall
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the invaluable advice and help they have

i Tilghman, and Owen Smith were re-

i ard. Charles Dolan, Shirley Tilc '
g:zi?eftglirr\:%oard this year following their first three-year term. The officers of
the board remain David Luke, Chairman; Mary Lindsay, Vice C.halrman" John
Reese, Treasurer; Wendy Hatch, Secretary; and Townsend Knight, Assistant Sec-

retary.
On Friday night before the annual tr

personal friends and | will miss much

ustees meeting, the Laboratory Trustees

held a special lection in honor of my 25 years as Director. Trustegs ang QUEStS.
were treated to a wonderful talk by my friend Hanna Gray, the Ur?lversny of Chi-
cago's President Emeritus. After the talk, David Luke and Mary Llndsgy present-
ed Liz and me with @ beautiful handpainted tray-table embtazoned with a

landscape of the Laboratory.

Hanna Gray

George Cutting Turns Over Presidency of the Cold Spring Harbor

Association to Mary Lindsay
«traordinarily fortunate in having George Cutting
as President of the Long Island Biological Association and its successor organi-
zation, the Cold Spring Harbor Laboratory Association. During his leadership, he
played an essential role in the success of the Second Century Campaign, as well
as in turning the Association's annual fund-raising objective toward providing re-
search support for the younger scientists of the Laboratory. In every way,
George's presidency was an unqualified success, with especially important his
decision to create the donor category of Associate to designate those donors
who annually contribute $1000 or more to the Association. Such Associates now
provide more than 75% of the Association support, allowing it in this year's an-
nual drive to raise more than $530,000. It was thus to our great regret that
George decided that the time had come to retire, his term ending at the Associa-
tion Annual Meeting, January 20, 1993. Then David Luke and | gave tribute to the
vital role he has played in ensuring the Laboratory's healthy scientific future.
George Cutting Succeeding George as President is Mary Lindsay, also a long-time neighbor of
the Laboratory with her home in Laurel Hollow nearby on Ridge Road. | now have
known Mary and her husband, George, since the summer of 1967 and look for-
ward to even greater Lindsay roles in providing vital Jeadership skills to the
Laboratory.

For the past 7 years, we were €

| Make the Transition from Director to President

This past year marked my final year as Director, my appointment occurring in
February of 1968. My tenure of slightly more than 25 years has brought me many
moments of happiness as | watched the Laboratory become an even more im-
portant instrument for science than it was when | arrived from Harvard, newly
married, and just turned 40 years of age. Leading our research meetings and
teaching programs has constantly renewed my mind both through the excitement
of important new ideas and facts and through intellectual interactions with so
many talented individuals, many of whom have become lifelong friends. Equally
wonderful has been the opportunity to live on the Laboratory grounds, which
surely must be one of the most attractive sites for conducting science anywhere
in the world.

I'am thus very grateful to our Board of Trustees not only for creating the new
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position of President for me, but also for acquiring the adjacent parcel of land
that is enabling the Laboratory to build a new President’'s House which we hope
will be completed by the early fall of 1994. The costs of the house will be covered
by me as a way of expressing my faith in the continued importance of Cold
Spring Harbor for the promotion of biomedical research and education. Upon the
occupancy of the President’s House by my wife Liz and me, the Director's House,
Airslie, will be further renewed to suit its future occupancy by our new Director
Bruce Stillman and his family. We shall be leaving Airslie after almost exactly 20
years of contented dwelling. Before we moved in, a year had been spent totally
renovating this 1806 Jones family farmhouse according to the inspired plans
given to us by Charles W. Moore and his talented colleague, William Grover.
Airslie remains an extraordinarily fine home to occupy, and | anticipate that Bruce
and his family also will take great pleasure from its beautiful lawns and specimen
trees.

April 15, 1994 James D. Watson
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ADMINISTRATION

1993 was a remarkable year to be at Cold Spring Harbor Laboratory with a ring-
side view of the stunning progress driving the fields of molecular biology and
genetics. There were breakthrough discoveries at the Laboratory, some receiving
much attention in the national media, and most everything new and interesting
from other places was being discussed at our meetings, taught in our courses, or
published by the Cold Spring Harbor Laboratory Press. Against this background
of extraordinary science, it should not be surprising that other aspects of
Laboratory operations were very satisfactory as well.

Financial results were good with revenues at a new high of $39 million. For
the fifth consecutive year, there was a surplus from operations after provision for
depreciation and reserves for future contingencies. During the last 5 years, oper-
ations have provided nearly $12 million of cash flow for investment in new and
improved facilities and programs. Final 1993 results were more than $1 million
better than projected at the beginning of the year due to higher than expected
meetings attendance, a strong level of government grants, higher royalty and in-
terests receipts, and careful cost control by administrative departments. Environ-
mental Health and Safety, under the effective leadership of Art Brings, saved
some $240,000 through innovative programs for managing and disposing of
radioactive and hazardous waste.

The Cold Spring Harbor Laboratory Press, Banbury Center, and the DNA
Learning Center, which operate as individuai cost centers, each improved their
financial results over the previous year. The Press, with its successful journal pro-
gram and increased new book publications, has become reliably self-sufficient,
which is important for the Laboratory at this time when Federal grants for science
are difficult to obtain. Both Banbury and the Learning Center conduct innovative
and consistently first-rate programs with broad national significance. They are
successful in attracting the funding they require and operate at a modest surplus
before depreciation.

The Laboratory’'s endowment, consisting of the Robertson and Cold Spring
Harbor funds, ended the year at a new high level of approximately $92 million.
The investments include a balanced mix of domestic and foreign equities, fixed
income securities, and short-term liquid instruments. The endowment represents
the Laboratory’s primary internal source of funding for science and also provides
important support for $30 million of outstanding tax-exempt civic and research fa-
cility development bonds. Over the years, the drawdown from endowment has
been maintained at a conservative level, averaging about 3.5% per year. This al-
iows for substantial reinvestment of income to protect against inflation and to pro-
vide for future programs. The endowment enjoys excellent investment manage-
ment from Miller, Anderson, and Sherrerd and from the U.S. Trust Company. In
1993, the Robertson and Cold Spring Harbor funds had a total return of about
13.5% compared with a benchmark index of 10.5%. The Cold Spring Harbor
Fund also benefited from new gifts of $2.9 million, which included $500,000 from
the Fort Hill Foundation to establish the William J. Matheson Chair and an addi-
tion of $50,000 from the Banbury Fund for the Charles S. Robertson Chair.

The Trustees of the Laboratory have set as a goal to increase the endowment
to a level of $100 million, net of outstanding debt, by the year 2000. At their No-
vember annual meeting, the Trustees established a new program entitled The
Next 100 Years, which seeks new funds for the endowment in the form of
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clude various forms of trusts, bequests, and

. ) ‘ohin
FEmERgE: Sk i bt ded by most institutions as the largest

outright donations of property, are regar

i endowment funds. .
potential source for future ‘ ) _
Much discussion has occurred in recent years concerning the rates of in

o ; ent research grants and
direct cost recovery that institutions receive on goyernm gre
i d in providing support and facilities for
use to pay the cost of overhead incurre P roct & few much
science. There has been pressure from Congress to C
' broad reduction in such rates. We are
publicized cases of abuse and for a bro :
i t accepted the Laboratory's past procedures
pleased that in 1993, the government a i :
i ith us a new 5-year predetermined rate in-
without adjustment and negotiated with us . .
i i % This removes considerable uncertainty and
corporating a reduction of about 5%. .
ili i°q. Bill Keen, our Controller, deserves much credit
greatly facilitates future planning. 0 @1 e ot subiect
for his very competent past and present handling of thls importan 531 r11‘30 :

Particularly noteworthy during 1993 were the ongoing efforts by John
Maroney, Director of Commercial Refations, to match up the discoveries of
Laboratory scientists with pharmaceutical and biotech companies interested in
providing research support in return for various rights to existing intellectual

i italists looking to fund new start-ups. The
property and also with venture capitalls ]
Laboratory’s Trustees in 1992 established the Science Fund as a permanent part
of the endowment into which are placed all of the Laboratory's royalties and equi-
ty shares from such relationships, to be used for the exclusive sjupp.ort of
science. Last year, royalty income exceeded $1 million for the first time, and al-
ready the Science Fund includes equity holdings in new biotech names such as
ICOS, Geron, Mitotix, Pharmacopeia, and Oncor. Soon Amplicon and
PathoGenesis will be added to this list. ‘

1993 marked a watershed year for the Laboratory's Meetings Department
with the retirement of Barbara Ward in October. Barbara began her career at
Cold Spring Harbor some 25 years ago as secretary to Edward Pulling, who then
personified the Long Island Biological Association, now the Cold Spring Harbor
Laboratory Association. In recent years, as Meetings and Courses Manager, Bar-
bara has led the very competent Meetings staff in caring for the needs of our
nearly 6000 visiting scientists per year. We shall miss her a great deal. Fortunate-
ly, we were successful in recruiting Or. David Stewart from a biotech and aca-
demic science background at Cambridge, England; he joined the Laboratory as
Director of Meetings in September. Arriving at a time of record meetings at-
tendance, David moved quickly to modernize the department's computer system
to better handle the increased registration and established a small computer
center for visiting scientists.

For the future, David is thinking about adding new meetings, perhaps in the
normally dormant months of late fall, winter, and early spring. These, for example,
might involve academic retreats or meetings sponsored by members of the
pharmaceutical or biotech industry to discuss applied uses of basic research.
The only caveat would be that such meetings be scientifically interesting and
conform to the tradition here of excellence. In this manner, more year-round use
can be made of our facilities.

In the interest of improving the overall quality of food service at Blackford
Hall, we recruited in November a new chef, Ron Padden, who has extensive
restaurant experience. Laboratory employees benefited first at winter meals, and
this spring, our meetings visitors confirmed the improvement.

An important change during the year was consolidation of the Development
and Public Affairs Departments into a new Department of Public Affairs and De-
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velopment with Susan Cooper as Director. There is much overlap between the
functions of these areas, and already there is clear improvement in effectiveness
and efficiency. The change enables Gordon Hargraves, appointed to the new
position of Director of Planned Giving, to devote his efforts to the success of the
very important "The Next 100 Years" effort.

The effective functioning of the Buildings and Grounds Department, under the
leadership of Jack Richards, has always been of critical importance to the
Laboratory. In 1992, Jack delegated the responsibility for maintenance of
grounds and the renovation of laboratories, offices, and other facilities to Peter
Stahl, and Peter and his staff have responded with skill and dedication. This has
enabled Jack to devote the major portion of his time to new construction, and
once more, we are in awe of what has been accomplished. The 2-year project to
completely gut and rebuild the more than 80-year-old McClintock Laboratory as a
state-of-the-art cancer research laboratory was completed on time and on
budget of approximately $4.6 million. With the major assistance of subcontractor
Bill Baldwin, the entire structure was strengthened and equipped with new me-
chanical systems, a third floor was added, and the classically detailed brick and
stucco exterior was restored to its former beauty.

In the spring of the year, the Laboratory purchased the previously leased
DNA Learning Center building in Cold Spring Harbor Village from the Cold Spring
Harbor Central School District. Immediately thereafter began a thorough renova-
tion of the building, including a new front entrance, handicap accessibility fea-
tures, and a new sprinkler system. A computer laboratory was added, and thanks
to generous support from Cablevision, Inc., a new multimedia-equipped 100-seat
auditorium was built that may well be the finest installation of its type on Long Is-
land.

The year also witnessed the start of construction of a new President’s House,
which has a spectacular view of Cold Spring Harbor and far-off Connecticut from
the northernmost corner of the campus. Paid for entirely through Jim Watson's
generosity to the Laboratory, the new structure will be home to Jim and Liz for
many years and also house the Watson archives and other important papers
dealing with the history of molecular biology and genetics.

Less interesting, but very important, was the completion of all the necessary
engineering and approvals for the start of construction at year end of a new
sewage force main and pumping station that this spring replaced our nearly 25-
year-old sewage treatment plant. For an investment of $1.6 million, the
Laboratory is now connected to Nassau County's sewage line in Syosset and
then to the Cedar Creek treatment plant on the South Shore. The need to dis-
charge treated effluent into the inner harbor has been ended forever. The as-
sistance of the Trustees of the Village of Laurel Hollow in approving and support-
ing this project is much appreciated, and we thank the residents of Stewarts
Lane and Laurel Hollow Road for their patience during the winter construction.

Every year, other key administrators such as Barbara Wang, Assistant Con-
troller; Susan Schulz, Grants Manager; Sandy Chmelev, Purchasing Manager;
and Chery! Sinclair, Human Resources Manager play key roles in running our
complex and larger institution. Roberta Salant deals with all the requirements of
our very active and interested Board of Trustees and is of immeasurable help to
John Maroney and myself. The administrative departments and their staff do
much to provide the facilities and support that make the Laboratory a leader in its
field, and they should all feel great satisfaction in what they have accomplished.

Looking to the future, we are concerned by a small but important cloud on an
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ok. For perhaps the first time in the Laboratory’s

otherwise potential-filled outlo D er of neighbors in the Village of

. o eant
more than 100-year history, a significan '
Laurel Hollow are disturbed by various matters relating to the Laboratory. Some

are concerned by *dollars and cents’ issges such as th: co?rt‘ of g(i:]eerlzsti ecsr:i,gn
dren attending local schools while living |n.tax—exempt t 2;12 ugsé . Village e
the degree of Laboratory support for the Village budge e budaets
vices. Such concerns are understandable f'at this time when s o r?' °
everywhere are under pressuré and with Village taxes he.re ar:)onrgasoneg e on
Long Island. It should be possible to resolve these questlt?ns;\/I y asoned is-
cussion, better communication, and & willingness to be fair. More difficult is con-

‘ idents about the growth of the Laboratory anq future use of the
cern by some e become substantially larger in num-
property. In recent years, the Laboratory has : L S
ber of buildings and employees, but 0 too has the Village o aufre ho 0w,. e
Laboratory has managed its growth with great gare and COﬂC{em or the environ-
ment, and today the campus grounds and archltgcturg are widely regarded as
among Long Island’s most beautiful. It is hgrd to .lmaglne aqyong having a
greater vested interest than the Laboratory itself in .the. continuation of that pgauty
over the next 100 years for the enjoyment and inspiration of our staff, our visitors,
and our many neighbors who support us S0 generogs!y.

Some believe, however, that the Village should limit futgre use of the campus,
and at their behest, a temporary moratorium has been instituted on new non-
residential construction. Renovation of the ground floor of the DeForest Stables
as a day-care center for children of Laboratory employees has been .put on hold
after 2 years of study and planning with consultants and the approprla.te statfa
and local agencies. The Village has required a site-specific and gengnc environ-
mental impact study; meanwhile, there is much disappointment and in-
convenience for those who have been counting on the availability of child care.

To remain at the forefront of its field, the Laboratory must maintain its legal
right to use its property in a manner consistent with its role as a world class re-
search and education institution. Hopefully, reason and dialogue will prevail, and
it will be possible to proceed into the next century with the spirit of cooperation
and mutual respect that has benefited both the Laboratory and the Village for so
long.

G. Morgan Browne

BUILDINGS AND GROUNDS

The Buildings and Grounds Department was again kept busy in 1993. With major
projects from the previous year nearing completion and new projects started, the
Buildings and Grounds staff could hardly catch its breath. The first half of the
year was the busiest; the McClintock renovation was coming to completion and
the DNA Learning Center was being renovated. The last half of the year was
marked by many minor alterations and by the retrofitting of the sewage treatment
plant and installation of a sewage pipeline two and a half miles long.
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McClintock Laboratory

As 1993 opened, the Mcclintock renovation was moving along with the installa-
tion of the third-floor penthouse, all new interior walls, and new mechanical
equipment. The next step was to install the laboratory benches, desks, fume
hoods, shelves, etc., and to complete the mechanical system, which included the
cooling tower for the air-conditioning system and a building to house the system
north of the Cairn Laboratory. The last stage was to complete the trim, hang
doors, install computers and telephone wires, clean the building, and landscape
the exterior. David Beach'’s laboratory, with all of its equipment, was moved from
the Beckman building to the completed McClintock building. McClintock now has
a wonderful third-floor office area with a spectacular view of Cold Spring Harbor.
We moved a very large boulder to the entrance of McClintock Meadows to be
used for a plaque in memory of Barbara McClintock.

DNA Learning Center

Major changes during the first half of 1993 were carried out at the DNA Learning
Center after the Smithsonian Exhibition, which had occupied most of the building
since 1987, was removed. We gutted the interior of the entire main floor and
removed the main entrance steps. We then built some new exhibit rooms, along
with a state-of-the-art auditorium in the east wing for the multimedia program
donated by Cablevision Corporation. The auditorium became a highly technical
room complete with multiple projectors, videos, and sound equipment, all com-
puter coordinated. The west wing now holds a new computer laboratory which is
linked to the *wet" laboratory next door. We also installed a fire sprinkler system
and completely rebuilt the main entrance, including a ramp for the handicapped.

Sewage Treatment Plant

For 18 years, the Laboratory has maintained a sewage treatment facility in the
middle of the Laboratory grounds, and the staff has always operated the plant in
full compliance with all regulations. However, as the plant aged and the mechani-
cal equipment became in constant need of repair, it became painfully clear that
soon the plant would have to be completely rebuilt. The Laboratory therefore ex-
plored the possibility of pumping all of the sewage to Nassau County’s Cedar
Creek Treatment Plant. After an engineering study and numerous applications,
the Laboratory received permission from the Department of Conservation and
Nassau County to construct a pump station and pipeline to connect to the county
sewer system. In October, contracts were signed to install both the pipeline and
pump station, and both contractors set to work planning and ordering materials.
As the year ended, the two and half mile long pipeline was started and the exist-
ing treatment plant saw the beginnings of its conversion. Work will proceed
through the winter of 1994, with completion scheduled for April 1, 1994.

Renovations, Alterations, and Other Projects

Throughout the year, numerous projects keep the Buildings and Grounds staff
moving ever forward, from alterations to renovations to new and old construc-
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i rge as demolish-
tions. These projects can be as small as moving a desk or as large sh

ing a house.

Bronze Helix: In May, a 15-foot sculpturé of the double‘hglix was prgsgnted to Dr.
Watson during the Symposium meeting. We had the pnvulegg of a:;sugtms (l:hages
i i . " from his home and install it in the obby
Reina, the artist, transport ‘Bronze Helix . ‘
of Grace Auditorium. This beautiful sculpture is so huge that we had to anchor it

to the wall!

The President's House: As April rolled around, vye belgan demollstjjung the
Northview house to prepare the site for the President's House. By June, the foun-
dation was in and construction of the house was under way. As 199;3 cameto a
close, the building was up, the windows were instal!ed. and the rpofmg and
stucco work were started. We also started the 300 Ilnee?r feet of rnprap seawall.
We hope to complete all interior work on the house during the winter and start the

exterior work in the spring.

cClintock Laboratory was finished, many
here. Demerec experienced most of the
f the south wing became support

Demerec Laboratory: As soon as the M
scientist's laboratories were relocated t

changes. The rooms on the ground floor ©
rooms, as the cell culture area was moved to a larger laboratory, and the old cell

culture laboratory became a microinjection room. A number of the laboratories on
the second floor were refurbished, and three of the cold rooms were completely

updated with new mechanical equipment.

Hershey: Fiberoptic cabling was installed, and one of the offices was reworked
into a computer laboratory.

Delbruck Laboratory: An energy management computer system came to Del-
bruck in 1993. This ongoing project is making its way throughout the Laboratory
and is now showing results in both energy savings and fewer mechanical fail-
ures. Some structural roof repair was also done to Delbuck'’s teaching laboratory.
A combination of age and type of construction had caused the roof to sag to a
great extent. After the structural repairs were completed, we installed a new roof.

Beckman Laboratory: Two mechanical systems were improved. The first was the
addition of a plate heat exchanger that uses free outdoor cooling and eliminates
the need for costly mechanical cooling during the winter months. The second im-
provement was the addition of supplemental heat to enhance comfort levels in
some of the office areas.

Olney Barn: The barn became the headquarters for the Grounds Department and
will be used year-round. Some of the improvements included the addition of heat-
ing and bathroom facilities and an office for the Grounds Foreman. We also
repaired the exterior in preparation for painting in the spring of 1994.

Hooper House and the Firehouse: The years had taken their toll on the roofs of
these two buildings as evidenced by falling tiles and unsightly appearance. We
installed new roofs on both buildings and look forward to years of trouble-free
service.

Upper Cabins: We built a stairway from the lower set of cabins to the upper cabin

site. We also constructed a spacious, round wood deck for our visitors at the top
of this stairway.
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Uplands Farm: Scientists at the farm use corn and Arabidopsis as scientific tools,
and they need to grow the Arabidopsis in an enclosed growth room. Buildings
and Grounds therefore designed and built a growth room 24 feet long and 12
feet wide specifically for these plants. Timed fluorescent lighting and a climate-
controlled environment provide these plants with all they need for healthy growth.
Credit for the success of this complex room goes to our tradesmen, who spent
many weeks in its construction.

Banbury Center: Dan Miller, with the aid of one full-time helper and one part-
timer, does a great job maintaining the 40 acres comprising the Robertson
Estate. This team keeps moving right along without too much help from the main
Buildings and Grounds office.

In March of 1993, the Laboratory experienced a fierce storm out of the north-
east, which caused only minor damage. However, the round houseboat an-
chored in the harbor for more than 20 years lost its moorings and drifted onto
Laboratory property. After spending numerous hours making many phone calls,
the owner reluctantly agreed to dismantle the craft and haul it away. We can
honestly say, Good riddance!

As the year comes to a close, the Buildings and Grounds Department can
look back at all of its accomplishments and be very proud of its work. Our staff
has worked very hard and with great skill to maintain the working environment of
the Laboratory.

Jack Richards

PUBLIC AFFAIRS AND DEVELOPMENT,
AND THE LIBRARY

Combined Effort

So often had the efforts of the Public Affairs and Development Departments
dovetailed that in 1993 they were merged to align functions and provide a new
environment to deal with the challenge of a project-oriented fund-raising effort.
Raising funds for the clearly defined Second Century Capital Campaign, which
had a monetary goal, a beginning, and an end, is much different from the day-to-
day fund-raising needs of this complex organization. Funding plans and events
must be coordinated with the already packed Laboratory-wide calendar. We also
must prepare for the return of our chief fund-raiser, Jim Watson, from sabbatical
in July 1994. As Laboratory president, he will concentrate on the various funding
priorities set forth for the new department. We all look forward to the challenge.

This year of completion, expansion, and transition has been punctuated by
great successes. The Infrastructure Fund, begun during the Second Century
Campaign, was completed and will be named in honor of Trustee William R. Mil-
ler, who so successfully led this effort. The annual contributions grew, an
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achievement largely attributable to the efforts of the Cold Spring Harbor

Laboratory Association (CSHLA) and its volunteers, led ezglgsgstgzg;:dan; t'.re'
lessly by Mary Lindsay. Similarly, the fledging Corporate \t/éssuy o fo,r th?red
by Douglas Fox, broadened its base of Long Islgnd corpc(i)rtarl] am;c));:m forin
Laboratory's DNA Learning Center and sharply increase e

restricted funds raised this year.

DEVELOPMENT

The William R. Miller Infrastructure Fund

st remaining funds established during the
Second Century Campaign and spearheaded‘ by Trustee William R. Miller, com-
pleted the arduous task of raising over $4 million, enablmg the Laboratory to
complete the buildings and facilities needed for our meetings pArogram‘ The
kitchen and dining areas in Blackford Dining Hall were rpodgmnzed .and the
visitor cabins were completed. Fund-raising is difficult; finding fun.dlng for the un-
derpinnings of an organization is nearly impossible—but not for Bill Miller, who
rallied pharmaceutical industry support for the expanded facilities so that we
might better serve our meetings attendees.

The Infrastructure Fund, one of the la

Major Gifts

Several major gifts were received in 1993. Generous gifts from William and Irene
Miller, the David Koch Foundation, Dr. David Pall, the Perkin Fund, Sherburn Bec-
ker, the Daphne Seyboldt Culpeper Foundation, Fannie E. Rippel Foundation,
Booth Ferris Foundation, and Oncor, Inc. provided over $4 million toward the
Cancer Research Fund.

We were also fortunate to have received other major gifts during the year.
John and Rita Cleary, Dr. James Watson, and Owen Smith, Esq., contributed to
the Genetic Diseases Fund with a specific emphasis on muscular dystrophy.
George and Mary Lindsay contributed unrestricted funds, and Henry Wendt and
Dr. Maxwell Cowan gave for program support in Neurobiology. The Fort Hill
Foundation provided funds toward the William J. Matheson Chair and the Ban-
bury Fund supported the Charles S. Robertson Chair.

We also received several planned gifts in 1993. Bob Gardner established a
Charitable Remainder Trust (CRT) which named the Laboratory and two other in-
stitutions as equal beneficiaries; the trust was funded with appreciated securities.
Townsend and Elise Knight established a CRT naming the Laboratory as the sole
beneficiary; this trust was funded with proceeds from the sale of a house owned
for many years by the Knights and donated to the Laboratory. In both cases, the
donors added significantly to the Laboratory's endowment while creating a high-
yield life income for themselves, avoiding capital gains taxes on the transfer of
appreciated property, receiving a charitable deduction, and reducing estate
taxes. In a similar fashion, Edward Palmer named the Laboratory as beneficiary
of a life insurance policy he had received as a corporate director, and William
Osborn, who sadly died in November, made a bequest of an insurance policy to
be paid at a date in the future. Two other bequests were received from the
estates of Taggart Whipple and Charles Henry Leach Il. All of these gifts add to

the Laboratory’s endowment, helping to ensure the future of the science program
at the highest level.
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Annual Contributions

The Laboratory’s Annual Fund consists of several programs: the CSHL Associa-
tion Annual Fund, the Corporate Sponsor Program, the Student Scholarship
Funds (which include both the Undergraduate Research Program and Partners
for the Future), and the DNA Learning Center Annual Fund. Miscellaneous annual
contributions also come from memorials and a few restricted annual gifts. These
programs contributed a total of $1,468,093 to the Laboratory in 1993.

The CSHLA Annual Fund, the major source of unrestricted gifts to the Laboratory,
reached a new high in 1993 at $526,241. Membership in the Cold Spring Harbor
Laboratory Association rose to 889 members. Through the hard work of Mary
Lindsay, Carol Large, and the other Association officers, directors, and members,
the CSHLA's contribution to the Annual Fund was increased by $100,000 over
the 1992 level. Two successful benefits, the Blue Hill Troupe and the *Secret of
Life" garden party, raised $43,980. The "Secret of Life" party also added 140
people to the Association’s membership.

Association dollars are well spent. Dwindling federal funds make it in-
creasingly difficult for the scientists to find complete funding for their laboratory’s
operating costs. The Annual Fund provides fellowships for young scientists, start-
up funding for new laboratories, equipment, and supplies, and other unrestricted
monies to ease the budget burden. Providing these funds directly affects the
success of basic research into the causes of cancer, the nature of learning and
memory, the understanding of neurodegenerative diseases such as Alzheimer’s,
aging, and other genetic diseases such as muscular dystrophy.

The Corporate Sponsor Program, which supports the meetings program at the
Laboratory and at the Banbury Center, generated $737,750 from 30 companies
in 1993.

Corporate Advisory Board DNALC Annual Fund, composed of outstanding busi-
ness and professional leaders from the Long Island business community, grew
significantly during 1993. Led by Douglas Fox of Times-Mirror, members raised
$66,650 in unrestricted funds in 1993, an increase of more than 200% from the
previous year. Members also contributed their time and ideas to the Corporate
Advisory Board, and three committees were formed to support future outreach
and fund-raising efforts. The Education Committee, focusing on genetics work-
shops and seminars for the nonscientific community, is co-chaired by Gary
Frashier of Oncogene Science and Rocco Barrese of Dilworth and Barrese. The
Golf Tournament Committee will plan and execute the first Cold Spring Harbor
Laboratory Golf Tournament in spring 1994.

In the fall, Advisory board members were proud to show off the newly ex-
panded and renovated DNA Learning Center at Education Night, where they
treated close friends and business associates to a hands-on visit in both the
teaching and computer laboratories and to a viewing of Long Island Discovery; a
Cablevision-sponsored multimedia presentation about Long Island. A delicious
harvest meal capped the evening.

Undergraduate Research Program/Partners for the Future are highly selective
programs that make up the Laboratory's Student Scholarship Funds. The Un-
dergraduate Research Program (URP) is a 10-week intensive summer program
that encourages college juniors and seniors to consider careers in basic re-
search. Each student from the international group of about 20 works on a specific
project with a mentor from senior Laboratory staff. Similarly, each Long Island
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high school may nominate a single senior O pe one of five :’&gtrtlers forothe Fu-
ture. These youngsters spend 10 hours a week after school, between October
and March, working with @ scientist/mentor. Funds for these’two programs h?ve
been received from a variety of sources and total $119,771in 1993. The lion's
share of these funds were raised for the 34-year-old UF?I.D program, which started
its own endowment effort in the Second Century Campglgn. The Shékespeare
URP internship became the first to be fully endowed this year when its donor
added $50,000 to his original gift of that amount. More funds must be found to
ensure the continuation of the vital Partners for the Future program.

Reorganization and Staff Changes

Following the completion of the Second Century Campaign, jobs Yvere "rea|igned

to reflect the new organization of the development effort. Gordon Skip ,

Hargraves became Director of Planned Giving to reflec?t the Dgpartment s em-

phasis on planned giving as the major mechanism for increasing the Laboratory's

endowment. Jitl Clark, who came to us from the Foundation for Child Develop-
financial consulting, was appointed Associ-

ment with a background in nonprofit :
ate Director of Development with responsibility for Foundations and Corporate re-
k can be seen in the professional

lations. In her short time here, Jil's handiwor .
preparation of formal foundation proposals, the establishment and successful be-

ginning of the new President’s Council, and her initiative in planning a variety of
departmental projects. Joan Pesek continues as the Associate Director of the
CSHL Association Annual Fund. This year, Joan developed the new array of As-
sociation materials for the membership drive. Claire Fairman has responsibility for
raising funds for the Student Scholarship Funds and coordinating most of the
events for the Department. Deb Mullen, administrative assistant, on whom we all
rely, keeps our lives in order with a can-do willingness seen in very few. Deb took
responsibility for creating our fundraising database using the new software,
Raiser's Edge from Black Baud. Gisela Jennings will continue to assist Deb until
her temporary appointment ends in March 1994.

Plans for 1994 include continued emphasis on planned giving with the prepa-
ration and direct mailing of a planned giving brochure. Every effort will be made
to further the success of the Association by developing marketing tools that ex-
pand the demographics of membership and broaden the base of annual un-
restricted support. Foundation support will be sought to sustain the various pro-
grams that must be funded; these include the Cancer Research Fund, scientific
program support, Student Scholarship Funds, the Education Fund, the Child
Care Center, fiber optic cable system for high-speed computer networking, and
the Library Fund. We hope to expand the role of the Corporate Advisory Board
whose efforts presently go to raise unrestricted annual funds for the DNA Learn-
ing Center.

PUBLIC AFFAIRS

Major Events

Each year brings an increased number of events, and each year we imagine
there could never be more. Certainly that could be said for 1993, a year that
marked so many passages for Cold Spring Harbor Laboratory. Celebrations were
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held to mark the 40th anniversary of the discovery of the double helix, Dr. Wat-
son’s 25th year as organizer of the Symposium, and his 25 years as director. We
lauded 20 years of Robertson Research Fund support, applauded our newest
Nobel Laureate, Richard Roberts, and rededicated two of our oldest buildings,
Blackford Dining Hall and McClintock Laboratory.

The Public Affairs Department joined forces with Jan Witkowski to plan every
aspect of the DNA 40th Anniversary celebration, March 1-3, 1993. We prepared
a reprint of the original articles printed in Nature in 1953, which announced one
of the most important scientific discoveries of our time. Sculptor Charles Reina
was commissioned to design small double helix models; a gold one was present-
ed to Francis Crick who was here for the 40th Anniversary. At the same time, we
rededicated an expanded Blackford Hall with the preparation of a brochure that
documented the history of the Hall from its inception in 1907 to its present mod-
ernization. At the dedication, a silver model of the double helix was given to Wil-
liam R. Miller, who led the fund-raising effort that, among other things, supported
the Blackford expansion. A dinner was held in Clarkson Dining Hall for the con-
tributors and special guests.

The last 20 years have been the most secure in the Laboratory's more than
100 years, and the Robertson Research Fund, established in 1973, formed the
original endowment. On June 11, the Robertson family and friends were feted
with a presentation by one of the Robertson Fund-sponsored Outstanding Junior
Fellows, Carol Greider, and by David Beach, both of whom described their
cutting-edge research. Dr. Watson extolled the virtues of this important gift and
presented the members of the family with a leather-bound commemorative
volume charting the history and success of the fund. Bill Robertson spoke
thoughtfully on behalf of the family. A wonderful dinner capped the evening.

The rededication of the McClintock building drew an interesting assemblage.
Barbara McClintock's niece, Marjorie Bhavnani, and nephew, Scott McClintock,
joined contributors, members of 1in 9 from the Long Island Breast Cancer Coali-
tion, and staff to hear Al Hershey describe sharing this laboratory with Dr.
McClintock in the 1950s. The keynote address was given by David Beach, who
discussed his work using yeast to understand control in the cell cycle. The day
was marked by a dedication brochure featuring a reproduction of Eleanor
Malamed's towering portrait of Barbara McClintock and an intriguing history of
the building and its occupants.

Other Events

Many other events rounded out our year. The three Lioyd Harbor Seminars were
introduced by village trustee George Toumanoff. In the spring, Dr. Francis
Roberts, Superintendent, District 2, presented a talk on American schools in the
21st Century, and Meg Cleary of the Nature Conservancy spoke on the Conser-
vation Initiative on Long Island. A seminar on eugenics was presented in the late
fall by David Micklos, Director of the DNA Learning Center. Twice yearly, during a
spring and fall meeting, performers from Young Concert Artists International
come to the Laboratory to delight our meeting attendees. In 1993, Alex
Slobodyanik, pianist, and Scott St. Johns, violinist, performed.

A new series of clinical lectures for the public, arranged in conjunction with
Huntington Hospital, was presented in Grace Auditorium. Topics discussed in-
cluded stroke, heart disease, and colon, prostate, and breast cancer. The
popularity of these programs has encouraged us to continue them in 1994/1995.
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i i , introducing

Again we held our four quarterly Saturday mornlng public tours, in _
117 v?sa;;ors to the magic of Cold Spring Harbor. specnafl :s:::ea;‘g :j‘::;fisn\évlirctieezr
ranged for various groups throughout the year.. So,mglot)' e ey Bronk
SPLIA:; the New York Institute of Technology; Lion's Au ; it e
science forum, Nassau Community College; and the AssoC tion of L .“y
Women. These tours and talks aré successful because our scl willing

th visitors and outside groups. .
° mTiZt ngo:is;:gj kept us busy arranging more than a fdozTn ctilfferent Zvems'
including art exhibits, concerts, an Operet.ta, garden par.tles. ?Tettltreeri,ezr; tr:eelt(_
ings. We produced new stationery which includes two sizes 0 eterme _h an
you and note cards, donor and memorial cards, a;g ;hoe7 annual fund brochure.
iati sident’s report appears on pa .
Thegjrsi(:\:/lc?lt\;z:n};et with holiday parties is keptto a mi.nimurn pecause .of the
good offices of Art Brings, who, along with his energetnc staff, installs giant
Christmas trees, wraps Christmas gifts, designs coffins for Hallqween, ,arranges
magic shows, and generally makes this a better glage to be. This yea.r s staff
events included the first Lab-wide summer staff picnic on the sandspit, a wel-
g for staff and their families.

comsee\g,;:rtwtt;/) gteatfrfu:nd their families sat down together fora shargq Thankggiving,
Blackford Hall staff prepared turkey and trimmings, and the families provndgd the
side dishes and dessert. After a game of football on the lawn, e.veryone enjoyed
the international food and extended family. At the children’s holiday party, Santa
presented 114 kids from the jaboratory with gifts selected by he4|pers Joan Pesek
and Grace Stillman. At our annual tree lighting, Old Bethpage Village Brass Band

accompanied our caroling, and Jim Hope prepared great holiday treats for staff

and neighbors. . '
it should be noted that events do not happen without the cooperation of many

people. Safety and security handle the parking and crowd control with
tremendous skill. The carpenters hang artwork and install brass plaques and are
always on hand to fix something at the last minute. The computer staff makes
light work of our mailing lists and in-house printing needs. The electricians work
tirelessly to fix phones, install wiring, and ensure lighting. The custodial staff is
called on to set up and take down tables and chairs daily. They keep the facilities
clean and offer the human power necessary to move an event. The grounds are
beautifully groomed. The Meetings office arranges housing for our overnight
visitors, and the Blackford staff prepares all the food and drink.

Printed Materials

Harbor Transcript continues to expand its content. This year, our summer issue
was a whopping 16 pager featuring special coverage of the very special events
held this year by the CSHL Association. Each issue in 1993 recorded the many
milestones of the Laboratory. We are distributing this newsletter to nearly 7000
scientific alumni, foundations, contributors, association members, neighbors, and
friends. Rising costs will make it necessary to pare our mailing list in the future
and offer it long-term to only those who are members of the Laboratory’s ex-
tended family.

Production of materials for the Laboratory is a cooperative effort of science
writer Nathaniel Comfort and our muititalented art director, Margot Bennett. The
addition of a new computer with design software makes the work faster and more
efficient. We can now see what a piece will iook like, color and all, directly on the
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monitor, and this allows us to make minor changes instantaneously. With the ca-
pacity to work more efficiently, we have been called on to produce more material
with no increase in staff. We prepared 11 formal invitations, 6 event programs, 11
pieces for the Association, a brochure for the new President's Council, and, as al-
ways, the 3 meetings posters and the Nature Study brochure. Margot Bennett's
tasteful design of the dedication pieces, the Robertson book, and our new
brochure, A Closer View (due early 1994), deserves special mention. Each de-
sign fit the occasion and each uniquely represents the Laboratory. Additionally,
Margot Bennett, ably aided by Ed Campodonico, Herb Parsons, and Scott
McBride, succeeds in keeping up with the growing demand for photographic
services.

Nathaniel Comfort researched and wrote the three important brochures that
have eloquently contributed to the documentation of the Laboratory's history: The
Blackford Dedication, the McClintock Dedication, and the Robertson Research
Fund 20th Anniversary. He also wrote many press releases, foundation applica-
tions, and the text for A Closer View. Certainly, Nathan's year could be character-
ized as one of change and commitment. He married, began his Ph.D. in the his-
tory of science, bought a home, completed the science history portion of a spe-
cial research project for the Laboratory's application to the National Register of
Historic Places, prepared by Elizabeth Watson, and contracted with the CSHL
Press to co-author a book with Dr. Bentley Glass on the Laboratory's scientific
history. It is our pleasure to find that Nathan's career path has been influenced by
the rich history of this institution.

Partners for the Future

Along with handling the day-to-day operation of a very busy Public Affairs office,
Lynn Hardin is the administrator for the Partners program. Each year in March,
the 151 schools on Long Island are asked to submit their candidates for the fol-
lowing school year. The applications are narrowed to ten candidates by a com-
mittee of scientists: in June, the committee interviews each of the finalists and the
five successful Partners are notified on July 1. The fact that this program runs
flawlessly can be attributed to Lynn's adherence to timetables and execution of
the rules for this competitive program. The 1993/1994 students are profiled in the
Highlights section of this report.

Donor Recognition

Brass plaque recognition of our donors is also Lynn Hardin's responsibility. Five
major plaques were put in place in 1993. Among these were the giant Second
Century Campaign plaque and the plaque marking the first 20 years of the
Robertson Research Fund, each installed in Grace Auditorium lobby. In 1993,
Lynn found a Long Island vendor who was able to do work of better quality for
half the price and in half the time required by the previous vendor.

Media

The Department handled press questions that resulted in nearly 400 mentions in
the print media, television, and radio. Two big events, the 40th Anniversary of
DNA and the receipt of the Nobel prize by two former staff members, Richard
Roberts and Phillip Sharp, dominated the coverage. The Department got special
support from intern Elizabeth Cooper, who gave her Columbus Day weekend to
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tionally, we had requests regarding
ants in the Laboratory’s meetings

ons relating to the promotions of Jim Watson to pr?sident
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_ The Economic Times of Long Island, in its series "Women in nology,
:J?Z?Ied Carol Greider and her telomeres research. Bofbt r?ool;z ro; zf,:gayr?;?te
an excellent companion piece to the aqnouncement o) N |T y > ,esearc‘; e
characterizing the Laboratory as "a fertile s'eedbed for bio ogn | researd .f e
Long Islander wroté “CSH lab sends expenment. to spaced. f isc . :Vi ng ef azt.
that the space shuttle Discovery carried @ protein paylog rom David € ear or s
laboratory. The experiment examined the effect of growing Crys r micro-

gravity conditions.

terials for the Press. Addi

reproduce all the ma dc
- s who have been particlp

other Nobel recipient
and courses, and questi
and Bruce Stillman to dir

Audiovisual

Ever present and willing to meet all the audiovisgal needs of the Laporatory, Herb
Parsons and Ed Campodonico bring new meamng to persgna| servpe a_"‘d atten-
tion to detail. These men and their able student aides provide all aud|owsua|. ser-
vices for the meetings and COUrSes, Banbury Center programS. and all S.pec|a|
events inside and out. Itis their responsibility to keep all seminar rooms in work-
ing order. We cannot ask more of this small dedicated staff.

LIBRARY SERVICES

Under this umbrella are the Library and its staff, who continue to serve and sup-
port the information needs of their many constituencies. The scientists receive
prompt service and up-to-date bibliographic support of their projects through the
availability of a variety of computer resources. Public Affairs requires major sup-
port when preparing the history or design for projects ranging from dedication
booklets to commemorative reprints. The Development Department is provided
with a range of services from art curation, commissioning, and framing to the ac-
quisition of commemoratives. The Library also maintains Development’s collec-
tion of foundation and corporate annual reports and reference materials.

The Library staff continues to operate efficiently in ever-deteriorating condi-
tions. Materials, machines, and machine readables contribute to the growth,
whereas water problems, crowding, and noise weaken the resolve.

Reference and Bibliography

Patron access of MEDLINE, Current Contents, and Science Citation Index on
computers increased 94% in 1993. Computer-based reference capability has
grown to include Linscott’s Manual and Grolier's Encyclopedia on CD. Patrons
are assisted in discovering resources on the Internet, such as American Type
Culture Collection catalog (ATCC), FlyBase, and the Arabidopsis Research Com-
panion. Continuing problems with the CD-ROM towers computer, which is heavily
used, put us out of commission for a while, but free searching was done by the
staff to mitigate the inconvenience to researchers. These mechanical problems
should be resolved early in 1994 with an upgrade of the system.

Seventy-one scientists use the Library's table of contents service, which pro-
vides desktop access to the contents of 81 journals. The number of interlibrary
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loans processed for the scientific staff increased 78% over last year. Wanda
Stolen, senior library assistant, obtains articles quickly and efficiently using on-
line access while keeping costs down by utilization of our membership in the
New York State Hospital Program which supplements regional libraries.

A survey of the use of journal titles held by the Library and its branches pro-
duced excellent results when it revealed that 11 titles were not being used and
could be canceled and replaced by 11 new titles required by the scientific staff.
Inactive journals and accumulated duplicates were sold to make room for our ex-
panding collection of books, journals, and tapes.

New Equipment

A new Xerox photocopier has replaced the tired, old IBM. The new copier does
reduction and enlargement and has a photo mode, auto contrast, margin shift,
stapler, and other special features. The use of the Library's photocopy service
has increased 73% this year. As has been done in a growing number of buildings
on grounds, a security access system has been installed to provide after-hours
access by authorized personnel.

Service with a Smile

Superlative service to growing numbers of scientists in overcrowded conditions
can only be achieved by a willing and dedicated staff. Margaret Henderson and
her staff meet this challenge with great patience and intelligence. Wanda Stolen,
Kelly Kasso, and Leigh Johnson ably handled the Library during Margaret's sum-
mer maternity leave.

Archives and Art

The Library archives were exploited in 1993 because of the convergence of
several landmark events occurring at the Laboratory. Clare Bunce has made an
indelible mark on archive service, accomplishing volumes of work for the torrent
of requests. Not only does archives provide research and photographic service,
but it also handles artistic reproduction and framing Lab-wide.

Research and photographs were provided for the Robertson Research Fund
20th Anniversary book, the McClintock Laboratory's rededication brochure, and
the current forthcoming Laboratory overview, A Closer View. Photographs were
also provided for the Annual Report and Harbor Transcript.

Outside use of the archival collection came from a diverse clientele consisting
of book publishers, film producers, newspapers, museums, and educational
facilities. Students of all ages are visitors to the archives for class projects on the
history of molecular biology and genetics. Biographical information on and pho-
tographs of our Nobel Laureates, Alfred Hershey, Barbara McClintock, James
Watson, and now Richard Roberts and Phillip Sharp, are routinely requested.

There was heightened interest in James D. Watson when the 40th anniversary
of the discovery of the structure of DNA coincided with his 25th year as director
of the Laboratory. Along with the original drawing of the double helix, archives
provided various illustrations as the inspiration for the 15-foot *Bronze Helix,"
which stands in the lobby of Grace Auditorium. In addition, photographs were
provided for the montage that hangs in the lobby. Both of these were gifts from
colleagues of Jim Watson and were presented during the annual Symposium
marking his first 25 years at the Laboratory.
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kills and Financial Support
marking her 20th year with Cold Spring Harbor Laboratory, is my
e lends support to all aspects of my many-faceted department
1993 accomplishments. Laura identified the artists, commis- '
sioned the works, and monitored the progress of the "Bronze Helix," the portrait of
Dr. McClintock that hangs on the top floor of the laboratory building that bears
Barbara's name, and the tray-table for Dr. and Mrs. Watson. Laura selects
frames, commemoratives, artwork, photography. and furnishing for myriad
projects Lab-wide. Her artistic talent and eye for excellence enable her to put
tory's aesthetic landscape.

many finishing touches on the Labora
As business manager, Laura is responsible for preparing the preliminary
pudgets for all three departments, overseeing expenditures throughout the year

and handling special projects. In 1993, she managed the records retention com-
mittee, determining needs, finding appropriate space, and planning the move. By
the summer of 1994, the Records Center of the Laboratory will move into a
permanent, long-term storage space in the basement of Sammis Hall. During
these 20 years, no one has served the Laboratory any better or more willingly.
She has my respect and gratitude.
It is gratifying to review the year of accomplishments and know that many
people contributed to the success of the newly combined department. It is my
pleasure to team-build with a dedicated staff, cooperative departments, and

energetic volunteers.

Special S

Laura Hyman,
greatest asset. Sh
Among her many

Susan Cooper
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Top row: T. Koothan; P. Kearney; C. Huang; K. McCloy
Center: M. Delay (President of Axon Institute), R. Malinow, A. Shirke

Bottom row: H. Zhou; S. Waga; M.-S. Jung, M. Reguiski; C. Bautista



TUMOR VIRUSES

The Tumor Virus Section continues to use a variety of viruses to study the me-
chanisms of gene replication and expression. These studies follow the central
dogma of biology, extending from control of DNA replication and transcription to
mRNA processing and translation. In earlier years, research in this section relied
heavily on DNA tumor viruses, especially adenovirus, papillomavirus, and SV40.
More recently, the research has expanded to include other viruses such as
herpes simplex virus and human immunodeficiency virus and nonmammalian
organisms, in particular yeast. This diversification, however, has not weakened
the network of interactions that have been a mainstay of this section. Indeed, the

reports that follow attest to the vitality of this program now in its 23rd year.

DNA SYNTHESIS

B. Stillman N. Muzyczka S.-U. Din J.M. Ruppert Y. Marahrens
C. Prives C. Hardy S. Waga J. Mitchell
J. Scott C. Liang M. Weinrich H. Rao
M. Akiyama T. Melendy K. Fien L. Borzillo
S.P. Bell C. Mirzayan K. Gavin C. Dreissens
G. Cullman

During the past year, our studies on the replication of
DNA in eukaryotes have progressed on many impor-
tant fronts. The primate virus, simian virus 40, can
replicate its DNA in human cells and has been the
mainstay of our efforts toward understanding the en-
zymology of DNA replication in eukaryotes. This
vigorous experimental system has been valuable
primarily because of the ability to replicate SV40
DNA in a cell-free extract from human cells. In this
past year, we have achieved a long-term goal of
being able to replicate DNA containing the SV40
replicator with highly purified and characterized
DNA replication proteins. This has resulted in a
detailed understanding of the mechanism of DNA
replication. Concomitant with studies on SV40 DNA
replication, we continue to study the replication of
chromosomal DNA using the yeast Saccharomyces
cerevisiae as a model system. Progress during the last
year in this rapidly expanding area has been substan-
tial, including the recognition that initiation of DNA
replication and transcriptional regulation are inti-
mately connected.

SV40 DNA Replication

L. Borzillo, F. Bunz, T. Melendy, C. Prives, J.M. Ruppert,
S. Waga, B. Stillman

One of the key events in the control of DNA replica-
tion is the binding of an initiator protein to a
replicator located in the template DNA. The
replicator is a genetically defined element in the
DNA that controls the initiation of DNA replication
and contains the binding site for the initiator protein.
SV40 encodes its own initiator protein, the SV40 T
antigen. This protein functions not only to recognize
the replicator, but also as a DNA helicase and to load
DNA polymerase of/DNA primase (pola/primase)
onto the DNA at the replication origin. The binding
of the initiator protein promotes initiation of DNA
replication at the SV40 ori.

In collaboration with Dr. Daniel Simons and his
colleagues (University of Delaware), we have studied
the activities present in mutant forms of T antigen
and have found that the DNA-binding domain con-
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tributes to many of the T-antigen-associated DNA-
replication activities. In particular, some mutants f’f T
antigen distinguish between the ability of T antigen
to bind to the replicator sequences at the SV40 ori
and its ability to initiate unwinding and subsequent
DNA synthesis functions. One of these functions may
be a primosome-loading function of T antigen. SV40
T antigen promotes the assembly of the pola/primase
complex onto single-stranded DNA coated with 'the
single-stranded DNA-binding protein RPA (replica-
tion protein A). In many ways, this function of T
antigen is analogous to that of the primosome as-
sembly proteins that load DNA primase onto l.he
template DNA during replication of the bactt;nal
chromosome, and thus we have designated T antigen
as a primosome-loading protein. )

T antigen from SV40 supports DNA replication
from the SV40 ori in primate cells but not in murine
cells. Other investigators have shown that a correla-
tion exists between the ability of SV40 T antigen to
support DNA replication in these various cells and
the ability of T antigen to bind to the pola/primase
complex. In the past year, in collaboration with Dr. J.
Kadonaga and R. Kamakaka (University of Califor-
nia, San Diego), we have demonstrated DNA repli-
cation in cell extracts prepared from Drosophila
melanogaster embryos and tissue culture cells that is
SV40-T-antigen- and SV40-ori-dependent. Further-
more, initiation of DNA replication can occur at the
SV40 ori in the presence of highly purified T antigen,
Drosophila pola/primase, and Drosophila RPA. In
this case, the human RPA cannot support DNA
replication, further emphasizing the role of protein-
protein interactions between SV40 T antigen, RPA,
and pola/primase in correctly initiating DNA replica-
tion.

As noted in last year’s Annual Report, a number
of new DNA replication proteins have been identi-
fied, and the replication of DNA from the SV40 ori
can occur with highly purified human proteins and
SV40 T antigen. To characterize these proteins more
thoroughly and to facilitate production of large
amounts of these proteins, we have cloned several
cDNAs encoding human DNA replication proteins.
cDNAs encoding the large subunit of replication fac-
tor C (RFC) have been isolated from human and
mouse cells (the latter in collaboration with Dr.
Gunter Schutz and his colleagues, Cancer Center,
Heidelberg, Germany). A region in the human RFC
140-kD subunit has extensive similarity to the other
human RFC subunits (cloned in Dr. J. Hurwitz’s
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laboratory, Memorial Sloan-I.(ette‘rin‘g Cancer Cen-
ter); it also contains an extensn}/e similarity to a sm.a]l
region in the bacterial DNA ligases and mammalian
po]y(ADP)-ribose polym.erase.' The. common feau.lre
between these proteins is their ability to recognize
DNA in a structure-specific manner. We have also
cloned cDNA encoding a portion of the MFI 5 to
3+ exonuclease and have discovered that it is identi-
cal to a recently characterized endo: and exonuclease
characterized by Dr. Micheal Leiber and his col-
leagues (Stanford University). ' .

Because the human cell proteins required for
replication of SV40 DNA in vitro have been purified,
the role of these proteins in DNA replication can now
be studied. In the last year, weé have shown that three
new DNA replication factors, MF1, DNA ligase I,
and ribonuclease H1 (the latter is required as
demonstrated by Dr. R. Bambara and his colleagues,
University of Rochester) are required for complete
replication of SV40 DNA, particularly for completion
of the discontinuously synthesized lagging strand. In
previous years, characterization of the mechanism of
DNA replication has demonstrated that pola/primase
primes DNA synthesis at the SV40 ori, and then
DNA polymerase 8, together with the proliferating
cell nuclear antigen (PCNA) and RFC, produces the
continuously synthesized leading strand at the DNA
replication fork.

Now that complete replication of both strands at
the replication fork can be reproduced in vitro, we re-
examined the role of the various DNA replication
proteins. When either pold, PCNA, or RFC was
omitted from the complete DNA replication reac-
tions, as expected, synthesis of the leading strand was
prevented, but surprisingly, replication of the lagging
strand at the fork was also abnormal. This and other
results suggested that pold and its accessory proteins
PCNA and RFC are required for synthesis of the
Okazaki fragments on the lagging-strand template.
The idea was examined by constructing a synthetic
lagging-strand DNA template and testing the require-
ment for various DNA replication proteins in the
completion of Okazaki fragment synthesis and liga-
tion of the fragments. The results demonstrated that
PCNA and RFC cooperate to prevent pola/primase
from extensively elongating a DNA primer and that
they load pold onto the primer DNA to complete the
Okazaki fragment. Thus, there is a switch from pola
to pold during the synthesis of every Okazaki frag-
ment (see Fig. 1). We have previously demonstrated
that a similar switch from pola to pold occurs at the
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FIGURE 1 Mechanism of DNA synthesis at a eukaryotic cell
DNA replication fork. (Top) Model for a DNA polymerase
switching mechanism during lagging-strand replication.
(Bottom) Model for a multi-protein complex at a eukaryotic
cell DNA replication fork, including one molecule of
polymerase o/primase complex which is about to synthesize
an initiator RNA-DNA on the lagging-strand template. Two
molecules of polymerase §; one of them on the lagging-
strand template is elongating the DNA strand from the in-
itiator DNA that had been synthesized previously by
pola/primase; the other on the leading-strand template is
continuously replicating the leading strand. During SV40
DNA replication, the DNA helicase at the fork is SV40 T
antigen. (Reprinted, with permission, from Waga and
Stillman 1994.)

SV40 ori during initiation of leading-strand synthe-
sis. These studies suggest that a eukaryotic DNA
replication fork has two molecules of DNA pold
synthesizing DNA on both the leading and lagging
strands (see Fig. 1). In contrast, pola/primase seems
to function only during synthesis of a primer
RNA/DNA both at the replication origin and for in-
itiation of every Okazaki fragment.

Cell Chromosome
Replication

M. Akiyama, S.P. Bell, G. Cullmann, K. Fien, K. Gavin,
C. Liang, Y. Marahrens, C. Mirzayan, J. Mitchell, J. Scott,
B. Stillman, H. Rao, M. Weinrich

In parallel with the studies on the replication of SV40
DNA, we have for quite some time worked on the
replication of cell chromosomal DNA in the yeast S.
cerevisiae. A number of DNA replication proteins
have been purified from this yeast and the genes en-
coding them have been identified. Most recently, the
five genes encoding the S. cerevisiae RFC subunits
have been cloned. One of these genes that encodes
the large subunit of RFC is related to the large sub-
units of human and mouse RFC and contains sim-
ilarity to the DNA ligase and poly(ADP)-ribose
polymerase mentioned above. Furthermore, the gene
encoding the large subunit of S. cerevisiae RFC is
identical to the CDC44 gene. Mutations in this gene
have a cell division cycle (cdc) arrest phenotype that
is consistent with a role for this protein in DNA me-
tabolism; in addition, there appears to be an effect of
the mutations in this gene on the entry into mitosis,
suggesting that the RFC might have a role in linking
DNA replication and/or repair to mitosis controls.

The dependence of the SV40 system on the many
functions of T antigen precludes insight from this
system into the mechanism of initiation of cell
chromosome replication. To begin to study this im-
portant problem, we have focused our attention on
the DNA sequences that are required for initiation of
DNA replication and the proteins that interact with
these sequences.

The DNA sequences in the ARSI and ARS307
replicators that are required for supporting auton-
omous replication of an artificial plasmid chromo-
some have been defined. Each replicator contains an
essential A domain that contains within it a match to
an 11-base-pair consensus sequence found in every
yeast replicator. In addition, these two replicators
contain B1 and B2 elements that are functionally
conserved, even though there is little sequence
similarity between them. ARS! also contains a B3
element that is the binding site for the Abf1 protein.

Other investigators have demonstrated that only a
subset of yeast sequences that function as replicator
sequences in a minichromosome (plasmid) context
actually function in the chromosome in their natural
location to initiate DNA replication. For this reason,
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we have investigated whether the four DNA elements
required for ARS1 function in a plasmid context func-
tion in the chromosome. Linker scan or point muta-
tions were introduced into the ARSI locus on
chromosome IV, and the presence or absence of an
origin of DNA replication was assayed by two-
dimensional electrophoresis. As expected, mutations
in the A element abolished replicator activity. Muta-
tions in any one of the three B elements had a small
effect on the activity of the replicator, but double and
triple mutations in the B element severely reduced or
eliminated initiation of DNA replication at the ARSI
locus. These results are similar to those obtained
employing the plasmid-based assay and demonstrate
that a chromosomal replicator consists of a modular
array of DNA sequence elements, some of which are
in large part not absolutely necessary when mutated
individually. )

In the course of these experiments, a yeast strain
was constructed that contained two copies of the
ARS1 sequences separated by 4.6 kb of DNA. Inter-
estingly, only one of these replicators (left) was func-
tional in producing a replication origin and the other
(right) was inactive. Thus, sequences outside the
replicator DNA can influence the selection of identi-
cal replicators. The dominance of the left replicator
over the inactive right replicator depended, however,
on the active replicator. When the essential A ele-
ment in the active left replicator was mutated, the
right replicator was fully active. This suggests that
the dominance of one replicator over another requires
initiation of DNA replication.

In two previous Annual Reports, we have de-
scribed the purification and characterization of the
origin recognition complex (ORC). This protein com-
plex contains subunits of 120, 72, 62, 56, 53, and 50
kD in mass. ORC binds in an ATP-dependent manner
to the essential A element in the replicator and pro-
tects from nuclease digestion the A and B1 region of
ARS sequences. We have demonstrated that the Bl
element also contributes to the specificity of ORC
binding to the replicator since mutations in the Bl
element, but not the B2 or B3 elements, affect ORC
DNA binding in vitro.

To characterize the ORC protein complex further,
peptides from the ORC proteins were sequenced in
collaboration with Dr. R. Kobayashi (Protein Chem-
istry Laboratory), and this information was used to
obtain the genes encoding all six subunits. All of
these gene products are essential for yeast viability.
The peptide sequences derived from the ORC2 and
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ORC6 proteins were found to be encoch b)f genes
that had been characterized b){ oth?r |nves({gators.
Drs.J. Liand L Herskowitz (University of California,
San Francisco) cloned the ORC6 gene using a genetic
screen for proteins that interact with the ARS con-
sensus sequence. They derpongrated that over-
production of the ORC6 protein did not affect a wild-
type strain, but in cdc6 and ch46 m}xtant §trains,
overproduction of ORC6 was lncon)patlble with cell
viability. This suggested that ORC 1nterac‘ts with the
CDC6 and CDC46 proteins, both of which are re-
quired for entry into S phase of the cell cycle.

In collaboration with Dr. J. Rine and his col-
leagues (University of California, Berkel?y), we have
identified temperature-sensitive mutants in the ORC2
and ORC5 genes that arrest at the nonpermissive
temperature with a cdc phenotype, consistent with a
role for these proteins in the initiation of DNA
replication.  Furthermore, these strains cannot
maintain plasmids that contain only one replicator,
even at the temperature where the cells are viable,
Analysis of the DNA content by fluorescence-acti-
vated cell sorting suggests that ORC is required for
correct initiation of DNA replication, but the data
also suggest a role for ORC in preventing in-
appropriate DNA synthesis.

An unexpected finding from characterization of
these orc2 and orcS mutants was the observation that
they are defective for transcriptional silencing of the
silent mating-type loci on chromosome III in §. cere-
visige. At the permissive temperature, both mutants
failed to keep the normally silent HML and HMR
genes from being transcribed. We have demonstrated
that ORC binds to the DNA sequences that flank
these silent genes that act as cis-acting silencer se-
quences. Within these silencers, the ORC-binding
site cooperates with the binding sites for the Abfl
and Rap proteins. These results demonstrate a direct
relationship between the initiation of DNA replica-
tion and the initiation or maintenance of a transcrip-
tional state that is inherited to daughter cells.
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MOLECULAR BIOLOGY OF BOVINE PAPILLOMAVIRUSES

J. Sedman
R. Kluttig

A. Stenlund M. Berg

T. Sedman

The papillomaviruses infect and transform the basal
epithelium in their hosts, inducing proliferation of the
cell at the site of infection. The resulting tumors are
in most cases benign and will usually regress after
some time, but certain types of human papilloma-
viruses (HPVs 16, 18, 31, 33, and 39) give rise to
tumors that are prone to progress toward malignancy,
especially frequently cervical carcinoma. In total,
HPV DNA can now be found in biopsies from ap-
proximately 80% of all cervical carcinomas.

This very good correlation between papilloma-
virus infections and human carcinomas has in-
tensified the research on the biology of these viruses
over the past decade. One of the key impediments to
this work has been the inability to define a simple in
vitro cell culture system for HPVs, largely due to the
fact that these viruses normally require specialized

differentiating cells that only with great difficulty can
be generated in cell culture. One way to circumvent
this problem has been to study related animal viruses
where at least a part of the viral life cycle can be
reproduced. In particular, a bovine papillomavirus
(BPV-1) has become something of a prototype virus
for the papillomavirus group since a convenient cell
culture system exists for this virus, where viral gene
expression, oncogenic transformation, and viral DNA
replication can be studied. To date, more than 60 dif-
ferent papillomavirus genomes have been character-
ized and cloned, and all of these show a remarkable
degree of similarity in their genome organization.
This similarity originally formed the basis for the as-
sumption that what was learned from one virus could
be applied to another. This assumption has largely
been verified; many of the phenomena that originally
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were described for BPV have subsequently been
found also in the human viruses.

The DNA replication properties of these viruses
show some unique and interesting characteristics. As
part of their normal life cycle, papillomaviruses can
exist in a state of latency which is characterized by
maintenance of the viral DNA as a multicopy plas-
mid in the infected cells. The copy number of the
viral DNA appears to be tightly controlled, and the
viral DNA is stably inherited under these conditior‘ls.
This system therefore provides a unique opportunity
to study plasmid replication in mammalian cells.

In previous years, we have reported the develop-
ment of a short-term replication assay that has
enabled us, for the first time, to define the viral com-
ponents that are required for viral DNA replication
and to initiate detailed studies of the viral DNA
replication properties of this group of viruses. In the
past year, we have continued this work with most of
our effort directed toward detailed biochemical anal-
ysis of the replication process, with specific emphasis
on the respective function of the viral and cellular
proteins that take part in this process. To this end, we
have refined the expression and purification of the
two viral proteins (E1 and E2) that are required for
viral DNA replication, as well as continued the analy-
sis of the initiation complexes that are formed on the
Ori. We have also adapted and modified a cell-free
replication system that was originally developed in
M. Botchan’s laboratory. In addition, we have begun
(in collaboration with T. Melendy in B. Stillman’s
laboratory) to identify the cellular factors that are re-
quired for viral DNA replication.

Formation of Initiation
Complexes

T. Sedman, A. Stenlund

The minimal Ori sequence that is required for
replication in vivo is approximately 60 nucleotides
long and contains three sequence elements. Two of
these elements have known functions, consisting of
binding sites for the viral E1 and E2 proteins. The
third element has been termed the A+T-rich region.
Our earlier genetic experiments have demonstrated
that the presence of these elements is necessary for
replication activity. However, the position and se-
quence of one of these elements, the E2-binding site,
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is not critical for rc:plica(ioq activity of the Ori. The
sequence of this site is not important per sc and can
be changed as long as these chan'gcs' Sll”' allow bind-
ing of E2. Furthermore, the E2-l?|nd|ng site can func-
tion from various positions rcla.tlvc to the E]-blnding
site and A+T-rich region. During the past year, we
have developed a series of assays to study tl?c binding
of E1 and E2 to the Ori sequence to dct.crmlnc the re-
quirements for binding and for formation fJf produc-
tive replication complcxcs.‘ By a combination of
DNase protection assays, interference assays, and
gel-retardation assays, weé have been a.b']c to establish
that E1 is capable of binding to the Ori in at least two
different forms: either together with E2 to form ap
Ori+E1+E2 complex or by itself to form an Ori+E|
complex. The Ori+E1+E2 complex is formed by
cooperative binding of E1 and E2 to Ori and can
form at low concentration of El provided E2 is pres-
ent. The formation of this complex also requires the
presence of an E2-binding site adjacent to the El-
binding site. The Ori+E1 complex requires higher
concentrations of E1 and forms on the same Ori se-
quence but does not require E2 or E2-binding sites
for its formation. Results from interference analysis
indicated that overlapping but not completely identi-
cal sequences are involved in binding of the two
complexes. To determine which of these complexes
is important for replication in vivo, we have genera-
ted mutations designed to affect the formation of the
two complexes differentially. Mutations in the E2-
binding site reduce the ability to form the E1+E2
complex and also reduce replication. Mutations that
increase the spacing between the E1- and E2-binding
sites concomitantly reduce the ability to form the
E1+E2 complex and the ability to replicate. The sum
of these results indicates that the ability to form the
E1+E2 complex is essential for replication activity in
vivo, whereas the ability to form the E1 complex is
not. However, the ability to form the E1 complex
clearly is sufficient for replication in vitro (see be-
low), indicating that more than one pathway exists to
generate functional replication complexes.

DNA Replication In Vitro

J. Sedman, A. Stenlund

A major effort during the past year has been to per-
fect the overexpression and purification of the two



viral proteins involved in viral DNA replication. The
El and E2 proteins have been expressed in soluble
form in Escherichia coli and have been purified to
apparent homogeneity by a combination of conven-
tional chromatography and affinity chromatography.
Both proteins are site-specific DNA-binding proteins,
and this activity can readily be measured in vitro. El
has several additional biochemical activities. A num-
ber of analyses have been carried out to characterize
the biochemical functions of the E1 polypeptide. In
addition to site-specific DNA-binding activity, the
protein also has a DNA-dependent ATPase activity
and a 5’ to 3’ DNA helicase activity. E1 can also
function to unwind a supercoiled plasmid that con-
tains the Ori sequence. Thus, E1 appears to have the
required activities associated with other known in-
itiator proteins such as SV40 large T antigen. The
presence of the E2 polypeptide in these assays has
little or no effect on the activities of E1. During the
past year, we have adapted an in vitro replication sys-
tem that was developed in M. Botchan’s laboratory at
Berkeley. This system, which consists of a whole-cell
extract from the mouse cell line FM3A, initiates
DNA synthesis from the BPV origin of replication. In
agreement with the original studies, the presence of
viral E1 protein is sufficient for Ori-specific replica-
tion activity. These results are consistent with the
biochemical activities observed for the E1 protein.
The in vitro system thus displays several important
differences compared to replication in vivo. First, al-
though the E2 protein is absolutely required for
replication in vivo, in the cell-free system, only a
moderate stimulation is seen upon addition of E2
(Fig. 1). Second, in vivo replication is also absolutely
dependent on a binding site for the E2 protein at the
Ori. In vitro, neither El-dependent replication nor
slight E2 stimulation is dependent on the presence of
an E2-binding site. Third, the A+T-rich region, which
is essential for replication in vivo, appears to be com-
pletely dispensable for replication in vitro. The basis
for these differences between replication in vivo and
replication in the cell-free system is not clear; how-
ever, it is obvious that in vitro replication fails to
reproduce certain aspects of replication in vivo (Fig.
2). Several possible explanations for this difference
can be envisioned. One is that the in vitro and in vivo
systems in fact represent different types of replica-
tion. Another perhaps more likely possibility is that
the two types of complexes are present on the same
pathway, eventually leading to the same funciional
initiation complex. The modification of this cell-free

Msp Msp/15 psSvo Xho

E1 [30 4020 80 4020180 40 20 80 4020[80 40 20 50 40 20[80 40 20 80 40 20
E2 _ . . 606060 - - - 606060 - 606060 - - - 606060

b b

AIT E1BS E2BS
i
N Msp/15
M Xholinker insertion

pSVO
SV40 Ori

FIGURE 1 Replication in a cell-free system is stimulated by
E2 but does not require an E2-binding site. A cell-free
replication system based on extracts from the mouse cell
line FM3A was used to determine the replication activity of
various templates diagrammed below. Replication reactions
were carried out using standard conditions, and the prod-
ucts were separated on agarose gels under native condi-
tions and visualized by autoradiography. Both the SV40 Ori
and the Xho linker insertion into the BPV Ori serve as nega-
tive controls demonstrating Ori specificity. The two tem-
plates Msp and Msp/15 differ only by the presence or ab-
sence of an E2-binding site. Replication of these templates
is dependent on the addition of E1. Addition of E2 in both
cases results in an approximately threefold increase in
replication at all levels of E1, demonstrating that the
stimulatory effect of E2 is not dependent on the presence of
an E2-binding site.

system continues in order to generate a system that
corresponds more closely to the requirements for
replication in vivo.

Cellular Factors Required for
Replication of BPV In Vitro

J. Sedman, A. Stenlund [in collaboration with T. Melendy
and B. Stillman, Cold Spring Harbor Laboratory]

The SV40 system has for a number of years served as
the paradigm for DNA replication in mammalian
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Requirements for replication In vivo.

E1 protein
E2 proteln
E1 binding slte
E2 binding site
A+T rich region

Requirements for replication In vitro.

E1 protein
E1 binding slte

E1BS

FIGURE 2 Schematic figure illustrating the requirements for
replication in vivo and in vitro. The contrasting requirements
for viral proteins and cis-acting sequences in the two
replication systems are listed. The composition of the two
complexes is inferred from indirect measurements in various
binding assays.

cells. This system relies on the viral initiator large T
antigen for Ori recognition, Ori unwinding, and
helicase activity. By using this system, a number of
cellular factors involved in DNA synthesis have been
purified and characterized. A minimal purified sys-
tem, which contains all of the cellular factors that are
required for SV40 replication, has been developed by
B. Stillman and co-workers. Although all of these
factors are clearly involved in cellular DNA
synthesis, it is unclear whether additional cellular
replication proteins exist. To determine if BPV uses
the same set of cellular replication factors that are
utilized for SV40 replication, we have tested the re-
quirement for each of these factors in a BPV in vitro
replication system. Preliminary data indicate that all
of the factors identified in the SV40 system are also
required for BPV replication. However, the degree of
dependence on a given factor appears to be different,
indicating that differences exist between the two sys-
tems.
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Interaction betwgen the
E1 and E2 Proteins

M. Berg, A. Stenlund

Transcription factors have been im.plicaled as having
an auxiliary role in a numbe-r of different replication
systems, but the actual function of th?se t.ranscription
factors in initiation of DNA replication is not clear.
In most well-studied systems, including SV40,
polyomavirus, and ARS t?lcments from Sa'ccha-
romyces cerevisae, the requirement for transcription
factors generally shows a low degree of specificity,
i.e., activity can be supplied by a variety of trans-
criptional trans-activators provid(?d the cognate bind-
ing site is present. From our previous work, it is clear
that the requirement for the transcription factor E2 in
the BPV system differs from that in these other sys-
tems in several aspects: The E2-binding site at the
Ori cannot be replaced by various enhancers that
function as replication enhancers in other systems.
Replacement of the trans-activation domain of E2
with the activation domain from the herpes simplex
virus activator VP16 yields a trans-activator that fails
to function for BPV replication, demonstrating a re-
quirement for a high degree of specificity in the BPV
system. As we have previously demonstrated, the re-
quirement for E2 in replication of BPV is consistent
with a requirement for interaction between the E1
and E2 proteins at the origin of replication. This in-
teraction can be detected as a cooperative binding of
the two proteins to the Ori, when the respective bind-
ing sites are located in the correct position relative to
each other (see above). To further study this interac-
tion, we have adopted an approach using chimeric
proteins. The E2 proteins are quite well conserved
between different papillomaviruses and are likely to
have a conserved structure. For example, the se-
quence specificity for DNA binding is identical for
E2 from all papillomaviruses tested so far. However,
when tested for their ability to bind cooperatively
with BPV El, some E2 proteins from other papil-
lomaviruses fail to interact with E1 even though
binding to the E2-binding site can be detected. To an-
alyze what regions of E1 and E2 are required for this
interaction, we have initiated construction of
chimeras between BPV E2, on the one hand, and
interaction-defective E2 proteins from other papil-
lomaviruses, on the other hand. These chimeras can
then be tested for their ability to interact with BPV



E1, and regions of the protein important for the inter-
action can be defined. This approach has the distinc-
tive advantage that the overall structure of the protein
can be maintained.

The results from these experiments so far indicate
that multiple regions both from the amino-terminal
trans-activation domain of E2 and from the carboxy-
terminal DNA-binding/dimerization domain co-
operate to generate a strong interaction with EI.
These resuits serve to indicate that the interaction

PROTEIN CHEMISTRY

D.R. Marshak E. Araya J. Kass
R. Kobayashi G. Binns N. Poppito
N. Carpino G. Russo
N. Chester M. Vandenberg

The members of the Protein Chemistry laboratory
conduct research on signal transduction and cell
growth using advanced methods of analytical and
preparative biochemistry. These methods include
automated protein sequence analysis, high-per-
formance liquid chromatography (HPLC), amino acid
analysis, preparative eclectrophoresis, mass spec-
trometry, and peptide synthesis. The use of such pro-
cedures allows us to deduce chemical structures of
proteins and to synthesize structural and functional
domains. In addition, physical analysis of proteins by
mass spectrometry, in conjunction with chemical
studies, permits the determination of posttranslational
modifications of proteins, such as phosphorylation
and acylation. Our goal is to attack biological prob-
lems of the control of cell growth by using an arsenal
of state-of-the-art biochemical methods. Often, this
requires the development of new methods when ¢x-
isting procedures are not adequate to solve the cell
biological question. This chemical approach to cell
biology is highly complementary to genetic  ap-
proaches in many of the other laboratories at Cold
Spring Harbor, and analytical biochemistry is an es-
sential part of a multidisciplinary approach to prob-
lems of normal and abnormal cell growth, as in can-
cer.

surface may be composed of determinants from
several domains, presumably brought together by
protein folding.
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Synthetic Peptide Substrates
for Protein Kinases

D.R. Marshak, N. Carpino, N. Poppito, M. Vandenberg

Protein kinases are enzymes that catalyze the transfer
of phosphates from the y-phosphate position of ATP
to a hydroxyl moiety (serine, threonine, or tyrosine)
on proteins. The recognition sequences for protein
kinases are surprisingly short; usually only four to six
amino acid residues in linear sequence are required
for specifying the substrate. Therefore, synthetic pep-
tide substrates have been quite useful as model sub-
strates for protein kinases. Such peptides, usually 10-
20 residues in length, can be synthesized by solid-
phase methods using automated instrumentation.
They are constructed as protected molecules on
polystyrene supports and then deprotected and
cleaved from the support by treatment with acid. In
our laboratory, rigorous purification and characteriza-
tion are carried out to assure purity and identity of the
material. We have documented evidence that prod-
ucts of the side reactions of peptide synthesis can
alter the measured kinetic properties of the substrate.
Therefore, we use mass spectrometric measurements
1o assess the molecular weight of the product to elim-
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inate unwanted, modified side products that arise
from incomplete removal of protecting groups or
other modifications.

Combined with HPLC and amino acid anal)fsis,
mass spectrometry has allowed us to prepare peptn@es
with excellent characteristics as kinase substrates, in-
cluding low Ky, values.

During the past year, we have introduced new
chemistry to our laboratory that allows the Synlhé.!SlS
of phosphorylated peptides. This is accomplished in a
four-step process. First, they are assembled on sghd
supports using FMOC-protected N-a-amino acids.
Since the FMOC group is labile to base, acid treat-
ment of the peptide is unnecessary during assembly.
The hydroxyl moiety of the amino acid to be
phosphorylated is left unprotected.

Second, the assembled peptide-resin is treated
with a protected phosphoramidite compound that
leads to the production of the peptide-resin phosphite.
Third, the phosphite is oxidized to the phosphate
using an organic peroxide. Cysteinyl sulfhydryl
groups are protected from oxidation by steric
hindrance of the S-trityl derivative. Fourth, the pep-
tide is deprotected and removed from the resin using
trifluoroacetic acid. The solubilized peptide is
purified to homogeneity by multiple rounds of HPLC
under different conditions. The availability of this
chemistry has permitted the production of several
phosphopeptides that can be used to prepare
antibodies specific to phosphorylation sites on
proteins. In addition, some kinases require target sites
that are already phosphorylated at a site nearby the
substrate hydroxyl, and these synthetic phosphopep-
tides can be used as quantitative probes of activity
and as substrates for such kinases.

Molecular Cloning and
Expression of Casein
Kinase Il Subunits

N. Chester, M. Vandenberg, J. Kass, D.R. Marshak

The enzyme casein kinase I (CKII) is a protein
serine/threonine kinase found in all eukaryotic cells.
Its ubiquitous distribution among species and tissues
implies a function central to all nucleated cells. The
enzyme consists of two subunits, o and B, with
molecular masses of 37-44 kD and 24-28 kD,
respectively, and an apparent subunit composition of
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a,P,. The a subunit is founq in two different forms,
known as o and o, that arise from starale genes.
To answer questions about the mechanism of enzyme
regulation, we have cloned and expressed DNA
molecules coding for the fu]l-]ength form§ of the ¢
and B subunits, using an innovative variation of the
polymerase chain reaction (Chester and. Marshak
1993). This cloning has allowed us tq insert the
coding sequences for the CKII subunits into various
expression vectors. Using these constructs, we have
expressed the proteins in large arpounts in bacteria,
The purified, recombinant catal'yt.lc Sybynlts A (T
zymatically active, and the acnvntyils increased by
the regulatory subunit, B. The catalytic and regulatory
subunits combine in a functional complex whether
they are mixed in vitro or coexpressed in the same
bacterial cells. We have purified large amounts of the
regulatory subunit for structural analysis. In col-
laboration with J. Horton and J. Pflugrath (CSHL),
we have crystallized the B subunit of CKII in forms
that appear to diffract X-rays. We are now attempting
to produce larger crystals to solve the three-
dimensional strucure of this protein. Although the
catalytic subunits of CKII are homologous to other
known protein serine/threonine kinases, the § subunit
is unique. We expect that the structure of this
regulatory subunit will be a novel contribution to the

field.

Cell Cycle Regulation
of Casein Kinase Il

G. Russo, M. Vandenberg, D.R. Marshak

During the past year, we have continued to study the
cell cycle regulation of CKII and its effect on cyclin-
dependent kinases in the control of cell division. The
enzyme p34°9¢Z js a cyclin-dependent kinase that is a
key regulator of the G,/M transition in the cell cycle,
and it appears to have a role in the G,/S transition as
well. We previously reported that human p34¢de2 jg
phosphorylated on Ser-39 during the G, phase of the
Hela cell division cycle. The enzyme apparently
responsible for this phosphorylation event is CKII,
based on in vitro phosphorylation data, substrate
specificity, and correlation of the activities in vivo.
To evaluate the functional role of this phosphoryla-
tion event in eukaryotic cells, we turned to the bud-



ding yeast, Saccharomyces cerevisiae, in which we
genetically manipulated the homolog of mammalian
p34¢dc2 known as Cdc28. In collaboration with A.
Sutton (CSHL), we have demonstrated that the
homologous serine is phosphorylated on Cdc28 in
yeast as on p34°dcZ in mammalian cells. To test the
functional role of this site in yeast, we constructed a
yeast carrying a mutation that results in the substitu-
tion of an alanine residue for the serine. The mutant
plasmid was intruduced into a yeast defective for
wild-type Cdc28. The phenotype of the mutant is a
small cell size, indicating a premature entry into S
phase. This result suggests that the phosphorylation
of the serine on Cdc28 in yeast (and by analogy on
p34¢d<2 in human cells) allows the cell to extend G;.
Further genetic and biochemical experiments are un-
der way to demonstrate the mechanistic details of this
process.

Subcellular Pools of
Casein Kinase Il

N. Chester, D.R. Marshak

The CKII enzyme activity is found both in cytosol
and in nuclei, and substrates have been identified in
both locations. Cytosolic substrates include proteins
involved in translational control (elF-2, -3, -4B, -5),
metabolic regulation (glycogen synthase), and the
cytoskeleton (nonmuscle myosin heavy chain, B-
tubulin). Substrates found in the nucleus include
DNA topoisomerase II, RNA polymerases I and II,
oncoproteins such as Myc, Myb, and SV40 large T
antigen, and transcription factors such as serum
response factor. The extraordinary range of substrates
for this enzyme supports the contention that CKII has
a significant role in cell physiology. We have devel-
oped a large set of specific antibodies to synthetic
peptide antigens that react with the individual sub-
units of CKII. These antibodies allowed us to con-
tinue our studies of the subcellular localization of the
subunits of the enzyme during the cell division cycle
of HeLa cells. Nick Chester has used the antibodies
developed in the laboratory to do detailed im-
munoprecipitation and immunoblots of the CKII sub-
units. First, he found that the synthetic rate for the
CKII B subunit is significantly longer than that of the
catalytic subunits, whereas the degradation rates for
all of the subunits appear to be similar. Second, using

steady-state metabolic labeling, he identified dif-
ferent pools of CKII that vary in subunit stoi-
chiometry and activity. He is currently attempting to
see if the different pools of CKII are localized in dif-
ferent subcellular compartments and if they change
their characteristics during the cell division cycle in
HelLa cells.

Structural Analysis and
Phosphorylation of
Nuclear Proteins

D.R. Marshak, M. Vandenberg, G. Binns

ZEBRA PROTEIN

The Epstein-Barr virus protein Zebra has been char-
acterized in collaboration with G. Miller’s group at
Yale (Kolman et al. 1993). The Zebra protein is
phosphorylated at a unique site by CKII. This
phosphorylation results in the inability of the Zebra
protein to bind DNA. This suggests that physiologi-
cally, phosphorylation of Zebra may control its func-
tions in controlling viral gene transcription and
replication. Because of the structural similarity to c-
Jun, the phosphorylation of Zebra may parallel other
mechanisms in human cells.

FOS AND JUN PROTEINS

Our analysis of the phosphorylation of the c-Fos and
c-Jun proteins were done in collaboration with T.
Curran’s group at the Roche Institute (Abate et al.
1993). This year, we found that the phosphorylation
of Fos and Jun proteins changes depending on
whether they are dimerized and bound to DNA. The
direction of the change in activity of the proteins as
substrates is different for different protein kinases.
The enzymes tested were CKII, p34°d<2/cyclin B,
double-stranded, DNA-dependent protein kinase, and
protein kinase C. The results provide some insight
into the complex mechanism of regulation of these
transcription factors. In a separate project in col-
laboration with G. Landreth at Case Western Reserve
University in Cleveland, we identified a novel
phosphorylation site on Fos. The phosphorylation of
this site is increased upon nerve growth factor treat-
ment of rat pheochromocytoma cells in culture
(Taylor et al. 1993).
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Protein Chemistry
Core Facility

R. Kobayashi, G. Binns, N. Poppito, D.R. Marshak

The Protein Chemistry Core Facility provides high-
technology methods, equipment, and expertise for
use by all of the scientists at Cold Spring Hflrbor
Laboratory. The services provided include protein se-
quencing, peptide mapping by HPLC, p'eptlde
synthesis, HPLC and electrophoretic purification f’f
proteins, mass spectrometry, and amino acid analysis.
These methods can be used for structural analysis of
the amino acid sequence and composition of a
protein, as well as for determining posttranslalionz?l
modifications. Peptide synthesis remained approxi-
mately constant, whereas amino acid analysis
returned to levels of 1990. Protein sequencing and
peptide mapping have been aided by the addition of
new equipment to the laboratory. In the past year, we
have used funds from a shared instrumentation grant
to obtain an Applied Biosystems 477 protein se-
quencer and a new Hewlett Packard 1090M HPLC,
with the new workstation based on DOS operating
software. This instrument is networked with the ex-
isting 1090M HPLC and is complementary to another
1090L HPLC used by R. Kobayashi. The equipment
in the Core Facility is sufficient for isolating and se-
quencing peptides in the 0.2-2-pmole range. Next
year, we hope to make modifications that will extend
this range below 100 fmole. R. Kobayashi has pro-
duced an enormous amount of useful protein se-
quence information in collaboration with several
groups at Cold Spring Harbor Laboratory. A sum-
mary of these projects appears in the Structure and
Computation Section.

Our facility is active in the Association of
Biomolecular Resource Facilities (ABRF). The pur-
poses of the ABRF are (1) to promote and facilitate
discussion and cooperation among facilities; (2) to
provide research mechanisms for evaluation and im-
provement of the capabilities of facilities; and (3) to
promote the education of facility staff, users, ad-
ministrators, and interested members of the scientific
community regarding facility functions. The ABRF
exists because facilities have demanded an organiza-
tion that will provide them with a mechanism for
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maintaining state-of-the-art pro-

sharing information, ‘
g performance, and expanding to

cedures, evaluating
new areas.

D. Marshak has completed a'2-year term on the
peptide synthesis research co‘mmlttee of the ABRF.
During that period, the committee performed a serieg
of studies to evaluate the performance of peptide
synthesis facilities. During 1993, Marsh?k has been
appointed to a 3-year term on the Exe::utnfe Board of
the ABRF, and he will host next year’s winter Board
meeting. Involvement with the ABRF helps to
maintain communication with other facilities around
the world and improves our ability to maintain high

standards of work.
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PROTEIN SYNTHESIS

M.B. Mathews S. Brand B. Hofmann Y. Ma R. Packer
P. Clarke C. Labrie L. Manche C. Schmedt
S. Green M.F. Laspia G.F. Morris D. Taylor
M. Greenberg  B. Lee P. Nahreini P. Wendel
S. Gunnery

Gene expression in human cells is controlled at a va-
riety of levels. In our research, we continue to ex-
plore regulatory processes that operate at the levels of
RNA and protein synthesis, concentrating in particu-
lar on three systems in which viruses participate in
the regulatory events.

The first system operates at the translational level.
Its key component is a cellular protein kinase that
phosphorylates an initiation factor (as well as other
proteins, less well understood), thereby affecting the
rate of this critical step in protein synthesis. The
kinase is part of the antiviral defense mechanism that
is induced by interferon, and many viruses have elab-
orated countermeasures that at least partly neutralize
it and ensure their survival.

The second system, which operates at the tran-
scriptional level, concerns the relationship between
oncogenesis and DNA replication. Synthesis of a
replication protein known as PCNA (proliferating
cell nuclear antigen) is stimulated by one of the
adenovirus oncogenes, and this induction is mediated
through a number of cellular components and PCNA
promoter elements.

The third system involves the human immuno-
deficiency virus, HIV-1, the causative agent of AIDS.
Synthesis of viral RNA is dependent on a viral
protein called Tat, which exerts a novel type of con-
trol over the efficiency of RNA polymerases trans-
cribing the viral genome. During the year, Stephen
Brand, Michael Greenberg, and Benjamin Lee joined
the laboratory; Christian Schmedt completed his Dip-
lomarbeit for the University of Konstanz and returned
to Germany as a graduate student; Paul Clarke and
Simon Green finished their postdoctoral training and
moved to independent positions; and two senior
members of the group, Michael Laspia and Gilbert
Morris, left for faculty positions at Dartmouth Col-
lege and Tulane University, respectively.

Translational Control

Y. Ma, D. Taylor, P. Clarke, C. Schmedt, S. Green,
S. Brand, L. Manche, M.B. Mathews

Like many biological pathways, protein synthesis can
be controlled by the phosphorylation of enzymes that
mediate the process. One of the key regulatory steps
in translation is catalyzed by the eukaryotic initiation
factor eIF-2. Phosphorylation of this enzyme on its a
subunit leads to the entrapment of a second initiation
factor, GEF or eIF-2B, that is required for continued
elF-2 activity. Three kinases are known that are able
to phosphorylate the critical Ser-51 residue of eIF-
2a, one in yeast and two in mammals. One of the
mammalian kinases, DAI, has an important role in
combating viral infection and has recently been im-
plicated in processes such as growth control and
tumorigenesis. An acronym for the double-stranded
RNA (dsRNA)-activated inhibitor of translation, DAI
(also known as PKR, p68, P1, etc.), is widespread in
cells and tissues. It is normally present at a low level
and in an inactive state; its synthesis is increased by
treatment with the antiviral interferons, and its activa-
tion is accompanied by autophosphorylation which
takes place in the presence of dsRNA. Viruses have
responded to this threat to their propagation by devel-
oping numerous countermeasures. One of these is the
production by adenovirus of a short (160-nucleotide)
RNA called VA RNA;, which blocks DALI activation
by dsRNA.

Our objective is to understand the molecular
switches that are thrown by dsRNA and VA RNA so
as to control the activity of the kinase. To this end,
we have studied the nature of the RNAs that activate
and inhibit DAI, the structure of the enzyme itself,
and the interaction between the protein and the
RNAs. Earlier studies had indicated that activation

63




requires a dsRNA containing at least 30-80 base
pairs of perfectly matched duplex, whereas VA RNA
is highly structured but only partially duplexed. Ac-
cordingly, we anticipated that the genomic RNA of
the hepatitis delta agent might also inhibit DAI ac-
tivation. This RNA is circular, predominantly single-
stranded but base-paired such that it forms a linear
structure resembling a collapsed rubber band. To-
gether with Dr. H. Robertson (Cornell University
Medical School), we found that delta agent RNA
forms complexes with DAI, interacting specifically
with the enzyme’s RNA-binding domain. Surprising-
ly, however, the consequence of binding is activation
of the enzyme rather than the opposite. Consistent
with the structure of delta RNA, this activation was
sensitive to digestion with a single-strand-specific
RNase but was resistant to treatment with a dsRNA-
specific nuclease. RNase III cleaves RNA molecules
that contain stretches of duplex exceeding 20 base
pairs in length but is unable to act on delta agent
RNA, indicating that dsSRNA contaminants are not
responsible for the activation. These results suggest
that DAI (or possibly another cellular protein with
similar RNA-binding properties) may contribute to
hepatitis delta pathogenesis, and they show that some
RNAs that are not formally double-stranded can ac-
tivate the enzyme, emphasizing the subtleties of the
nucleic acid—protein interactions involved.

VA RNA| serves to protect adenovirus against in-
terferon by preventing DAI activation. Its action rests
on two elements of structure: an extended stem, the
apical stem, containing about 40 imperfectly paired
nucleotides, and a complex structure, the central
domain, containing paired and unpaired regions.
Mutagenic analysis shows that the apical stem and
central domain are both involved in the binding of
VA RNA to DAI and that the central domain is criti-
cal for inhibition of DAI activation. These conclu-
sions have been extended by a direct examination of
the sites of interaction, using the protein to protect
the RNA from attack by nucleases or chemical
probes. The regions of VA RNA influenced by DAI
are illustrated in Figure 1, superimposed on a new
model of the RNA’s secondary structure.

The new structure takes into account recent data
from three sources: mutagenesis, chemical probing,
and phylogenetic comparisons. Previous comparative
studies with seven VA RNAs suggested that two
pairs of conserved tetranucleotides might have a part
in maintaining base pairing in VA RNA. One pair
(GGGU/ACCC), located in the central domain, led
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FIGURE 1 The DAIl-binding-site in VA RNA. Superimposed
on the new secondary structure model for Ad2 VA RNA, are
the sites that are protected by DAI from chemical and en-
zymatic attack. The protected sites are in the central domain
and adjacent stretch of the apical stem. To locate the GG-
GU/ACCC tetranucleotide pair described in the text, note
that the U residue is at position 40.

us to suggest a revision of the previous adenovirus 2
(Ad2) VA RNA| model. This year, we have taken
three steps to test this prediction. First, we used more
physiological conditions to probe VA RNA structure.
This resulted in changes in the sensitivity of certain
nucleotides, supporting the new model. Second, we
made a set of mutations of these tetranucleotides,
changing GGGU to GUCU and ACCC to AGAC.
The double mutant, containing both changes, should
be a compensatory mutant if the new structure is cor-
rect. Indeed, this mutant was more active in a CAT
expression enhancing assay than either of the single
mutants alone. Third, we extended the phylogenetic



analysis to cover all of the human adenoviruses.
Using degenerate oligonucleotides complementary to
conserved adenovirus genes that flank the VA RNA
sequences, we amplified the VA RNA gene region
and sequenced the amplified polymerase chain reac-
tion (PCR) fragments. The GGGU/ACCC tetranu-
cleotide pair was highly conserved in all of the VA
RNAs, confirming the importance of the proposed
base pairing.

Despite its opposite responses to dsSRNA and VA
RNA, no DAI mutations have been isolated so far
that distinguish between the binding of these two
ligands. The RNA-binding domain contains two
divergent copies of a repeated sequence about 65
amino acids in length, which is also characteristic of
some other dsRNA-binding proteins. We have ex-
plored the roles of the two copies of the motif
through mutagenesis and direct analysis of protein
overexpressed in Escherichia coli. Mutagenic studies
showed that the first motif has a more important role
than the second motif, although both are required for
efficient RNA binding. The two motifs do not seem
to be equivalent, however, because mutations of equi-
valent amino acids do not necessarily produce equi-
valent effects on RNA binding. Physical bio-
chemistry studies are under way to define the interac-
tions in detail. Further investigations, carried out with
Drs. S. Lee and M. Esteban (SUNY, Brooklyn) have
identified a region adjacent to the RNA-binding
domain as having an important role in DAI function.
Like the RNA-binding motifs, this region is highly
basic in nature, but it does not appear to influence
RNA binding. Nevertheless, its deletion eliminates
kinase function in assays based on a vaccinia virus
system. Although the function of this region is not
yet understood, it may be significant that it contains
some autophosphorylation sites.

DAI is a serine/threonine kinase and its activation
as an elF-2 kinase is correlated with its auto-
phosphorylation. We have begun to identify the loca-
tion of the autophosphorylation sites and the mech-
anism of autophosphorylation of DAL In collabora-
tion with Dr. D. Marshak and G. Binns (Protein
Chemistry Core section), the locations of several
autophosphorylated sites have been identified
through peptide mapping and sequencing. These sites
may define an autoregulatory region, separating the
enzyme’s RNA-binding and kinase domains. We
have also identified phosphorylated serine and
threonine residues located with the spacer region of
the RNA-binding domain. This region is likely to be

accessible to phosphorylation, as it is not contained
within either of the two predicted o helices. It will be
interesting to see if these sites affect kinase function
through RNA binding. We are currently using site-
directed mutagenesis to determine which of the
autophosphorylation sites are important for the ac-
tivation of the enzyme. We have also begun to inves-
tigate the mechanism of autophosphorylation. Pre-
liminary data indicate that some sites on truncated
forms of DAI can be phosphorylated intermolecular-
ly, consistent with the view that such a mechanism is
used by full-length DAI, but further studies are re-
quired to prove this point with the intact protein.

Regulation of PCNA

G.F. Morris, C. Labrie, B. Lee, S. Brand, R. Packer,
M.B. Mathews

Activation of the DNA replication machinery is cen-
tral to the process of neoplastic transformation. The
protein PCNA, the proliferating cell nuclear antigen,
was originally discovered as an antigen in the
autoimmune disease SLE (systemic lupus ery-
thematosis). As the auxiliary factor of DNA
polymerase 8, it functions in both leading and
lagging-strand DNA synthesis during DNA replica-
tion. In accord with this function, cellular PCNA
levels increase during the oncogenic transformation
of rodent cells by the adenovirus E1A gene. The goal
of this project is to explore the relationship between
transformation and gene activation by elucidating the
mechanism of El1A-mediated induction of PCNA
gene expression.

The E1A 243R protein (243 residues long), trans-
lated from the E1A 12S mRNA, is able to stimulate
PCNA transcription and to activate the PCNA
promoter in the absence of other viral genes. Last
year, we showed that trans-activation of the human
PCNA promoter by E1A 243R is mediated through
an element termed the PERE (PCNA ElA-re-
sponsive element) and that multiple domains of the
E1A protein are required to induce expression of the
wild-type PCNA promoter. We also showed that the
p300 and p107/cyclin A-binding function of E1A
correlates most closely with its ability to activate the
PCNA promoter.

To further elucidate the function of E1A, we have
developed a simplified assay for activities of EIA
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mutants by preparing a construct, GSPCNA-CAT, in
which the PERE and sequences upstream in the
PCNA promoter are replaced by five sites cor-
responding to the DNA sequence bound by the yeast
GAL4 protein. With the GSPCNA-CAT construct,
the transcriptional activator is specified by the GAL4
fusion protein, thereby obviating effects of E1A on
the components that bind the PERE. In contrast to
our earlier results with the wild-type PCNA
promoter, we found that an E1A mutant with a dele-
tion of conserved region 2 can cooperate With a
weakly activating fusion protein to trans-activate
GSPCNA-CAT as effectively as wild-type EIA
243R. An E1A mutant with a deletion of the amino
terminus failed to trans-activate GSPCNA-CAT,
however. These data suggest that the p300-binding
function of E1A is associated with its ability to trans-
activate transcription and that the p107/cyclin A re-
quirement for trans-activation of the wild-type
promoter is associated with PERE function.

The PERE contains an activating transcription
factor (ATF)-binding site, together with an adjacent
sequence that does not correspond to any known
protein-binding site. We have made good progress
toward identifying the cellular transcription factors
that associate with the PERE and presumably mediate
trans-activation of the PCNA promoter by EIA
243R. Through a combination of Southwestern analy-
sis and UV light cross-linking experiments, we have
identified five proteins in crude Hela cell nuclear ex-
tracts that interact with the PERE. On the basis of the
size of one of these polypeptides, we suspected that
one of the PERE-binding proteins might be ATF-1
and have now proven this contention. Antibodies
raised against ATF-1 specifically disrupt PERE-
protein complexes in gel-retardation assays. More-
over, ATF-1 synthesized in vitro can bind to the
PERE in a gel-shift assay. We are currently in the
process of identifying the other PERE-binding
proteins by biochemical methods.

All of the above studies were conducted in HeLa
cells, a human cervical carcinoma cell line. Paradoxi-
cally, in contrast to the HeLa cell results, E1A
represses expression from the PCNA-CAT promoter
in two types of rodent cells, baby rat kidney (BRK)
and cloned rat embryo fibroblasts (CREFs). We have
now shown that removal of sequences between posi-
tions ~234 and -213, upstream of the transcription
initiation site, relieves E1A-mediated repression of
PCNA-CAT expression in these rodent cells. Within
this sequence is an 18 out of 20 match to the con-
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sensus sequence bound by' the tumor SUPPrf:ssor
protein p53. Several observations suggest that thls se-
quence in the human PCNA gromotcr can function ag
a pS3-responsive clement. First, a Coniilru(:'t (-249)
with the site intact bound a protein antigenically re-
lated to pS3 in cell extracts from ycast that express
wild-type, but not mutant, human p53,‘ whereas a
construct (-213) with the site deleted did not. Sec-
ond, cotransfection of a construct encoding wild-type
p53 activated CAT expression from the ~249 PCNA-
CAT construct in a cell line that fails to express ps3
(SAOS-2 cells) but represses CAT expression from
_213 PCNA-CAT. Third, as with the wild-type
PCNA promoter, E1A repressed CAT expression in
BRK cells from a PCNA-CAT construct with a well-
characterized heterologous p53-binding site sub-
stituted for the related sequence in the PCNA

promoter (Fig. 2).

Diagram of PCNA-CAT Constructs

.249
-213 [ ERRRRERRti

RGC213
Upstream promoter Transcribed PCNA CAT coding
sequence D NT +1=> +62 @ region

D PCNA promoter sequence
homologous to p53-binding site

Ribosomal Gene Cluster (RGC)
p53-binding site

B Control
B +E1A 243R

20 4

CAT Units

-249 -213
FIGURE 2 EIA 243R repression of the PCNA promoter via
p53-binding sites. The constructs (top) were cotransfected
into BRK cells with a plasmid that expresses EIA 243R or a
control plasmid. Transcription from the mutant PCNA
promoters was measured in CAT units (bottom). The data
show that removal of sequences between -249 and -213
abolished EIA repression, which was restored by insertion of
a heterologous p53-binding site from the ribosomal gene
cluster (RGC 213).

RGC213



Finally, we have also been examining the struc-
ture and antigenicity of PCNA itself. In a collabora-
tion with Dr. R. Bernstein (University of Manchester,
U.K.), we defined two classes of antibodies against
PCNA found in serum from SLE patients. The major
class was highly conformation-dependent, tolerating
only minor changes in protein structure; the minor
class was less conformation-dependent and could
react with PCNA lacking about half of its sequence
from the amino terminus. We went on to use gel fil-
tration and glycerol gradient sedimentation to analyze
the native structure and size of PCNA. PCNA from
three sources was studied—from HeLa cells, purified
following its overexpression in bacteria, and pro-
duced in the wheat-germ cell-free translation sys-
tem—as well as mutant forms of PCNA translated in
vitro. In each case, full-length PCNA behaved as a
trimer. Analysis of mutant proteins revealed a cor-
relation between their ability to adopt the trimeric
form and binding to the common type of human anti-
PCNA autoantibody, suggesting that the antibodies
are specific for the active form of the protein. These
findings are consistent with the idea that auto-
antibodies are generated as a response to native
antigen and provide experimental support for the
hypothesis that PCNA serves its processive function
in DNA replication as a trimeric ring structure.

Transcriptional Regulation
by the HIV-1 Tat Protein

A. Lozeau, P. Wendel, L.A. Sheldon, M. Laspia

The genome of HIV-1 contains, in addition to the
structural genes gag, pol, and env, several novel
regulatory genes. One of these, Tat, is essential and
encodes a powerful trans-activator that greatly stimu-
lated HIV-1 gene expression. It does so by binding to
an RNA element, known as TAR, present in the 5'-
untranslated region of all HIV mRNAs. This causes
an increase in transcription directed by the promoter
located within the long terminal repeat (LTR) of the
virus. Previous studies showed that, in the absence of
Tat, the level of HIV-directed transcriptional initia-
tion is low and transcriptional elongation is ineffi-
cient, such that the number of transcriptional com-
plexes declines with increasing distance from the site
of initiation. We found that Tat works through TAR
to increase initiation of transcription by RNA

polymerase Il and also improves the efficiency of
elongation. Thus, Tat appears to be a unique tran-
scriptional activator in that promoter binding is via a
structured RNA, as well as in its ability to stimulate
both transcriptional initiation and elongation. We
wish to understand the mechanism by which Tat acts
to stimulate HIV transcription, both as a paradigm for
regulation of eukaryotic gene expression and because
approaches that interfere with trans-activation may
have therapeutic potential for the treatment of AIDS.

The molecular mechanism by which Tat produces
these dual effects on HIV-1 transcription is unclear.
In particular, little is known about the role of cellular
factors in frans-activation. A detailed understanding
of the mechanism of trans-activation is most likely to
emerge from the identification and purification of
cellular components of the transcriptional machinery
that interact with Tat. Therefore, we have pursued
our analysis of trans-activation by Tat in a cell-free
system. In an in vitro transcription system consisting
of a DNA template and HeLa cell nuclear extract, the
addition of purified, bacterially expressed Tat stimu-
lates transcription from the HIV-1 promoter but not
from heterologous promoters nor from the HIV-1
promoter when TAR is mutated. An examination of
the effects of Tat on HIV-1 transcription rates in vitro
has indicated that Tat increases promoter-distal tran-
scription rates without similarly increasing promoter-
proximal transcription rates, suggesting that in vitro,
Tat principally stimulates transcriptional elongation.

TAR is the only promoter element known to be
absolutely required for trans-activation by Tat. TAR
RNA folds into a structure consisting of a 60-nucleo-
tide paired stem with a trinucleotide bulge (+23U
CU+25) and an apical loop (+30CUGGGA+35). Tat
binding to TAR RNA in vitro is abolished by muta-
tions in the bulge, but mutations in the apical loop do
not reduce the binding of Tat to TAR RNA. On the
other hand, mutations that disrupt the stem or change
the sequence in either the bulge or the loop greatly
reduce trans-activation in vivo. To assess the struc-
tural requirements of TAR RNA in trans-activation,
we examined the ability of Tat to stimulate transcrip-
tion from HIV templates containing mutations in
TAR. Deletion of the trinucleotide bulge or alteration
of the loop sequence from +31UGGG+34 to CAAA
greatly diminished trans-activation in vitro. Inter-
estingly, a +23U to A transversion, which abolishes
the ability of Tat to bind to TAR RNA in gel-shift ex-
periments, supported stimulation by Tat in transcrip-
tion assays at a reduced level.
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We further analyzed the role of TAR RNA in
trans-activation by Tat by examining the ability of
synthetic competitor TAR RNA to inhibit trans-
activation by Tat in vitro. Wild-type and mutant TAR
RNAs were synthesized in vitro and purified. The fld-
dition of 1 mm wild-type TAR RNA, corresponding
to nucleotides +1 to +83, strongly inhibited trans-
activation by Tat, whereas the addition of 8 mm
mutant TAR RNA containing a deletion of nu-
cleotides +35 to +38 failed to inhibit trans-acti\/'atlop.
In addition, synthetic TAR RNA with a mutation in
either the bulge or the apical loop failed to inhibit
trans-activation. These results indicate that TAR
functions as an RNA element and that the integrity. of
the stem and the sequence of both the trinucleotide
bulge and apical loop are essential for TAR RNA‘ to
inhibit trans-activation by Tat. Thus, the trinucleot'lde
bulge is necessary but not sufficient for competitor
TAR RNA to inhibit trans-activation, suggesting that
Tat may bind to TAR cooperatively with a cellular
protein that has specificity for the apical loop. We are
examining whether inhibition of Tat responsiveness
by synthetic TAR RNA is due to competition for the
binding of Tat or a cellular protein(s). Preliminary
studies indicate that synthetic TAR RNA does not
function as a competitive inhibitor of Tat since in-
hibition cannot be overcome by increasing the con-
centration of Tat. Thus, inhibition by TAR may re-
quire the binding of a cellular protein, and we are
currently addressing this possibility using nuclear ex-
tracts fractionated by conventional and affinity ap-
proaches to overcome inhibition.

An additional approach we are utilizing is to at-
tempt to identify cellular proteins that bind to Tat that
may be involved in trans-activation. Ultilizing
purified, bacterially expressed, "epitope-tagged " Tat,
we have preliminary evidence that a cellular
protein(s) that binds to Tat is required for activated
but not basal levels of transcription in vitro. This is
based on the finding that immunoprecipitation of Tat
from nuclear extracts incubated with wild-type
epitope-tagged Tat renders the extracts incapable of
supporting trans-activation in vitro. We are currently
attempting to reconstitute the activity of extracts
depleted by Tat with nuclear extracts fractionated by
conventional and affinity approaches. We are also
using the two hybrid system, a genetic selection in
yeast, to identify human proteins that interact with
Tat in vivo. Through characterization of the interac-
tions between Tat and the cellular transcriptional ap-
paratus, we should come to a greater understanding
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stry of transcriptional activation by

biochemi .
g-gtt:,‘vehich hopefully will assist in the development of
strategies that interfere with HIV-1 gene expression

in patients With AIDS.

Regulation of !-IIV
Gene Expression

p. Nahreini, S. Gunnery, M. Greenberg, P. Wendel,
B. Hofmann, M.B. Mathews

Activation of HIV-1 transcription, which is depen-
dent on the viral Tat protein and its target RNA.-
binding sequence, TAR, is indispensable for the viryg
to exit from latency and initiate a productive infec.
tion. This suggested that the proximity of the in-
tegrated HIV provirus to a DNA replication origin
may affect viral promoter activity and pathogenicity.
To explore this possibility, we have examined the in-
fluence of replication origins on the transcriptional
activity of the HIV-LTR promoter, using transient
expression assays, and have begun to investigate the
activity of the HIV-LTR promoter integrated into the
human chromosomal DNA.

In transient expression assays, the transcriptional
activity of the HIV promoter is influenced by the
origin of SV40 DNA replication. When the SV40
origin was situated immediately upstream or
downstream from an LTR-CAT reporter cassette, the
basal transcription rate increased severalfold. More-
over, the origin enhanced the effects of HIV-Tat,
which were an increase in transcription initiation rate
and elongation processivity. A deletion in the core
origin, which disrupts the SV40 T antigen binding
and abolishes replication, abrogates the origin’s ef-
fects on HIV-LTR promoter activity. The DNA
replication inhibitor hydroxyurea, which terminates
nascent DNA chains without blocking initiation,
reduced the effects of the origin but did not eliminate
them. These studies suggest that the increase in DNA
template number due to replication is not the only
factor contributing to increased basal HIV-LTR
promoter activity and the enhancement of transcrip-
tion initiation and elongation by Tat. Possibly, in-
complete replication of the DNA template containing
the LTR-CAT, as achieved in the presence of
hydroxyurea, imparts similar effects, albeit at a
reduced level.

To address the second objective, we are exploit-



ing the ability of recombinant adeno-associated virus
(AAV-1) to transfer and stably integrate a reporter
gene cassette into human chromosome 19 in a site-
specific fashion. We have constructed several chi-
meric AAV vectors containing the LTR-CAT re-
porter cassette. In some of these vectors, a selectable
marker gene (for neomycin resistance) was inserted
to facilitate the isolation of clones containing the in-
tegrated HIV gene cassette. The recombinant AAVs
were used to infect HeLa cells; in some instances, the
recombinant virus was coinfected with wild-type
AAV to provide rep function and impart site-specific
integration of the recombinant virus. Thus far, we
have isolated 25 independent clones of HeLa cells
containing the integrated LTR-CAT recombinant and
have monitored the activity of the chromosomally in-
tegrated HIV-LTR promoter using CAT enzyme and
RNase-protection assays.

In the absence of the HIV Tat protein, few clones
expressed CAT activity. In the presence of HIV-Tat,
however, CAT activity was detected in most of these
clones. The level of CAT activity differed sig-
nificantly among the Tat-responsive clones, and a
few clones showed no CAT activity even though the
linked neomycin resistance gene was biologically ac-
tive. We plan to determine the integration site of the
recombinant proviral DNA and to assess whether the
flanking chromosomal DNA might account for the
observed variation among these clones. In future
studies, we hope to examine the influence of cellular
replication origins on the activity of the integrated
HIV-LTR promoter.

To explore the mechanism whereby Tat activates
transcription from the HIV-1 promoter, we have ex-
ploited a cell-free transcription system that faithfully
reproduces Tat stimulation. Together with D.
Ostapenko (Weizmann Institute, Israel), we showed
that the level of trans-activation increased sig-
nificantly when transcription was measured at later
times during the reaction as a result of two distinct
processes. First, preincubation reduces the level of
basal transcription for reasons that are not yet un-
derstood. Second, when the addition of Tat to prein-
cubated reaction mixtures was delayed, the level of
trans-activation decreased markedly, indicative of a
lag in the formation of Tat-activated transcription
complexes. Pulse-chase analysis revealed that this lag
is not due to the rate-limiting binding of Tat to the
TAR element. Rather, it seems that preincubation of
Tat with nuclear extract is required for the assembly
of Tat with a cellular cofactor whose naturc we arc

currently investigating. We have also developed a
solid-phase transcription system, in which a template
bearing the HIV-1 promoter is immobilized on
agarose beads through a biotin-streptavidin bridge.
Tat stimulated transcription in this solid-phase sys-
tem as in the soluble reaction. Although washing of
the immobilized pre-initiation transcription com-
plexes did not affect basal transcription, it abolished
Tat-mediated stimulation, indicating that a cellular
cofactor of Tat is removed by the washing. These
results suggest that the immobilized transcription sys-
tem will enable further analysis of cellular proteins
which participate in trans-activation.

We have also exploited the Tat/TAR system to
show that RNA polymerase III is capable of produc-
ing RNA that can be translated as messenger RNA.
Eukaryotic cellular mRNA is synthesized by pol II,
whereas pol I produces long rRNAs and pol III pro-
duces 5S rRNA, tRNA, and other small RNAs. To
determine whether this functional differentiation
reflects an underlying mechanistic specialization,
such that each polymerase is restricted as to the kind
of RNA that it produces, we examined the transla-
tional potential of a pol IIl transcript. The coding
region of the HIV-1 Tat gene was placed under the
control of the adenovirus-2 VA RNA| gene promoter,
a strong pol Il promoter. The resultant plasmid,
pVA-Tat, was transcribed in vivo and in vitro to gen-
erate the predicted RNA, which was insensitive to
low concentrations of a-amanitin as expected for a
pol I1I transcript. Its translational activity was exam-
ined by cotransfection of pVA-Tat with a reporter
construct, pHIV-LTR-CAT, which is trans-activated
by the Tat protein. pVA-Tat elicited an 80-fold in-
crease in CAT activity, showing that it generates
functional mRNA (Fig. 3). Neither a control plasmid
pVA that lacks the Tat-coding region nor pVA anti-
Tat that contains the coding region in an antisense
orientation elicited any effect in the trans-activation
assay.

To verify that the translated RNA is indeed pro-
duced by pol I1I, we produced a series of mutations in
pVA-Tat sites that are specific for pol III transcrip-
tion. Site-directed mutations in the essential elements
of the pol I promoter, the A and B boxes, down-
regulated VA-Tat RNA production both in vivo and
in vitro and dramatically reduced CAT trans-
activation. Furthermore, the insertion of a pol Il
termination signal within the Tat-coding sequence led
to the production of truncated RNA and reduced
trans-activation.
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FIGURE 3 Synthesis of Tat from a pol Ill chimera. The HIV-L.TR-CAT reportgr
plasmid was cotransfected into Hela cells with the pVA-Tat chmera (lane 5), in
which the VA RNA promoter drives Tat RNA synthesis. As a positive ‘Control, Tat
RNA was produced from a pol Il promoter (P CMV-Tat, lane 6). Negatuve f:ontrols
include cells lacking the reporter plasmid (lane 7), containing this plasmid alone
(lane 2), or cotransfected with plasmids expressing VA RNA (pVA, lane 3) or a
partial antisense copy of Tat (pVA-anti Tat, lane 4). The plasmids are shown
schematically (top) and results of CAT assays are shown below.

As expected for a pol Il transcript, VA-Tat RNA
was neither polyadenylated at its 3’ end nor capped at
its 5’end. Like mRNA, the uncapped VA-Tat RNA
was associated with polysomes in a salt-stable man-
ner. We conclude that the Tat activity is generated by
translation of an RNA produced by pol III. These
findings imply that functional mRNA synthesis is not
restricted to pol II, that pol III transcripts can be
transported within the cell and assembled with the
translational components, and that the 5’cap struc-
ture is not obligatory for translation. The implications
of these findings for the transcription and translation
processes are being explored further, for example, to
determine whether a pol I transcript can be spliced
and to study the initiation of protein synthesis on an
uncapped mRNA.
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MECHANISMS OF MAMMALIAN PRE-mRNA SPLICING
AND SPLICE SITE SELECTION

RNA splicing is a required step in the expression of
most eukaryotic protein-coding genes. Alternative
pre-mRNA splicing is a widesprcad mechanism for
generating  structurally and functionally distinct
protein isoforms from single genes, often in a tissue-
specific, developmentally regulated, or physiological-
ly controlled manner. Both constitutive and alterna-
tive splicing mechanisms involve multiple protein
components as well as RNA components that are part
of small nuclear ribonucleoprotein (snRNP) particles.
RNA-RNA base-pairing interactions among snRNAs
and between snRNAs and pre-mRNA are important
determinants of splice site recognition and, in addi-
tion, probably participate in the formation of the ac-
tive sites for catalyzing the trans-esterification reac-
tions within the spliceosome. The role of spliceo-
somal proteins is not well understood, although
protein-RNA and protein-protein intcractions are also
essential for pre-mRNA splicing. Several required
protein-splicing factors are thought to have important
roles in spliceosome assembly, splice site selection,
and conformational rearrangements coupled to ATP
hydrolysis. Other possible roles include regulation of
active site accessibility, turnover of snRNPs, and pos-

itive and negative regulation of alternative splice site
selection, for example, thrpugh posttranslational
modification. Some protein factors might also con-
tribute chemical groups to the trans-esterification ac-
tive sites. Our laboratory has focused on the identi-
fication, purification, and molecular characterization
of protein factors that are necessary for the catalysis
of splicing and/or for the regulation of alternative
splice site selection in vitro.

STRUCTURE, FUNCTION, AND EXPRESSION OF
HUMAN SPLICING FACTORS SF2/ASF AND hnRNP A1

Human pre-mRNA splicing factor SF2/ASF has an
activity required for general splicing in vitro and
promotes utilization of proximal alternative 5* splice
sites in a concentration-dependent manner. The latter
activity results from antagonistic interactions with the
protein heterogeneous nuclear RNP (hnRNP) Al,
which stimulates use of distal 5’ splice sites. J.
Ciceres introduced selected mutations in the amino-
terminal RNA recognition motif (RRM) and the
carboxy-terminal arginine/serine (RS) domain of
SF2/ASF and assayed the resulting recombinant
proteins for constitutive and alternative splicing in
vitro and for binding to pre-mRNA and mRNA (Figs.
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1 and 2). Mutations were designed on the basis of
known RRM tertiary structures in such a way as t0
minimize structural or folding perturbations. These
experiments showed that mutant proteins inaclive‘ in
constitutive splicing continued to affect alternative
splice site selection, demonstrating that these‘ ac-
tivities involve distinct molecular interactions.
Specific protein-RNA contacts mediated by solv.ent-
exposed Phe-56 and Phe-58 in the RNP-1 submotif of
the SF2/ASF RRM were found to be essential for
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FIGURE 1 Effect of SF2/ASF mutations on constitutive splic-
ing in vitro. The constitutive splicing activity of purified wild-
type (wt) and mutant SF2/ASF proteins expressed in Es-
cherichia coli was assayed by biochemical complementa-
tion with a HeLa S100 extract that contains all other general
splicing factors. Pre-mRNA containing the first two exons
and first intron of wild-type human B-globin was spliced in
vitro with HelLa nuclear extract (NE) or with HelLa cytoplas-
mic S100 extract and recombinant SF2/ASF proteins; 0.2 ng
of wild type or mutant SF2/ASF in 5 pl was used to comple-
ment 7 pl of S100 extract. The products were analyzed by
urea-PAGE and autoradiography. The structures and rela-
tive mobilities of the pre-mRNA and spliced mRNA are indi-
cated at left. The band just above spliced mRNA is the
lariat-exon 2 intermediate. (PP-RG) Mutation of Pro-54/Pro-
55 in the RNP-1 submotif of the RRM to the consensus Arg-
Gly; (FF-DD) mutation of solvent-exposed Phe-56 and Phe-
58 in the RNP-1 submotif to Asp residues; (loop3) repiace-
ment of the variable loop sequence preceding RNP-1
(RGGPP) with the loop from a different RRM (GSGKKRG);
(Octa) replacement of the octapeptide EFEDPRDA, which is
conserved between several SR proteins and U1-70K
polypeptide, by the uncharged sequence TFQNPANV. The
next four mutants consist of replacements of the Arg/Ser
dipeptide repeats within the carboxy-terminal 50-amino-acid
RS domain: substitution of all Ser residues by Thr (RT) or
Gly (RG) or of all Arg residues by Gly (GS) or Lys (KS).
(ARS) Deletion of all Arg/Ser dipeptides within the RS
domain.
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constitutive splicing, although they are not required
for RRM-mediated binding to pre-mRNA. The RS
domain is also required for effl.cx.em constitutive
splicing  activity, and bqth LIS :and serine
residues are important for biochemical activity. Anal-
ysis of domain deletion mutants demonstrated strong
synergy between the RRM and a central degenerate
RRM repeat in binding to RNA.‘T"hese two domains
are sufficient for alternative splicing activity in the
absence of an RS domain (Fig. 2).

A related mutagenic analysis of hnRNP A1 struc-
ture and function was carried out by A. Mayeda in
collaboration with Steve Munroe (Marquette Univer-
sity). The ability of hnRNP Al to promote use of
certain distal alternative 5’splice sites requires
specific protein-RNA contacts mediated by pairs of
conserved phenylalanine residues (analogous to those
of SF2/ASF) in the RNP-1 submotifs of each of the
two RRMs, although these residues are not required
for general RNA binding. The glycine-rich carboxyl
terminus of hnRNP A1 is also essential for alterna-
tive splicing activity. These mutants were also an-
alyzed for their effects on the RNA annealing activity
of hnRNP A1. Previous work on hnRNP A1 showed
that it binds single-stranded nucleic acids in a
sequence-independent fashion and in a cooperative
manner due to protein-protein interactions between
carboxy-terminal domains. However, in crude ex-
tracts, distinct binding preferences for 3’ splice sites,
as well as changes in the ability to cross-link this
protein to pre-mRNA depending on the integrity of
snRNAs, have been shown in other laboratories.
More recently, intrinsic high-affinity binding sites for
hnRNP A1 have been identified by G. Dreyfuss and
colleagues. A. Hanamura and I. Watakabe are cur-
rently identifying high-affinity SF2/ASF-binding
sites by selection and amplification from random
RNA libraries. The functional significance of binding
to sites of different affinities by wild-type and mutant
SF2/ASF and hnRNP A1l proteins will then be
evaluated.

Collaborative experiments between I. Eperon’s
laboratory (University of Leicester) and our labora-
tory showed that U1 snRNP can bind simultaneously
to two alternative 5’ splice sites on a single pre-
mRNA molecule. When this occurs, the downstream
5 splice site is selected, and the effect of SF2/ASF
appears to be to enhance multiple 5 splice site oc-
cupancy by Ul snRNP. Ongoing experiments will
address the role of hnRNP A1 and the mechanism by
which SF2/ASF stabilizes U1 snRNP binding.
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FIGURE 2 Summary of the effects of SF2/ASF mutations. The structures of the wild-type and mutant proteins
are shown schematically at the left. The X symbolizes mutation of Phe-56 and Phe-58 in the RNP-1 submotif to
Asp residues. The O represents each of three mutations of the RNP-1 submotif and/or adjacent residues,
which have similar phenotypes: PP-RG, loop3, and Octa (see Fig. 1). The closed ellipse denotes each of four
mutations of the Arg/Ser repeats within the RS domain, which have similar phenotypes: RT, RG, GS, and KS. y
RRM refers to a central atypical RRM. The effects of single and double mutations and domain deletions of
SF2/ASF on constitutive splicing, alternative 5 splice site selection, UV cross-linking to RNA, and retention of
RNA on nitrocellulose filters are indicated. ND indicates not determined.

We have proposed that the intracellular ratios of
SF2/ASF and hnRNP A1 may control the specificity
of splice site selection and that in vivo regulation of
one or both of these activities may have an important
role in the tissue-specific or developmental regulation
of alternative splicing. A. Hanamura measured the
levels of SF2/ASF and hnRNP A1 polypeptides in
different rat tissues by quantitative immunaoblotting
with a monoclonal anti-SF2/ASF antibody (generated
in collaboration with C. Bautista and M. Falkowski,
CSHL Monoclonal Antibody Facility) and a mono-
clonal anti-hnRNP A1 antibody (provided by G.
Dreyfuss). Substantial variation in the molar ratio of
SF2/ASF to Al was observed, well above the range
required to elicit splice site switching in vitro.

Altered electrophoretic mobilities that would reflect
differences in posttranslational modifications were
not observed in rapidly lysed samples. In addition,
small but reproducible changes were also observed
among different cell lines, for example, in response
to transformation (in collaboration with J. Caceres
and with R. Franza Jr., CSHL), which might explain
some of the alterations of alternative splicing patterns
that are commonly seen in transformed cells.

ROLE OF SF2/ASF IN SPLICING REACTIONS
DEPENDENT ON EXONIC SPLICING ENHANCERS

A novel function for SF2/ASF was uncovered in col-
laborative studies with F. Rottman and colleagues
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(Case Western Reserve University). Their lab‘oratory
had previously identified a purine-rich cis-acting ele-
ment in the last exon of bovine growth hormone
(bGH) pre-mRNA which activates altema.tive splic-
ing of the bGH last intron in vivo and in vnro.‘A 35-
kD protein factor that interacts specifically wntl} the
exonic splicing enhancer (ESE) turned out to be ld‘en-
tical to SF2/ASF. UV cross-linking followed by 1m-
munoprecipitation with an SFZ/ASF-speci.fic mono-
clonal antibody confirmed that SF2/ASF bmds. to the
ESE in splicing extracts. Competition experiments
showed that sequence-specific binding of SF2/ASF to
the ESE is an intrinsic property of the protein and can
occur in the absence of other components. Addition
of purified SF2/ASF enhanced in vitro splicing of t}.xe
last intron in wild-type bGH pre-mRNA but not in
mutant bGH pre-mRNA lacking the ESE. A related
SR protein, SC35, failed to bind to the bGH ESE and
did not activate splicing of the last intron. Thus,
SF2/ASF functions as a sequence-specific exonic en-
hancer recognition factor to activate the splicing of
the preceding intron. hnRNP Al counteracted the
SF2/ASF-mediated enhancement of bGH splicing, al-
though it bound the ESE only in a nonspecific man-
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FIGURE 3 SF2/ASF activation of enhancer-dependent and
-independent splicing events. (Top) Based on the bGH sys-
tem, SF2/ASF binds sequence-specifically to a purine-rich
exonic splicing enhancer (ESE). The resulting complex ac-
tivates splicing of the preceding intron. Splicing is depen-
dent on the ESE because of the presence of weak splicing
signals in the intron. (Bottom) Constitutively spliced pre-
mRNA with strong intronic splicing signals. Although
SF2/ASF, or another SR protein, is required for splicing of
this substrate, the nature and location of the functionally
relevant binding site(s) are presently unknown. The 5’ and
3’ splice sites (ss), branchpoint (bp), and poly-pyrimidine
tract (py) are indicated.
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ner. The relative levels of SFZ/{%SF and 'hn'RNp Al
influence the excision 0Of retention of this intron in
vitro and may be the underlying rr}echa'msm' o5
alternative bGH pre-mRNA processing f" vivo.
SF2/ASF and hnRNP Al, or relaled' proteins, may
also control the function of other purme-n(?h exppic
splicing enhancers, such as' those recently 1de'nt1f1ed
in IgM, troponin, fibronectin, and tropomyosin. ‘Fu-
ture experiments will add'ress tt!e mechanistic
similarities and differences in the qulvemem of
SF2/ASF in ESE-dependent and ESE-independent

splicing (Fig. 3)-

OTHER ESSENTIAL PROTEIN SPLICING FACTORS

We are continuing to purify and characterize addi-
tional protein factors that are essentia! for one or both
RNA cleavage-ligation reactions. Using selective in-
activation and biochemical complementation strat-
egies, D. Horowitz identified two r!ovel‘activities re-
quired for cleavage at the 5 splice site and lariat
formation. These activities have been chromato-
graphically separated, and their purification is in
progress. T.-L. Tseng is searching for proteins with
RS domains in budding and fission yeast, with the
ultimate goal of studying the structure and function
of RS domain-containing splicing factors by genetic
methods. The rationale is based on our previous ob-
servation that very few known proteins in the data-
bases contain significant repeats of interspersed
arginine and serine residues, and virtually all of these
proteins have been directly or indirectly implicated in
constitutive or regulated splicing.

B. Dong purified a 54-kD HeLa cell polypeptide,
initially based on cross-reactivity with antibodies
raised against a yeast splicing factor, although this
cross-reactivity turned out to be fortuitous. This
protein is in the nuclear fraction and can be cross-
linked to RNA and was therefore termed p54™ (for
nuclear RNA binding). The sequence of p54"™
cDNA clones revealed the presence of two RRMs
and significant sequence similarity to a number of
RNA-binding proteins and mammalian splicing fac-
tors. In particular, the 471-amino-acid-long p54ntd
shares a 320-amino-acid central region of 71%
identity with the 712-amino-acid-long human splic-
ing factor PSF (Fig. 4). The same region is 42%
identical to a central region of a 700-amino-acid-long
Drosophila protein known as NONA, DISS, or BJ6.
Previous work in other laboratories showed that this
fly protein is ubiquitously expressed and has pleio-
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FIGURE 4 Sequence homology between central domains of human p54™0, human PSF, and Drosophila NONA/BJS.
Identical residues are indicated by black background, and conservative substitutions are highlighted in gray. Amino
acid residues in each protein are numbered on both sides. Part of the alignment comprises the two adjacent RRMs
in each protein (positions 75-148 and 150-232 of the p54"0 sequence). The RRMs from these proteins have a
much higher degree of sequence similarity than expected for otherwise unrelated RRMs (see Fig. 5).

tropic functions in the nervous system, such that
mutations in its gene impair normal visual acuity and
male courtship song and give rise to abnormal elec-
troretinograms. On the basis of the significant homol-
ogy with known and putative splicing factors, we
have suggested that NONA may affect alternative
splicing of pre-mRNAs encoding ion channels or
other proteins in such a way as to affect the expres-
sion of one or several isoforms that function in
specific neural tissues. A variety of approaches is
being used to study the RNA-binding properties of
p54nd_its likely involvement in pre-mRNA splicing,
and its functional relation to PSF.

CONSERVED MOTIFS IN PROTEIN SPLICING FACTORS

E. Birney (now at Balliol College, Oxford), and S.
Kumar (in R.J. Roberts’ laboratory at New England
Biolabs) carried out a detailed sequence analysis of
conserved motifs in metazoan protein-splicing factors
and related RNA-binding proteins. This analysis in-
cluded the characterization of RRMs, the construc-
tion of a comprehensive RRM database, and statisti-
cal analysis of arginine-serine and glycine-rich
repeats found in RNA-binding proteins. An align-
ment of 70 RRMs (Fig. 5) was constructed placing
special emphasis on tertiary structural requirements,
modeled after two available structures. The most con-

served positions in this alignment correspond precise-
ly to residues that form the hydrophobic core of the
U1-A RRM1 tertiary structure, as previously noted
by J. Keene and colleagues. Analysis of the RRM
alignment and the model tertiary RRM structure led
us to propose the following consensus structural core
sequence for RRMs: UxUxxLxxx[x.¢]Z[x]xxxLxxx
Fxxx[x]GxUx[x]Zxxxxxx[x( 57, JUxVxF[x]xxxxxx
ZxxA, where x = any residue; U = uncharged resi-
dues, L,I,V,A,G,F,W,Y,C,M; Z = U + §,T; and + in-
dicates that loop 3 may be expanded further.

This is a degenerate consensus that is too permis-
sive to be used as the sole criterion to identify RRMs,
but which should be matched by all RRMs with the
correct tertiary fold, including those with atypical
RNP-1 submotifs.

Using profile analysis based on an alignment
slightly larger than that in Figure 5, an RRM-
enriched database was generated. Examination of
each entry for a match to the above structural con-
sensus yielded a comprehensive RRM database. The
RRM database is periodically updated by E. Birney
and is accessible through the Internet (send E-mail to
RRM@molbiol.ox.ac.uk with the words SEND RRM
in the body of the message). As of this writing, the
database contains 151 proteins with 289 RRMs. 17
proteins were found to contain 22 previously un-
reported RRMs, which strongly suggests that they are
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FIGURE § Alignment of 70 selected RRMs. Selected RRMs were aligned manually with special empha-
sis on tertiary structural requirements modeled after two available structu'resA Alignment gaps are In.du-
cated by dashes. For sequences with more than one RRM, each one is n.um.bered from the amino
terminus, with the number given in parentheses after the sequence name. Beginning and e(\d|ng residue
positions within the parent protein are given for each RRM at the left and right of the ahgnment. The
alignment positions are numbered above and below; conserved positions are given sequential numbers,
and positions that are not present in all RRMs are alphabetized. The positions of conserved residues are
highlighted by vertical shading. Black shading indicates positions in which a single residue occurs in at
least 75% of the sequences. Gray shading at the same positions represents conservative substitutions.
Elsewhere, gray shading indicates positions in which residues belonging to a single conservative group-
ing are present in at least 50% of the sequences. When a single conservative grouping represents at
least 75% of the sequences, this is denoted by gray shading in boxed columns. Acceptable conserva-
tive groupings were 1=V=L F=Y=W,Q=N,R=K,D=E,S=T. Three additional positions at which the con-
sensus is split between two residues are also shaded: positions 6 and 53g (G=N) and position 36
(A=G). The consensus structural core residues are shown below the alignment (U = uncharged
residues: L,L,V,A,GFW,Y,CM; Z = U + S,T), along with the position of the RNP-1 and RNP-2 submotifs.
Secondary structure, modeled primarily after the humU1A(1) tertiary structure except for a4, which was
based on the humHNRNPC secondary structure, is given above the alignment. In humU1A(1), a, ex-
tends another two residues toward the amino terminus. Most positions of the RRM lack a firm consensus.
The range of sequence similarity between two otherwise unrelated RRMs is 10-20% identity.
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RNA-binding proteins. Additional homologies with
known splicing factors were also found. One example
of this analysis is the finding of striking homology
between metazoan SR proteins that contain a central
atypical RRM and the Saccharomyces cerevisiae
protein NPL3/NOP3. NPL3 mutants have pleiotropic
phenotypes, but this protein so far is not known to be
involved in splicing. The homology includes a per-
fectly conserved heptapeptide, SWQDLKD, which is
an invariant signature for SR proteins that contain a
central atypical RRM and is not found in any other
proteins in the databases. Another finding from the
above analysis is the presence of two unreported
RRMs in Schizosaccharomyces pombe mei2, a pro-
tein involved in meiosis. The presence of these
RRMs strongly suggests that RNA binding is in-
volved in the function of mei2.
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We study the mechanisms of transcriptional regula-
tion in eukaryotes. To probe these mechanisms, we
use both cellular and viral regulatory factors, in par-
ticular two cellular POU-domain proteins, Oct-1 and
Oct-2, and a herpes simplex virus (HSV) protein,
VP16. Although the cellular proteins Oct-1 and Oct-2
possess the same intrinsic DNA-binding specificity,
their transcriptional regulatory properties are dif-
ferent. For example, both proteins recognize the oc-

tamer sequence ATGCAAAT found in a variety of
promoters, but the efficiencies with which they ac-
tivate such promoters differ. These differences result
from the activities of promoter-selective transcrip-
tional activation domains that can discriminate
among promoters. The viral protein VP16 is a com-
ponent of the HSV virion that, after infection, associ-
ates with Oct-1 and a second cellular factor we refer
to as HCF to form a multiprotein-DNA regulatory
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t-1, VP16 alters
ties of Oct-1 in
es that are

complex. By its association with Oc
the transcriptional regulatory proper 0
two ways: It recruits Oct-1 to new DNA sites th
not recognized effectively by Oct-1 alone, anfi it pro-
vides a potent transcriptional activation domain to ac-
tivate the HSV immediate early promoters, a type of
promoter that is normally resistant to activation by

Oct-1. . .

This year, our studies focused on three 1ssues: (1)
How does a eukaryotic transcription factor recognize
a diverse and yet specific set of DNA sequences? (2)
How is a DNA site-specific multiprotein-DNA regu-
latory complex, as exemplified by the VP16-induced
complex, assembled? (3) What are the rules for how
transcriptional activation domains and the basal tran;
scriptional apparatus communicate with one another?
Additionally, we study promoter structure by anaiyz-
ing the natural variation that occurs in the human im-
munodeficiency virus (HIV) promoter isolated from
infected individuals.

Below are descriptions of accomplishments we

made during the past year.

Crystal Structure of the Oct-1
POU Domain Bound to an
Octamer Site: DNA
Recognition with Tethered
DNA-binding Modules

R. Aurora [in collaboration with J. Klemm, M. Rould,
and C. Pabo, Massachusetts Institute of Technology]

Oct-1 and Oct-2 are members of the POU subfamily
of homeodomain proteins. These proteins are dis-
tinguished by a bipartite DNA-binding domain, con-
sisting of an amino-terminal POU-specific (POUs)
domain linked to a carboxy-terminal homeo (POUH)
domain by a hypervariable linker. We showed last
year, in collaboration with N. Assa-Munt, R.
Mortishire-Smith, and P. Wright (The Scripps Re-
search Institute), that the POUg domain is structurally
similar to the DNA-binding domains of the bac-
teriophage A and 434 repressors and 434 Cro protein.
These DNA-binding domains, like homeodomains,
contain a helix-turn-helix (HTH) motif; unlike
homeodomains, however, which contain a single o
helix in addition to the HTH structure, the POUg and
bacteriophage DNA-binding domains contain two ad-
ditional a helices.
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Although the POUg and bacteriop}?age DNA.
binding domains are stnucturally very Slﬂillar, they
differ in the region that is n‘ormally most highly cop.
served, the HTH structure itself. In the POUg stryc.
ture, the first helix and turn nf the HTH structure re
both extended. These exiens:ons cnmpensate for one
another such that glutamines that lie at ihe beginning
of the two HTH « helices in these proteins are iden;.
cally positioned in relzition to one another. In the bac.
teriophage DNA-binding 'domains, these glutamines
were known to make critical sequence-specific cop.-
tacts. The structural similarity between the POUg and
bacteriophage DNA-binding domains led us to sug-
gest that the POUg domain glutamines contact DNA
in a similar manner. The crystal structure of the Qct.]
POU domain bound to an octamer site shows that this
prediction was indeed correct.

Figure 1 shows a schematic of the Oct-1 POy
domain bound to DNA. The most striking feature of
the structure is the structurally independent associa-
tion of the two POU subdomains with the DNA. The
POUg and POUy domains bind on opposite sides of
the DNA, without evident contacts between them,
This "independent” association highlights the impor-
tance of the linker that tethers the two domains: By
apparently increasing their relative concentration, the
linker is largely responsible for the interdependence
of the two DNA-binding domains. The linker, how-

FIGURE 1 lllustration of the Oct-1 POU domain bound to the
human histone H2B octamer site.



ever, is likely to be structurally flexible, because it
could not be seen in the cocrystal structure. The
structure of the DNA-bound Oct-1 POU domain sug-
gests how this DNA-binding domain is well suited to
recognize a degenerate set of DNA sequences, be-
cause the two domains should be able to bind to dif-
ferently oriented half sites, and to associate with a
protein like VP16, because the two domains are very
accessible.

Flexible DNA Sequence
Recognition by the Oct-1
POU Domain

M. Cleary

The Oct-1 POU domain is capable of binding to a
number of sites that bear little octamer similarity. For
example, the TAATGARAT sequence, which is
found in the promoters of the HSV immediate early
genes and which serves as a target of activation by
VP16, is a weak but specific binding site for the Oct-
1 POU domain in the absence of VP16.

We have studied the mechanisms by which the
POU domain achieves sequence recognition
flexibility by focusing on the contribution of the
POUg domain to the overall binding ability of the
entire POU domain. By analyzing the separate and
combined effects of amino acid substitutions in the
POUg domain and base changes in the Oct-1-binding
sites, we have uncovered two mechanisms for DNA-
binding flexibility. First, an amino acid side chain in
the POUg DNA recognition helix that makes critical
DNA contacts can adapt to DNA sequence alterations
at its sites of interaction. Alanine substitution of this
residue, an arginine, greatly destabilizes the POU
domain on DNA; base changes at the DNA contact
sites of the arginine, however, only have a minor dis-
ruptive effect. This finding suggests that although the
arginine is necessary for DNA contact, its DNA se-
quence requirements are not rigid, allowing the Oct-1
POU domain to recognize sites that diverge from the
octamer sequence. In the second mechanism, the two
subdomains of the POU domain can apparently
reorient themselves on different sites to accom-
modate differential positioning of the POUg and
POUy domain-binding sites. Our studies indicate that
binding of the Oct-1 POU domain to the TAAT-
GARAT site involves a translocation of the POUg

domain from the left-hand side of the POUy; domain,
as it is shown in Figure 1, to the right-hand side.

VP16-induced Complex Formation
J.-L. Lai, C. Huang, M. Cleary

After HSV infection, transcription of the HSV im-
mediate early genes is activated by a multiprotein-
DNA complex containing one viral and two cellular
proteins. The viral component is the virion protein
VP16 and the cellular components are Oct-1 and a
less-well understood cellular factor we refer to as
HCEF. Figure 2 shows a cartoon of this VP16-induced
complex. The complex forms on specific sites within
the immediate early promoters that conform to the
concensus sequence TAATGARAT (R = purine).
These VP16-responsive sites are sometimes associa-
ted with an overlapping octamer sequence, which
serves as a binding site for Oct-1, but other TAAT-
GARAT sites lack any strong similarity to an oc-
tamer sequence; these sites, called (OCTA™)TAA-
TGARAT, are low-affinity binding sites for Oct-1 on
their own.

When VP16 is first delivered to the cell, it forms
a heterodimeric complex with HCF. This complex is
then able to associate with Oct-1 on TAATGARAT
sites, through interactions with the Oct-1 homeo-
domain and the GARAT segment of the TAATGA-
RAT motif. Although Oct-1 and Oct-2 are very close-
ly related, Oct-2 fails to associate effectively with
VP16 because of a single-amino-acid difference on
the exposed surface of the DNA-bound Oct-1 and
Oct-2 homeodomains.

We have extended our studies on the sequence re-
quirements within both Oct-1 and VP16 for VP16-
induced complex formation. Previously, our studies

FIGURE 2 VP16-induced complex. See text for a descrip-
tion.
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have focused on the involvement of the Oct-1

homeodomain in VP16-induced complex formation;
the contribution of the POUg domain h.as not beerll
evident. By testing the activity of a series of OC;
POUg domain mutants, we have found that the P(.). s
domain contributes to complex formation by S(é'ibI]lZ-
ing Oct-1 on the DNA. There are residues in tllle
POUg domain, however, that contribute more d.lrect y
to VP16-induced complex formation; mutation of
these residues has a more dramatic effect on forma-
tion of the VP16-induced complex than on Oct-1
binding to a TAATGARAT site on its own. '

Analysis of VP16 has revealed mulup]e. regions
involved in complex assembly. These S(UdlEES hav‘e
been aided by the recent elucidation by other‘lnvestl-
gators of the sequence of VP16 homologs In other
herpesviruses. Sequence comparison revea]s.at least
five conserved regions, and mutations with'm these
regions affect VP16-induced complex format.lon. One
small region of VP16, near the carboxy-termln.al tran-
scriptional activation domain, is of particular 1nten?st
because individual mutations within this region d.15-
rupt complex formation by alternatively affecting
VP16 association with either HCF, Oct-1, or DNA.
The interaction of a small region of VP16 with all of
the other components of the VP16-induced complex
suggests that, unlike the structure of the VP16-
induced complex shown in Figure 2, VP16, Oct-1,
HCEF, and the DNA are all in close proximity to one
another in the complex.

Molecular Analysis of the
VP16-Accessory Protein HCF

A. Wilson, R. Freiman, D. Aufiero, W. Herr {in collaboration
with K. LaMarco and G. Peterson, Tularik, Inc.]

HCEF, the second cellular factor in the VP16-induced
complex, has unusual properties in stabilizing the
VP16-induced complex. It binds to VP16 and enables
it to associate more effectively with Oct-1 on TAAT-
GARAT sites. The normal cellular function of HCF
is unknown, although it is likely to be important, be-
cause HCF activity is found in animals as diverged
from humans as nematodes and insects.

Last year, we described the purification of HCF
and the isolation of cDNA clones encoding HCF.
Figure 3A shows samples of purified human HCF; it
is a collection of polypeptides ranging in size from
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FIGURE 3 Structure of the VP16-accessory protein HCF. (4)
Pattern of HCF polypeptides in purified human HCF after
polyacrylamide gel electrophoresis. (8) lllustration of the
2035-codon HCF open reading frame. The hatch marks
identify the positions of 19 HCF peptides that were se-
quenced to identify and isolate HCF cDNAs. The HCF
repeats are shown as arrowheads and regions enriched for
particular amino acids are highlighted. (C) HCF repeat con-
sensus sequence. Invariant residues are underlined, and
more highly conserved residues are shown in uppercase
letters.

110 to 300 kD. The cDNA clones revealed that HCF
is encoded by a 2035-codon open reading frame and
is initially expressed as a large precursor protein of
about 300 kD. Figure 3B shows a schematic of HCF,
highlighting elements observed in the deduced HCF
amino acid sequence. HCF bears little resemblance to
other known proteins, but centrally located within the
HCF sequence is a prominent repeat of a 26-amino-
acid sequence that we refer to as the HCF repeat. A
consensus sequence of the HCF repeat is shown in
Figure 3C.

In the cell, the 300-kD primary HCF translation
product is processed into smaller amino- and



carboxy-terminal halves, which remain noncovalently
associated with each other. The HCF repeats direct
this unusual form of proteolytic processing. The pur-
pose of the proteolytic processing of HCF is not
known. The amino-terminal segments, however, are
sufficient to associate with VP16 and induce complex
formation with VP16 and Oct-1.

To investigate the cellular function of HCF, we
have analyzed, in collaboration with B. Trask (Uni-
versity of Washington) and J. Parrish and D. Nelson
(Baylor College of Medicine), the genomic location
of the HCF gene and its expression patterns. The
gene encoding HCF, HCF-1, is located within the
q28 region of the X chromosome. This region of the
human genome contains many genes and is associa-
ted with many human diseases such as hemophilia
and color blindness. We have not as yet, however,
identified a human disease that might correspond to
mutations in the HCF-1 gene. The HCF-1 gene is
highly expressed in fetal tissues and tissue culture
cells, but in adult tissues, it is generally not highly
expressed, suggesting a role in cell proliferation.
HCEF is, however, highly expressed in the adult kid-
ney where it may be involved in a function separate
from cell proliferation. Curiously, the brain, the site
of HSV latency, contains very little HCF protein.

Regulatory Mechanisms of
Transcriptional Activation
Domains

G. Das, C. Hinkley, W. Tansey

Little is known about how transcriptional activation
domains stimulate transcription or about their struc-
ture. Activation domains rarely display high levels of
sequence similarity, such as that observed among
DNA-binding domains, suggesting less stringent
structural requirements. We have taken three ap-
proaches to study the structural and functional
properties of activation domains: (1) We have per-
formed an "alanine-scanning" mutagenesis of a small
18-amino-acid activation domain; (2) we have as-
sayed the influence of basal promoter elements on the
activity of activation domains; and (3) we have
studied the role of sequences on the surface of the
TATA-box-binding protein TBP in responding to ac-
tivators.

We have previously described a multimerization
approach, developed by M. Tanaka, to analyze the

structure and function of transcriptional activation
domains. In this approach, a short, otherwise inactive,
segment from within an activation domain is
reiterated in tandem, creating a larger and now func-
tional activation domain. In this manner, two separate
18-amino-acid segments from within a 66-amino-acid
glutamine-rich activation domain in Oct-2, called
Q'81I and Q'8I1I, were shown to possess activation
domain potential.

This approach is well suited to dissect activation
domain structure and function by mutagenesis, be-
cause the effects of mutations are amplified by the
multimerization process. We therefore mutated indi-
vidually all 17 nonalanine residues in the Q!8III seg-
ment to alanine and assayed their effects on transcrip-
tional activation. To our surprise, most of the muta-
tions disrupted activation. Thus, although not dis-
playing strong sequence similarity to other activation
domains, this 18-amino-acid activation domain ap-
parently possesses important structural properties that
are easily disrupted by point mutagenesis.

The activation domains of Oct-1 and Oct-2 dis-
play different abilities to activate transcription from
snRNA and mRNA promoters. To explore the dif-
ferent activities of promoter-selective activation
domains in more detail, we have assayed the activity
of a large collection of activators, all carrying dif-
ferent activation domains fused to the same yeast
GAL4 DNA-binding domain, in different promoter
contexts. Figure 4 shows three of the promoter con-
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texts we have tested: an mRNA promoter (c-Fos),
along with two snRNA promoters, one directing tran-
scription by RNA polymerase III (U6) and one
directing transcription by RNA polymerase Il (UZ).
The major difference among these three promoters 1S
the architecture of the basal elements situated near
the transcriptional start sites. These elements dirfzct
formation of different DNA-bound TBP-containing
complexes. The TATA box found in mRNA pro-
moters, such as that in the c-Fos promoter, binds the
TBP-containing TFIID complex, whereas in snRNA
promoters, a conserved proximal sequence element,
the PSE, binds a TBP-containing complex called
SNAP. One snRNA promoter, that for the ué6
snRNA, directs RNA polymerase III transcription
and contains, in addition to a PSE, a TATA box that
binds TBP.

Among the activator collection tested were the
very potent and acidic transcriptional activation
domain from the herpesvirus protein VP16 and a
glutamine-rich activation domain from the well-
characterized transcription factor Sp1. As with acidic
activation domains in general, the VP16 activation
domain can activatt mRNA promoters in all
eukaryotic species tested, including such diverse
species as yeast and human cells. In contrast, the hu-
man Spl activation domain is not active in yeast
cells. Although not active in as many species, how-
ever, the Spl activation domain we tested is more
universally active with respect to promoter type than
the VP16 activation domain; whereas the snRNA
promoters did not respond to the VP16 activation
domain, the Spl activation domain was active on
both the mRNA and snRNA promoters tested, al-
though it displayed considerably more activity on the
snRNA promoters. These results suggest that activa-
tion domains discriminate among factors bound to
different sets of basal elements and emphasize the
importance of the composition of basal elements in
defining the activity of activators.

To study how basal factors respond to activators,
we have assayed the ability of mutated human TBP
molecules to activate transcription in vivo. To bypass
the activity of endogenous human TBP, we adapted
to human cells the altered TBP DNA-binding
specificity strategy developed by K. Struhl and col-
leagues (Harvard University) in yeast cells. In this
strategy, the activity of a mutant TBP molecule with
relaxed DNA-binding specificity can be measured on
a promoter containing a mutated TATA box that is
not recognized by the wild-type endogenous TBP. By
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use of this assay, we have made two important firfd-
ings. First, although Sp1 does not activate transcnP-
tion in yeast cells, yeast TBP responds t.o Spl in
mammalian cells, indicating that th? dc‘:ﬂ‘act n yeast is
not due to TBP itself. Second, individual sets of
mutations on different surfaces of TBP do not inter-
fere with the ability of TBP to respond to activators
in vivo, but combinations of these mutations can have
dramatic effects. These results sugggst that separate
surfaces of TBP cooperate in responding to activators
and that these surfaces of TBP can compensate for
each other’s defects. Thus, although TBP has been
very highly conserved during evolution, i.t is very
resistant to mutagenesis for response to activators of
RNA polymerase II transcription in vivo.

Analysis of VP16 Activation
Domain Subsegments
in Yeast

M. Tanaka

Transcriptional activators often contain multiple and
separable activation domains that cooperate with one
another to activate transcription. To identify an
elementary unit for this synergistic action, the VP16
activation domain was analyzed in the yeast Sac-
charomyces cerevisiae using a multimerization ap-
proach. I chose multiple 12—13-amino-acid-long seg-
ments within the 78-amino-acid-long acidic VP16 ac-
tivation domain, individually reiterated as two to six
tandem copies and fused them to the GAL4 DNA-
binding domain. They were tested for the ability to
activate transcription of a GAL4-responsive reporter
gene in yeast cells.

Among the segments tested, all of which con-
tained abundant acidic and hydrophobic amino acid
residues, two strongly activated transcription; even
subsegments as short as four or eight amino acids ac-
tivated transcription when reiterated. Their transcrip-
tional activity increased dramatically with an increas-
ing number of reiterations. Thus, an activation do-
main can be reconstituted from an extremely small
repetitive module, which cooperates to function effi-
ciently.

Analysis of these GAL4-VP16 fusion activators
expressed in yeast cells has identified the hsp60
chaperonin as a factor that can interact with func-



tional but not with nonfunctional VP16-derived ac-
tivation domains. Indeed, the relative level of associ-
ation with hsp60 correlates directly with the relative
level of activation domain activity. Although it
remains to be determined if hsp60 is involved in
nuclear transcription, the observation that it specifi-
cally associates with functional activation domains is
intriguing, because hsp60 is thought to interact with
exposed hydrophobic surfaces of folding intermedi-
ates of a number of proteins. Therefore, an important
feature of an activation domain may be a hydro-
phobic surface being exposed in folded proteins,
whereas acidic amino acid residues may be required
to expose the region to solvents while avoiding inter-
molecular aggregation. The interaction between a
transcriptional activation domain and a chaperonin
also suggests that a target molecule of an activation
domain during activation process can, like
chaperonins, interact with divergent sequences, not
containing specific secondary or tertiary structures.

Sequence Rearrangements in
the HIV-1 LTR Isolated from
Infected Individuals

B. Lee, D. Aufiero [in collaboration with A. Wiznia,
Bronx-Lebanon Hospital, New York]

We have an ongoing project to study the structure of
transcriptional regulatory sequences in the HIV-1
long terminal repeat (LTR) isolated from infected in-
dividuals. We have previously described a region of
the HIV-1 LTR that is a hot spot for the appearance
of tandem sequence duplications or TSDs. This TSD
hot-spot region lies just upstream of the HIV-1 en-
hancer core sequences that bind the transcription fac-
tor NF-kB. We originally identified these rearrange-
ments in lymphocytes from infected adults, but viral
LTRs containing the rearrangements were always ac-
companied by unrearranged forms. This year, we an-
alyzed samples from infected children in the Bronx

and found that, in contrast to the earlier results, many
of these infected individuals only carried rearranged
LTRs with TSDs. These results show that TSD-
containing viruses on their own can produce produc-
tive infections. We are currently studying the nature
of the trans-acting factors that recognize the TSD
elements.
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MOLECULAR GENETICS OF EUKARYOTIC CELLS

Laboratories in this section study various aspects of eukaryotic cell biology, particularly those
relating to disease, cell signaling, transcription, and structure.

¢ Dr. Skowronski's laboratory (Accessory Genes of Human Immunodeficiency Virus) is focused
on the mechanisms by which HIV, the virus responsible for AIDS, causes immunodeficiency.
They have determined that expression of the nef gene down-regulates CD4 antigen in T
cells. CD4 antigen is required for normal T-cell function. Mechanisms for this down-
regulation are being explored.

e Dr. Franza's laboratory (Quantitative Regulatory Biology) has continued their studies of HIV
and has laid groundwork for the inhibition of certain viral proteins with oligonucleotides.

¢ Dr. Garrels' laboratory (Quest Protein Database Center) has continued software development
to allow more convenient and widespread use of 2D gel analysis and protein databases.
They have expanded their application to the yeast Saccharomyces cerevisiae in order to en-
rich the effort, ongoing elsewhere, to sequence the genome of that organism.

e Dr. Wigler's laboratory (Mammalian Cell Genetics) studies signal transduction in yeasts and
mammalian cells, concentrating on the RAS pathway and associated protein kinases, such
as RAF. Both RAS and RAF are oncoproteins, capable of inducing malignant transformation
in normal cells. Additionally, they are in the midst of discovery of genetic lesions in malignant
cells.

e Dr. Bar-Sagi's laboratory (Transmembrane Signaling) studies signal transduction through the
RAS pathway in mammalian cells, in particular its mode of regulation by growth factor recep-
tors and its interaction with the RAF serine/threonine protein kinase. These studies build
upon evidence gathered in her laboratory that receptor activation leads to a reorganization
of the subcellular localization of components of the RAS pathway through SH2 and SH3
protein motif domains.

« Dr. Tonks' laboratory (Protein Tyrosine Phosphatases and the Control of Cellular Signaling
Responses) has produced the first X-ray crystal structure of a protein phosphatase in a col-
laboration with David Barford. In addition, this laboratory has identified a protein
phosphatase that dephosphorylates MAP kinase and blocks its signaling.

o Dr. Gilman's laboratory (Nuclear Signal Transduction) explores the mechanisms whereby
cellular signaling by growth factors and hormones leads to alterations in gene transcription.
In a seminal series of experiments, this group has demonstrated that growth factor receptor
activation leads to the tyrosine phosphorylation and subsequent activation of a set of tran-
scription factors. This pathway is distinct from the pathway that alters gene expression
through the participation of RAS, demonstrating a redundancy in signal transduction cir-
cuitry. Other work in this laboratory is directed to understanding how the same signal elicits
different responses in different cells.

« Dr. Spector’s laboratory (Cell Biology of the Nucleus) has addressed questions about func-
tions within the nucleus using predominantly microscopic techniques. His laboratory has
recently demonstrated the recruitment of splicing factors from nuclear storage sites to sites

of active transcription.

e Dr. Helfman's laboratory (Molecular Cell Biology) continues the study of tropomyosins and
tissue-specific splicing. Over 16 different forms of tropomyosins, derived from four different
genes, are found distributed in a tissue-specific manner. This diversity arises in part from

tissue-specific differential splicing.
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ACCESSORY GENES OF HUMAN IMMUN

R. Mariani
S. Salghetti

J. Skowronski

AIDS immunodeficiency is invariably associated
with depletion of a regulatory subset of T cells tha:
express CD4 antigen on the cell surface. These Cl?4
T cells are preferentially infected by human im-
munodeficiency virus (HIV), but neither the mechz?n-
ism(s) that subverts the normal function of the in-
fected cells nor the identity of viral genes involved 'IS
clear. Besides the gag, pol, and env genes, found in
all retroviruses, immunodeficiency viruses encode
several additional "accessory” proteins. Some ‘ of
these accessory genes are not required for the v1'ral
life cycle in established cell lines, and their funC‘tIOH
has been difficult to assess. Remarkably, several lines
of evidence indicate that these "nonessential” genes
have an essential function in vivo, or in primary cells,
for efficient virus replication and pathogenesis. Re-
search in this laboratory focuses on the function and
mechanism of action of these accessory proteins of
immunodeficiency viruses.

Our recent work has focused on understanding
the function and mechanism of action of the HIV-1
nef gene. nef is dispensable for the viral life cycle in
vitro, but it is strictly required for high viral load and
CD4+ T-cell depletion in animal models for AIDS.
Our laboratory has been using approaches in vivo, in
transgenic mice, and in vitro to address the con-
sequences of Nef expression on normal cellular func-
tions and its interaction with cellular regulatory me-
chanisms. We have shown previously that (1) HIV-1
Nef alleles isolated directly from peripheral blood of
HIV-1-infected individuals decrease expression of
CD4 antigen on the surface of human T cells and (2)
HIV-1 Nef alters activation and blocks development
of a CD4* T-cell subset when expressed in T cells in
transgenic mice. These effects of Nef expression in
transgenic T cells correlated with abnormally low
CD4 antigen expression on the cell surface. These
results have broad implications, because CD4 antigen
is involved in many aspects of biology of CD4* T
cells and also is a cell-surface receptor that mediates
HIV infection. During the last year, we have focused
on cellular mechanisms impacted by nef. We have
also taken the first step toward elucidation of
molecular interactions between Nef and CD4.
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ODEFICIENCY VIRUS

CD4 DOWN-MODULATION BY NEF REQUIRES A
MEMBRANE PROXIMAL REGION IN THE CD4

CYTOPLASMIC TAIL
CD4 is an integral membrane glycoprotein expressed
primarily on immature thymic T cells and mature he]-
per T lymphocytes. The extracellular domain of Cpg
binds to a nonpolymorphic region of major histocom-
patibility complex (MHC) class Il molecules ex-
pressed on antigen-presenting cells. These events are
associated with activation of a nonreceptor Src-like
protein tyrosine kinase pS6'ck, associated with CD4
via its cytoplasmic tail, which couples CD4 to cel-
lular signaling (Fig. 1). CD4 is required for the
normal ontogeny of the regulatory helper subset. In
mature T cells, CD4 is involved in T-cell activation,
In addition, under some experimental conditions,
CD4 is involved in specifying programmed cell death
and/or G, block in the cell cycle progression of CD4+
T cells.

As a first step to address the interaction between
Nef and CD4-pS6'k complexes, we defined the
region in CD4 that is required for down-modulation
by Nef. We constructed a set of mutant CD4 proteins
that were subsequently expressed in the 171.22 T-cell
hybridoma that does not express the endogenous CD4
genes. These derivative cell lines were transduced
with NA13 nef or with a control vector, and CD4
antigen expression on the cell surface was analyzed
by flow cytometry. A summary from this analysis is
shown in Figure 1. Results from initial experiments
with wild-type and mutant CD4 proteins, where the
cytoplasmic tail was either deleted or replaced with
that of the CD8 transmembrane protein which is not
responsive to Nef, indicated that down-modulation by
Nef requires the intact cytoplasmic domain of CD4.
Subsequent experiments with a set of carboxy-
terminal deletions in the cytoplasmic tail of CD4 in-
dicated that the last 15 amino acids of the cytoplas-
mic tail of CD4, including C420 and C422, which
that are essential for CD4-p56!ck association, had no
detectable effect. In contrast, more extensive trunca-
tions past T419 almost completely abolished Nef-
induced CD4 down-modulation. The observation that
the region membrane-proximal to the T419 was criti-
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FIGURE 1 CD4 down-modulation by HIV-1 Nef required a membrane proximal region in the CD4
cytoplasmic tall. Compilation of results from flow cytometry analysis of mutant CD4 proteins. Amino
acid sequences of the cytoplasmic tails of mutant CD4 proteins are aligned on the left with that of
the wild-type human CD4. Dots indicate amino acid identities with the wild-type protein, dashes indi-
cate the extent of internal deletions, and letters identify amino acid substitutions in a single-letter
code. Following staining with Leu3A a-CD4 monoclonal antibody, the fluorescence of cells express-
ing various CD4 proteins was 50-60 channels (on the 256-channel logarithmic scale) higher than
that of the parental 171.22 cells that do not express CD4. The extent of change in CD4 expression
following treatment of cells with phorbol ester (PMA), or following transduction with HIV-1 NA13 Nef
expression vector (Nef), is indicated by (+++), (++), (+). (+/-), and (-), which reflects a decrease in
the fluorescence intensity of 35-55, 20-35, 10-20, 5-10, and less than 5 channels, respectively.

cal for interaction with nef was further confirmed in
experiments with CD4 mutants bearing internal dele-
tions in the CD4 cytoplasmic tail. Deletion of amino
acids 403-418 completely abolished Nef responsive-
ness, and a small deletion spanning positions
403-406 had no detectable effect, suggesting a criti-
cal role of amino acids 407-418. Indeed, deletions
spanning residues 407-412 and 411-416 reduced
CD4 down-modulation by Nef by more than 95%. In-
terestingly, residues 407 through 418 are also re-
quired CD4 endocytosis induced by phorbol esters,
suggesting that Nef may activate. We are currently
analyzing additional, more subtle mutations in the
Nef-responsive domain to address this possibility.

NEF DISRUPTS CD4 ASSOCIATION WITH THE P56/C*
PROTEIN TYROSINE KINASE

In T cells, CD4 is associated with the pS6'k protein
tyrosine kinase via its cytoplasmic tail, and this inter-
action is required for signal transduction via CD4.
The region required for Nef-induced modulation
(positions 407 through 418) is in a close proximity to
cysteines 420 and 422, which are required for CD4
association with p56'ek. Therefore, it scemed plau-
sible that Nef may interferc with CD4 association
with p56/ck. The ability of p56!°k to remain in a com-
plex with CD4 in the presence of Nef was analyzed
by immunoprecipitating CD4 from detergent lysates

prepared from 171.22 cells coexpressing human CD4
and NA13 Nef, and the immune complexes were im-
munoblotted with the p56/k antiserum for determina-
tion of CD4-associated p56'°* and, as a control, with
CD4 antiserum. Two additional scts of controls were
used in these experiments: (1) CD4 immune com-
plexes were prepared directly from the parental cells
expressing the respective CD4 proteins but not Nef
and (2) CD4 immune complexes were also isolated
from both the parental and Nef-expressing cells fol-
lowing treatment with phorbol ester, which induces
CD4 endocytosis and disrupts CD4-p56!°k associa-
tion.

As shown in Figure 2, coexpression of wild-type
CD4 and NA13 Nef resulted in an approximately
two- to threefold lower steady-state level of total
CD4 (compare lanes 8 and 10 with lanes 1 to 6, lower
panel). This decrease most likely reflects the pre-
viously observed increased rate of the CD4 turnover
and lysosomal degradation induced by functional
HIV-1 and SIV nef alleles. The CD4 detected by im-
munoblot analysis must reflect the intracellular pool,
because no detectable staining with anti-CD4
antibody was detected by flow cytometry analysis of
Nef-expressing cells. A similar reduction of the
steady-state level of CD4 was also observed follow-
ing treatment of cells with phorbol ester (Fig. 2, lane
9). Immunoblot analysis with pS6!k antiserum
revealed an approximately 20-fold decrease in CD4-
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FIGURE 2 Effect of HIV-1 NA13 Nef or phorbol ester on th61a
association of p56'°K with CD4 protein in 171.22T cells. 17d
cells expressing the wild-type human CD4 (Ignes 8,9) an
from a derivative population transduced with HIV-1 nef
(lanes 10,11) were incubated for 1 hr in the presence (lanes
9,17) or absence (lanes 8,10) of 50 ng/ml PM/;«. For each ex-
periment, lysates were prepared from 2 x 10" cells apd im-
munoprecipitated with OKT4 a-CD4 monoclonal antnbody.
Western blots of immune complexes were probed with
antiserum specific for p56'° (a-lck) or human CD4 (a-CDA4).
Twofold serial dilutions of protein extracts prepared from
COS7 cells transiently expressing p56/°k or human CD4
were used as standards for quantitation, respectively (lanes
1-6). Aliquots of an extract prepared from COS7 cells that
were not transfected were used as a negative control for
specificity of immunoblot analysis (lane 7).

P

associated p56!k in Nef-expressing or phorbol-ester-
treated cells (compare lanes 8, 9, and 10 with lanes 1
to 6, lower panel). Thus, the intracetlular pool of
CD4 is by and large not complexed with p56!ck.
Additional experiments have shown that disruption
of p56'ck complexes by Nef does not involve activa-

MAMMALIAN CELL GENETICS

. e tyrosine kinase activity of pS6'°k. More.
23; OIEI:fl aff);cts only CD4-p5‘6ICk COm]I)]:xCS but not
othe; pools of non-CD4-assoc:ated P56k, We there.
fore expect that in primary T cleclllsZ where approxi.
mately 70% of total cellular pS6'°® is S"jqUFSteTed by
CD4, Nef expression would cause redistribution of
56!k to the cytoplasmic pool on the expense of thaf
bound by CD4 on the cell surface. 'Thls. WOl.lld likely
result in sensitizing T cells to ‘antlgemc stimulation
and may provide an explanation for thf.: elevateg
mitogenic responses of HIV-1 Nef"exPrCSSmg T cells
observed by us before in transgenic mice. Currenuy,

we are testing this possibility directly.
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Our laboratory has been involved in three distinct ac-
tivities: studying aspects of signal transduction; de-
veloping methods for the discovery of small mol-
ecules with desirable chemical properties; and apply-
ing a new system for genomic analysis for the dis-
covery of genetic lesions in human cancers. This year
has witnessed important progress emerging from four
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breakthroughs that were described in last year’s An-
nual Report: the discovery of RAS targets; the defini-
tion of a conserved protein kinase signal transduction
cascade; the development of a molecular indexing
system for complex combinatorial chemical synthe-
sis; and the invention of a powerful method for com-
parative genomic analysis. We have used heavily the



two-hybrid genetic system developed by Fields and
Song (Nature 340: 245 [1989]) that allows the detec-
tion of complex formation between any two proteins
expressed in the yeast Saccharomyces cerevisiae.

RAS in Yeasts

R. Ballester, H.-P. Xu, E. Chang, L. Van Aelst, S. Marcus,
V. Jung, K. Sen, A. Polverino, M. Barr

RAS homologs in the budding yeast, S. cerevisiae,
and the evolutionary distant fission yeast, Schizosac-
charomyces pombe, have highly diverged functions.
In the budding yeast, RAS proteins are essential for
growth. They regulate adenylyl cyclase and probably
another as yet unidentified target. In the fission yeast,
ras] is required for sexual differentiation and pher-
omone-inducible responses as well as an elongated
cell shape. As we previously described, one of the
target effectors for rasl in S. pombe is the byr2
protein kinase required for mediating pheromone
responses. Complex formation between RAS and
byr2 was detected using the two-hybrid genetic sys-
tems of Fields and Song (Van Aelst et al. 1993).
Mutations in the effector loop of RAS abrogate this
interaction. The byr2 protein kinase is part of the
conserved MAP kinase module, described in last
year’s Annual Report and in more detail below. Ad-
ditional regulators of byr2 have been found (see later
section).

byr2 does not mediate the effects of ras1 on cell
morphology (Wang et al., Mol. Cell. Biol. 11: 3554
[1991]), and hence rasl must have additional medi-
ators. Mutant hunts unearthed two, scd1 and scd2,
both required for elongated cell shape and conjuga-
tion. scdl and scd2 are homologs of S. cerevisiae
CDC24 and BEM1, respectively, each involved in
morphogenic events in that organism, as is RSR1, a
RAS homolog (Miyamoto et al., Gene 54: 125
[1987); Bender and Pringle, Proc. Natl. Acad. Sci.
86: 9976 [1989]; Miyamoto et al., Biochem. Biophys.
Res. Commun. 181: 604 [1991]; Chenevert et al., Na-
wre 356: 77 [1992]). In the budding yeast, the
CDC42 protein, a member of the RHO family of
small GTPases, is also functionally linked with
CDC24 (Bender and Pringle, Proc. Natl. Acad. Sci.
86: 9976 [1989); Zheng ct al., J. Biol. Chem. 269:
2369 [1994]). Likewise, we found that the S. pombe
CDC42 homolog, cdcd2sp, is functionally linked

with rasl, scd1, and scd2. Genetic studies led to the
conclusion that rasl and scd2 act in concert upon
scd1, which interacts with cdc42sp. Biochemical
studies indicate that scd1 and scd2 interact directly.
Studies with the two-hybrid system confirm this and
further indicate that scd1, scd2, cdc42sp, and ras1 can
all form a complex: scd2 binds cdc42sp; rasl, in its
GTP-bound state, induces scdl to bind cdc42sp; and
scd2 induces scdl to bind rasl. It seems likely that
the morphogenic module we have described in fission
yeast will have been conserved in evolution, perhaps
even in metazoans.

We have continued our studies of the new inter-
fering mutants of RAS found in S. pombe, first men-
tioned in last year’s Annual Report. In collaboration
with Dan Broek’s group at the University of Southern
California, we have confirmed that these mutants
(ras1Ty62 and HRASTY®S7) block nucleotide ex-
change function by binding virtually irreversibly to
exchange factors of the CDC25 type. ras1T¥762 blocks
all ras1 function, beyond that dependent on the ste6
exchange factor, which is required for conjugation
but not cell shape (Jung et al. 1994). We therefore in-
fer that ras1TY™2 blocks other regulatory molecules
involved in morphogenesis. One candidate protein
has been identified through two hybrid interactions
and is now being characterized genetically.

RAS in Mammalian Cells

L. Van Aelst, M. White, A. Polverino

As reported last year, we detected complex formation
between RAS and RAF in the yeast two-hybrid ge-
netic system (Van Aelst et al. 1993). RAF is itself an
oncoprotein (Rapp et al., Proc. Natl. Acad. Sci. 80:
4128 [1983]), a protein kinase capable of activating
MAP kinase through a MAP kinase kinase (Dent et
al., Science 257: 1404 [1992]; Howe et al., Cell 71:
335 [1992); Kyriakis et al., Nature 358: 417 [1992]),
and able to bypass dominant negative mutants of
RAS to transform mammalian cells (Bonner et al.,
Nucleic Acids Res. 14: 1009 [1986]; Cia et al., Mol.
Cell. Biol. 10: 5314 [1990]). Genetic evidence for the
direct interaction of RAS and RAF comes from muta-
tional studies. We first made a mutagenized library of
RAS and then screened for mutations of RAS that
could not complex with RAF, yet still formed com-
plexes with byr2. One, HRAS®Y37, was chosen for
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further study. We reasoned that if RAS and RAF in-
teract directly, we could find mutants of RAF that
restored interaction with HRASGW37. Several mu-
tants were found. The compensating mutatiqns in
RAF all mapped to the conserved CR2 df)main'm the
RAF regulatory domain. These studies give evidence
of direct physical contact between the effector loop
of RAS and this domain of RAF.

The mutant HRASGY37 was activated to an
HRASVal12,61y37 double mutant. The double mutant
failed to induce transformed foci in NIH-3T3 cells.
However, when the RAFs with mutations in the CR2
domain were cotransfected with HRASVal!1201537,
transformed foci were readily observed. The mutant
RAFs were unable to induce foci on their own but
synergized with the mutant HRASG!37 greater than
tenfold better than did wild-type RAF. These are the
first studies to show that interaction between RAS
and RAF is necessary for transformation.

Evidence has been presented in previous Annua}]
Reports, and in this one as well, that RAS has multi-
ple target effectors in yeasts. We have long specu-
lated, therefore, that RAS would have multiple target
effectors in mammalian cells. To test this idea, a sec-
ond type of mutant RAS was sought, one that bound
RAF but failed to bind byr2. We reasoned that such a
mutant might fail to bind other effectors essential for
RAS transformation of mammalian cells. Such a
mutant, HRASSe35, was found. As expected from its
failure to interact with byr2 in the two-hybrid assay,
HRASSeS fails to replace ras1 function in S. pombe.
This in itself is rather astonishing since serine is a
conservative substitution for threonine, the wild-type
residue at position 35. Gratifyingly, HRASVal12Ser35
fails to transform NIH-3T3 cells but efficiently in-
duces transformed foci when cotransfected with
HRASV2l12Gly37  This result argues very strongly
that HRAS transforms cells by interacting with two
different target effectors.

Using the two-hybrid system again, we have
screened mammalian cDNAs for those encoding
proteins capable of interacting with RAS. Among
those so found were cDNAs encoding members of
the RAF family of protein kinases, a guanine
nucleotide exchange protein for RAL (Albright et al.,
EMBO J. 12: 339 [1993]), and a number of other as
yet unidentified cDNAs. We should be able to
determine which of these candidates are actually re-
quired for the transforming potential of RAS by
utilizing the type of approach we have already taken
for RAF.
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Regulation of the Conserved
MAP Kinase Module

H.-P. Xu, L. Van Aelst, S. Marcus, A. Polverino, M. Barr

We described in last year’s Annual Report the
realization that a cascade of protein kinases, which
we call the MAP kinase module, was conserved ip
evolution. The first examples come from the
pheromone signaling pathways in yeasts: in §.
cerevisiae, STE11, STE7, and FUS3; in S. pombe,
byr2, byrl, and spkl (Neiman et al. 1993). These
protein kinases are now known to have homologs in
vertebrates: FUS3 and spk1 are homologous to the
mitogen-activated  protein  kinases (MAPKs o
ERKs); STE7 and byrl, to the MAP kinase kinases
(MEKs); and STE11 and byr2, to MEK kinases
(MEKKS) (Neiman et al. 1993). In addition, this
kinase cascade motif is repeated multiple times
within other signaling pathways within yeasts (Errede
and Leven, Curr. Opin. Cell Biol. 5: 254 [1993]), and
one has to presume that this module is a "good ap-
proximate solution" to some recurring problem of
adaption. Our interest in this cascade began when we
and other investigators discovered evidence for the
involvement of RAS in its regulation in S. pombe and
in mammalian cells (see Nieman et al. 1993; Van
Aelst et al. 1993). We have been interested in the
control and integration of the MAP kinase module,
both in S. pombe and in S. cerevisiae (even though, in
the latter, RAS does not appear to be involved).

byr2 and byr1 are required for the basal level ex-
pression of the pheromone receptor gene mam?2 (Xu
et al. 1994). Interestingly, spk1 is not required for
this, either because the kinase cascade branches prior
to activation of spk1l or because spk1 has redundant
kinase function. The latter is a distinct possibility,
given that multiple genes encoding MAP kinase
homologs are found in other organisms, but spk1 is
essential for many aspects of sexual differentiation.
We conclude that it is probable that byrl has func-
tions other than the activation of spk1.

The S. pombe kinase module appears to require
both rasl and the pheromone sensing apparatus
(Neiman et al. 1993). Disruption of ras! or gpal, en-
coding the o subunit of the heterotrimer mediating
receptor occupancy, abolishes basal level expression
of mam2 in h% (homothallic) S. pombe. Epistasic
studies indicate that rasl and gpal act in concert
upon mam2 expression. High-level expression of
gpal can induce mam2 even in the absence of rasl;



yet disruption of rasi produces a depression of mam2
expression even in the absence of gpal in heterothal-
lic S. pombe strains. From these results, we infer that
the MAP kinase module is under independent but co-
operative regulation by ras1 and the upstream mating
pheromone response pathway (Xu et al. 1994).

We have identified a new component of the S.
pombe MAP kinase module: ste4. ste4 was found in a
two-hybrid screen of a library of S. pombe cDNAs
encoding proteins capable of binding to byr2. It was
previously known that ste4 was essential for conjuga-
tion and encoded a leucine zipper protein (Okazaki et
al., Nucleic Acids Res. 19: 7043 [1991]). Using the
two-hybrid system, we demonstrated that ste4 indeed
forms dimers, binds to the regulatory domain of byr2,
and causes byr2 to dimerize. Hence, we propose that
sted has a role in activating byr2 by inducing auto-
phosphorylation through dimerization. We suspect
that a ste4 homolog may exist in S. cerevisiae, since
we find that STE11 dimerizes in that organism. Al-
though rasl does not bind directly to ste4, over-
expression of the byr2 regulatory domain induces
complex formation between rasl and ste4 detectable
with the two-hybrid system. Hence, ste4 and ras1 oc-
cupy separate sites on the regulatory domain of byr2.
We are investigating whether this binding is coopera-
tive. If so, this may partly explain the regulatory
function of rasl.

One of the proteins of S. cerevisiae that partici-
pates in pheromone signaling is STES5. Genetic
studies have placed STES5 upstrecam of the MAP
kinase module (Hasson et al., Mol. Cell. Biol. 14:
1054 [1994]). Using the two-hybrid system, we
demonstrated that STES binds all three of the protein
kinases that comprise the MAP kinase module,
STE11, STE7, and FUS3. The binding between
STE11 and STE7 is not apparent unless STES is pres-
ent. Hence, we have proposed that STES is a scaf-
folding protein that promotes interactions bctween
the members of the cascade. In addition to possibly
activating the pathway thereby, STE5 may serve to
"insulate" the pathway from cross talk with other
MAP kinase modules within the same cell that are
dedicated to other signal transduction functions. We
feel it likely that scaffolding proteins like STES may
exist for other MAP kinase cascades given that we
cannot detect interactions between MEKK and MEK
and between byr2 and byrl with the two-hybrid sys-
tem.

Finally, we have found that the S. cerevisiae
STE20 protein kinase (Leberer et al., EMBO J. 11:

4815 [1993]) may be a conserved element of the
MAP kinase cascade. STE20 functions weakly in S.
pombe as a suppressor of rasI™!! cells. Moreover,
STE20 protein can induce the phosphorylation of
MAP kinase in Xenopus oocyte cell-free extracts. We
therefore sought homologs of STE20 in S. pombe and
mammalian cells. In collaboration with Dr. M.
Cobb’s laboratory at the University of Texas South-
western Medical School, we identified several clear
STE20 homologs in both fission yeast and mam-
malian cells. Their properties are currently under in-
vestigation.

Combinatorial Chemistry

R. Swanson

As we began to describe in last year’s Annual Report,
we have collaborated with Clark Still and Michael
Ohlmeyer of the Department of Chemistry at Colum-
bia University to develop a general method for the
molecular tagging of solid-phase synthesis beads
used in "split" synthesis to generate chemical librar-
ies of great complexity. In split synthesis, solid-phase
synthesis beads are used as substrates to build
molecules by iterative synthetic steps (Furka et al.,
Int. J. Pept. Protein Res. 37: 487 [1991]; Lam et al,,
Nature 354: 82 [1991]). By consecutive batching and
segregating into different reaction vessels, huge li-
braries of diverse compounds are created, with each
bead bearing a single predominant moiety according
to its particular reaction history. We have devised a
method of using tags to record the reaction history of
each bead (Ohlmeyer et al. 1993). After beads con-
taining a desirable moiety are identified, the com-
position of the moiety is inferred by reading the reac-
tion history of the bead encoded by the tags. The tags
are read, after detachment from the bead, by gas
chromatography and electron capture. We have util-
ized this system to tag a combinatorial library of
oligopeptides of greater than 10° complexity and
demonstrated the correct identification of peptide
epitopes reactive with a monoclonal antibody. Many
conserved amino acid substitutions were allowed
within the epitope, but to our surprise, we found that
certain very conservative substitutions reduced the
binding of the epitope to the antibody by several or-
ders of magnitude. The tagging mecthod is perfectly
general and can be applied to libraries of organic
molecules created on beads by virtually any synthetic

91



route. In this vein, Dr. Still and co-workers have u.se‘d
the method to tag libraries of nonlinear pf’.pFldlC
moieties containing structures that would be dlfflcult
to elucidate by other means (Borchardt and S(l“,. J.
Am. Chem. Soc. 116: 373 [1994]). In collaboration
with other investigators, we are testing the appl{ca-
tion of this method for the discovery of cher‘mcal
agonists and antagonists of components of signal
transduction pathways.

Comparative Genomic
Analysis

N. Lisitsyn, H.-P. Xu

We have developed a method for genomic difference
analysis that we call representational difference anal-
ysis, or RDA, and are applying the method‘ to clone
probes that define genetic lesions occurring in cancefr
cells or are linked to inherited disease loci. This
method allows the detection and cloning of specific
DNA sequences ("difference” sequences) present in
one population of DNA molecules ("tester") that are
not equivalently present in a highly related second
population of DNA molecules ("driver"). The RDA
procedure is composed of two parts. In the first part,
we make a reductive sampling of the two DNA popu-
lations that are to be compared, thereby deriving two
new populations of DNA molecules, called represen-
tations. The sequence complexity of the representa-
tion is considerably lower than that of the DNA pop-
ulation from which it derived. In the second part, we
utilize "sequence subtraction" and "kinetic enrich-
ment" to clone the difference sequences. A detailed
description of this powerful method was presented in
last year’s Annual Report and recently published in
Science (Lisitsyn et al. 1993). At its core, our method
detects small restriction fragments in one DNA popu-
lation that are not present in another.

The method can be used to find probes linked to
inherited disease in animals that can be bred (Lisitsyn
et al. 1994). In collaboration with Eric Lander’s
group at MIT, we designed two protocols that exploit
the ability of RDA to detect polymorphic differences
between individuals or groups of individuals. The
first protocol requires the use of congenic strains, in
which a strain carrying an inherited disease is
repeatedly back-crossed into a polymorphic strain.
The second protocol, which is more general, merely
requires the generation of F, progeny from the cross
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ase-carrying strain to onc that is discase-free.
to gencrate thereby polymorphic probes
linked to the disease locus .fo‘r any c7fP<3fimentaI
animal that can be bred. Pre.emstmg genetic maps are
not needed. Similar strategies may be applicable to

of a dise
It is possible

humans. . .
The method can be applied to define the lesions in

cancer cells in either of two ways. Using DNA from
normal cells as tester and DNA from cancer cells 35
driver, we can isolate probes that are homozygously
lost in cancers or that detect restriction endonuclease
polymorphisms that are heterozygously lost in can-
cers. To be applied in this way, the cancer and
normal must be from the same individual and the
cancer DNA (driver) must be nearly free of con-
taminating normal DNA (tester). As starting material,
we have used paired normal and cancer cell lines,
derived in the main from renal cell carcinomas or
colon cancers. We have also successfully imple-
mented the protocol on cancer biopsies using nuclei
fractionated by flow cytometry into aneuploid (can-
cer) and diploid (normal) fractions. In this manner,
we have identified seven loci that undergo
homozygous deletion in at least one cancer sample.
Two of these loci were observed to undergo very fre-
quent loss. Presumably, these are the sites of genes
the loss of which contribute to the initiation or prog-
ression of cancer.

When cancer DNA is taken as tester, probes aris-
ing from several types of lesions can, in principle, be
detected: point mutations, genetic rearrangements,
gene amplifications, and pathogens. In practice, we
have observed point mutations and amplifications.
We can calculate that on the order of 1/5000 point
mutations should create a detectable tester fragment.
The presence of such fragments may indicate an in-
creased frequency of point mutation in the cancer.
The application of RDA to the detection of amplifica-
tions may be of substantial value, since amplification
is a useful prognostic indicator for the disease. We
have not yet documented examples of RDA probes
that detect the other types of lesions.
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K. Degenhardt  T. Pulerwitz
N. Gale S.-S. Yang

Our work continues to focus on the mechanisms of
signal transduction by Ras proteins. Ras proteins are
members of a large superfamily of low-molecular-
weight proteins that bind guanine nucleotides. They
are cssential for the transduction of diverse ex-
tracellular signals that control cell growth, and ab-
normal activation of Ras proteins is thought to con-
tribute to the development of several types of human
cancer. Signal transduction through Ras proteins is
tightly controlled by several cellular proteins whose
function is to up-regulate or down-regulate Ras ac-
tivity. Much of our effort during the past year has
been directed at the functional characterization of
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these proteins. Our findings provide the first
molecular description of the pathway by which cell-
surface receptors activate Ras proteins. We have
shown that the critical components of this pathway
include the small adaptor protein GRB2 and the Ras
guanine nucleotide exchange factor Sos. In addition
to the mechanisms involved in the regulation of Ras
activity, we are interested in understanding how Ras
proteins interact with target molecules to induce a
cellular response. Our work on this subject involved
the biochemical characterization of the interaction
between Ras and the serine/threonine kinase Raf.
During this year, Nick Gale completed his Ph.D. re-
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search, and Roberto Buccafusca and Todd Pulerwitz
worked for three productive months as summer stu-
dents.

Activation of Ras by Receptor
Tyrosine Kinases

N. Gale, T. Pulerwitz

It is well established that Ras proteins are critical in-
termediates in the signaling pathways initiated t?y
receptor tyrosine kinases. The role of Ras proteins in
transducing signals from receptor tyrosine kina‘ses
has been highly conserved: In Drosophila, activation
of the sevenless receptor tyrosine kinase is required
for the proper specification of R7 in the Drosophila
eye, and activation of Ras is a crucial early event in
this signaling pathway. Similarly, in Caenorhabditis
elegans, it has been shown that a receptor tyrosine
kinase encoded by the let-23 gene and a Ras protein
encoded by the let-60 gene are required for the induc-
tion of vulval cell fate. Biochemical data from mam-
malian cells have shown that stimulation of receptor
tyrosine kinases leads to an increase in the fraction of
active GTP-bound Ras molecules. Work carried out
in several laboratories including our own has indi-
cated that stimulation of guanine nucleotide exchange
is the predominant mechanism by which receptor
tyrosine kinases control Ras activation. This sug-
gested the presence of a coupling mechanism be-
tween receptor tyrosine kinases and a guanine
nucleotide exchange factor for Ras. Until recently,
identity of the guanine nucleotide exchange factor for
Ras was unknown. Genetic studies in Drosophila
have indicated that the protein encoded by the Son of
sevenless gene (Sos) functions as a guanine nucleo-
tide exchange factor for Ras.

Homologs of Sos have been identified in mam-
malian cells, and last year, we demonstrated by both
genetic and biochemical techniques that the mam-
malian Sos protein is a specific guanine nucleotide
exchange factor for Ras. The carboxy-terminal region
of Sos contains several proline-rich sequence motifs.
The crucial insight into the mechanism by which
receptor tyrosine kinases may communicate with Sos
came from the identification of a similar proline-rich
motif in a protein termed 3BP-1. In 3BP-1, the
proline-rich motif was shown to constitute the bind-
ing site for the SH3 domain of c-Abl. This observa-
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tion, combined with our earlier findings concerning
the role of the SH2 and SH3 doszm-containing
protein GRB2 in linking receptor.(yrom’ne kinases to
the Ras pathway, prompted us to mvestngate the pos-
sibility that the proline-rich st.:quence:s in the carboxy-
terminal of Sos mediates its mter'acnon with the SH3
domain of GRB2. Using the coxmmuno;')recipi;atioy.
approach, we have demonstrated :«T p!lysmal interac-
tion between Sos and GRB2. This interaction wag
detected both in resting cells and in growth-factor-
stimulated cells. We utilized the two-hybrid system
to characterize this interaction further and to show
that the Sos-GRB2 association is mediated by the
carboxy-terminal domain of Sos and the SH3
domains of GRB2. Upon growth factor stimulation,
the GRB2-Sos complex has been shown to bind tg
the activated growth factor receptor. This interaction
has been shown to be mediated by the direct binding
of the SH2 domain of GRB2 to a specific phospho-
tyrosine residue on the activated receptor. However,
we detected no changes in the guanine nucleotide ex-
change activity of Sos after epidermal growth factor
(EGF) stimulation. On the basis of these observa-
tions, we have proposed the following mechanism for
the coupling of receptor tyrosine kinases to Ras ac-
tivation (Fig. 1): Receptor activation induces the

E Transcription

FIGURE 1 Transduction of signals from receptor tyrosine
kinases to Ras. GRB2 binds to the activated receptors via
the SH2 domain and to Sos via the SH3 domain. Thus, Sos
is recruited to the activated receptor in the plasma mem-
brane where Ras activation takes place. Activated Ras trig-
gers a cascade of serine-threonine kinases that send sig-
nals to the nucleus.



translocation of a constitutive complex between
GRB?2 and Sos to the activated receptor.

This translocation could link receptor activation
to an increase in the guanine nucleotide exchange on
Ras by increasing the local concentration of the ex-
change factor in the plasma membrane where Ras is
located.

Regulation of the Sos
by Phosphorylation

K. Degenhardt, N. Gale, R. Buccafusca

Upon growth factor stimulation, the Ras guanine
nucleotide exchange factor Sos becomes phosphory-
lated on serine and threonine. To understand the
functional significance of this phosphorylation event,
we sought to identify the kinase responsible for this
phosphorylation event. The carboxy-terminal region
of Sos contains 16 potential MAP kinase sites. There-
fore, we have investigated the possibility that MAP
kinase is involved in the phosphorylation of Sos. To
this end, we initially tested the ability of MAP kinase
to phosphorylate Sos polypeptides in vitro using Sos
immunoprecipitates from serum-starved cells or from
growth-factor-stimulated cells. We reasoned that if
growth-factor-induced phosphorylation of Sos occurs

at MAP kinase sites, then Sos immunoprecipitated
from growth-factor-stimulated cells would be a poor
substrate for MAP kinase relative to Sos derived
from serum-starved cells. Indeed, we found that
recombinant MAP kinase efficiently phosphorylated
Sos from serum-starved cells. In contrast, Sos derived
from growth-factor-stimulated cells was a poor sub-
strate for MAP kinase in vitro. These results are con-
sistent with the idea that Sos is phosphorylated by
MAP kinase in response to growth factor stimulation
(Fig. 2). To prove directly the role of MAP kinase in
Sos phosphorylation, we compared the patterns ob-
tained from tryptic phosphopeptide mapping of Sos
phosphorylated by growth factor in vivo or by MAP
kinase in vitro. We have found that the growth factor
stimulation results in the appearance of five major
phosphorylated species, four of which correspond to
phosphopeptides generated by MAP kinase phos-
phorylation of Sos in vitro (Fig. 2). We have
determined that all of the MAP kinase sites are con-
tained within the carboxy-terminal domain of Sos and
studies are under way to identify the exact sites of
MAP kinase phosphorylation. On the basis of these
analyses, we plan to generate Sos mutants lacking the
MAP-kinase phosphorylation sites. These mutants
should enable us to investigate the functional sig-
nficance of Sos phosphorylation. Specifically, it will
be interesting to examine whether Sos phosphoryla-
tion has a role in regulating Sos catalytic activity, the
interaction with GRB2, and Sos subcellular localiza-
tion.
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FIGURE 2 Phosphorylation of Sos by MAP kinase. (A) Phosphorylation in vivo was determined using Sos immunoprecipitates
isolated from serum-starved or EGF-stimulated 32p_abeled cells. For the in vitro phosphorylation, Sos was im-
munoprecipitated from unlabeled serum-starved or EGF-stimulated cells, and the immunoprecipitates were incubated with
purified recombinant MAP kinase in the presence of [7-32P]ATP for 30 min. Mock reactions (minus) were performed under
the same conditions but without the kinase. (B-D) Tryptic phosphopeptide maps of Sos after phosphorylation in vivo (8 and

C) and in vitro (D).
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Functional Differences
among Sos Proteins

S.-S. Yang

Mammalian cells contain two related but distinct Sos
genes designated Sos! and Sos2. 1t has })een shown
that these genes are widely expressed during fievelop-
ment and in adult tissues, consistent with their role as
positive regulators of the ubiquitously expressed ras
genes. Alignment of the two Sos genes shows that
they share a high degree of similarity (§5% overall
amino acid identity). However, at their carboxy-
terminal ends, the homology between Sosl and Sos2
is scattered and the conserved regions are mostly
restricted to the proline-rich motifs. Sinc<? the
carboxy-terminal region has been implicated in the
regulation of Sos function, it is enticing to sp.eculate
that Sos1 functions in a regulatory capacity different
from that of Sos2.

Using the two hybrid system, we have found that
the interaction between GRB2 and the carboxy-
terminal region of Sos2 is significantly tighter than
that observed for GRB2 and the carboxy-terminal

1. Moreover, we have found that the

ion of Sos . .
:;Z%;)oxy-lefmi"al tail of Sosl interacts with Nck, ap

SH2- and SH3-domain containing protein implicated
in mitogenic signaling via the EGF and platelet-
derived growth factor (PDGF) receptc'>rs.‘ These
results suggest qualitative and/(?r quantitative dif-
ferences between Sos1 and Sos2 ll‘l Ferms of fheir .
teractions with SH3 domain-contaln}ng proteins. The
physio]ogica] significance of these differences is cur-
rently being investigated.

Regulation of Ras-Raf
Interactions

S. Kaplan [in collaboration with T. Polverino and
M. Wigler, Cold Spring Harbor Laboratory]

The stimulation of cell growth and differentiation by
a variety of extracellular signals frequently involves
the Ras-dependent activation of the mitogen-acti-
vated protein kinase (MAPK) cascade (Fig. 1). More-
over, it has been recently shown, using a combination

GST-Ras-WT-GTPYS
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FIGURE 3 Activation of Raf reduces its affinity to Raf. Serum-starved L6 cells were
incubated with 10 ng/ml PMA and 1 um insulin for 15 min prior to the preparation of
lysates. Aliquots of equal amounts of lysates were incubated for 90 min with increas-
ing concentrations of GST-Ras9" 12 (WT) complexed with GTPy. Proteins bound to
beads were subjected to SDS-PAGE and Western blot analysis with anti-Raf
antibody. (Top) Autoradiogram of the immunoblot; (bottom) densitometric scan of
the Raf band from respective samples on the autoradiogram shown at the top. The
amount of Ras used in each incubation is indicated in micromolars.
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of biochemical and genetic techniques, that this acti-
vation is probably mediated through the direct inter-
action of Ras with the MAP protein kinase kinase
kinase Raf. To characterize further the interactions
between Ras and Raf, we have established an in-
vitro-binding assay that is based on the ability of Raf
proteins present in cell extracts to interact with im-
mobilized GST-Ras fusion protein. The amount of
Ras-bound Raf is determined by immunoblotting
using specific anti-Raf antibodies. In agreement with
earlier studies, the binding of Raf to Ras in our assay
system required the Ras proteins to be in the active
GTP-bound form. We have found that agonist-
induced activation of Raf results in the significant
reduction in its binding affinity for Ras (Fig. 3). In
addition, Raf proteins display a dramatically reduced
affinity for the oncogenic form of Ras protein
(Ras"2!12) in comparison with the normal form of the
protein (Rasg!y12).

Finally, we have observed that treatment of cells
with agents that increase the intracellular concentra-
tion of CAMP results in the inhibition of Raf activa-
tion and a concomitant reduction in the affinity of
Ras for Raf. These observations suggest that a reduc-
tion in the affinity of Raf for Ras may constitute a
negative feedback mechanism to prevent the over-
stimulation of the Ras pathway in the presence of
agonists. Additionally, the modulation of the affinity
of Raf for Ras may provide a mechanism by which
Ras or Raf would be able to interact with other target
molecules. The identity of these mole-cules is cur-
rently being investigated.

Identification of Exploitable
Phenotypic Changes Associated
with Abnormalities in the

NF1 Gene in B Lymphocytes

M. Boyer [in collaboration with D. Gutmann, Washington
University, St. Louis]

von Recklinghausen neurofibromatosis type 1 (NF1)
is a common autosomal dominant disorder affecting
approximately 1 in 3500 individuals. The NF1 locus
has been identified, and all of the mutations identified
so far within the NF1 gene are consistent with an in-

activation mechanism, indicating that NF1 may func-
tion as a tumor suppressor gene. The protein product
of the NF1 gene, neurofibromin, was shown to share
a region of homology with negative regulators of Ras
(GAPs). Moreover, it has been shown that the GAP-
related domain of NF1 can function as a Ras-GAP,
suggesting that neurofibromin may function as a
tumor suppressor gene by virtue of its ability to
modulate Ras negatively. We have been studying the
role of neurofibromin in B lymphocytes. In these
cells, surface immunoglobulin receptors (slg) are
rapidly redistributed following exposure to antibody
or other multivalent ligands. This receptor redistribu-
tion event, termed slg capping, initiates signals that
lead to the activation of a B cell. Previously, we had
demonstrated that Ras proteins co-cap with slg in B
lymphocytes. More recently, we have found that
neurofibromin also co-caps with slg. If the redistribu-
tion of neurofibromin is functionally significant, then
a testable prediction can be made that cellular events
linked to slg redistribution will be affected by ab-
normalities in the NF1 gene. We are using two model
systems to test this prediction: (1) B cells derived
from mice heterozygous for targeted mutations in
NF1 and (2) Epstein-Barr virus (EBV)-immortalized
lymphoblast cell lines derived from NF1 patients. In
both systems, we find that the level of expression of
neurofibromin is approximately 50% reduced com-
pared to normal cells. We are characterizing the NF1-
deficient cells with respect to several Ig-mediated
signaling events, including the induction of tyrosine
phosphorylation, the kinetics of slg capping and in-
ternalization, and cytoskeletal reorganization. If we
find that these cells are quantitatively different from
normal cells with respect to any of these aspects, we
plan to utilize this difference toward the establish-
ment of a quantitative assay for differentiating be-
tween normal and NF1-deficient B cells. This assay
will constitute, we hope, the foundation for the devel-
opment of a diagnostic test for NF1. The clinical
manifestations of the NF1 disorder are extremely var-
iable, even within the same family. At present, no ap-
proach exists that enables the molecular diagnosis of
NF1 in patients who fail to meet the common diag-
nostic criteria of the disease. Thus, the availability of
a diagnostic test that reflects a partial functional loss
of neurofibromin would have a profound impact on
the ability to diagnose patients with NF1 who lack a
family history or in whom diagnostic criteria are not
met.

97



Functional Analysis of SH3
Domain-mediated )
Protein-Protein Interactions

D. Bar-Sagi [in collaboration with D. Rotin,
University of Toronto]

SH3 domains are noncatalytic protein modules of ap-
proximately 50 amino acids. We have recently shc?wn
that the SH3 domain of PLCy mediates the localiza-
tion of this protein to the actin cytoskeleton. We have
also shown that the SH3 domains of GRB2 are
responsible for its specific localization in membrane
ruffles. On the basis of these findings, we suggested
that SH3 domain-mediated interactions could ha\{e a
role in specifying the subcellular location of proteins.
To examine the generality of this concept, we ha.ve
extended our analysis to the role of SH3-mediated in-
teraction in the differential localization of the amil-

oride-sensitive Na* channel in epi%helial cells: Earlier
studies have demonstrated that IhlS' chz{nnel is local-
ized at the apical membrane of epithelial cel]s.‘ This
localization is essential for. proper channel function ip
Nat transporting epithelia. Tfle mole'culz}r mech-
anisms that determine the selective localization of the
channel to the apical membrane have not beep
defined. The @ subunit of the chann§l was recently
cloned and has been shown to comam' t“fo proline-
rich sequences resembling the S‘H3-b!nd1'ng motifs
found in Sos and 3BP-1. Blochemfcal binding studies
have indicated that these proline-rich motifs can bind
to SH3 domains of several proteins. When a recom.-
binant fusion protein containing the proline-rich se-
quences was microinjected into polarized epithelia]
cells, the protein localized exclusively to the apical
area of the plasma membrane as determined by con-
focal microscopy (Fig. 4). In contrast, a recombinant
fusion protein corresponding to a region within the q

FIGURE 4 Cellular localization of microinjected GST-fusion proteins in polarized epithelial cells. (a,b)
Cells were injected with a fusion protein lacking the proline-rich sequences; (c,d) cells were injected
with a fusion protein containing the proline-rich motifs of the Na* channel. Proteins were localized by
indirect immunofluorescence using anti-GST antibodies and subcellular distribution as determined
by confocal microscopy. (a,c) X-Y confocal image of an optical section through the center of two
typical cells; (b,d) X-Z confocal images of one of the two cells shown in panels a and c, respectively.

Note that the fusion protein containing the proline-

apical side of the plasma membrane.
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rich motifs (¢ and d) is localized exclusively at the



subunit that lacks the proline-rich sequences re-
mained diffuse in the cytoplasm when microinjected
into these cells (Fig. 4). These results suggest that the
SH3-binding region in the o subunit of the Na* chan-
nel is a critical determinant in the apical localization
of this channel.
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NUCLEAR SIGNAL TRANSDUCTION

M. Gilman C. Alexandre J. lafrate A. Ryan
R. Attar G. Lee H. Sadowski
K. Brennan T. Nahreini K. Simon
D. Grueneberg  S. Natesan M.-L. Vignais

Our interest is in how extracellular signals are com-
municated to the nucleus to control the growth and
differentiation of eukaryotic cells. Cells are presented
with a complex spectrum of signals, in the form of
soluble hormones and growth factors and direct cell-
cell and cell-matrix contacts. They must be able to
distinguish among these signals and to translate each
signal into the pattern of gene expression required to
execute the appropriate biological program. Our work
focuses on two major aspects of how cells receive
these signals, process them, and interpret them into
specific patterns of gene expression.

First, we are interested in the mechanics of signal
transduction: How are signals passed from cell-
surface receptors to nuclear transcription factors?
Recent progress in this area has allowed at least two
distinct signal transduction pathways to be traced
ncarly in their entirety from membrane to nucleus.

Our current effort focuses on one of these pathways,
which leads to the direct tyrosine phosphorylation of
a latent cytoplasmic transcription factor.

Second, we are interested in the specificity of
these signaling pathways: How do cells know what
signal they are receiving and how are they pro-
grammed to respond to a signal at the level of tran-
scription? Here, we have gained our major insight
from genetic and biochemical studies of proteins of
the homeodomain family, which we believe function
to route signal transduction information to cell-type-
specific target genes.

Our principal experimental focus is the proto-
oncogene c-fos, which is rapidly and transiently ac-
tivated at the transcriptional level within minutes of
exposure to a spectrum of extracellular signals. c-fos
transcription is activated by multiple intracellular sig-
nal transduction pathways. In the past, our work has
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focused on identification of the cis-acting regulatory
elements in the c-fos gene that are connected to ea.ch
of these pathways and on the DNA-binding proteins
that interact with these elements. This year, we have
concentrated on one of these nuclear signal tran'sduc-
tion pathways, a pathway mediated by a famlly.of
DNA-binding proteins regulated by direct tyrosine
phosphorylation. In addition, we have extende:d oyr
analysis on the role of homeodomain proteins 1n
targeting these nuclear signal transduction pathways
to specific target genes. We have also begun to move
our studies into more complex biological systems, in-
cluding Drosophila and mice.

The Serum Response
Element as a Focus
for Incoming Signals

M. Gilman, C. Alexandre, G. Lee, H. Sadowski

The serum response element (SRE) is required for the
response of the c-fos gene to at least three distinct
signal transduction pathways, one dependent on
protein kinase C (PKC) and at least two that are inde-
pendent of PKC. In addition, the SRE is the target for
the rapid repression of c-fos transcription that follows
induction. The SRE is bound by a ubiquitously ex-
pressed 67-kD phosphoprotein, serum response factor
(SRF). Extensive mutagenesis of the SRE indicates
that binding of SRF to the SRE is absolutely required
for all functions of the element, but increasingly we
have come to realize that SRF binding is not suffi-
cient for many—and perhaps all—of these functions.
SRF DNA-binding activity is not detectably in-
fluenced by signaling events, nor does the pattern of
proteins bound to the SRE in living cells change, sug-
gesting that SRF is always bound at the SRE. Instead,
we believe that SRF works principally by recruiting a
set of different accessory proteins, each of which
connects SRF and the SRE to a distinct signal trans-
duction pathway.

One well-characterized group of SRF accessory
proteins is a small family of Ets-domain proteins col-
lectively termed ternary complex factor (TCF). TCF
does not display strong binding affinity for either free
SRF or SRE DNA. Rather, it specifically recognizes
and binds to the SRF-SRE complex. Previously, we
found that we could make mutations in the SRE that
did not affect the binding of SRF but prevented the
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recruitment of TCF. These mutant SRE§ lost the
ability to respond to PKC-dependfanl signals buyt
retained wild-type response to PKC-independent sig-
nals. Thus, the PKC pathway targets the ternary com-
plex of SRF and TCF. Indeed, rec':ent W'Ork in several
laboratories indicates that TCF is a direct physical
target for these signals: TCF is Phosphorylated by
MAP kinase, and this phosphorylation switches on its
transcriptional activation potential.

What is the target for the PKC-independent sig-
nals that continue to function in the absence of TCF?
One target, we believe, is another small family of
DNA-binding proteins, collectively designated SIF.
These proteins, which we describe in more detail be-
low, become activated at the level of DNA binding
within seconds of growth factor treatment and bind to
a sequence, the SIE, located approximately 25 bp up-
stream of the SRE. When mutations are introduced
into the SIE, the remaining TCF-independent
response of the c-fos gene to platelet-derived growth
factor (PDGF) is eliminated. Thus, we can dis.
tinguish two nuclear signals transmitted by the PDGF
receptor, one that reaches c-fos via TCF and one that
arrives via SIF. Mutations that abolish the binding of
SRF interrupt both signals, again suggesting that the
functions of TCF and SIF are dependent on the bind-
ing of SRF.

When a doubly mutant promoter unable to bind
either TCF or SIF is assayed following stimulation
with whole serum, a complex cocktail of growth fac-
tors and hormones, it retains a reduced ability to
respond. This observation suggests the existence of at
least one additional pathway dependent on SRF. This
signal either targets SRF alone or requires an as yet
unidentified accessory factor. Thus, we believe that
SRF works principally as a landing pad for other
proteins, which are the actual physical targets for dis-
tinct signal transduction pathways. The c-fos gene,
and presumably other immediate early genes, can
thus be independently connected to these signal trans-
duction pathways. The ability of each of these
proteins to interact at the c-fos gene depends on the
presence of two elements in the gene: a DNA se-
quence that is recognized directly by each protein and
a DNA-bound SRF molecule. This model has two
important ramifications. First, it suggests that the
specification of which signal transduction pathways a
gene can sense is directly encoded in regulatory
DNA. Second, by determining where SRF is allowed
to bind, a cell can exert global control over which
genes are connected to signal transduction pathways.



Regulation of c-fos Transcription
by Tyrosine Phosphorylation

of a Latent Cytoplasmic
Transcription Factor

H. Sadowski

Signal transduction to the nucleus by growth factor
receptors with protein-tyrosine kinase activity is
complex. The initial event in activation of these types
of receptors is the cross-linking of receptors by
ligand, resulting in the rapid and concerted trans-
phosphorylation of the receptors on multiple tyrosine
residues. Phosphorylation on tyrosine is absolutely
required for receptor signaling. The next step is the
recruitment of a series of cytoplasmic and membrane-
associated adaptor/signaling proteins to the receptor
where they may or may not be phosphorylated on
tyrosine. Many of these proteins associate with
phosphotyrosine residues on the receptor via protein
domains termed SH2 (src homology region-2)
domains. Each of these SH2-domain proteins is
thought to elicit an independent intracellular signal
transduction pathway.

Among these SH2-domain proteins involved in
growth factor signal transduction is the family of
DNA-binding proteins termed SIF. SIF proteins are
members of a larger family, termed signal trans-
ducers and activators of transcription (STATSs). These
proteins undergo rapid phosphorylation on tyrosine in
cells treated with a variety of polypeptide growth fac-
tors and cytokines. Phosphorylation of the STATs in-
duces protein dimerization, DNA-binding activity,
and nuclear translocation.

Using A431 cells as a model system, we have ex-
amined the mechanism of SIF activation by epider-
mal growth factor (EGF). Activation does not involve
the well-characterized signal transduction pathways
utilizing PKC, calcium, or cAMP but clearly requires
tyrosine kinase activity as it is inhibited by cell-
permeable tyrosine kinase inhibitors. SIF activation is
extremely rapid at 37°C, detectable within 20 sec-
onds of EGF addition, peaking within 4 minutes, and
persisting for at least 30 minutes. Three distinct
mobility-shift complexes (SIF A, B, and C) rapidly
appear in nuclear extracts, whereas only the two more
rapidly migrating complexes (SIF B and C) appear in
the cytoplasm. When activations are performed at
0°C, where internalization of receptors and nuclear
transport of proteins is inhibited, SIF activation is
still readily apparent within 30 seconds, with appar-

ent accumulation over time of the two faster-
migrating complexes in the cytoplasmic fraction rela-
tive to the nuclear fraction. Together, these data sug-
gest that latent SIF exists in the cytoplasm where it is
rapidly activated by a receptor proximal event (kinet-
ics just behind receptor tyrosine phosphorylation),
after which DNA-binding-competent SIF is translo-
cated to the nucleus.

Since the activation of SIF by EGF in A431 cells
is quite robust and a receptor proximal event, we
have used fractions from unstimulated A431 cells to
develop a cell-free assay for SIF activation. In this
assay, we observe time- and ligand-dependent activa-
tion of SIF, with a requirement for detergent-treated
A431 membranes, cytoplasm (from virtually any cell
line), ATP, Mg**, and Mn**. Antibody depletion ex-
periments indicate that activation is absolutely depen-
dent on the EGF receptor. Activation is blocked by
antibody to phosphotyrosine, recombinant SH2 do-
mains, and free phosphotyrosine, indicating that at
least one phosphotyrosine-SH2 domain interaction is
required.

The addition of either phosphotyrosine antibody
or a highly purified protein tyrosine phosphatase to
nuclear extracts from EGF-treated cells inhibits
formation of SIF-DNA complexes. Thus, SIF poly-
peptides contain phosphotyrosine, and this phosphor-
ylation is required for DNA-binding activity. Using a
combination of UV cross-linking, and DNA-affinity
precipitations of [33S]methionine-labeled cell ex-
tracts, we have detected four polypeptides in the
80-94-kD range that specifically bind to the SIE after
treatment of A431 cells with EGF.

Several of the characteristics of SIF, including
subunit size, DNA-binding specificity, and mechan-
ism of activation, resemble those of the interferon
(IFN)-activated transcription factors, particularly the
91K subunit selectively activated by IFN-y (Stat1).
Using a variety of experimental approaches, we have
shown that the IFN-y-activated factor complex
(GAF), which contains only tyrosine phosphorylated
Stat1, is identical to SIF-C and phosphorylated on the
same tyrosine residue. In contrast, SIF-A does not
contain the Statl protein, does not form on a GAS
probe, and is not activated by IFN-y. The SIF-A com-
plex contains a distinct SH2-domain protein, Stat3.
SIF complex B behaves as a composite of A and C,
and it appears to be a heterodimer of Stat1 and Stat3.
Stat1 and Stat3 differ in their DNA-binding specifici-
ties and in the ligands that activate them. Statl is
preferentially activated by IFN-y and binds selective-
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ly to regulatory elements in IFN-y-inducible genes.
Stat3, in contrast, is preferentially induced by poly-
peptide growth factors, such as EGF arld PDGF, and
by certain cytokines, such as interleukin-6. Stat3 ex-
hibits weak affinity for IFN-y-inducible sites and
binds preferentially to the SIE in the c-fos gene.

Recently, we have focused on the mechani '
SIF activation by polypeptide growth factors. Using a
bank of cell lines expressing wild-type and mutant
human B-PDGF receptors (constructed by /}dam
Keshishian and Jonathan Cooper, Fred Hutchmspn
Cancer Research Center), we are examining which
portions of the PDGF receptor are required for SIF
activation. At the same time, various phosphotyrp-
sine-containing peptides and SH2 domains from dlf-
ferent signaling proteins are being tested as competi-
tive inhibitors in the in vitro activation assay. And, as
detailed below, we are also trying o identify the
protein tyrosine kinase responsible for phosphorylat-

ing the SIF proteins.

sm of

Regulation of SIF Activity by
Tyrosine Phosphorylation

M.-L. Vignais

The c-sis-inducible element (SIE) of the c-fos pro-
moter is the target for the two STAT proteins, Statl
and Stat3. These two proteins undergo rapid
phosphorylation on a single tyrosine residue when
cells are exposed to polypeptide growth factors such
as EGF and PDGF. Phosphorylation of Tyr-701 of
Stat1 is required for protein dimerization, DNA-
binding activity, and translocation of the protein to
the nucleus. The SH2 domain of Statl is also re-
quired for activation. Statl and Stat3 can bind DNA
as either homodimers or heterodimers, generating the
three distinguishable DNA-protein complexes on an
SIE probe (SIF A, B, and C) in gel-shift assays. Statl
and Stat3 proteins are also activated by a number of
cytokines, whose receptors, unlike those of EGF and
PDGF, do not harbor intrinsic protein tyrosine kinase
activity. Signaling by these receptors relies on non-
covalently associated protein tyrosine kinases of the
JAK family.

We are interested in establishing the mechanism of
activation of Stat1 and Stat3 proteins by growth fac-
tor receptors. Three different models could account
for how the STAT proteins become tyrosine phos-
phorylated. First, they could be recruited to the ac-
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tivated growth factor receptor via their SH2 domaing
and directly phosphorylatcd by the receptor kinase,
ond, the STAT proteins could be phosphorylated
by the same JAK kinases that apparcntly mediate
their activation by cytokine rc.ceptors. Third, a dis-
tinct class of protein tyrosine kinases, such as the Src
family, could be involved. .

We have begun to address these questions in two
ways. First, we have shown that Statl protein-
produced reticulocyte lysate from a cDNA clone cap
be activated in vitro by EGF in the presence of A431
membranes. No cyotosolic components beyond those
supplied by the reticulocyte lys.alc are required. We
can now exploit this assay to investigate the struc-
tural and functional domains of the STAT proteins
required for various aspects of their regulation by
tyrosine phosphorylation. The next step is to repeat
these activation experiments with STAT proteins pro-
duced in Escherichia coli. 1f activation of bacterially
produced protein can be achieved, then we will use
conventional biochemical approaches, such as frac-
tionation and depletion, to identify the membrane
and/or cytosolic components required for STAT ac-
tivation. The ultimate goal of these experiments is to
reconstitute STAT activation with purified proteins.

Our second approach is genetic. We have obtained
a number of cell lines that lack individual protein
tyrosine kinases of the JAK and Src families and are
testing these cell lines for the ability to support SIF
activation by PDGF. In some cases, this has required
the transfer of functional PDGF receptors into the ap-
propriate cell lines. Using these cell lines, we will
determine if any of these protein tyrosine kinases are
required for STAT activation by PDGF in vivo.

Sec

Dual Modes of Control of c-fos
Transcription by Calcium in T Cells

G. Lee

Many extracellular stimuli elevate intracellular cal-
cium, and calcium ions can be potent second mes-
sengers. Cytoplasmic calcium pulses are particularly
important in T lymphocytes, where they mediate one
component of the activation signal triggered by the
antigen receptor. A second signal activated by the
antigen receptor results in the activation of protein
kinase C (PKC). Neither signal is sufficient for T-cell
activation, but together, activators of PKC and cal-
cium ionophores cooperate synergistically to elicit



activation. This synergy between PKC activators and
calcium ionophores is also evident at the level of c-
fos mRNA induction. Neither stimulus alone sig-
nificantly elevates c-fos mRNA, but both together
yield significant c-fos induction.

We have investigated the mechanisms by which
calcium interacts synergistically with PKC activators
to induce c-fos mRNA. Induction of c-fos transcrip-
tion by phorbol ester requires the serum response ele-
ment (SRE). Mutagenesis of the SRE indicates that,
as we have observed previously in fibroblasts, induc-
tion by phorbol ester requires the ternary complex of
SRF and TCF. Calcium cooperates with phorbol ester
in two distinct ways. First, calcium induces the ac-
tivity of the c-fos promoter, as measured in reporter
gene assays and by nuclear run-on analysis of endog-
enous c-fos transcription. Induction of promoter ac-
tivity by calcium requires a conserved AP-1/CRE-
like element located immediately 3 to the SRE. Sec-
ond, calcium greatly enhances the efficiency with
which nascent c-fos transcripts are elongated to com-
pletion. In the absence of a calcium signal, transcripts
initiated at the c-fos promoter in response to phorbol
ester appear to terminate near the boundary of the
first exon and intron. In nuclear run-on assays, little
transcription of downstream portions of the gene is
observed. In the presence of a calcium signal, how-
ever, these transcripts proceed through the gene with
greatly enhanced efficiency. The strong synergy be-
tween phorbol ester and calcium ionophore thus
arises because these agents affect discrete steps in the
production of c-fos mRNA: Phorbol ester promotes
initiation of transcription, whereas calcium promotes
elongation. Only when both signals are present do
mature c-fos mRNAs accumulate. Furthermore, the
enhanced elongation induced by calcium occurs for a
very short period of time following signaling, even
while the enhanced initiation of transcription persists.
Thus, control of transcript elongation is the principal
form of control over both the kinetics and the extent
of c-fos mRNA accumulation under thesc treatment
conditions.

Role of YY1 in the Organization
of Protein-DNA Complexes on
the c-fos Promoter

S. Natesan

YY1 is a zinc-finger-containing protein that can ac-
tivate or repress transcription depending on the pro-

moter context. YY1 is indistinguishable from a pre-
viously characterized SRE-binding protein termed
p62PBF. YY1 binds to at least three sites in the
mouse c-fos promoter including the SRE and sites
positioned near -255 and -55. The -55 site is
situated between the TATA box and the cAMP
response element (CRE), which is also a major basal
element of the promoter. The presence of YY1 sites
within or adjacent to these essential promoter ele-
ments suggests that YY1 may have an important role
in the regulation of c-fos expression. At each of these
sites, YY1 binding induces DNA bending. Thus,
YY1 has the potential to induce significant three-
dimensional structure in the mouse c-fos promoter,
suggesting that YY1 may facilitate interactions
among proteins bound to different sites in the
promoter.

To test this hypothesis, we carried out a series of
transfection experiments with a simplified c-fos
promoter carrying sequences from -71 to +109 fused
to the bacterial CAT gene. These experiments sug-
gest that YY1 binding to the —55 region represses
promoter activity but that repression is not an in-
trinsic property of YY1 in this context, because its
ability to repress transcription requires an intact CRE
at —-65. Repression by YY1 is also alleviated by
changing the relative phasing of the factor binding
sites on either side of YY1. Moreover, when the
orientation of the =55 YY1 site is reversed, YY1 ac-
tivates the promoter. These data suggest that the prin-
cipal function of YY1 in this promoter context is to
bend DNA to regulate contact between other
proteins. In support of this view, we have shown that
the product of male sex determination gene SRY en-
codes a protein that can bind to YY1 sites and induce
DNA bending. In transfection assays, SRY can par-
tially mimic the function of YY1. Therefore, YY1,
and perhaps SRY as well, belongs to a novel class of
transcription factors that affect promoter function by
affecting DNA structure, rather than directly contact-
ing the transcriptional machinery.

We are currently investigating the role of YY1 in
the regulation of SRE function. Our data suggest that
both affinity-purified DBF and bacterially expressed
YY1 enhance the binding of SRF to SRE. Enhance-
ment of SRF-binding activity requires the binding of
YY1 to SRE. Given that YY1 bends DNA, including
the SRE, we imagine that YY1 may enhance the
binding of SRF to the SRE by inducing a DNA con-
formation that is favored by SRF. Furthermore, under
certain assay conditions, we can detect stable com-
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plexes in which YY1 and SRF co-occupy the. SBE.
Interestingly, both the enhancement of SRF binding
and co-occupancy of the SRE with YY1 appear to' re-
quire regions outside the DNA-binding and dimeriza-
tion domain of SRF.

How can YY1 and SRF simultaneously occupy
overlapping binding sites? YY1 is a membe'r of the
C,H, class of zinc finger proteins. On the bflSl§ of es-
tablished structures of related proteins, it 1S rea-
sonable to assume that YY1 contacts the SRE pre-
dominantly in the major groove. The structure of‘the
SRF-SRE complex is unknown, but mOdiflCE?-
tion/interference assays have been interpreted as evi-
dence for major groove binding as well. To test
whether these proteins indeed make major groove
contacts in regions of the SRE in which their binding
sites overlap, we made SRE probes in which adenine-
thymine base pairs have been replaced with inosine-
cytosine base pairs. These substitutions change
protein contact groups in the major groove while
leaving the minor groove essentially unchanged. We
find that YY1 is unable to bind this substituted SRE,
consistent with the hypothesis that it recognizes the
SRE primarily in the major groove. In contrast, SRF
does bind the substituted SRE, suggesting that SRF
does not make major groove contacts, at least in the
central region of the SRE. SRF may make minor
groove contacts in this region or it may make no con-
tacts at all. To distinguish between these possibilities,
we tested distamycin, a drug that binds to the minor
groove of AT-rich DNA, for its ability to function as
a competitive inhibitor of SRF binding. Distamycin
effectively inhibited the binding of SRF to the wild-
type SRE, whereas it did not affect the binding of
YY1. Thus, at least in the central AT-rich core of the
SRE, SRF binds predominantly in the minor groove
and YY1 in the major groove, making co-occupancy
possible.

SRF-Homeodomain
Interactions and

the Specificity of Signal
Transduction to the Nucleus

D. Grueneberg

How do cells interpret incoming signals into an ap-
propriate pattern of gene expression? This question
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has become particularly important with the observa-
tion that different growth factor receptors share a
small number of common signal t'ransduction path-
ways. For example, in the Drosophila eye, the sevep.
Jess receptor tyrosine kinase (RTK) transmits an ip-
ductive signal that specifies the development of the
R7 photoreceptor cell. Genetic anal_ysi§ of the sev sig-
naling pathway indicates that this signal uses the
ras/MAP kinase pathway. But other receptors in
Drosophila, including the EGF receptor and the
torso-encoded RTK, utilize the same signaling ma-
chinery and elicit completely distinct biological
responses. Thus, these signals must be generic, and
the unique biological response of an individual cell to
such a signal must be due to intepretation of the sig-
nal at the transcriptional level into a cell-type-specific
pattern of gene expression. We have proposed that
this interpretation is carried out by complexes of
proteins of the MADS box family, such as SRF, and
proteins of the homeodomain family. Our work this
year has focused on devising assays to test this
hypothesis.

Earlier, we had used a genetic screen in yeast to
identify potential accessory factors for SRF. From
that screen, we isolated cDNAs encoding a novel hy-
man homeodomain protein, Phox1l. Biochemical
studies, using recombinant proteins produced in E.
coli, confirmed that Phox1 interacts with SRF in
vitro. Furthermore, we found that Phox1 enhanced
the binding of SRF to the SRE. This activity resides
within the homeodomain of Phox1 and is shared with
closely related homeodomain proteins, such as the
Drosophila Paired and Orthodenticle proteins, but not
with more distantly related homeodomain proteins.
The observation that proteins of the homeodomain
family, with clearly documented roles in assigning
cell identity, could interact physically with proteins
like SRF, which connect genes to signal transduction
pathways, suggested a simple model for how these
processes might be linked. We speculated that one
way in which homeodomain proteins impart identity
to a cell is by routing incoming signals to cell-type-
specific genes and that they do this by recruiting SRF
to these sites.

To test this model, we have devised an assay to
study the interaction between Phox1 and SRF in vivo.
In Hela cells, a simplified reporter gene carrying a
single SRF-binding site is not responsive to serum
growth factors. However, upon cotransfection of an
expression vector producing the Phox1 homeodo-



main, the reporter becomes serum-inducible. As we
observed in our in vitro assays, this activity is shared
with related homeodomains, such as Prd, but not
more distantly related homeodomains. Thus, homeo-
domain proteins have the ability to link a gene to the
cellular signal transduction machinery. Moreover, the
ability of Phox1 to impart serum inducibility of the
reporter gene requires cooperation with endogenous
cellular proteins, presumably including SRF, because
a reporter gene carrying mutations that prevent the
binding of SRF is not responsive to Phox1. There-
fore, although we cannot form stable SRF/Phox1
complexes in vitro using purified proteins, we believe
that this in vivo assay provides a measure of the
formation of such complexes on the reporter gene.

We have used this assay is several ways. First, to-
gether with Ken Simon, we have extensively
mutagenized the Phox1 homeodomain to determine
which parts of the protein are required for this ac-
tivity. We find that the ability of Phox1 to impart
serum inducibility to the reporter gene requires the
DNA-binding activity of the homeodomain. In addi-
tion, as described in more detail below, Phox1 ac-
tivity also requires amino acid residues on the
solvent-exposed surfaces of homeodomain helices
one and two. This observation indicates a require-
ment for direct protein-protein interactions between
Phox1 and some other component(s) in the complex
at the SRE.

Second, together with Keith Brennan, we have ex-
amined the DNA sequence specificity of Phox1 in
vivo. By randomly mutagenizing the AT-rich core of
the SRE, we have derived sets of SRF-binding sites
that differ dramatically in their abilities to be ac-
tivated by Phox1 in vivo. This observation suggests
that Phox1 can recruit SRF to only a subset of poten-
tial binding sites, consistent with the hypothesis that
homeodomains recruit SRF to cell-type-specific
genes. Interestingly, the ability of Phox1 to impart
serum inducibility to these SRF-binding sites does
not strictly correlate with the simple affinities of ei-
ther Phox1 or SRF for these sites in vitro. Thus, the
specificity of action of the SRF/Phox1 complexes in
vivo is distinct from the DNA-binding specificity of
the individual partners in vivo. This observation is
consistent with a large body of data concerning the
specificity of action of homeodomain proteins: Their
exquisite biological specificity in vivo contrasts
dramatically with their rather weak affinity and
degenerate sequence specificity for DNA in vitro.

Mutagenesis of the Homeodomain-SRF
Interface

K. Simon

Homeodomain proteins, first characterized in the fruit
fly Drosophila melanogaster, have important regula-
tory roles in embryonic development. Among these
functions is the ability to specify the identity of indi-
vidual body segments in the fly and presumably of
the individual cell types within each segment. This
ability of homeodomain proteins to assign cell
identity appears to be conserved in metazoans, as
well as in fungi. Homeodomain proteins bind DNA
and act as transcription factors, but their DNA-
binding specificity is generally poor and is not suffi-
cient to explain their high degree of specificity in
vivo. It is widely believed that the homeodomain
must have additional activities, including perhaps the
ability to interact with other proteins. As described
above, we have amassed considerable evidence that
certain homeodomain proteins have the ability to in-
teract with SRF and other proteins of the MADS box
family. To understand this interaction, we have begun
a mutagenic analysis of the Phox1 homeodomain
protein to determine which amino acid residues of the
homeodomain are required for interaction with SRF.

To begin, we have systematically substituted
amino acid residues predicted to reside on the
solvent-exposed surfaces of Phox1 homeodomain
helices one and two with alanine residues. Mutant
proteins were assayed in the HeLa cotransfection as-
say described in the previous section. Many substitu-
tions in helices one and two had little detectable ef-
fect on the ability of Phox1 to recruit SRF to the SRE
reporter gene. Several substitutions did, however.
These included residues on both helices one and two
and in the loop joining these helices. We are continu-
ing this analysis by testing the effect of different
amino acid substitutions at these positions and by
testing the mutant proteins in other assays.

Our goals for the upcoming year include a muta-
genic analysis of SRF to determine what residues in
this protein are required for interaction with Phoxl1.
In addition, we plan to undertake a more detailed
analysis of the structural organization of the SRF/
Phox1 complex, focusing on the stoichiometry of the
complex, the nature of the DNA contacts, and
whether other proteins are present in the functional
complex in vivo.
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Isolation and Characterization
of a Drosophila Homolog of SRF

A. Ryan ‘
To test our hypothesis that SRF (and other proteins of
the MADS box family) cooperates with homth-
domain proteins to impart cell type specificity to Sig-
nal transduction pathways, we would like to be able
to study this interaction in an intact animal. OrTe a't-
tractive choice is Drosophila. Embryogenesis In
Drosophila has been actively studied at the genetic,
morphological, and molecular levels. The ro.le of
homeodomain proteins in key regulatory events l'n'the
fly embryo is relatively well understood. In ad‘dmf)n,
powerful molecular tools are available for monltor!ng
and manipulating embryonic development. As a first
step in studying the role of potential SRF/hom.eo-
domain interactions in fly development, we have iso-
lated an SRF homolog from Drosophila.

Using a partial sequence provided to us by Ron
Prywes and Michael Levine, we isolated a polymer-
ase chain reaction (PCR) product from reverse-
transcribed Drosophila mRNA that encodes a protein
closely related to human SRF. With this probe, we
have isolated both genomic and cDNA clones cor-
responding to this gene. The gene encodes a protein
very closely related to human SRF in the DNA-
binding domain; amino acid identity is greater than
90% in this region. We find that this protein binds
DNA with specificity essentially indistinguishable
from that of the human protein. Moreover, the fly
protein interacts readily with the human SRF acces-
sory protein, Elk-1. Thus, the biochemical properties
of the fly SRF protein are highly conserved.

The SRF gene maps to region 60C on the right
arm of chromosome 2. We have identified two defic-
iencies in this region of the genome. A number of
recessive lethal genes map to this area, one of which
may correspond to SRF. By in situ hybridization of
an SRF probe to developing fly embryos, we find that
SRF mRNA is provided to the embryo maternally. It
is ubiquitously distributed throughout early develop-
ment. This ubiquitous distribution is consistent with
the possibility that SRF is a cofactor for homeo-
domain proteins active in the early embryo. After
germ-band extension, however, SRF mRNA disap-
pears from most tissues and is found at high levels in
a relatively small number of cells scattered through-
out the embryo. This pattern of expression suggests
that the function of SRF at later stages of embryonic
development is restricted to a subset of cell types.
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Jement our studies of SRF, we have gen-
f lacZ reporter genes under the con-
irol of a portion of the mmfse .c-fos. promoter. This
region, which includes the Plndlng §1tes for SRF and
several accessory factors, is sufficient to. med.late a
transcriptional response to recepto‘r lyrosnTe kinaseg
in mammalian cells. er are introducing t‘hese
reporters into transgenic flies by P-elemen.t-medlated
transformation. We hope to find that this reporter
gene is expressed in regions of the erpbryo in which
signal transduction pathways are active. We would
then use such fly lines for studying the role of SRF,
its accessory proteins, and homeodomains in deter-
mining the pattern of expression of the reporter gene.

To comp
erated a series 0

Role of Nuclear Signal Transduction
Pathways in Tumorigenesis in a
Transgenic Mouse Model

J. lafrate

Our studies of c-fos regulation have allowed us to
identify nuclear proteins that are the recipients of the
signals generated by growth factor receptors. We be-
lieve it is likely that these proteins must also have a
significant role in transmitting proliferative signals
from activated oncogenes in tumors. We plan to test
this hypothesis in transgenic mice expressing ac-
tivated oncogenes under the control of the mammary
tumor virus long terminal repeat (MTV LTR). These
animals reproducibly develop mammary tumors, with
varying degrees of latency and penetrance, depending
on the oncogene. Our experiments are being carried
out in collaboration with Dr. William Muller,
McMaster University.

Our first goal will be a simple biochemical analy-
sis of nuclear signal transduction proteins in cell lines
derived from transgenic mouse tumors. We will ex-
amine the ternary complex factors to determine if
they are constitutively phosphorylated by MAP
kinase. In addition, we will examine the SIF proteins
to determine if they are constitutively activated and
phosphorylated on tyrosine. To verify the activation
state of these proteins, we will transfect appropriate
reporter genes into these cell lines to determine if
they exhibit elevated transcriptional activity.

If we find that these proteins are activated in
tumors, we will then determine whether they con-
tribute functionally to tumorigenesis by expressing



mutant proteins in transgenic mice under the control
of the MTV LTR. We expect that gain-of-function
mutants might function as oncogenes in these
animals, either alone or in cooperation with other on-
cogenes. We expect that dominant-negative mutants
should inhibit or retard tumor development in
animals bearing transgenic oncogenes.

In addition, we plan to explore the role of
homeodomain proteins in mammary tumorigenesis.
In much the same way that we think homeodomain
proteins interpret incoming signals by routing them to
the appropriate genes, we believe that homeodomains
should also be responsible for routing signals from
activated oncogenes to target genes required for cell
proliferation. Thus, we predict that mammary tumors
from transgenic animals must express homeodomain
proteins that are normally expressed only early in the
development of the mammary epithelium, during its
proliferative phase, or tumors may ectopically ex-
press homeodomain proteins that are not normally
expressed in mammary cells. Therefore, we plan to
isolate homeodomain cDNAs from libraries prepared
from transgenic tumors, examine their expression
patterns during development of the mammary gland,
and test them for the ability to act as oncogenes in
transgenic mice.
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PROTEIN TYROSINE PHOSPHATASES AND THE CONTROL OF
CELLULAR SIGNALING RESPONSES

N.K. Tonks S.M. Brady-Kalnay  A.J. Garton
R.L. Del Vecchio P.M. Guida, Jr.
W.R. Eckberg Y.F. Hu
A.J. Flint K.R. LaMontagne

The phosphorylation of tyrosyl residues in proteins is
a key component of the control of many fundamental
physiological processes. Our laboratory is particular-
ly interested in the role of tyrosine phosphorylation in
transducing an extracellular signal into an in-
tracellular response, such as proliferation or differen-
tiation. Protein phosphorylation is a reversible,
dynamic process in which the net level of phosphate
observed in a target substrate reflects not only the ac-
tivity of the kinases that phosphorylate it, but also the
competing action of protein phosphatases that
catalyze the dephosphorylation reaction. We study

S.N. Mamajiwalla H. Sun
C.A. Ostman Q. Yang
A.A. Samatar S.H. Zhang

the expanding family of protein tyrosine phos-
phatases (PTPs) that, like the kinases, comprise both
transmembrane, receptor-linked forms and non-
transmembrane, cytosolic species. The structures of
the PTPs indicate important roles in the control of
processes such as cell adhesion, cytoskeletal func-
tion, and the cell cycle.

During the last year, Qing Yang left to take a
position in the Gene Therapy Center at the University
of North Carolina, Chapel Hill, and Arne Ostman
returned to a position in the Ludwig Institute for Can-
cer Research in Uppsala, Sweden. Yan-Fen Hu,
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Salim Mamajiwalla, and Shao-Hui Zhang joined the
laboratory as postdoctoral fellows, and Bi]].Eckberg
came to the laboratory in September t0 begin a year
of sabbatical leave from Howard University, Wash-

ington D.C.

Receptor-like PTPs and
Celi-Cell Contact

S.M. Brady-Kalnay, S.N. Mamajiwalla, C.A. Ostman,
Q. Yang, N.K. Tonks

A characteristic feature of the extracellular segmfent
of many receptor-like PTPs is the presence of im-
munoglobulin (Ig)-like and/or fibronectin type 1
(FNIIT) domains. These are motifs that are commonly
found in cell adhesion molecules. We have focused
on two such enzymes, PTPu and DEP-1.

PTPu is characterized by an extracellular seg—
ment containing one Ig-like and four FNIII domains
and thus displays structural similarity to members.of
the Ig superfamily of cell adhesion molecules that in-
cludes neural cell adhesion molecule (NCAM). There
is a single transmembrane domain and a large in-
tracellular segment containing two PTPase domains
preceded by a juxtamembrane segment that is 70
residues longer than the equivalent segment in other
receptor-like PTPs and which displays homology
with the intracellular domain of members of the cad-
herin family of cell adhesion molecules. Such homol-
ogy is unique among both the receptor-like PTPs and
members of the Ig superfamily.

On the basis of the structural similarity between
the extracellular segments of PTPu and NCAM, one
would predict that this receptor PTP may participate
in homophilic binding interactions. We have tested
this prediction using an overexpression system,
reconstitution of the binding reaction in vitro, and
cells in which PTPy is normally expressed. Using the
baculovirus system, expression of full-length PTPu,
or mutant forms with an intact extracellular segment,
induced Sf9 cells to aggregate. In addition, we have
demonstrated that homophilic binding between
molecules of PTPu can be reconstituted in vitro. Flu-
orescent beads linked to baculovirus-expressed PTPu
were able to bind to the surface of petri dishes coated
with GST/PTPy (a GST fusion protein containing the
extracellular segment of PTPu purified following ex-
pression in Escherichia coli) but did not bind to GST
alone. In addition, beads coated with the GST/PTPu
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fusion protein self-aggregate, wherFas those coated
with GST alone do not. The PTPu-induced aggrega-
d to be independent of calcium and
glycosylati0“~ Furthermore, phosphatase activity and
the adhesive function are not mutua!]y. dependent,
We also demonstrated that PTPy, as it is expressed
endogenous]y on the surfa<?e of Mle{ cells, retaing
the capacity to interact w1th'ba‘culowrus-expressed
PTPu linked to beads. The binding qf PTPu-coated
beads to the MvLu cell surface is blocked by
antibody to the extracellular §egment of PTPu but not
by a control pre-immune antibody. These data estab-
lish homophilic binding between molecules of PTPy,
thus indicating that the ligand for PTPu is another
PTPu molecule on the surface of an adjacent cell. We
are currently trying to define the sequences in the ex-
tracellular segment of PTPu that mediate homophilic
binding interactions and to examine the effect of
perturbing these interactions on cell growth and de-
velopment.

As far as we can tell, aggregation, i.e., ligand
binding to the extracellular segment, had no detec-
table direct effect on the activity of the intracellular
PTP domains. Nevertheless, it is possible that such an
interaction could serve a tethering role, controlling
the activity of the PTP indirectly by restricting its
spatial distribution on the membrane and thus
restricting the spectrum of substrates with which it
may interact. Preliminary immunocytochemical anal-
ysis has localized PTPu to particular junctional com-
plexes at points of cell-cell contact under physiologi-
cal conditions of expression. We are characterizing
the components of these junctional complexes that
bind to PTPu and examining the consequences of
such interactions with respect to the function of this
enzyme.

Our data with PTPu reinforce the concept that
receptor PTPs may have a role in transducing signals
initiated by cell-cell contact. For example, normal
cells display density-dependent arrest of cell growth.
Thus, as cultures approach confluence, and adjacent
cells touch each other, growth is inhibited. Since
tyrosine phosphorylation, triggered by growth factor
receptor PTKs, has been implicated in promoting cell
growth and proliferation, PTPs, as the natural
antagonists of PTK function, may exert a negative ef-
fect on such growth-promoting signals. We have iso-
lated cDNA encoding a novel receptor-like PTP from
a HeLa cell library. The cDNA predicts an enzyme
consisting of an extracellular segment containing
eight FNIII repeats, a single transmembrane segment,

tion was foun



and a single intracellular PTP domain. We have pro-
posed the name DEP-1 (high-cell-density enhanced
PTP) for this enzyme. Following expression of DEP-
1 cDNA in COS cells, a glycoprotein of 180 kD was
detected, and PTP activity was demonstrated in im-
mune complexes using a carboxy-terminal peptide
antiserum. Endogenous DEP-1 was detected in WI38
lung fibroblasts by immunoblotting, immuno-
precipitation of metabolically labeled cells, and im-
mune complex PTP assays. Immunoblot analysis of
DEP-1 expression in WI38 revealed dramatically in-
creased levels and activity of the PTP in dense rela-
tive to sparse cultures. In addition, DEP-1 activity,
detected in PTP assays of immune complexes, was
increased in dense cell cultures. In contrast, the ex-
pression levels of PTP-1B, a ubiquitously expressed
cytoplasmic enzyme that is the major PTP in many
tissues and cell lines, did not change with cell
density. This enhancement of DEP-1 expression with
increasing cell density was also observed in another
fibroblast cell line, AG1518. The increase in levels of
DEP-1 occurs gradually with increasing cell contact
and is initiated before saturation cell density is
reached (Fig. 1). These observations suggest that
high-cell-density-induced expression of DEP-1,
which is broadly distributed, may contribute to the
mechanism of contact inhibition of cell growth by
promoting net dephosphorylation of proteins in the
membrane and countering the effect of growth-
promoting PTKs. We are currently examining the
link between cell contact and expression of DEP-1
and testing directly the ability of this PTP to
antagonize cell growth.
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FIGURE 1 Analysis of DEP-1 expression at various cell
densities. DEP-1 expression was analyzed by immunoblot-
ting of lysates of WI38 cells. Photomicrographs of cultures at
varying cell densities from which the lysates were derived
are shown below.

MKP-1, a Tyr/Thr Phosphatase
That Dephosphorylates, and Blocks
Signaling Downstream from, MAP Kinase

H. Sun, N.K. Tonks [in collaboration with C.H. Charles
and L.F. Lau, University of lllinois, and D. Bar-Sagi,
Cold Spring Harbor Laboratory]

Recently, progress has been made by many
laboratories in defining signaling pathways initiated
by mitogenic stimuli. Growth-factor-induced auto-
phosphorylation of tyrosyl residues in receptor-PTKs
induces the formation of multiprotein complexes in
the membrane that trigger conversion of Ras from an
inactive GDP-bound form to an active GTP-bound
state. Activated Ras then initiates a cascade of se-
quential phosphorylation events in which the
serine/threonine kinase Raf phosphorylates and ac-
tivates MAP kinase kinase (also known as MEK),
which is a dual specificity kinase that in turn
phosphorylates both Thr-183 and Tyr-185 in p42
MAP kinase. Phosphorylation of both tyrosine and
threonine regulatory sites is essential for activation.
The MAP kinase family of enzymes has been impli-
cated as common and essential components of signal-
ing pathways induced by diverse mitogenic stimuli.
Once activated, MAP kinase can phosphorylate a
number of substrates, including transcription factors,
that are essential for triggering the expression of
genes required for the mitogenic response. Therefore,
growth factor binding initiates a complex network of
protein phosphorylation events that leads a quiescent
cell to enter the cell cycle, undergo DNA replication,
and ultimately divide. One of these immediate early
genes that is activated rapidly and transiently in
quiescent fibroblasts treated with serum growth fac-
tors is 3CH134, which encodes a dual specificity
(tyrosine/threonine) phosphatase termed MKP-1.
MKP-1 possesses intrinsic phosphatase activity that
is highly specific for both the tyrosine and threonine
regulatory sites in MAP kinases. In serum-stimulated
fibroblasts, the kinetics of inactivation of MAP
kinases coincides with the appearance of newly
synthesized MKP-1 protein, and the protein synthesis
inhibitor cycloheximide leads to persistent activation
of MAP kinases. Expression of the phosphatase in
COS cells leads to selective dephosphorylation of
MAP kinases from the spectrum of phosphotyrosyl
proteins visualized by immunoblotting with an
antiphosphotyrosine antibody. MKP-1 blocks phos-
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phorylation and activation of pa2mapk-mediated by
serum, oncogenic Ras, or activated Raf. Most striking
is the observation that a catalytically inactive mutant
of the phosphatase, Cys-258—>Ser, augm.ef\ts MAP
kinase phosphorylation under similar conditions. Tbe
mutant phosphatase forms a physical complex :nvzitl:
the phosphorylated form of pa2mapk and p44™P
(Fig. 2). Therefore, our findings suggest that MKP-1
is a physiological MAP kinase phosphatase that may
feed back on the growth factor signaling pathway to
dephosphorylate and inactivate MAP kinase, prevent-
ing uncontrolled growth and proliferation. T(? exam-
ine the effect of expression of MKP-1 on signaling
responses downstream from MAP kinase, ‘we em-
ployed a transcription assay in which MAP kmasF ac-
tivation was measured by its ability to trans-activate
a promoter containing a serum response element
(SRE). We have observed that the induction of SR}E
is mediated through the MAP kinase pathway and is
sensitive to the expression of MKP-1. We have also
established a microinjection assay to measure MAP
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FIGURE 2 Physical association between the Cys—Ser
mutant of MKP-1 and endogenous p42™aPk in COS cells.
COS cells expressing the inactive Cys—Ser mutant of MKP-
1/3CH134 were serum deprived, metabolically labeled with
(35S])methionine, and then either restimulated with serum for
10 min (lanes 2 and 3) or left untreated (lane 7). The
phosphatase (labeled 3CH134CS) was immunoprecipitated
in the absence (lanes 1,2) or presence (lane 3) of competi-
ng antigen. Arrows indicate the positions of dephospho-
MAPK (lane 4) and phospho-MAPK (lane 5). Lane 2 il-
lustrates the serum-dependent association between the
mutant phosphatase and its substrate, the phosphorylated
activated form of MAPK.
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kinase activation in single cel‘]s xx{ilb use of the SRE
reporter. We found that microinjection (?f either
purified MKP-1 protein or MK!’-I expression plas-
mid blocks SRE induction mediated b'y TPA, EGF,
and oncogenic Ras. We are currentl‘y using MKP-] as
a tool to define the role of MAP kinase ac‘:tlvation in
G,/G,-S-phase transition of th.e cell cycle in response
to growth stimuli or oncoproteins such as Ras.

Analysis of the Structure, Reguilation,
and Function of PTP1B

A.J. Flint, K.R. La Montagne, N.K. Tonks [in collaboration
with David Barford and Bob Franza, Cold Spring
Harbor Laboratory]

PHOSPHORYLATION OF PTP1B

PTP1Bis a nontransmembrane PTP, the first member
of the family to be isolated in homogeneous form. Its
¢DNA predicts a protein of 435 amino acids, of
which the carboxy-terminal 114 residues have been
implicated in controlling both the localization and
function of the enzyme. Neel’s group (Beth Israel
Hospital, Boston) has shown that the extreme
carboxy-terminal 35 amino acids, which are of a
highly hydrophobic nature, are both necessary and
sufficient for targeting the enzyme to the cytoplasmic
face of membranes of the endoplasmic reticulum,
Upon inspection of the sequence of the preceding 80
amino acids, which are predominantly hydrophilic,
we noted several potential sites for phosphorylation
by serine/threonine kinases. We have now confirmed
that PTP1B is phosphorylated in a cell-cycle-de-
pendent manner in vivo. In asynchronously growing
HeLa cells, PTP1B is phosphorylated predominantly
on Ser-378 by PKC and at two other minor sites. In
mitotically arrested cells, these interphase sites are
dephosphorylated, and PTP1B becomes phosphory-
lated instead on Ser-386 by p34<dcZ and on Ser-352
by a "proline-directed" kinase. These mitotic phos-
phorylation events coincide with a 30% inhibition of
PTP1B activity. The interaction between these
phosphorylation sites has now been examined in
greater detail following expression of point mutants
in which individual serine residues were converted to
alanine. The results suggest that (1) the phosphoryla-
tion of Ser-386 by p34°dcZ occurs independently of
phosphorylation at another site, and (2) phosphoryla-
tion of Ser-352 promotes the dephosphorylation of
the interphase sites, including Ser-378, that occurs in
mitotic HeLa cells.



A number of approaches have been taken to iden-
tify the kinase responsible for phosphorylating Ser-
352, and current data point to a MAP kinase-like en-
zyme. However, the precise identity of this kinase
remains to be defined.

DETERMINATION OF THE CRYSTAL STRUCTURE
OF PTPiB

The families of receptor-like and nontransmembrane
PTPs are related through a conserved catalytic core
structure of approximately 240 residues. PTP1B was
the first PTP to be isolated in homogeneous form. It
was purified from human placenta as a 321-residue
protein of 37 kD that primarily comprises the cat-
alytic domain and which is derived from the full-
length protein by proteolytic removal of the regula-
tory carboxy-terminal segment. In collaboration with
David Barford, from the crystallography group at
Cold Spring Harbor, we have determined the crystal
structure of this 37,000 form of PTP1B which we
hope will serve as a model for understanding
structure-function relationships and the catalytic me-
chanism of the PTPs. The enzyme was expressed in
E. coli in a stable and soluble form, the activity of
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which is indistinguishable from that of the molecule
purified from human placenta. The structure was
determined by single isomorphous replacement and
anomalous scattering methods using sodium tungstate
as the heavy atom derivative. This was important be-
cause sodium tungstate is an effective inhibitor of
PTP1B (IC5, = 10 pum) that binds at the catalytic site
and presumably functions as an analog of phosphate.
Thus, the structure of the PTP1B-tungstate complex
provides information about the interactions between
the enzyme and its substrate.

The structure of PTP1B has been determined to
2.8 A resolution. It is composed of a single domain
with the polypeptide chain organized into 8 o helices
and 12 B strands with a 10-stranded mixed P sheet,
which adopts a highly twisted conformation, span-
ning the entire length of the molecule. The structure
illustrates that the sequence motif [I/VI[HCXAGXX
R[S/T]G, which contains the catalytically essential
nucleophilic cysteinyl residue and uniquely defines
the PTP family of enzymes, forms the phosphate
recognition site and is located at the base of a cleft.
The hydrogen bonding interactions that are important
for phosphate binding are illustrated in Figure 3.
Specificity for phosphotyrosine-containing substrates
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FIGURE 3 View of the catalytic site of PTP1B to illustrate binding of tungstate (phosphate). (Open
lines) Main chain bonds; (closed lines) side chain bonds; (dotted lines) hydrogen bonding interac-

tions.
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probably results from the depth of the cleft si‘nce the
smaller phosphoserine and phosphothreonine rc-
sidues would not reach down to the phosphat?-bmd-
ing site. In addition, the surface of the protcm. sur-
rounding the cleft is relatively open and contains 2
high density of basic residues. This would pem'ut
numerous modes of peptide binding, consistt?nt with
the poor discrimination between PTyr-proteins, ?qd
would explain the apparent preference fqr acidic
residues adjacent to the phosphotyrosine in target
substrates. We are currently generating mutants of
PTPI1B for structural determination to test the Tole of
particular amino acid residues in the catalytic me-
chanism and also looking at the binding of sut?strat'e
in detail through cocrystallization of PTP1B with ci-
ther phosphotyrosine or phosphopeptide substrates.
In addition, we are expanding our studies to en-
compass other members of the family, in partif:ular
MKP-1. We hope to clucidate the structural baSIS‘fOI'
both the selectivity of MKP-1 and its dual specificity.

PTP1B AND CHRONIC MYELOGENOUS LEUKEMIA

Chronic myelogenous leukemia (CML) is a clonal
disorder of the hematopoietic stem cell characterized
by the Philadelphia chromosome, in which the c-abl
proto-oncogene on chromosome 9, encoding a PTK,
becomes linked to the bcr gene on chromosome 22.
This results in the production of a fusion protein
termed p210 bcr:abl, the PTK activity of which is en-
hanced relative to c-Abl generating abnormal patterns
of tyrosine phosphorylation in CML cells. Although
much effort was focused on the p210 ber:abl PTK
and the role of tyrosine phosphorylation in the dis-
ease, we are looking from the perspective of the PTPs
as potential antagonists of p210 bcr:abl function. We
have found that the levels of PTP1B, both mRNA
and protein, are increased as a result of constitutive
expression of p210 ber:abl in Mo7 cells. An increase
in the half-life of PTP1B also contributes to the en-
hanced levels of this enzyme. Furthermore, PTP1B
appears to be phosphorylated on tyrosyl residues in
the p210 bcr:abl-expressing cells. What makes these
results exciting is that TCPTP, which is a very close-
ly related homolog of PTP1B (75% identity in the
catalytic domain), is also exp