ANNUAL
REPORT
1990

\RBOR LABORATORY

'S THE CENTENNIAL YEAR

D

Vs



; ANNUAL
~ 7' REPORT
7M. I 1990

s e
L ®
L
L]
.
» .
»
.
™ .
.

e et

‘.- cewsmma Hmon LABORATORY



ANNUAL REPORT 1990

Cold Spring Harbor Laboratory

Box 100

1 Bungtown Road

Cold Spring Harbor, New York 11724

Book design Emily Harste

Editors Dorothy Brown, Lee Martin

Photography Margot Bennetl, Herb Parsons, Edward
Campodonico

Typography Marie Sullivan

Front cover: Jones Laboratory, during the Centennial fireworks dis-
play. This building, completed in 1893, was the first structure built

expressly for science at Cold Spring Harbor. (Photograph by Ross
Meurer and Margot Bennett.)

Back Cover: (Top) Centennial reenactment of the first biology class
at Cold Spring Harbor on board the launch *Rotifer.” (/nset) The
original class of 1890. Reenactments for the Centennial were
directed by Rob Gensel. (Photograph by Randy Wilfong.) (Bottom)
Centennial reenactment of the Laboratory's first biology class on the
Jones Laboratory porch. (/nset) The original 1890 class on the
porch of the old Fish Hatchery building before the completion of
Jones Laboratory. (Pholograph by Margot Bennett.)



Contents

Officers of the Corporation/Board of Trustees v
Governance and Major Affiliations  vi
Committees  vii

Edward Pulling (1898-1991)  viii

DIRECTOR'S REPORT

DEPARTMENTAL REPORTS
Administration 23
Buildings and Grounds 25
Development 28
Library Services 30
Public Affairs 32

21

RESEARCH
Tumor Viruses 37
Molecular Genetics of Eukaryotic Cells 93
Genetics 155
Structure and Computation 197
Neuroscience 213
CSH Laboratory Junior Fellows 217

35

COLD SPRING HARBOR MEETINGS
Symposium on Quantitative Biology 223
Meetings 226

221

BANBURY CENTER
Director's Report 249
Meetings 257

247

COLD SPRING HARBOR LABORATORY PRESS

279

DNA LEARNING CENTER

287

EDUCATIONAL ACTIVITIES
Postgraduate Courses 311
Seminars 335
Undergraduate Research 337
Nature Study 339

309

FINANCIAL STATEMENT

341

FINANCIAL SUPPORT OF THE LABORATORY
Sources of Support 349
Grants 351
Annual Contributions 358
Corporate Sponsor Program 360
Second Century Campaign 361

347

LONG ISLAND BIOLOGICAL ASSOCIATION

365

LABORATORY STAFF

379



Y L%

(Front row) Mrs. G.G. Montgomery, J.D. Watson, Mrs. J.H. Hazen, L.J. Landeau (Middle
row) W.S. Robertson, D.L. Luke, W. Everdel, T. Knight, D. Sabatini, T. Maniatis, B.D.
Clarkson, J.R. Warner, T. Silhavy, G.W. Culting, F.M. Richards (Back row) W.H. Page, O.R.
Grace, T.M. Jessell, W.R. Miller, J. Darnell, S. Strickland, O.T. Smith, J.R. Reese, D.
Botstein, D.B. Pall Not shown: C.F. Dolan, M. Lindsay, T. Whipple, M Cowan, S. Tilghman



Officers of the Corporation

Board of Trustees

Bayard D. Clarkson, M.D., Chairman
Taggart Whipple, Vice-Chairman

Oliver R. Grace, Secretary
David L. Luke Wi, Treasurer

James D. Watson, Ph.D., Director

G. Morgan Browne, Administrative Director

Institutional Trustees

Albert Einstein College of Medicine

Jonathan R. Warner, Ph.D.

Columbia University

Thomas M. Jessell, Ph.D.

Harvard University

Thomas Maniatis, Ph.D.

Howard Hughes Medical Institute

W. Maxwell Cowan, M.D., Ph.D.

Long Isiand Biological Association

George W. Cutting, Jr.

Memorial Sloan-Kettering Cancer
Center

Bayard D. Clarkson, M.D.

New York University Medical Center

David D. Sabatini, M.D., Ph.D.

Princeton University

Shirley M.C. Tilghman, Ph.D.

Rockefeller University

James E. Darnell, Jr., M.D.

State University of New York,
Stony Brook

Sidney Strickland, Ph.D.

Wawepex Society

Townsend J. Knight

Yale University

Frederic W. Richards, Ph.D.

“deceased, April 17. 1991

Individual Trustees

David Botstein, Ph.D.
Belmont, California
Charles F. Dolan

Oyster Bay, New York
William Everdell

Glen Head, New York
Oliver R. Grace

Oyster Bay, New York
Mrs. Joseph H. Hazen
New York, New York
Laurie Landeau, D.V.M.
Northport, New York

Mrs. George Lindsay
New York, New York
David L. Luke Ili

New York, New York
William R. Miller

New York, New York

Mrs. George G. Montgomery, Jr.
New York, New York
David B. Pall, Ph.D.
Roslyn Estates, New York
John R. Reese

Cold Spring Harbor, New York
William S. Robertson
Huntington, New York
Owen T. Smith

Laurel Hollow, New York
James D. Watson, Ph.D
Cold Spring Harbor, New York
Taggart Whipple

Oyster Bay, New York

Honorary Trustees
Robert L. Cummings
Glen Head, New York
Harry Eagle, M.D.
Mamaroneck, New York
H. Bentley Glass, Ph.D.
East Setauket, New York
Walter H. Page

Cold Spring Harbor, New York
Edward Pulling”

Oyster Bay, New York



Governance and Major Affiliations

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

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

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

The Laboratory is chartered as an educational and research institution by the
Board of Regents of the Education Department of the State of New York. It is
designated as a "public charity” by the Internal Revenue Service.
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Edward Pulling, who died on April 17, 1991 at the age of 92, was a truly re-
markable man whose career embodied the virtues of education, family life, and
devotion to service for the public good. In his dual roles, as a trustee of this Lab
and as Chairman of the Long Island Biological Association, he played an in-
valuable role in the Laboratory's achievermnents over the past two decades. My
wife and | will always remember the gracious way Ed and his wife Lucy brought
us into their world when we first arrived in this community in the summer of
1968. By then, he had retired as the founding headmaster of the Milibrook
School and they had moved to Oyster Bay o live in *Redcote,” their home on
Yellowcote Road which Lucy had inherited upon the death of her father.

To this charming extended farmhouse, sited on its accompanying estate, we
were first invited by Ed on a late June evening to meet Lucy and several of their
neighbors. There, below the terrace off the drawing rooms, | first appreciated
the ha ha, the sunken fence of stone that the English have long used to keep
their horses at proper distance from their living quarters. Later, Liz and | came
often to Redcote and its book-lined rooms to hear Ed and Lucy speak of their
lives and of the events that formed their aspirations, and soon we felt at ease as
denizens of their fabled world of Long Island’s Oyster Bay. In particular, | still
remember our flying down from Cambridge during an interterm break at Har-
vard and soon becoming so delightfully snowbound that we missed the open-
ing days of the spring academic term.

Ed's erect 63" body with its strong-featured warm face and voice gave in-
stantly the impression of a leader toward goodness and responsibility, first
tested in battle conditions when he served as a destroyer officer in the British
Navy toward the end of the First World War. He was born on June 10, 1898, in
the London suburb of Ealing. His father, of Devonshire yeoman stock, was then
the British agent for the New York Life Insurance Company. As a youth, he had
emigrated to the United States and there had married Elizabeth Douglass,
whose Ohio-based family had come several generations before from Scotland.
After their marriage, Ed's parents moved to England, where his father estab-
lished a thriving business that lasted over a decade. Then a change in Amer-
ican insurance company regulations forced New York Life to close down its
English office, and at the age of ten, Ed and his parents returned 1o the states,
first to Pittsburgh and then to Baltimore. In the latter city, Ed prepared at the
Gilman School for Princeton, where his college education was interrupted by
his service in the British Royal Navy.

Upon leaving the Royal Navy he was offered a position at the Bethlehem
Steel Company but happily, when stopping at Princeton on his way home from
England, he was persuaded by Professor Charles Kennedy to give a try to
teaching. After an interview at Groton, then headed by the renowned Endicott
Peabody, Ed became spellbound by the Rector's wonderful personality and
quickly signed on to be a Master of History. For six subsequent happy years,
he learned the art of teaching under Mr. Peabody's aegis. Interrupting this very
formative period were two years spent in Trinity College at Cambridge, where
he read English and displayed his mastery of golf through his membership on
the Cambridge University team. It was while at Groton that he first became
befriended by Franklin Roosevelt, whose son James was one of his students
and whom he tutored at Hyde Park over the Christmas 1920 vacation period. 1t
was Franklin Roosevelt who first suggested that Ed start his own school. Ed re-
membered being counseled "You ought to start a school someday. Promise to
let me know when you do, because | want to help.”




On a trip to Europe during the summer of 1926, he first met Lucy Leffingwell,
the only daughter of the banker Russell Leffingwell, a partner of J.P. Morgan,
who subsequently was to become Chairman of the Board of J.P. Morgan and
Company. Ed and Lucy both were passengers on the Cunard Liner Aquitania
and saw each other first as partners in a game of deck tennis. Their marriage
occurred two years later in St. John's Church here in Cold Spring Harbor, with
their departing from their reception at the Beach Club aboard the yacht Corsair
which J.P. Morgan had put at their disposal.

In 1929, while searching a site for their proposed school, Franklin Roosevelt,
by then governor of New York State, offered them property on Cream Street ad-
jacent to his Hyde Park estate. This most generous proposal, however, was
declined both because they feared Hyde Park would soon be less rural than
they wanted and also because they feared that the parents of many prospec-
tive students might hesitate to favor a school founded under the aegis of such a
famous Democrat. Years later, after President Roosevelt's death, Eleanor
Roosevelt made her home on the Cream Street site. To this site, Ed and Lucy
made many visits during and after the Roosevelt's grandson Haven was a
Millbrook student.

The site Ed and Lucy finally chose was near the town of Millbrook in the roil-
ing countryside of Duchess County. Even today it is totally unspoilt. Their first
class of 21 boys came together in the fall of 1931, and over subsequent years
they presided over an ever-expanding school of great beauty which purpose-
fully offered a less traditional curriculum than Groton. Rather than putting faith
in grades or admission tests, Ed hired teachers and accepted students on a
hunch. Always paramount was a close relationship between the faculty and the
students. Equally important was the participation of all its students, through
community service, in the school’s daily functioning. The 34-year partnership of
Ed and Lucy was extraordinarily productive, being from its start to their leaving
a joint venture. Much later Ed was to write that while he believed his students
respected him, he knew they loved Lucy. During their Milbrook years, they
raised and educated their four children—Joan, Patricia, Lucy, and Tom, with
whom they would go each summer to their house at West Chop on Martha's
Vineyard.

Ed was an early beneficiary of the surgical procedures for hip replacements
developed in the 1950s in England. In 1963, a severe attack of osteoarthritis
threatened to confine him to a wheelchair for the rest of his life. To his rescue
came Dr. Otto Aufranc of the Massachusetts General Hospital (MGH), who
through two operations performed nine days apart gave Ed two steel hips. He
was the first person operated upon at MGH to have both hips replaced during
one hospitalization. Happily, the surgery was amazingly successful, as within
10 months Ed was again riding and playing golf.

It was Walter Page who sensed the great opportunity offered to the Cold
Spring Harbor Laboratory by Ed and Lucy's movement into our community fol-
lowing his retirement in 1965. Sensing Ed's vast experience in public relations
and fund raising gained while he was a headmaster, Walter, then the President
of LIBA, persuaded Ed in 1968 to become a LIBA director. In so joining the
LIBA board, Ed followed in the tradition of his late father-in-law Russell Leffing-
well, who in 1924 became a founding director of LIBA. A year later, in 1969, Ed
assumed the chairmanship, a position he was to hold for 17 highly effective
years. Soon the LIBA membership was doubled to nearly 500 families, and
conditions were created for the subsequent holding of major fund drives. The
first, conducted during 1972-1973, raised $250,000 toward (1) construction of



the west addition to James Lab for cancer virus research, (2) winterization of
Blackford Hall, and (3) purchase and renovation of the Takami residence as a
dormitory, now called Olney House. in 1977, Ed mounted his second fund
drive, which raised $220,000 to allow Williams House to be completely rebuilt
as a year-round residence with five apartments.

Just as this project was finished, Ed received the devastating news that Lucy
was striken with a potentially fatal disease. Fortunately, the initial therapy sent
her disease into complete remission, and Lucy could actively participate in the
celebrations held at the Piping Rock Club to mark their 50th wedding anniver-
sary. Unfortunately, Lucy's disease reoccurred the following year, culminating
in her death on February 15, 1979. With her passing, Ed grieved for his gentle
companion who so well personified loyalty and open-minded intelligence.

At no time, however, did Ed's ability to work for this institution falter. Over the
following years, he led his third fund drive, which raised $200,000 to purchase
20 acres of fand from the Carnegie Institution of Washington. Its purchase
made possible the 1982 completion of the Harris Buiiding, as well as the sub-
sequent siting of the Oliver and Lorraine Grace Auditorium. Funds for the con-
struction of this later building were the objective of Ed's last major fund-raising
effort. Through his efforts, $600,000 was raised from individuals who previously
had expressed interest in the Lab. in addition, it was he who attracted the
Graces to make their seven figure gift which allowed us to proceed with the
project. Ed, as chairman of the Building Committee of our Board of Trustees,
also played a very active role in the design process, drawing upon his many
years of experience in the building projects of the Millbrook School.

A mere chronicling of the LIBA fund drives does not adequately refiect the
many important gifts to the Lab itself that came in large measure through his
actions. 1 particularly remember Ed tracking me down in California in late June
of 1982 to arrange a date when Charles S. Robertson would make his first visit
to the Lab and have lunch at Osterhout Cottage where Liz and | were then
living. This was the most important lunch ever held at the Lab, initiating the sub-
sequent measures which led o the creation of the Robertson Research Fund
and the Banbury Center. Ed's enormous enthusiasm for the Lab was also the
maijor factor leading the Doubleday Trust to give us the Doubleday shares that
made possible the creation of the Doubleday professorship for advanced can-
cer research.
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To honor Ed's enormous contributions to this institution as well as those of
Walter Page, Liz and | hosted a party on the Airslie lawn in June 1983 to mark
their combined 40 years of service (25 by Walter and 15 by Ed). To it came
some 200 guests who took much pleasure in our good fortune of being served
by two such illustrious neighbors. By then, we feared that Ed was considering
passing on his mantle, wishing to retire while he still had complete command of
his LIBA role. This moment formally came in January 1986 when Ed transferred
his responsibilities to George Cutting, Jr. In this his final major act of help, Ed's
instincts were again right on mark, with George knowing from the start how to
carry on the responsibilities so ably handled before. Later, Ed took delight in
continuing to manage the dinner parties hosted by LIBA members for
Symposium participants. Much pleasure also came to him from the books he
put together that recorded the earlier years of his life. Happily, he was to
remain in good health almost to the very end of his life. Up until he was stricken
with a bad cold that affected his heart, he maintained an active social life and
greatly enriched the many occasions when he went to neighboring homes for
drinks or dinner.

His final days were peaceful and serene. He knew that his time had come
and his heart ceased to beat after he was read to by his daughter Lucy. Two
days later, T. Carleton Lee conducted the funeral services at St. John's, the
very church in which Ed was married 63 years before and to which he regularly
came to hear Carleton give the Sunday service. Afterwards, the assembled set
of bereaved friends went back to Redcote to convey their condolences to the
family over which he presided with such love and dignity.

In his passing, we have lost an extraordinary force for enlightenment and
decency. We will continue to cherish his accomplishments for the remainder of
our lives.

April 29, 1991 James D. Watson



DIRECTOR’S
REPORT

Cold Spring Harbor Laboratory has now just passed its 100th birthday. Our
centenary celebrations are over; so instead of looking backward to take pride
in our past achievements, we must again be oriented toward the future. in look-
ing ahead, we must ask not only what science we should be doing, but also,
equally important, what sort of institution do we want to be—~what are our roles
and what do we really cherish? We must ask these questions because our
reputation owes as much to the way we do science as it does to the sterling re-
search accomplished here over the past century. Now there are many other
universities and research institutions with stellar track records, and they also
are justifiably proud of what they have become. Each has had its own recipe for
success, and if asked what lies behind these triumphs, each would have its
own unique story to tell. Here, | will try to evaluate the ingredients that have
made us what we are. In so doing, | can call on a direct involvement that goes
back more than 40 years.

When | first came here for the summer of 1948, | heard much local gossip
about what Cold Spring Harbor was like from my two most important mentors,
Salvador Luria and Max Delbriick. They were first invited here for the summer
of 1941, only a few months after the Yugoslav-born, Cornell-trained geneticist
Milislav Demerec (1895-1966) became the Director. Until then, Cold Spring
Harbor Laboratory was very much a Yankee institution, with both the strength of
an ethic for hard work and the limitation of prejudice against newly arrived im-
migrants. Suddenly, it was a truly international laboratory playing host to many
superb scientists who came to the United States as refugees and then
remained here after the war ended. | still remember my first day at Cold Spring
Harbor eating in the Blackford Hall where French was spoken by many, and |
felt acutely the cultural limitations of my Midwestern background.

Cold Spring Harbor's Main intellectual Goal Has Been the Gene

What most made Cold Spring Harbor Laboratory then an extraordinary institu-
tion was its commitment to understanding the gene. Then, as now, the most im-
portant ingredient for greatness was the setting up of an important goal that
would make one leap into the unknown as opposed to following others along a
well-worn path toward predictable success. Milislav Demerec's goal for Cold
Spring Harbor in 1941 was to find out what the gene was and how it functioned.
Although for several years more he kept Drosophila as his major research tool,
by the end of the war he had become committed to the genetically then much
more exploitable bacteria and their viruses—the bacteriophages. Demerec thus
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chose not only the right goal for his era, but also the right system to move
toward it.

Equally important was his commitment to the first class in selecting his
scientific colleagues. It is impossible to imagine two better appointments than
his of Barbara McClintock in 1941 and Alfred Hershey in 1950. Also crucial was
his choice of Max Delbrtick to refocus (with his bacteriophage course) the sum-
mer teaching program away from the prewar emphasis on physiology and ecol-
ogy toward genetics. And by having the likes of Theodosius Dobzhansky, Ernst
Mayr, Leonor Michaelis, Salvador Luria, Rollin Hotchkiss, and Ephraim Racker
as summer guests in the unheated whaling-era tenements along Bungtown
Road, Demerec gave to Cold Spring Harbor summers an air of intellectual bril-
liance and integrity unmatched anywhere else in the biological world.

We Have Been Led by Scientific Entrepreneurs

To direct a scientific institution inspiringly, one must not only have a feel for
where science can go and who should do it, but also be in a real sense an en-
trepreneur, scientific-style. Monies must be found both-for new equipment and
buildings. Successful leaders of science must accept the fact that they are
managers as well as doers of science. Demerec, for example, knew that
postwar Cold Spring Harbor had to be more than a plant and animal- breeding
institution and had to have research facilities for studying genetics at the
molecular level. As soon as the war ended, he began planning for the 1953
building now known as Demerec Laboratory. At the same time, he knew that
the Symposium could only continue to thrive if a lecture hall became available,
and he successfully sought out the Carnegie Foundation funds needed for the
construction of what we now call the Vannevar Bush Lecture Hall. And to make
the one-storied 1930 James Biophysics Laboratory suitable for molecular
genetics, he planned for a second-story addition.

Even more the scientific entrepreneur was Charles B. Davenport (1866-
1944), who in 1898 became our third Director. At that time, we were still a
small, marine-oriented biology station at the head of the inner harbor of Cold
Spring Harbor, founded in 1890, two years after the Marine Biological
Laboratory at Woods Hole was started. Immediately after his appointment,
Davenport dreamed of expanding Cold Spring Harbor into a year-round re-
search and teaching center. In this way, he would have a much greater impact
on biology than if he were to remain a member of the zoology faculty of the Uni-
versity of Chicago.

He labored mightily to persuade the newly established Carnegie Institution of
Washington to establish a year-round research "Station for the Study of Experi-
mental Evolution® (the name was changed in 1918 to the Department of
Genetics) adjacent to the summer-oriented Biological Laboratory. Davenport
had the great foresight to concentrate his Carnegie monies on extending the
1900s rediscovery in Europe of Mendel's laws independently by Hugo de Vries,
Carl Correns, and T. Tschermak. In this way, he quickly made Cold Spring Har-
bor one of the world's ieading sites for genetics, with its earliest great triumph
being the 1908 discovery by George Shull of the increased yield of hybrid corn
over that produced by highly inbred corn strains. Davenport's crusading per-
sonality also led him to persuade Mrs. E.M. Harriman, the widow of the powerful
railroad founder and the mother of one of his earlier students, to support (1910)
and later richly endow (1918) his much more poorly thought out eugenics pro-
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gram aimed at first identifying and then, through sterilization, eliminating
deleterious genes from the human population.

Davenport brought in the best architects of this area to design the new build-
ings for his year-round research program. To proclaim the standards he hoped
to reach, he had his friend Julian Peabody copy features of the Zoological Sta-
tion at Naples for the design of the 1914 Animal House (now McClintock
Laboratory). Davenport's first building for Carnegie, a new (1905) laboratory
(now Carnegie Library), was also in the Italianate style, and the 1906 Blackford
Hall dining hall and dormitory had classical Grecian features overlaying its ad-
vanced reinforced concrete construction.

Davenport's entrepreneurial zeal was passed on in the mid-1920s to his son-
in-law, Reginald Harris (1898-1936), who took on the task of reinvigorating the
Biological Laboratory. At that time, its summer courses and research compared
very poorly to those of the Marine Biological Laboratory at Woods Hole. As-
sistance was thus sought from the major estate owners of the North Shore,
such as Marshall Field and William Kissan Vanderbilt, to create a year-round re-
search program at the Biological Laboratory aimed at understanding cells at
the chemical level. Harris was as equally successful as Davenport had been in
finding the right long-term goals for his era, focusing research at the Biological
Laboratory on hormones and on the electrical properties of cell membranes.
For the new buildings to house these research programs and the more
research-oriented summer courses, Harris utilized the highly talented architect
Henry Saylor. He designed Nichols and Davenport Laboratories in the colonial
revival slyle, and for the more hidden James Biophysics Laboratory, he
adapted the idiom of early modernism.

Harris, however, was soon faced with the impact of the Great Depression,
which greatly lessened financial support from the estate owners for year-round
research. To combat his growing frustration over his inability to maintain a thriv-
ing experimental effort, Harris initiated in 1933 the Cold Spring Harbor
Symposia—comprehensive meetings that initially extended over a month-long
interval. These meetings proclaimed our difference from Woods Hole in our
partiality to quantitative, as opposed to descriptive, approaches to science.
Central to Harris's vision was the need for physicists and chemists to join forces
with biologists in attacking until then unsolvable problems such as the structure
and function of proteins and the propagation of signals along nerve fibers. Sup-
port for the Symposium and the summer research that went along with it came
from the Rockefeller Foundation, which continued its assistance even after
Harris's untimely and premature death from pneumonia early in 1936. Only
through this Rockefeller help did the Biological Laboratory's program on cells
manage to survive through the Laboratory's 50th anniversary in 1940. The year
following, Demerec, who had joined the Carnegie staff in 1924, was appointed
the Director of the Biological Laboratory as well as Director of the Department
of Genetics of the Carnegie Institution. In effect, the two institutions were
merged, thereby creating an institution where both the summer and year-round
research programs focused on genetics.

Max Delbriick Created Our Tradition of Intellectual Fearlessness

and Honesty

While Demerec was the manager who skillfully moved Cold Spring Harbor into
the modern world, the spirit that dominated the transition was that of Max Del-



briick (1906-1981), German-born and a product of the Protestant intellectual
elite of Berlin. Delbriick was an extraordinary mixture of arrogance and
decency. He despised all forms of pretense and had equally little use for
tortoise-like minds that remained anchored to the past and could not share his
love affair with the little phages of Escherichia coli. But he could also relax from
being deadly serious and took pleasure in tennis, canoeing, camping, and the
fun that came from practical jokes on those who took themselves too seriously.
Giving a seminar before Delbriick was for most scientists a frightening experi-
ence—he actually wanted to learn if you had a “take home message." Unclear
talks could provoke his scorn, as did unreadable scientific papers. Any form of
secrecy or hint of intellectual dishonesty also upset him, and those who
seemed to be in science for personal gain as opposed to intellectual excite-
ment never became accepted into the inner circle of the *Phage Group" that he
was to lead with Luria and Hershey.

Delbrick's approach to science pervaded the early postwar Cold Spring Har-
bor Symposia, particularly those that had genetics themes and at which the
speakers had to face front rows occupied by sharp minds that would not
hesitate to interrupt when the message was unclear or patently erroneous. Oc-
casionally, an unschooled mind would present an outrageous talk, but for the
most part, everyone respected each other, and no one was accorded special
privileges to speak because of either age or past accomplishment. Postwar
Cold Spring Harbor thus became the site to which the best and brightest of the
gene-dominated scientific world came to meet for the exchange of ideas or to
which their brightest proteges were sent for one of its expanding list of summer
courses. In coming here, there was the expectation that everyone would
benefit, with the giving of ideas to be as important as the receiving of them.
Helping to maintain these ideals were the relatively small number of scientists
then occupying the DNA world. Those who behaved badly and who were self-
ish with their ideas soon found themselves not wanted and chose to spend their
summers elsewhere.

This Delbrick-dominated style continued through the five years that John
Cairns was the Director (1963-1968). His was a very tough assignment indeed,
since substantial Carnegie Institution of Washington funds were no longer com-
ing to Cold Spring Harbor. The year previous to his appointment, the Carnegie
Institution decided to close down their Department of Genetics, providing
monies only to allow Barbara McClintock and Alfred Hershey to remain working
in Demerec Laboratory. Suddenly, there was no endowment to provide funds to
attract younger scientists or to provide them with permanency if their experi-
ments succeeded. Cairns worried that unless the newly created Cold Spring
Harbor Laboratory (the name given to the new body formed to take over the
facilities of the Biological Laboratory and the Department of Genetics) acquired
a substantial endowment of its own, it could not survive in a world where it was
facing increasing competition from many other institutions that began to follow
its lead in making the pursuit of the gene their major research objective.

Opting for Scientific Achievements as Opposed to Tenured Stability

| thus decided when | became the Director in 1968 that our survival depended
on a radical shift in our main goal so that we would once again be perceived as
a leader in science. My choice was to push research on the small DNA tumor
viruses like SV40 and the adenoviruses. In so moving, | took the gamble that
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their cancer-inducing properties would refiect the presence aiong their
chromosomes of one or more cancer-causing genes (oncogenes). If my hunch
was correct, then the pursuit of these viruses could provide the best way to get
at the essence of cancer at the molecular level. In turning to tumor virus re-
search, | also solved, at least temporarily, the Laboratory's financial crisis.
Then, there was much more money voted by Congress for cancer research
than could be used effectively. Joe Sambrook took virtually no financial risk in
deciding to move here in the summer of 1969 from Renato Dulbecco's
laboratory at The Salk Institute. The grant application we submitted to the Na-
tional Institutes of Health was quickly funded, as was a much larger request for
$1,000,000 per year that we submitted in 1971.

Moreover, no difficulty existed in recruiting many other first-class younger
scientists to collaborate with Joe, despite the fact that the total endowment of
the Laboratory was then only $20,000. Fortunately for us, it soon became clear
that accomplished postdocs were more concerned with moving to positions
that would allow them to do important science, rather than to less-exciting op-
portunities that carried potential long-term job security. We thus made the deci-
sion to use Robertson Research funds created by Mr. Charles S. Robertson's
1973 gift of $8,000,000 to support the careers of young scientists, rather than to
create tenured research professorships to guarantee the salaries of more
senior scientists.

Our belief was that those who already had been here for several years would
have by then built up highly productive research groups that would allow them
to compete well for outside research grants. In the 1970s, before it became
possible to clone oncogenes, there was still more money for cancer research
than good proposals to use it. So worrying about money over the short term
was not then a serious concern. Nonetheless, we wanted to provide some um-
brella of help for those more-senior scientists whose grant support might not
come through immediately. To provide such support, we began in 1978 to give
them Rolling 5 appointments. When they were promoted to this position,
generally around the age of 35 after they had been here some five years, their
salaries were guaranteed for a period of five years and this guarantee would
continually roll forward if they continued as successful scientists. In retrospect,
we put ourselves at little risk with this sort of salary guarantee. During the 13
years that it has been in existence, only twice have we had to provide such
salary support, and both times only for very limited periods. In each case, the
science involved was connected not to the DNA tumor viruses, but to the in-
tellectually very important movable genetic elements. Unfortunately, support
through the National Institute of General Medical Sciences has proved in-
creasingly inadequate to fund all of the new, high-powered, pure genetics done
in the United States.

Although the Rolling 5 position has allowed us to maintain an energetically
charged group of productive scientists in their thirties, for the most part it has
not allowed us to keep them through their forties. By the time this age ap-
proaches, most scientists have families, and the prospects of educating their
children makes them more security conscious than they were in their early
thirties. The result has been a steady flow of these still highly productive
scientists away from Cold Spring Harbor to tenured university positions. Al-
though such departures have caused me great anguish, both because of
friendships formed and because of the fear that we might not be able to recruit



an equivalent younger scientist whose career will blossom equally well here, we
have taken pride in the high quality of the universities and medical schools to
which they have moved. The net result, however, is that as we have grown in
size, we have spent more and more of our time in recruiting young scientists.
So we have found ourselves ever more frequently asking whether we should
move gradually to establish a number of truly tenured positions.

A cadre of high-powered tenure appointments would immeasurably help me
to appoint outstanding young scientists fresh from their postdoctoral positions.
On the other hand, it very likely would create more long-term problems than it
would solve. Conceivably, our greatest advantage now is the relatively young
age of even our more senior scientists. In recent national ratings of major uni-
versities and research institutions that measure the number of citations to pub-
lished research papers, we ranked at the top or very close to it. So why change
from a system that has served us so well to one that is bound to make us more
aged and conservative? The unknown will always be scary, and those individu-
als we may need the most may very well be those who worry about how to do
their science as opposed to whether they will go on being successful.

Continuing to Emphasize the Young and the Underdogs

We must thus remain an institution where young scientists join our staff with the
expectation that they will be treated fairly. Toward this objective, our own
resources shouid continue to be directed predominantly toward them, provid-
ing the funds to attract the graduate students and postdocs on which their
careers will depend and to secure the special pieces of equipment needed to
allow them to be competitive with their peers elsewhere. Furthermore, we
should continue to have flexible terms of appointment and never permit
talented minds to seek jobs elsewhere below their abilities. We must also avoid
the danger of excessive preoccupation with the judging of whether a junior staff
member is worthy of promotion. While a member of the Harvard faculty, | partic-
ipated in all too many such actions and seldom saw anyone who was the better
for it. in reality, most scientists, like members of virtually all other occupations,
seldom live up to their inherent talents. Our highest objective must be to
maintain an environment, moral as well as physical, where our scientific abilities
can be maximally expressed.

Our concerns should always embrace the well-being of all scientists, not only
those here, but also those who strive to achieve scientific enlightenment else-
where. We are rightfully admired for the selflessness shown in the ways we
organize and finance our advanced teaching courses, as well as for the in-
herently democratic way we host our now very wide variety of meetings both
large and smail. Through our meetings, with their packed schedules from early
morning to late evening, we try to extend recognition to all who do good
science as opposed to providing still another forum where old-boy networks
dominate the lecture platforms. Nothing could cause more harm to our reputa-
tion than to be regarded as an instrument of a senior establishment concerned
with the maintenance of its power over the fate of others. If we are ever to be
accused of favoritism, it should be that directed toward the talented underdogs
as opposed to those well entrenched in science.

If we can continue to so act and dream, we shall move into our next century
with our heads high and our eyes ievel to those who need our help.



HIGHLIGHTS OF THE YEAR

The Laboratory’s Hundredth Birthday Party

The Centennial celebration held on July 14th was a splendid day of festivities for
the Laboratory and all of its guests. From the gathering of sailing ships to the
endless variety of music, food, and fireworks, all went remarkably well. I, for one,
had a grand time. It was on July 7, 1890 that eight students and seven teachers
gathered for three weeks to participate in the Laboratory's first biology class. On
the Centennial day, members of that original class were portrayed by Rob
Gensel, from our Purchasing Department, and a group of Laboratory friends, who
set forth on the small launch Rotifer to reach our shore while storyteller Heather
Forest narrated the occasion. Four majestic sailing vessels also took part in the
gala. On Blackford lawn, more than 1500 people enjoyed a delicious feast, which
included a giant birthday cake, as the Old Bethpage Village Restoration Brass
Band paraded through the crowd playing music from a century ago. Throughout
the day, we received a number of proclamations in honor of the Centennial, in-
cluding a letter from President George Bush commending the Laboratory and its
staff. “Your devotion to the pursuit of knowledge has led to some of the most im-
portant scientific discoveries of our time," the President's letter stated.

In the evening, Liz and | hosted a gala dinner party for our corporate friends
who helped support the celebration. Our guests were greeted with sea chanteys
by Stephen Sanfilipo, and they danced to the big band music of High Society.
Fireworks by the famed Grucci family lit up the misty skies, and the Clan Gordon
Highlander's Pipe Band of Locust Valley marched across the fog-enshrouded
campus. No finer day of revelry could have been planned.

In September, as part of our Centennial celebration, the Laboratory offered a
very special concert. Opera virtuoso Frederica von Stade performed a selection
of music ranging from Mozart to Gershwin that filled Grace Auditorium. Her
breathtaking performance raised more than $70,000 for the Laboratory, most of
which will go toward endowing a Frederica von Stade Undergraduate Research
Internship. With her voice, “Flicka" brought joy to all who heard her.

Skillfully orchestrating all of the centennial year events was Susan Cooper,
who energized her Public Affairs and Library staffs to heights of imagination and
hard work that virtually exceeded the capabilities of the human mind and body.
In pursuing her multifold objectives, Susan was most ably assisted by her admin-
istrative aide Emily Eryou, her valuable Library co-worker Laura Hyman, her very
imaginative designer Margot Bennett, and her writer Dan Schechter.

All the funds needed to host the centennial events, as well as for two more
specialized scientific meetings (on cancer and evolution), were raised by the
centennial committee headed by Robert McMillan and Tom Doherty. Ably assist-
ing them in their solicitations was Judith Carlson. Through their Partners for the
Future campaign, specifically aimed at the Long Island business community,
they raised almost $200,000. To immortalize these events, a highly attractive
Partners for the Future booklet, over 200 pages in length, was prepared by Susan
Cooper and her staff. In it is a very informative “time line," prepared by Elizabeth
Watson, which recalls key events in each of our 100 years of existence.

Barbara McClintock and
Susan Cooper being
interviewed by
Cablevision at the
Centennial

Frederica von Stade



Neuroscience Center,
nearing completion

F. Crick and J.O Watson
on the porch of

Auwrshe during the

1990 Symposium

on The Brain

The Neuroscience Center

With the Neuroscience Center on the upper campus nearing completion, the
stage is now set for a major new effort at Cold Spring Harbor Laboratory in
molecular neurobiology. Our hope is to open new pathways in the fight against
neurological disease and to unlock the mysteries of learning and memory. Over
the next few years during the "decade of the brain® (so named by President
Bush), up to 75 additional researchers will join us, most of them setting up shop
in the Center's Arnold and Mabel Beckman Laboratory. The new facility en-
compasses the W.M. Keck Structural Biology Laboratory; the Hughes Teaching
Laboratories; Dolan Hall, a 60-room guest lodge for visiting scientists; and a 150-
car garage. In Hazen Tower, a unique symbol of biology’s quest, a helical stair-
case winds its way upward to a bell aimost within one's reach. Charming in its
blend of styles and materials, the Neuroscience Center fits beautifully into the
Laboratory’s eclectic 19th and 20th century architecture.

Symposium—The Brain

The Brain was the subject of our 55th Symposium on Quantitative Biology, held in
late May and early June. Eric Kandel, Terrence Sejnowski, Charles Stevens, and |
endeavored to bring together the top researchers in all aspects of neuroscience.
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Among them was my early cohort Francis Crick, who presented his latest findings
on memory and the way the brain processes vision. Francis spoke to an overflow
crowd at the LIBA-sponsored Dorcas Cummings Memorial Lecture. During his
visit, Francis and | were persuaded to pose beside a model of the double helix in
the DNA Learning Center, in a reenactment of a photograph made more than 35
years ago at the Cavendish Laboratory. While we were at the Learning Center,
we encountered a high school biology class from Dobbs Ferry, New York, and its
avid teacher, Carl Shiavo. Both Francis and | enjoyed meeting some of the
younger DNA science enthusiasts.



Centennial Meetings

in addition to our Symposium on The Brain, two other meetings commemorated
the Laboratory's first hundred years. In early September, some of the world's best
minds in cancer research were brought together by Joan Brugge, Tom Curran,
Ed Harlow, and Frank McCormick. In the fifteen years since our first Origins of
Human Cancer meeting, enormous progress has been made here and elsewhere
in identifying the genetic mechanisms of that dreaded disease. Fighting cancer
remains as much our priority today as it was in 1975. Our second hundred years
will surely see a successful solution to this struggle. Saturday evening during the
Cancer meeting, our guests were treated to a special centennial performance by
world-class saxophonist Christopher Hollyday. Christopher entertained scientists
and staff on Grace Terrace with his 1950s-style jazz. The crisp fall air, cold beer,
and bebop proved most enjoyable.

In late September, a meeting entitled Evolution: Molecules to Culture em-
braced a variety of fields, ranging from molecular biology to anthropology and
linguistics. Attendees came away from that gathering with new insights into how
the evolution of living things compares with those of culture and language.
Richard Dawkins, who organized the meeting with Jared Diamond, presented his
own intriguing views on Darwinian theory during a LIBA-sponsored lecture for the

general public.

Assistant Director Bruce Stililman

With my commitment to the human genome initiative taking up much of my time,
finding a capable second at the Laboratory became essential. On September 1,
the appointment of Bruce Stiliman as Assistant Director of Cold Spring Harbor
Laboratory was announced. A gifted researcher and organizer with endless ener-
gy, his help will be invaluable in the recruitment of new scientists during this criti-
cal period. Bruce first came to us in 1979 as a postdoc from the Australian Na-
tional University and has held the position of Senior Staff Scientist since 1985. His
work over the last decade in identifying the key cellular proteins involved in DNA
replication has elevated him to the highest ranks of his field. | am certain that he
will continue to make such strides while ensuring that our research staff maintains

its vitality and diversity.

David Micklos Honored

For his pioneering achievements as founder and Director of the Laboratory’s
DNA Learning Center (the first such facility in the world), David Micklos received
the Charles A. Dana Foundation award, given each year to outstanding individu-
als in health-related education. Amazingly, in the few years since the Learning 8. Stillman
Center's inception, its instructors have taught over 10,000 high school students

and have trained nearly 2000 teachers to conduct experiments using some of the

latest techniques in biotechnology. Some of the experiments developed by Dave

and his colleagues for the Learning Center have been incorporated into the Ad-

vanced Placement Biology curriculum, reaching more than 50,000 students

across the country every year. In May 1990, Dave and DNA Learning Center As-

sistant Director Mark Bloom journeyed to Moscow to set up a similar center there.
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D. Marshak

D. Micklos and C. A. Dana

Mark made a second trip to the Soviet Union in January 1991 to inaugurate the
new center and conduct its first training sessions in DNA technology.

A Good Year for CSHL Press

Our publications continued making strides in 1990. The second edition of
Molecular Cloning: A Laboratory Manual by Joe Sambrook, Ed Fritsch, and Tom
Maniatis surpassed the 50,000 mark in sales. Another manual destined to be-
come a standard, Antibodies, by Ed Harlow and David Lane, has already sold
more than 20,000 copies. The first printing of the high school/college text DNA
Science: A First Course in Recombinant DNA Technology, written by David Mick-
los and Greg Freyer, sold out in short order. Among our journals, Cancer Cells
successfully completed its first full year in a highly competitive field. A study of
citation frequency found Genes & Development, now in its fourth year of publica-
tion, to have the greatest impact of any journal in either genetics or developmen-
tal biology. "G&D" also won a Gold Award in the 1990 Neographic competition for
excellence in cover and graphic design.

Daniel Marshak Receives Prize

For his work in tracking down the protein S1008, a major factor in Down's
syndrome, Senior Staff Investigator Daniel Marshak was presented with a
Science Scholar Award from the National Down's Syndrome Society. Dan is
among those at the Laboratory pursuing a greater understanding of the brain. His
research has come far in elucidating the protein chemistry and molecular biology
of neurites (the physical circuits between nerve cells). Soon his group will occupy
a space in the Neuroscience Center.

Banbury Meetings Cover a Wide Range

Last year, a remarkable variety of topics were discussed at the Laboratory's Ban-
bury Center, located on the beautiful estate donated by the late Charles S.
Robertson. Each year, Banbury Director Jan Witkowski outdoes himself in focus-
ing on topics in biology that are of concern to scientists and to the public at
large. This year was no exception, with meetings ranging from basic research,
such as Computational Aspects of Protein Folding, to topics of broader interest,
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including The Impact of Human Molecular Genetics on Society. A workshop for
science journalists on Women and Cancer surveyed the latest research on can-
cers unique to women and explained diagnostic tests and treatments in develop-
ment. At a meeting on Addiction, congressional staffers learned about the
physiological and psychological components of a disorder that has become
epidemic in this country. In January 1991, another congressional workshop dealt
with the numerous scientific aspects of aging.

Baring Brothers Executive Conference

Last October, the investment firm Baring Brothers & Co., Inc., and Cold Spring
Harbor Laboratory cohosted the fifth annual weekend meeting at Banbury Center
for executives interested in biotechnology. The subject this time was Genetic
Pathways to Cancer. Attendees included Laboratory Trustee William Miller, Vice
Chairman of the Board of Bristol-Myers Squibb, and Henry Wendt, Chairman of
SmithKline Beecham. Top scientists in all areas of cancer research presented the
current status of work on oncogenes, cell-cycle control, genetic prognosis, the
prospects for gene-specific therapies, and related topics. The executives, who
spent much of one day at the Laboratory's main campus, learned the way the
work of our scientists fits with other frontline research around the world.

Major Gifts/S 1d Century Campaign

Through the efforts of the seven committees of the Second Century Campaign
and the help of numerous staff members and volunteers, the Laboratory is near-
ing its goal of $44 million set in 1986. Over $40 million has been raised to date,
helping to ensure the Laboratory's financial health, providing support for our
scientists, and propelling our expansion. The completion of the Neuroscience
Center, the renovation of Blackford Hall, much-needed improvements in our infra-
structure, and the addition of new cabins for visiting scientists have all become a
reality because of the generosity of our many individual, corporate, and founda-
tion donors. In 1990, major corporate support totaling more than $2 million came
from Boehringer Mannheim Corporation, Burroughs Welicome Co., E.I. du Pont
de Nemours & Company, Hoffman-La Roche Inc., Merck & Company, Pall Corpo-
ration, Rorer Group, Schering Plough Corporation, and SmithKline Beecham
Pharmaceuticals.

The largest foundation gift announced in 1990 was from the Lucille P. Markey
Charitable Trust, which donated $4 million toward the Neuroscience Center. The
Markey Charitable Trust, established by the will of Mrs. Markey in 1983, supports
and encourages basic medical research. The Trust's generous donation will
benefit our new scientists in their fight against disorders and disabilities of the
brain.

Other foundation grants received in 1980 include a $500,000 challenge grant
from an anonymous donor, to be awarded if we can raise an additional $1 million
in unrestricted funds; a $300,000 grant from the Ira W. DeCamp Foundation; and
$75.000 from the Nichols Foundation. George Garfield, a gentleman who as a
teenager was taught and inspired by Laboratory Director Charles Davenport in
1914, graciously contributed $70,000 from the Garfield Foundation. In 1990 and
early 1991, the William and Maude Pritchard Charitable Trust gave the
Laboratory a total of $75,000.



Elizabeth B. Schneider

A Vibrant Board of Trustees

Our Board continues to exemplify the knowledge, expertise, and generosity that
are needed to run an institution such as ours. In November, President George
Bush awarded Laboratory Trustee Dr. David Pall the National Medal of Technol-
ogy, the highest honor for technology in the United States, if not the world. David
was recognized for his vast contributions as founder and Chairman of Pall Corpo-
ration, through which he has developed filters for use in industry, medicine, air
travel, and numerous aspects of life. One of his latest inventions is a biomedical
device that removes leukocytes from blood and platelet concentrate during trans-
fusions, bringing the benefits of such to patients in several thousand hospitals.

Last year, Trustee Helen Ann Dolan left the Board after serving six years, hav-

ing been a great help to the Building, Education, and Robertson House Com-
mittees. At the same time that Helen departs, her husband Charles F. Dolan joins
us. Charles is the Chairman and CEO of Cablevision Systems Corporation and
the founder of a number of premium cable services, such as Home Box Office,
with tens of millions of subscribers. His years of experience and acumen in busi-
ness will be an invaluable asset to the Finance and Investment Committee.

Wendy Hatch, a good friend and tireless champion of the Laboratory, has

worked on the Development, Executive, Finance and Investment, Building, LIBA,
and Banbury Committees. Having served two consecutive terms on the board,
Wendy is required to take a two-year leave, but she will continue to act as Chair
of the Major Gifts Committee of the Second Century Campaign and will work with
many of her other committees as well. Her energy and talents have proved vital
to the Laboratory and will continue to be a treasured resource.

Departing Trustee Thomas J. Silhavy, a gifted professor of molecular biology
at Princeton University, has for many years taught a course in advanced bacterial
genetics at Cold Spring Harbor Laboratory. Also from Princeton, new trustee Shir-
ley M.C. Tilghman is a leader in mouse genetics research and an investigator of
the Howard Hughes Medical Institute. As a member of the Tenure and Appoint-
ments Committee, Dr. Tilghman will help in the tenure and approval process for
staff promotions.

Owen T. Smith, an accomplished environmental lawyer and expert on taxation
and real estate, joins the Board as a caring neighbor, having lived in nearby
Oyster Bay for 40 years and, more recently, in Laurel Hollow. As a member of the
DNA Learning Center Committee, Owen will be a high-profile advocate for that vi-
tal conduit of biology education.

Mary D. Lindsay returns to us after a two-year absence during which she ac-
companied her husband to England while he was there on business. Mary has
served three previous terms as a Laboratory Trustee and has been a Director
and Vice Chairman of LIBA. We are fortunate to have her back, working on the
Nominating and Building Committees.

Sadly, 1990 marked the passing of a dear friend and wonderful advocate of
the Laboratory, Elizabeth B. Schneider. Betty served on the board for six years
and on the LIBA board for 25 years. Among the many activities to which her
enthusiasm extended were sailing, flying, and especially her work here. She will
be sorely missed.

Robertson Research Fund

Our largest endowment, the Robertson Research Fund, has maintained its in-
tegrity amidst the volatile markets of the last year, allowing the continued support
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of younger scientists at the Laboratory who have yet to secure their own grants.
In some instances, the Fund also bolsters the research of more senior scientists
and provides other miscellaneous support. In 1990, the Robertson Fund contrib-
uted housing and supplemental stipends for postdoctoral fellows, aided our plant
genetics program, and provided relocation expenses for 24 scientists and salary
support for visiting scientists.

Blackford Renovation

The renovation of Blackford Hall, the Laboratory’s dining facility, proceeds
apace. The basement is now completed, including the Blackford lounge and new
restrooms. The original foundation, part of the first poured concrete structure built
on Long Island in 1907, was reinforced in preparation for the addition, which will
bring Blackford's one-sitting dining capacity to 400 from the present 150. After
this year's meeting season has ended, workers will begin the second phase of
this project. We anticipate completion by spring 1992.

New Cabins Begun

Five new cabins, slightly larger than the six completed in 1989, are now under
construction. Like the others, each new cabin will comfortably house eight, but in
addition, each will have a full basement containing heating equipment and
storage space. Thus, the living areas will have more room, without sacrificing any
of the home-like charm of the original design. The two connecting cabin com-
plexes, located above the Neuroscience Center, provide a relaxing retreat for
scientists attending our meetings and courses. Toward the cost of these cabins,

Renovation of Blackford Hall One of five new cabins under construction

as toward those built earlier, we have specifically sought the help of scientific
alumni, in particular those who have helped create the increasingly successful
biotechnology industry. Most pleasing this last year was a major gift received
from our Trustee Tom Maniatis, who with Mark Ptashne founded Genetics In-
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J. Eisenman

stitute. Earlier on, Mark made a gift toward the first set of cabins. This support
from my former colleagues in the Harvard Department of Biochemistry and
Molecular Biology pleases me deeply.

LIBA and Associates

Since its founding in 1924, the Long Island Biological Association has been an in-
valuable source of support for the Laboratory. in 1990, LIBA provided funds for
six postdoctoral fellows and granted a New investigator Start-up Fund to Senior
Staff Investigator Nicholas Tonks. Nick comes to us with an impressive body of
work on tyrosine phosphatases and their relation to celt growth.

Last year, Jim Eisenman retired as Treasurer of LIBA, after serving for 27
years. Arthur Crocker, Penny Chenery, and Lon Chaiken also retired. Succeeding
them were Jack Evans, Missy Geddes, Alan Kisner, and Alec Thayer.

The LIBA Annual Meeting in January of 1990 included an interesting panel
discussion on science in the Soviet Union. Four of our visiting scientists and their
wives spoke of differences in our cultures, disparities in education, the funding of
science, and the slow exchange of information from abroad. Joint efforts like the
establishment of the Moscow DNA Learning Center provide some hope of
greater communication in the future.

There were 139 Cold Spring Harbor Associates (contributors of $1000 or
more) in 1990, thanks to the efforts of the LIBA Directors, the Development Of-
fice and our volunteers. An Associates lecture, held on November 30, dealt with
new technologies and opportunities in the life sciences industry. Laboratory
Trustee John Reese moderated an informative discussion on the problems and
prospects for fledgling biotechnology firms. Panelists included David Bonagura.
partner at Ernst and Young; John R. Drexel IV, president of Concord Manage-
ment International, and Douglas E. Rogers, a Director at Baring Brothers & Co.,
Inc.

Undergraduate Research Program

Since 1959, up to 20 undergraduates from the United States and overseas have
come each summer to the Laboratory to work with our scientists. In 1990, 18 stu-
dents participated in the Undergraduate Research Program, coming from as far
away as Tartu University in Estonia and the University of Glasgow in the United
Kingdom. In addition, two students came from Cambridge University. Each stu-
dent was able to complete a ten-week project on topics such as telomere length
(with Bruce Futcher and Carol Greider) and the use of computer software to as-
sist in restriction mapping (with Kim Arndt). Although National Science Founda-
tion support was unavailable for the program in 1990, funds were provided by a
number of corporations, primarily Burroughs Wellcome and Baring Brothers.

Partners for the Future

We inaugurated a program in 1990 that enables a select group of high school
students to conduct research at the Laboratory, naming it Partners for the Future
after the centennial year's cooperative program involving Long Island
businesses. From the more than 150 high schools on Long Island, five excep-
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tional students were chosen to assist some of our researchers. Along with a
stipend, the interns receive an unforgettable initiation into the world of science.
As funding permits, more high school students will join us each year, opening the
path toward constructive and rewarding careers. The following is a list of the
1990 interns, their high schools, and their Laboratory mentors: David Adelman,
Commack High School (Dr. Jeffrey Kuret); Cathy Andorfer, East Islip High School
(Dr. Venkatesan Sundaresan); Eugene Choi, Garden City High School (Dr.
Richard Roberts); Susie Hong, Syosset High School (Dr. Robert Franza and Dr.
Yuchi Li); and Jennifer Munneyyirci, Plainview High School (Dr. Nouria

Hernandez).

Changes in Scientific Staff

With keen regret we say goodbye to Senior Scientist Ed Harlow, who is establish-
ing a new base at the Massachusetts General Hospital Cancer Center in Charles-
town, Massachusetts. Ed's invaluable work in the study of cancer-suppressing
genes and the retinoblastoma anti-oncogene-E1A protein interaction signified a
great breakthrough in the quest to demystify cancer's origins in cells. Several
major honors attest to the significance of his findings, namely, two awards of
$50,000 each, one from the Milken Foundation and the other from Bristol-Myers
Squibb, both for distinguished achievement in cancer research.

Senior Staff Scientist Yakov Gluzman, who first arrived here in 1977 to work
with Joe Sambrook, has also ended his direct affiliation with the Laboratory. For
the past several years, Yasha has served as the Director of the molecular biology
research section of the American Cyanamid Company, Medical Research Divi-
sion, Lederle Laboratories, in Pearl River, New York. He continues to probe the
molecular biology of viruses and oncogenes and the mechanism of antibiotic ac-
tivity and resistance.

Senior Staff Investigators Guilio Draetta, Loren Field, and Andrew Rice ac-
cepted new positions elsewhere. Guilio, who was appointed Robertson Fellow at
Cold Spring Harbor in 1986, collaborated with David Beach on cell-cycle control
in yeast and vertebrates. He is now at the European Molecular Biology
Laboratory in Heidelberg, Germany. Loren has taken up new duties as associate
professor in the Department of Medicine, Division of Cardiology, Krannert In-
stitute of Cardiology in Indianapolis, Indiana. His field of study is the molecular
biology of the cardiovascular system. Also assuming new responsibilities as as-
sociate professor is Andrew Rice, who continues his research at the Division of
Molecular Virology, Baylor College of Medicine in Houston, Texas. Andy came to
us from the Imperial Cancer Research Fund and focused his work on the regula-
tion of human immunodeficiency virus (HIV) gene expression.

In the fall of 1990, Staff Investigator Eileen White left us to join the staff of Rut-
gers' Center for Advanced Biotechnology and Medicine in Piscataway, New Jer-
sey. After receiving her PhD from the State University of New York, Stony Brook,
in 1983, she joined Bruce Stillman's laboratory as a postdoc studying the function
of adenovirus E1B tumor antigens in transformation and lytic infections. She was
appointed Staff Investigator in 1986.

Staff Associates John Collicelli, Nicholas Dyson, Ken Ferguson, and Toshiki
Tsurimoto also departed in 1990. John became assistant professor at the School
of Medicine in the Department of Biological Chemistry at the University of Califor-
nia, Los Angeles. Nick is an assistant professor at the Cancer Center of the
Massachusetts General Hospital in Charlestown, Massachusetts, and Ken has

E. Harlow

Y. Gluzman
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become director of the program in signal transduction at ICOS Corporation in
Seattle, Washington. Toshiki has returned to Japan, where he is assistant profes-
sor at the Institute for Molecular and Cellular Biology at Osaka University.

New Staff Members

We welcome to our ranks Nicholas Tonks, who joins us as Senior Staff Investi-
gator in James Laboratory, and Hong Ma, who joins us as Staff Investigator in
Delbruck Laboratory. Nick examines signal transduction mechanisms. Before
coming to us, he was at the University of Washington's Department of
Biochemistry in Seattie. One of David Botstein’s doctoral students, Hong Ma left
the biology division of the California institute of Technology in Pasadena to pur-
sue further research here. He focuses on plant signal transduction, plant flower
development, and transcription factors.

New visiting scientists in 1990 include Igor Garkavtsev, Catherine Jessus,
Janos Posfai, and Natalia Yenikolopov. igor and Natalia add to the numbers of
our Russian scientific contingent. Working out of Demerec and James
laboratories, respectively, Igor comes to us from the Medical Genetics Center in
Moscow and Natalia comes from the institute of Molecular Biology at the Acad-
emy of Science, also located in Moscow. Catherine Jessus, from the Centre Na-
tionale de la Recherche Scientifique in Paris, is in David Beach's laboratory re-
searching cell-cycle regulation, particularly the M-phase or mitosis stage. Janos
Posfai from Hungary has made two previous visits to Rich Roberts' laboratory,
first in 1987 and again in 1989. He is here for a third time, continuing his explora-
tion of biological sequence analysis using mathematical methods. Another addi-
tion to David Beach's laboratory is Japanese scientist Toru Mizukami, who comes
to us from the Tokyo Research Laboratories, where he was researching amino
acid fermentation and enzyme production.

Several visiting scientists completed their studies at Cold Spring Harbor, in-
cluding Robin Allshire who returned to Scotland to take up responsibilities as
staff associate at the MRC Human Genetics Unit in Edinburgh's Western General
Hospital. Clement Echetebu accepted a position as research associate in the
division of molecular biology, AIDS wing, Baylor College of Medicine in Houston,
Texas. and Valentin Shick returned to the Institute of Molecular Biology at Mos-
cow's Academy of Science.

Staff Promotions

Former Staff Investigator Jeff Kuret has moved up to the position of Senior Staff
Investigator. In 1984, he received his PhD in pharmacology from Stanford Univer-
sity in California and then joined the Department of Biochemistry at the Medical
Sciences Institute in Dundee, Scotland. His postdoctoral interest involved the
structure and mechanism of enzymes in signal transduction. Jeff, whose current
work focuses on protein kinases, first came to Cold Spring Harbor in 1987 as a
postdoc in Mark Zoller's laboratory.

Rob Martienssen has also been promoted to Senior Staff Investigator. A na-
tive of England, he completed his doctorate in plant molecular genetics at Cam-
bridge University. As a postdoc at Berkeley in California, he worked with Michael
Freeling and William Taylor. Rob works out of Delbriick Laboratory in plant devel-
opmental genetics, specifically investigating the high mutation rate in the maize
transposable elements system.
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Former visiting scientist Yan Wang, from Beijing, China, has been made Staff
Associate. After completing his MD and before coming to us, he completed post-
doctoral studies at Stony Brook, Department of Biotechnology. Postdocs Graeme
Bolger and Tamar Michaeli, who both work in Mike Wigler's faboratory in
Demerec, have also been advanced to Staff Associates. Graeme arrived here in
1985 and has worked in phosphodiesterases and human neurological diseases,
and Tamar has pursued her research in the functions of RAS in Saccharomyces
cerevisiae and the characterization of phosphodiesterase enzymes in the human
brain.

Postdoctoral Fellows

The following scientisls have departed after having completed their postdoctorat
studies at Cold Spring Harbor Laboratory: Young-Seuk Bae to Kyung-Pook Na-
tional University in Daegu, Korea; Jennifer Brown to Miami Beach, Florida; Karen
Cochrane to the Krannert Institute of Cardiology, Indianapolis, Indiana; Greg
Conway to Harvard University Biological Laboratories, Cambridge, Massachu-
setts; John Diffley to the Imperiat Cancer Research Fund, Herts, England;
Bernard Ducommon to the European Molecular Biology Laboratory in Heidel-
berg, Germany; and Christine Hermann to the Department of Molecular Pathol-
ogy. Anderson Cancer Center at the University of Texas in Houston.

Also departed are Emma Lees and Jackie Lees, both to continue their work at
the Massachusetts General Hospital Cancer Center in Charlestown, Massachu-
setts, and William Ryan, to join the firm of Smith, Barney in New York City as an
associate in corporate finance. Mark Steinhelper departed to the Krannert In-
stitute of Cardiology in Indianapolis; Li Lhui Tsai to Massachusetts General Hos-
pital Cancer Center in Charlestown, Massachusetts; lise Weiland to the Institute
for Cell Biology, University of Essen, Germany; Zhang Ming to Emery University
Medical School in Atlanta, Georgia; and Zuo Zhao to Pioneer Hi-Bred Internation-
al, Plant Breeding Division, Johnston, lowa.

Several graduate students completed their doctorates and moved on, name-
ly: Karen Buchkovich-Sass to the Department of Biochemistry, New York Univer-
sity Medical Center, New York City; Duncan McVey who returned to Falcon
Heights, Minnesota, to pursue an entrepreneurial career, and Susan Smith to the
Cell Biology Laboratory at Rockefeller University in New York City.

Employees Recognized for Long-term Service

In 1990, three employees reached the milestone of 20 years' service to the
Laboratory: Jack Richards, Director, Buildings and Grounds; Barbara Ward,
Course Registrar; and Madeline Wisnewski, Scientific Secretary. Two others, Vin-
cent Carey, Grounds Foreman, and Robert McGuirk, Senior Lab Technician,
have completed 15 years' service.

| particularly wish to mention here the extraordinary role Jack Richards has
played in the physical rebuilding of the Laboratory. Jack first came to my atten-
tion when he was an independent contractor. In Aprii 1970, he was one of three
contractors asked to make bids for the construction of the annex to James
Laboratory in which my office is located. After the bids were in and Jack the ob-
vious choice to do the job, he asked us whether instead of acting as the outside
contractor, he could become the head of our Buildings and Grounds Depart-
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J. Richards, V. Carey, M. Wisnewski, B. Ward, J.D. Watson

ment. In that capacity, he would find subcontractors to do the job. We immediate-
ly accepted, and ever since then Jack, in effect, has been our contractor in
residence. His extraordinary devotion to the Laboratory, coupled with his innate

good taste, has already left a mark on the Laboratory equal to that of our most
distinguished scientists.

My NIH Position Continues to be Both Time-
and Emotion-consuming

Effectively, | have spent almost half my time during the past year in my capacity
as the Director of the National Center for Human Genome Research in Bethesda,
Maryland. But because of the FAX, much of the time occurred while | was in my
office here at the Laboratory. Initially, | thought | would regularly spend the first
part of the week in Bethesda, but my visits there have evolved into a process
where | try to overlap my time there with essential meetings and conferences.
That | have been able to direct the Genome Office owes much to the high quality
of my staff at the National Institutes of Health, in particular to Dr. Elke Jordan, the
Deputy Director of the Center, and to Dr. Mark Guyer, the Assistant Director for
Program Affairs. In addition, we now have our own study section to handle our
major grants, and | was very pleased when we were able to persuade Eric
Lander of the Whitehead Institute of the Massachusetts Institute of Technology to
chair this most important body. | was also greatly assisted by the help that Norton
Zinder of Rockefeller University gave to me as Chairman of our Program Advisory
Board during its first two years of operation. In fiscal 1990, we had a budget of
$58 million, a sum that has increased to $88 million for fiscal 1991. Already | take
great pleasure in the establishment of our first genome centers at six major aca-
demic institutions (Washington University School of Medicine; University of
Michigan Medical School; University of Utah Medical Schoo!; University of Cali-
fornia, San Francisco, Medical School; Massachusetts Institute of Technology:
and Baylor University Medical School) as well as the awarding of the four large
grants to commence megabase sequencing of selected regions of the genomes
of the model organisms Escherichia coli, Mycoplasma capricolum, Sac-
charomyces cerevisiae, and Caenorhabditis elegans.
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Our Nation Needs Its Scientists More Than Ever

The recent congressional hearings on abuses in the way federal research funds
have been spent has created in many scientists’ minds the fear that we are wit-
nessing the start of an anti-intellectual phase in Congress that could badly
damage our nation's capacity for high-class intellectual pursuits. In my dealings
with Congress, however, | sense no such mood, only a bipartisan sense of sor-
row and indignation over individual acts of misbehavior, sometimes by scientists
and at other times by university administrators, that badly discredit the image of
science as an endeavor devoted to the pursuit of truth. Science, however, is no
longer a small elite enterprise; rather, it is a major aspect of our nation's fabric
populated by far more individuals than can occupy the largest of athletic arenas.
So it is not surprising that misdeeds, some very black, have been done in the
past, and we must expect more in the future. After all, scientists like everyone
else are human, and we have never expected any other occupation to be a
paragon of virtue.

At the same time, however, we must never forget that in the past, our nation
has treated us very well. It has valued us for our objective analyses of the natural
world, not for bending the facts to suit our own personal needs and prejudices. If
our charlatans are not treated for what they are, our nation’s scientists risk being
perceived as just another lobby group more interested in their own private gain
than in the perpetuation of our nation's greatness. Drawing the wagons around us
to protect our sinners from punishment is not the way to ensure that the voices of
scientists are heard more, not less, in the Washington corridors of power.

In our past as in the present, we as scientists have much to be proud about.
We thus must not falter in seeing that we continue to be known for our integrity as
well as our brains.

April 19, 1991 James D. Watson
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ADMINISTRATION

Cold Spring Harbor Laboratory completed 100 years at the forefront of biclogical
science in 1990. Across a broad spectrum, the Laboratory's research and education
programs continue to be outstandingly productive. Not surprisingly, this has resulted
in satisfactory operating results and an overall strong financial condition.

The year ended with a small surplus of revenues over expenditures after fully
providing for $1.5 million of depreciation and raising the reserve for future start-up
expenses of the Neuroscience Center to $650,000. The positive operating numbers
at the Laboratory reflect the continued success of our remarkable young scientific
staff in commanding a good share of the now very competitive Federal funding avail-
able for science. Foundations, corporations, and private individuals continue to sup-
port the Laboratory's programs at a high level.

Cold Spring Harbor Laboratory Press had another excellent year, with sustained
demand for its best-selling books and good sales of new 1990 titles. The Journal De-
partment contributed to the good results, and it is particularly noteworthy that Genes
& Development achieved its first surplus after four years of existence. The Meetings
Department held two fewer major scientific meetings during 1990 than is ordinary,
and this resulted in lower revenues. Several meetings planned especially for the
Centennial, particularly the Symposium on *The Brain® and the fall meetings on "The
Origins of Human Cancer" and "Evolution: Molecules to Culture,” were outstanding
scientific events.

Banbury Center and the DNA Learning Center had memorable years as well. Ban-
bury, strongly supported by the thriving Corporate Sponsor Program, held 17 meet-
ings at the Robertson Estate in Lloyd Harbor, with a fall meeting on */mpact of Hu-
man Molecular Genetics on Society” being particularly noteworthy. The DNA Learn-
ing Center's year was highlighted by Dave Micklos’ receipt of the Charles A. Dana
Foundation Award for Pioneering Achievement in Education and by the opening of a
DNA Learning Center in Moscow.

The Laboratory's endowment, consisting of the Robertson and Cold Spring Harbor
Funds, reached a new high level of just over $44 million by the end of the year. This
was the result of the reinvestment of a substantial portion of the income from the
Funds to provide for inflation and future growth of the Laboratory, some new gifts,
and very good investment results accomplished by our investment advisers, Miller
Anderson and Sherrerd. They succeeded in achieving a positive investment return in
a year when many popular market averages declined by as much as 15-20%.

The Second Century Fund capital campaign completed the second year of its
planned three-year fund-raising effort with more than $40 million of its $44 million
goal already in hand. One cannot overstate the contribution to the Laboratory's future
made by David Luke Ill, Chairman of the Fund, the Campaign Committee Chairs,
Oliver Grace, Wendy Hatch, George Cutting, Taggart Whipple, Bill Miller, and
Townsend Knight, and the many campaign volunteers. The effectiveness of their ef-
forts is clearly demonstrated by the impressive dollar totals already accomplished.
They have been ably supported by Konrad Matthaei and the Cold Spring Harbor
Laboratory Development Office. The marvelous facilities and growing endowment
made possible by the Second Century Fund will be treasured by the next genera-
tions of scientists here as the Laboratory's second century of science unfolds.

1990 might well be termed the year of the Laboratory’s Buildings and Grounds
Department, so very ably led by Jack Richards. They have managed, refurbished, or
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largely constructed no less than five major projects, including the Neuroscience
Center, Blackford Hall (Phase 1), five new guest cabins, and the Frame House and
Northview House. In addition to attending to innumerable Laboratory alterations,
renovations, and general repairs, all of the above-mentioned work was accomplished
with skill, on budget, and within reasonable time frames. The cost savings have been
substantial, and the high quality of the work is a great tribute to the professional
abilities of Russ Allen, Lou Jagoda, John Meyer, Lane Smith, and others too
numerous to mention. The Laboratory's 30 separate buildings have been well
maintained under the leadership of Peter Stahl, Danny Jusino, and Dorothy Youngs.
As in the past, but particularly this Centennial year, the beauty of the entire
Laboratory grounds has reflected the care and pride of such men as Buck Trede,
Vinny Carey, Chris McEvoy, Danny Miller, and Tim Mulligan.

Now as we look ahead to the great promise of the next 100 years, we must first
deal with the realities of 1991. Cold Spring Harbor Laboratory Press book sales in the
early months of 1991 have been adversely affected by the Gulf War, the national
recession, and severe constraints on grants at academic institutions. Federal grants
for the Laboratory's research programs are being arbitrarily reduced on renewal by
as much as 20% instead of being adjusted upwards as expected to compensate for
inflation. This seriously affects the direct research funding available to the scientific
staff and also reduces indirect cost recovery, which is the major source of funds
available to pay for overhead. The cost of major overhead components such as
maintenance, depreciation, and hazardous waste disposal continues to increase.
Postponing or ignoring them is only a form of mortgaging the future. Other overhead
components such as utilities and administrative expenses can be controlled and
every effort is being made to do so.

Recent instances of improper practices at some institutions regarding indirect
cost recovery promise to bring about across-the-board limitations on overhead reim-
bursement that could seriously threaten the infrastructure of much of the nation’s
basic research establishment. We shall have to live with whatever Federal decisions
result from the current reevaluation of the whole subject of indirect costs, but in all
likelihood, new non-Federal sources of funding will have to be found. Such costs are
a very real part of doing research and cannot be legislated away.

Despite the immediate challenges created by the recent explosive growth of the
Laboratory and the unusual number of uncertainties for the year immediately ahead,
we view the future with much optimism and anticipation. | feel most fortunate in being
able to rely on an administrative staff of extraordinary motivation and skill to guide
the Laboratory soundly into its second century of science.

G. Morgan Browne
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BUILDINGS AND GROUNDS

The Annual Report for the Buildings and Grounds Department is again one
neverending story of construction, renovation, and repair. Every nook and
cranny of the Laboratory has been touched by us, and in fact, we are probably
the only department that knows every square inch of the campus, both indoors
and outdoors.

Centennial Celebration

Most, if not all, of the Buildings and Grounds staff were involved in the prepara-
tion of the Laboratory for the celebration of its 100th birthday. The carpenters
built a stairway and bridge between Demerec Laboratory and Grace Auditorium,
as well as a bandstand on the back lawn of Davenport House. Where needed,
the painters painted and the groundskeepers landscaped, manicured, and in
general cleaned up, all contributing to making the Laboratory look its best. The
electricians supplied all of the extra lighting needed for the celebration, which
went on into the late evening. All of the special events were manned by the
custodial staff, with other segments of the department lending a hand in setting
up chairs and tents on the lawns of Blackford and Airslie, parking cars, acting as
guides, helping to prepare the fireworks display, and cleaning up after the
celebration was over.

Neuroscience Center

Our highest priority for the year was the construction of the new Neuroscience
Center, which is located on the site of the now-defunct Page Motel. One of our
responsibilities when we entered the construction in progress during the year
was to help the contractor keep on schedule. Our in-house architect, Leslie Al-
len, spent much time solving problems inherent in coordinating our crew and the
construction site crew. Job report meetings were held every week to review the
work and to keep to the schedule, and by the end of the year, more than 90% of
the construction was completed. Two new housekeepers have been hired so far,
and we will need at least three more staff for maintenance.

Log Cabins

By the end of the year, four of the planned five new cabins were erected and en-
closed. We discovered after the first six cabins were built that more room was
needed for the utilities and the hot water heaters. Full basements were thus in-
cluded in the design of this second complex of cabins, providing additional
space in the living areas plus increased storage areas and better insulation for
the heating systems.

Blackford Dining Hall

Phase | of the Blackford expansion began after the summer meetings season.
The 3-foot-deep concrete piers originally supporting the building were rein-
forced and extended down another 10 feet to prepare for the new addition. In
the basement below the dining area, we demolished the bar, restrooms, and of-

25



fices to make room for the Blackford lounge and new restrooms. Phase Il will be-
gin after the 1991 meetings season.

Landscaping and Paving

It is becoming abundantly Clear that parking is inadequate to meet the needs of
our ever-increasing staff. Additional parking spots furnished by the large parking
area for the Neuroscience Center may alleviate some of the problem, but we are
always on the lookout for other areas. This year, the parking lot above the pond
was made larger to accommodate about 25 more cars.

We also added a waterfall to the pond this year. About a ten-foot-wide area
on the north end of the pond was excavated and lined with concrete, and large
flat rocks were set in tiers to form the waterfall. A pump was added to recirculate
the water from the pond to the pool above the waterfall. A little further up from
the pond, the sculpture “Transform® had begun to sink because it had been
placed in the pond meadow which retains a lot of water. To prevent it from sink-
ing further, we provided better drainage, fashioned a concrete base. and bolted
the sculpture to this base. In the early summer, two of the older cabins near the
Neuroscience Center were demolished, and this area was also graded and
landscaped.

Wastewater Treatment Facilities

The Laboratory provides many utilities, and perhaps the least popular is
wastewater treatment plant. To accommodate the increased flow from the new
buildings, the wastewater treatment plant was renovated to improve its capacity
and reliability. Our own plumbers and mechanics re-piped the underground sys-
tems, which now include an additional equalization tank, a new distribution box,
and a relocated sludge tank. After the pumps were relocated, the sludge
removal area was landscaped. All of this work was done before the Centennial
celebration, and our staff did an excellent job of completing this project on
schedule.

Alterations and Renovations

Cairns Laboratory: The north microscope room at Cairns was renovated to make
room for a laser microscope and to provide additional space for nitrogen
storage for Dr. Spector.

Demerec Laboratory: We rebuilt an entire office complex for Dr. Wigler by gut-
ting the original area and building new offices for the postdocs, a secretary, and
Or. Wigler. A new entrance was also created to allow more light to enter the nar-
rower foyer area caused by the enlargement of this office complex.

Harris Research Facility: We completed the remodeling of the kitchen and
repainted the entire building. We also installed door guards and chair rails to
prevent further damage by lab carts.

Hershey Building: The offices for Dr. Beach's postdocs were renovated to ac-

commodate 12 postdocs and a secretary. We also installed new built-in furni-
ture, which included new desks, and new telephone lines.
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McClintock Laboratory: On the south end of the second floor of McClintock we
completed Dr. Beach's laboratory. The library seminar room was gutted and
rebuilt into a laboratory, which included new utilities, cabinets, and exhaust
hoods.

Bonn House: After two years of debate, the Historical Society gave us permis-
sion to install a new asphalt roof on Bonn House. This historical Huntington
house on Route 108 is owned by New York State and is maintained for the State
by the Laboratory.

Davenport House: Like all exterior porches on older houses, Davenport's porch
showed signs of structural deterioration. We replaced all of the old porch
columns and repaired the hand rail.

Frame House: All interior walls, piping, and electrical wiring were removed from
this house, which is situated in Cold Spring Harbor on Route 25A. The gutted in-
terior was reworked into five bedrooms, four bathrooms, a living room, dining
room, kitchen, and library. The project was completed by the summer.

Northview House: We renovated this entire house purchased from the U.S. Gov-
ernment to provide accommodations for Laboratory personnel. All of the window
glass had to be replaced, and since the heater had not been drained properly,
there was much damage to the pipes over the winter and the whole system had
to be replaced, including the radiators.

Nichols Building: The installation of another built-in desk allowed one more per-
son to work in the Grants Department office. After making the computer room
smaller, we were able to build another office for the Personnel Department.

Banbury Center: To conform with the requirements of the Board of Health, we
renovated the kitchen in Robertson House to create a more efficient facility. This
included the installation of a heavy-duty commercial dishwasher and a large
refrigerator-freezer.

Uplands Farm: We refurbished the Basset house and the Superintendent's cot-
tage with a coat of bright white paint.

| would like to take this opportunity to thank all of the people in the department

for another year of a job well done!

Jack Richards

27



DEVELOPMENT

Second Century Campaign

1990 was a year of challenge and growth for the Development Department.
Reductions in government funding and new urgent social and environmental is-
sues meant increased competition for the philanthropic dollar. Despite these is-
sues, the Laboratory was able to add over $4 million to its Second Century
Campaign. Initiated in 1986, this $44 million capital drive, which was the
Laboratory's first broad, public-funding campaign, has now raised $40.4 million
or 92% of its goal. National and local foundations, those new to the Laboratory
and those familiar with it, have accounted for slightly more than 50% of this
amount. Laboratory Trustees and other individuals have accounted for approxi-
mately 38%, and an ever-widening group of corporations have contributed nearly
10%. Campaign Chairman David L. Luke Il and Steering Committee members
Oliver R. Grace, George W. Cutting, Jr., Mrs. Sinclair Hatch, Townsend J. Knight,
and Taggart Whipple continue to provide dynamic leadership for the Campaign.
Other diligent and persistent volunteers ably man the six different Campaign
Committees and are listed later in this report. Through their efforts, three founda-
tion challenge grants have been matched or are well on their way to being
matched: the Fannie E. Rippel Foundation, the Kresge Foundation, and an
anonymous foundation.

The Second Century Campaign was designed to raise money for new and
renovated facilities and for staff endowment. It is this latter area that we must
emphasize in the remainder of the Campaign. The Neuroscience Center, which
will be inhabited in March and dedicated in May, is powerful proof of the
Campaign's success in realizing the first of these goals.

Several areas in the Neuroscience Center have been named as a result of
significant campaign gifts: Dolan Hall (The Dolan Family Foundation), Hazen
Tower (Lita Annenberg Hazen), Keck Structural Biology Laboratory (The W.M.
Keck Foundation), The Plimpton Seminar Room (Mrs. Pauline A. Plimpton and Mr.
Amyas Ames), The Gardner Neuroscience Library (Mr. and Mrs. Robert B.
Gardner, Jr.), The Lucy and Edward Pulling Seminar Room (Mr. and Mrs. George
W. Cutting, Jr.), and The F. Thomas Powers Room (Elaine E. and Frank T.
Powers, Jr., Foundation).

Another remarkable Campaign gift was a benefit concert performed in the
Laboratory's Oliver and Lorraine Grace Auditorium in September by world
renowned Metropolitan Opera mezzo-soprano Frederica von Stade. In a pro-
gram entitled From Mozart to Broadway, Miss von Stade enthralled the sold-out
auditorium with selections that ranged from Mozart's Don Giovanni to Gershwin's
Porgy and Bess. The benefit raised more than $70,000, which will help match the
Kresge Foundation challenge and will endow the Frederica von Stade Un-
dergraduate Research Internship. Patrons who played such an important part in
the success of this event are listed later in this Annual Report.

Annual Giving

Unrestricted annual giving provides strong underpinning for the Laboratory's fis-
cal needs. It is money that can be used at the Trustee's discretion for specific un-
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expected, and sometimes pressing, needs. Almost 80% of the Laboratory’s an-
nual unrestricted income comes from Cold Spring Harbor Laboratory Associates,
and the remainder comes from the Long Island Biological Association. Early in
the year, at George Cutting’s behest, John Reese agreed to Chair a new com-
mittee to expand and strengthen the Associates membership. Through the efforts
of Associate Committee members Jack Evans, Charles Gay, Missy Geddes,
Harry Lee, and Jordan Saunders, the Laboratory has the highest number of As-
sociates it has ever had and the number is growing steadily. These programs are
enthusiastically and effectively guided by George W. Cutting, Jr., and 28 direc-
tors. (A complete report of their 1990 activities may be found in Financial Support
of the Laboratory, which appears later in this Annual Report).

Planned Giving

In addition to making outright gifts to the Laboratory that take effect immediately
(cash, securities, insurance policies, and real estate), gifts may also be made to
take effect in the future. These gifts can be made in trust or by will. The mechan-
ism for one of these "planned gifts* has just been established by the Laboratory
with the U.S. Trust Company. The Cold Spring Harbor Laboratory Pooled
Income Fund allows an individual to give cash or stock to the Laboratory which
will be pooled with other such gifts. These funds are then invested, and the donor
or the person the donor designates will receive the net income from his or her
share of the Fund for life. Afterward, the principal amount of the gift is paid to the
Laboratory. There are several significant benefits of making such a gift: It pro-
vides long-term stability for Cold Spring Harbor Laboratory, it increases income
for the donor or the donor's relative, capital gains tax is avoided, and it provides
an immediate charitable deduction for income tax purposes. With a low-cost-
based stock, for i , it is now possible to make a gift to the
Laboratory (and the Campaign) and increase your income!

Staff

The Development Department staff (Claire Fairman, Joan Pesek, and Debra Mul-
len) has become a cohesive, effective fund- and friend-raising team. | wish to
acknowledge their skill, dedication, and diligence and the fact that they always
approach their tasks with creativity and a sense of humor. Trustee George Cut-
ting wears many hats at the Laboratory and has put in long and productive
volunteer hours. Without him, the Development Department would not be nearly
as effective as it is.

We continue to be grateful to all of those who have helped us make such
progress toward our development goals. Second Century Campaign contributors
are listed under Financial Support of the Laboratory. We invite those who have
not yet participated in the Campaign to do so before the end of 1991. What bet-
ter way to help secure the future of Cold Spring Harbor Laboratory!

Konrad Matthaei
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LIBRARY SERVICES

Active Archives in Centennial Year

The Laboratory archives was an extraordinarily busy place in 1990, our Centen-
nial year. The news media needed to know a great deal about our early years
and the accomplishments and growth from 1890 to the present. The archives, a
true working archives in constant use under the dedicated supervision of Lynn
Kasso, contains a well-preserved wealth of information and photographs. In De-
cember, a New York State archives examiner came for a routine half-hour visit;
he was so impressed with the organization and content of the archives that he
stayed the entire day and was totally engrossed.

In addition to the media and book publishers who constantly access our pic-
ture collection, the archives was used extensively for the following: the centen-
nial commemorative book; research on a new CSHL Press book in progress by
Elizabeth Watson; a 1990 book from our press, The Emergence of Bacterial
Genetics by Thomas Brock; Jan Witkowski's articles in Current Contents and
Cancer Cells; DNA Science by David Micklos and Greg Freyer; and by Judy
Cuddihy for Genes & Development.

The archives also played an important part in the Centennial exhibit of paint-
ings and prints by Jane Davenport Harris DeTomasi, which opened in January in
Bush Lecture Hall. This was the Laboratory's first indoor art show and was most
successful. The exhibit was critically acclaimed, and several paintings and
prints were sold. Since then, an abbreviated version of the exhibit has traveled
to the Union Savings Bank of Huntington and the Cold Spring Harbor Public Li-
brary. Matted works and wood blocks were also sold as part of the Laboratory's
third annual arts and crafts fair. What began as a great idea by two scientific
secretaries, the arts and crafts fair has grown in size, popularity, and profit and
is managed by Laura Hyman, whose undaunted energy and talent contribute to
so much at the Laboratory beyond her job description. Without her support, both
in the Library and in the Public Affairs Department, my work on the Centennial
would not have been possible.

Automated Reference Center

Our automated reference center has exceeded expectations in meeting the
needs of individual Laboratory scientists. This system is capable of down-
loading machine-readable searches from library equipment to their personal
databases lab-wide. The Medline database on compact disk provides key word
searches by end users for citations and abstracts published from 1966 to the
present. Current Contents on diskette allows "current awareness” scanning of
journals. In 1990, 540 different queries were done by scientists and staff on
Medline CD and 68 on Current Contents. Genemary Falvey, Head of Library Ser-
vices, gives excellent, personalized instruction in the use of the new tech-
nologies, and she reports that most Laboratory scientists like this direct involve-
ment in literature searching. The library subscribes to these services just as they
do to journals; therefore, no additional telecommunication costs are passed on
to the user. Comprehensive online searching of other databases is still available
from the librarian.

30



Our computerized interlibrary loan service continues to provide fast access
to articles requested by staff scientists. Photocopies of 70 tables of contents
from journals received are sent to 44 scientists.

New Storage Facility in Plainview

Our storage facility was moved from West Side School to a warehouse in Plain-
view this summer. Approximately 5800 volumes and 1500 linear feet of shelving
were relocated. Although the distance is greater, a two-day retrieval time is still
possible.

A Special Staff

| want to thank the entire library staff: Genemary Falvey, Head of Library Ser-
vices; Laura Hyman, Administrative/Business Manager; Helena Johnson, Library
Assistant; Lynn Kasso, Archives Assistant; Wanda Stolen, Senior Library As-
sistant; and our newest member, Clare Bunce, Library Clerk, for all of their as-
sistance and support during 1990. | would not have been able to concentrate so
much of my time and energy on the Centennial had | not known that the library
was in extremely capable hands.

Future

The future of library and information services at the Laboratory depends in large
measure on three factors: the availability of funds for an ever-inflating subscrip-
tion budget, the unknown advances in information technology, and sufficient
space for quality library service.

Susan Cooper
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PUBLIC AFFAIRS

The Centennial Celebration

By the end of 1891, more than three years filled with a variety of events will stand as
a reminder of the Laboratory's first 100 years. Add to that two years of planning
preceding the dedication of the DNA Learning Center in 1988 and a total of five
years will have been spent focusing on this scientifically and historically important
event. It was a unique privilege to work with Emily Eryou, Dan Schechter, Margot
Bennett, Herb Parsons, and Ed Campodonico. Their grit and dedication created the
events of the Centennial.

July 14, 1990 marked the 100th birthday of Cold Spring Harbor Laboratory. On
July 7, 1890, 100 years and 7 days earlier, the first biology class was held on the
shore of Cold Spring Harbor. That first class was immortalized by Rob Gensel and
his "Rotifer* cast members (see back cover illustration). This tiny launch was joined
by four magnificent, sailing vessels, Black Pearl, Zarefah, Ernestina, and Little Jen-
nie. At 2:00 p.m. that afternoon, staff members and guests were gently propelled
back in time for a grand celebration. Storyteller Heather Forest narrated the arrival
of the historic launch and later told related stories to children and adults alike. A
hearty meal, adeptly prepared by Jim Hope and his food service staff, complete
with ale gn tap, was served on Blackford lawn. There, the Old Bethpage Village
Restoration Brass Band played "Happy Birthday" and marched through the crowd to
traditional turn-of-the-century music. *Sparkles the Clown® kept the little ones en-
chanted with her balloon art and magic.

The evening's festivities were divided between the gala dinner party held at
Airslie for our corporate friends who supported the Centennial and a concert on
Davenport lawn. The latter featured the highly acclaimed sea chanteymen, The
Forebitter, from Mystic Seaport, and starred Kim Strongin, a superb folk-rock singer-
songwriter. Aithough mother nature threatened to rain on our festivities, all agreed
that the misty fireworks by Grucci provided the evening's crescendo. Then out of
the mist came the noble sound of bagpipes; the Clan Gordon Highlanders Pipe
Band of Locust Valley marched majestically from Airslie to Grace Auditorium. Our
guests, who waited patiently for the buses at day's end, were joyously entertained
by Synergy, a Barbershop Quartet.

A general sense of well-being dominated the day—people were relaxed and joy-
ous and basked in the sense of history surrounding this great institution.

Two Very Special Concerts

On September 8, jazz musician Christopher Hollyday, the 20-year-old alto
saxophone sensation, performed on the Grace Auditorium terrace for the attendees
of the "Origins of Human Cancer® meeting. A month later, Hollyday was pictured in
Time magazine and extolled as "a veteran who began performing at age 13." Then
on September 16, mezzo-soprano Frederica von Stade graciously performed a
benefit, “From Mozart to Broadway," in Grace Auditorium. It was one of the most en-
chanting evenings that was ever experienced at the Laboratory.
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Centennial Materials Expand Library of Lab Information

"Cold Spring Harbor Laboratory & Long Island: Partners for the Future,” our com-
memorative book, was compiled to document the Laboratory's past, present,
and future. A specially designed section called "Partners for the Future,” con-
tained congratulatory messages from Long Island business. Special thanks go
to Judith Carlson who was commissioned to coordinate this important aspect of
the book. Together with her cochairmen, Robert McMillan of Rivkin, Radler,
Bayh, Hart, & Kremer, and Thomas Doherty of Norstar Bank, she encouraged a
group of prominent business figures to contribute nearly $215,000 in support of
the Laboratory and its Centennial. Born out of this program were the new in-
ternships for qualified Long Island high school seniors. Appropriately named for
the initial contributors, the *Partners for the Future® program allowed five gifted
seniors to work with five laboratory scientists after regular school hours from Oc-
tober to March.

In addition to the Centennial literature, which included an art catalog, special
commemorative meetings posters, and a variety of programs, flyers, tickets, and
invitations, 1990 saw the complete redesign and revision of FYJ, the littie flyer
that packs a lot of information about Cold Spring Harbor Laboratory into a num-
ber 10 envelope. Three Harbor Transcripts were completed, and the second
and third issues were combined to make way for the Centennial. Photographs of
new staff members hired in 1990 were completed for inclusion in the 1990
F.A.C.E.S., which is being published in February 1991. F.A.C.E.S., the staff
directory, contains 435 photos; just 5% of the staff were camera shy. In 1989,
10% were not represented. We look forward to a time when all will be pictured.

A Banner Year for Press Coverage

As expected, the Centennial provided the perfect focus for press attention. The
Laboratory was featured in a dozen television programs and appeared in more
than 200 magazine and newspaper articles. It has been gratifying to see that
Cold Spring Harbor Laboratory is no longer the best kept secret on Long Island.
Especially noteworthy was Cablevision's special documentary, A Century of Dis-
covery, which aired to all of the company's affiliates. Of the numerous and
wonderful articles that appeared in print, the following were of particular interest:
The Scientist, “Cold Spring Harbor Tops Among Independent Labs:* Newsday,
“The Land of DNA," a major article on the Lab and its history; and Innovations in
Oncology.” At the Cold Spring Harbor Laboratory,” which is a comprehensive lay
report featuring lab scientists involved in cancer research.

Staff Changes

After two and one-half years, we said goodbye to the multitalented Dan
Schechter, who in September joined Darby & Darby, a law firm in Manhattan, as
a patent agent. As the Laboratory's first science writer, Dan established a stan-
dard for multitasking in Public Affairs. To this day, it is hard to figure out just how
he did what he did with a computer. His cancer brochure, The Good Fight, be-
came the mainstay of our effort to reach the Laboratory's lay audience.
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Ed Campodonico joined the staff in April 1990 to assist both Herb Parsons,
Director of Audiovisual, and Margot Bennett, Artist/Photographer. Ed’s back-
ground includes a BFA from Long Island University, C.W. Post campus, and ex-
tensive work in audiovisual and photography both in school and in the private
sector.

Our new science writer, David Siegel, joined the staff in October. Dave has
an eclectic background. He received his BS in physics and astronomy from the
State University of New York at Stony Brook in 1984; an MS in astronomy from
Yale; and an MA in'ioumalism. science, and environmental reporting from New
York University in 1990. David worked as a news intern at CBS, as a research in-
tern at WNET Innovations, and was a feature writer for Yale Science Magazine.

Rounding out the staff, Clare Bunce joined us in early 1990 as a part-time as-
sistant. Clare does a great job with all the office tasks that filter down from an
overworked and crowded staff. She was that extra edge we needed during the
final stages of Centennial planning.

Extra Effort Appreciated

| have received appreciation in abundance for my part in planning the Centen-
nial—there are always so many who need to be thanked, and a list would not be-
gin to express my gratitude. Those people know just how hard they worked, and
| want them to know that the Laboratory will aiways be thankful for their extra ef-
fort on its behalf. This was a special time at a very special place.

Susan Cooper
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TUMOR VIRUSES

At the close of 1990, the Tumor Virus Section was preparing to apply for renewal
of the large program project grant that has supported research in this area since
1972. As can be seen from the reports of the nine constituent groups, the ground
covered by this section has expanded considerably over the years. It now in-
cludes two new viruses, bovine papillomavirus and human immunodeficiency
virus, in addition to the time-honored adenovirus and simian virus 40, and it en-
compasses the cellular processes with which these viruses come into contact.
These processes include DNA replication, transcription, mRNA splicing, transla-
tion, and posttransiational modification, all of which are potential sites of dis-
turbance in malignancy as well as fundamental aspects of gene regulation in the
cells of humans and other animals. Also at the end of 1990, we prepared to bid
farewell to Ed Harlow, a member of this section for more than 8 years. His work
on protein-protein interactions, and particularly his discovery of the complex be-
tween adenovirus E1A proteins and the product of the cellular retinoblastoma
susceptibility gene, epitomized the power of the tumor viruses as probes of cel-

lular function and have made an indelible mark in fields as diverse as the cell

cycle, transformation, and transcription.

DNA SYNTHESIS

B. Stillman E. White J.F.X. Diffley  F.Bunz T. Macdougall
T. Tsurimoto ~ S.-U. Din K. Fien N. Kessler
G. Bauer A. Dutta Y. Marahrens  P. Sabbatini
S.P. Bell T. Melendy S. Smith L. Meiton
S. Brill J.M. Ruppert

In dividing cells, the duplication of the genetic
material is a key event that is normally precise and
tightly controlled. There is a growing appreciation of
the notion that a breakdown in the control of cell
division increases the chance of damage to the
genome, including accumulation of mutations that
contribute to cancer progression. For this reason,
studies on DNA and chromosome replication may
provide valuable insight into the mechanisms of car-
cinogenesis. We continue to investigate both the me-
chanism and regulation of DNA replication using
both human cells and the yeast, Saccharomyces
cerevisiae. As in previous years, these two systems
are wonderfully complementary, resulting in substan-
tial progress.

Mechanism of DNA Replication

G. Bauer, S. Brill, F. Bunz, K. Fien, N. Kessler,
T. Melendy, J.M. Ruppert, T. Tsurimoto, B. Stiliman

The best system currently available to study the me-
chanism of DNA replication in eukaryotic cells is
simian virus 40 (SV40). SV40 contains a small cir-
cular genome that harbors a single unique origin of
DNA replication. The viral genome encodes a
protein, the SV40 large tumor antigen (T antigen),
that plays a number of essential roles in the replica-
tion of SV40 DNA. T antigen recognizes, binds to,
and locally unwinds the origin of DNA replication
and also functions as a DNA helicase (DNA unwind-
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ing enzyme) during DNA synthesis. The remaining
replication machinery is provided by the host cell,
and it is the identity and functions of these cellular
proteins that have been the focus of our attention dur-
ing the past 5 years. In the past year, we have
reconstituted the essential, core DNA replication ma-
chinery with highly purified proteins and have
determined the general mechanism of initiation and
elongation. In addition, we continue to identify func-
tional homologs of the human cellular DNA replica-
tion proteins from yeast cells to allow a genetic anal-
ysis of the replication apparatus.

REPLICATION FACTORS

In last year’s Annual Report, we described in detail
the cellular proteins required for SV40 DNA replica-
tion in vitro. These proteins are: replication factor A
(RF-A), a multisubunit single-stranded DNA-binding
protein and polymerase a and & auxiliary protein;
replication factor C (RF-C), a DNA-dependent
ATPase that is also a primer/template-binding protein
and DNA polymerase a and & auxiliary protein;
proliferating cell nuclear antigen (PCNA), a
polymerase & auxiliary protein that stimulates RF-C
ATPase activity; DNA polymerase a and its associa-
ted primase subunits; DNA polymerase §; and topo-
isomerases 1 and 11. Although polymerase § had been
implicated in DNA replication by the requirement for
RF-C and PCNA, its participation in DNA replication
had not been directly shown. In the past year, we
have purified an essential DNA replication factor
(replication factor D, RF-D) and subsequently identi-
fied it as DNA polymerase &. Together with the pre-
viously described replication factors and im-
munopurified polymerase o/primase complex, we
have used this highly purified polymerase & to
reconstitute DNA replication in vitro.

MECHANISM FOR BIDIRECTIONAL DNA

REPLICATION

With the seven purified cellular replication factors
and SV40 T antigen, a series of detailed biochemical
analyses were conducted to determine their role in
DNA replication. The principle used was to omit in-
dividual factors or combinations of factors from the
reaction and characterize the resulting "phenotype”
by studying replication products. It was found that in
the absence of either T antigen, RF-A, or polymerase
o/primase complex, no DNA replication was ob-
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served, suggesting that polymerase o/primase was
responsible for the synthesis of the first strand at the
replication origin. It had been demonstrated that T
antigen and RF-A cooperate to unwind the replication
origin, and recent studies have demonstrated that ad-
dition of the polymerase o/primase complex is suffi-
cient for synthesis of the first nascent DNA at the
origin. In contrast, omission of either RF-C, PCNA,
or polymerase &, or combinations of these, yielded
some DNA replication, but the products were ab-
normal. Short nascent DNA strands that correspond
to products from only one DNA strand (lagging
strand) were observed. DNA replication of the oppo-
site strand (leading strand) did not occur. These
results concur with observations made in previous
years when PCNA and RF-C were omitted from
replication reactions with crude extracts. Moreover,
they clearly demonstrate that the polymerase o/pri-
mase complex is responsible, at least in part, for
replication of the lagging strand and that polymerase
& synthesizes the leading strand at a replication fork.

Last year, we noted a striking similarity between
the replication factors RF-C and PCNA and the bac-
teriophage T4 proteins encoded by genes 44/62 and
45, respectively. These phage-encoded proteins func-
tion with the T4 DNA polymerase (gene 43) to
synthesize the leading strand at a replication fork. We
have now demonstrated that the phage T4 proteins
can substitute for RF-C, PCNA, and polymerase d in
a hybrid replication system. The phage proteins func-
tion with T antigen, human RF-A, and polymerase
a/primase to replicate DNA. These observations sug-
gest an extraordinary evolutionary conservation of
the replication functions. More importantly, because
mutations in the genes encoding the phage proteins
debilitate phage DNA replication in vivo, we suggest
that our biochemical studies using the SV40 system
have identified homologous proteins that function in
the replication of human cell DNA.

A MODEL FOR DNA REPLICATION

The studics described above suggesied a novel me-
chanism for the initiation of SV40 DNA replication
that might be generalized for initiation of bidirec-
tional DNA replication in eukaryotic chromosomes.
The novel feature of this model, shown in Figure 1,
involves the switching of DNA polymerases at the
replication origin during initiation of leading-strand
DNA replication. We propose that polymerase
a/primase synthesizes the first nascent strand at the
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replication origin. Because RF-C is a primer/template
recognition protein, it recognizes the 3’end of this
nascent strand and then binds PCNA. The RF-C/
PCNA complex displaces polymerase o and recruits
polymerase 8. The RF-C/PCNA/polymerase & com-
plex functions as a processive replication complex
and continuously synthesizes the leading strand (see
Fig. 1).

Detailed biochemical analysis of the function of
RF-C and PCNA, as well as their effect on the func-
tion of polymerase « and 8, provides strong support
for this mechanism of initiation of DNA replication.
These studies include nuclease protection footprint-
ing and native gel clectrophoresis of RF-C and RF-
C/PCNA complexes with DNA. RF-C is an unusual

DNA-binding protein that recognizes a specific struc-
ture (a primer/template junction) in a scquence-
independent manner. Once RF-C is bound to the
DNA, PCNA recognizes the RF-C/DNA complex
and binds adjacent to RF-C. This is an interesting
complex because PCNA does not, by itsclf, recognize
DNA. We have shown that formation of the RF-
C/PCNA complex at a primer/template junction, in
cooperation with RF-A, functions in the polymerase
switching step, thercby preventing polymerase o
from copying the leading-strand template.

Our studies to datc have reconstituted the rudi-
mentary core of the eukaryotic DNA replication ap-
paratus in vitro with purified proteins. We still need
to identify factors that are required for formation of
complete, covalently closed daughter DNA.

REPLICATION FACTORS FROM YEAST

To investigate the role of these replication factors
during cell chromosomal DNA replication, we have
searched for functional homologs of the human fac-
tors in the ycast, S. cerevisiae. This organism offers
the ability to combine biochemical and genetic meth-
ods to the problem of DNA replication. We have pre-
viously described the purification of yeast RF-A
(yRF-A) as a complex of three proteins with mol-
ecular weights of 69K, 36K, and 13K. In the past
year, the genes encoding the three subunits of yRF-A
have been cloned and sequenced. All three genes are
essential; mutants lacking any onc of them fail to
grow. The production of conditionally defective
mutations in these genes will enable us to determine
if they have a defect consistent with a block in
chromosomal DNA replication.

The gene encoding the 69K subunit is identical to
a gene, RPAI, that was isolated by R. Kolodner’s
group at Harvard because it encodes a protcin impli-
cated in genetic recombination. The gene encoding
the 36K subunit has previously not been identified,
and curiously, it is one of the few genes in §.
cerevisiae, other than ribosomal protein genes, that is
spliced. The predicted sequence of the yeast 36K sub-
unit shows 29% identity and 40% similarity with the
human 34K RF-A subunit, the sequence of which
was determined in T. Kelly’s laboratory (Johns Hop-
kins). The gene encoding the RF-A 13K subunit is
also a novel gene, and the protein is unrelated to
others present in sequence databases.

In addition to the yRF-A replication factor, we
have identified and purified the S. cerevisiae RF-C
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replication factor, yRF-C. This factor cooperates with
yRF-A and yPCNA to stimulate the activity of yeast
DNA polymerase & in much the same way as RF-C,
RF-A, and PCNA cooperatively stimulate human cel-
lular DNA polymerase d. Isolation of the genes en-
coding the yRF-C subunits will allow a genetic anal-
ysis of the function of this replication factor in cel-
lular DNA replication.

Regulation of DNA Replication

S. Brill, S.-U. Din, A. Dutta. B. Stillman

In the past year, we rcported that RF-A from human
and yeast cells was phosphorylated on serine residues
and that this posttranslational modification was cell-
cycle-regulated. The 34K subunit was not phosphory-
lated in the G, phase, but it was phosphorylated later
in the cell cycle. We have more preciscly timed the
onset of the phosphorylation event to just prior to the
onsct of DNA replication in S phase. This places the
onset of RF-A phosphorylation at an interesting and
critical regulatory stage in the cell cycle.

We have pursued a two-pronged approach to
determine whether the phosphorylation of RF-A
plays a role in the control of DNA replication. The
first, which is currently under way, is to make
mutants in both the human and ycast genes encoding
the 34K subunit that affect phosphorylation and study
the phenotype. A second approach is to identify the
RF-A kinases and determine if they perform a
regulatory function and influence RF-A activity.
Considerable progress has been made toward this
goal.

An RF-A kinase was found in an extract from hu-
man cells that phosphorylated RF-A on a subset of
the serines phosphorylated in vivo. Importantly, this
kinase activity was absent in extract prepared from
cells in the G, phase of the cell cycle but was present
at later stages. This kinase was purified to
homogeneity. The kinase activity cofractionated with
a multisubunit protein complex consisting of a 62K
subunit and a doublet at 34K, with a 45K protein that
may associatc with the other proteins. This subunit
structure suggested that the protein kinasc was identi-
cal to the p34°9e2 kinase associated with a cyclin sub-
unit (62K), and subsequent studies with antibodies
confirmed this identification of the enzyme as the
cyclin B/p349c2 kinase complex. The cdc2 protein
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kinase has been shown both genetically and bio-
chemically to be a major regulator of cell cycle pro-
gression by its association with a number of cyclins,
proteins that are synthesized and degraded in a
temporally controlled manner through the cell cycle
(see D. Beach’s report in the Genetics Section). We
have demonstrated, in collaboration with D. Beach
and G. Draetta, that both the cyclin A and cyclin B
forms of cdc2 kinase will phosphorylate RF-A. The
challenge now is to determine what form of
cyclin/cdc2 kinase phosphorylates RF-A and at what
time in the cell cycle, in addition to identifying the
function of the phosphorylation.

Along these lines, we have shown a modest in-
crease in RF-A single-stranded DNA binding follow-
ing phosphorylation in vitro by purified cdc2 kinase.
Furthermore, a stimulation of origin unwinding by
RF-A and T antigen was also attributable to RF-A
phosphorylation in vitro by the p34¢9c2 kinase, proba-
bly reflecting increased DNA binding. Current
studies are directed toward determining whether
these effects occur in SV40-infected cells during
SV40 DNA replication and in uninfected cells at S
phase.

Initiation of Chromosomal
DNA replication

S.P. Bell, J.F.X. Diffley, Y. Marahrens, B. Stillman

The SV40 system for studing DNA replication has
been invaluable for ex g the mechanism of
DNA synthesis. These studies have relied on the
SV40 T antigen and are therefore of limited value for
understanding initiation of DNA replication in
eukaryotic chromosomes. To complement our studies
on yeast replication proteins, we have studied the
structure and function of a chromosomal origin of
replication in S. cerevisiae called ARS1. ARS1 was
selected because it confers on plasmid DNAs the
ability to replicate as a circular, minichromosome in
synchrony with the 16 cellular chromosomes and has
been shown by other investigators to function as a
chromosomal origin of DNA replication.

Comparison of the scquences of a number of ARS
clements revealed a highly conserved 11-bp "ARS
consensus scquence” that is essential, but not suffi-
cient, for ARS function. Several laboratories per-
formed deletion analyses on various ARS clements




including ARS1 to identify additional functional
domains. These studies, however, managed to define
only vaguely broad regions next to the ARS con-
sensus sequence as important.

To define this origin further, we substituted 8-bp
ARS sequences with the sequence 5’ -CCTCGAGG-
3" that can be cut with the restriction enzyme Xhol.
Thirty-four such mutations were constructed to cover
179 bp of a 185-bp ARSI clone. Two substitutions,
both disrupting the ARS consensus scquence, abolish
origin function entirely. We tested origin efficiency
of the remaining 32 mutants by measuring plasmid
levels in yeast cultures after 14 generations of cell
growth. Clusters of mutants with reduced plasmid
levels defined three additional short sequences that
contribute to origin function. We named these addi-
tional domains B1, B2, and B3 in descending order of
importance. Disrupting combinations of domains ei-
ther greatly reduces or abolishes ARS1 function.

DNA was synthesized that contained the four im-
portant domains, all correctly spaced, but with all
other DNAs scrambled. This “synthetic ARS" func-
tioned nearly as well as the natural origin, proving
that the four domains are sufficient for efficient ARS
function. Moreover, none of the domains (B1, B2, or
B3) successfully substituted for each other, suggest-
ing that they are functionally distinct.

Domain B3 overlapped with the footprint for
ARS-binding factor 1 (ABF1), a protein purified in
our laboratory and discussed in previous Annual
Reports. Point mutations that abolished ABF1 bind-
ing also abolished B3 activity, demonstrating that
ABF1 binding at ARS1 was responsible for this ac-
tivity. Because ABF1 also has a known rolc as a tran-
scription factor, we replaced the ABF1-binding se-
quence with a sequence that binds a homologous
transcription factor called RAPI. Interestingly, the

binding of RAP1 restored domain B3 function. These’

results suggest that transcription factors that are
capable of binding to DNA may influence initiation
of DNA replication at chromosomal origins in a man-
ner similar to activation of a number viral origins.

We have continued to study the function of the
ABF1 protein, particularly its role in DNA replica-
tion and transcriptional regulation. A clone of the
ABF1 gene has been used for defining a functional
domain structure for the ABF1 protein. An initial sur-
prising result was that ABF1 contained two distinct
regions of the protein for site-specific DNA binding.
Onc region, when expressed alone, bound specifical-
ly to the ABF1-binding site, but with greatly reduced

affinity. Another region, when expressed alone,
bound nonspecifically to DNA in a zinc-dependent
manner. The two regions, when coexpressed on the
same polypeptide, recognized the ABF1-binding site
with the same specificity and affinity as the intact
ABF1 protein. These results suggest a novel bipartite
DNA recognition structure containing two different,
cooperating, DNA-binding domains. Further charac-
terization of this structure is under way.

Chromatin Assembly

G. Bauer, S. Smith, B. Stillman

In previous years, we had described a ccll-free sys-
tem for assembly of correctly spaced chromatin dur-
ing DNA replication. In addition to the essential
DNA replication factors, novel chromatin assembly
factors are required to assemble the histones onto the
DNA. Last ycar, we described the purification and
characterization of onc such factor, CAF-1. This mul-
tisubunit protein is required for thc assembly of
histones onto the replicating DNA.

Biochemical fractionation of the remaining cell
extract has allowed separation of the chromatin as-
sembly reaction into two steps. During the first step,
CAF-1 targets the deposition of newly synthesized
histones H3 and H4 to the replicating DNA. This
reaction is dependent on and coupled with DNA
replication and utilizes the newly synthesized forms
of histones H3 and H4, which, unlike bulk histone
found in chromatin, do not bind to DNA by them-
selves. The H3/H4-replicated DNA complex is a
stable intermediate that exhibits a wmicrococcal-
nuclease-resistant structure and can be isolated by
sucrose gradient sedimentation. In the second step,
this replicated precursor is converted to mature
chromatin by the addition of histones H2A and H2B
in a reaction that can occur after DNA replication. On
the basis of these results, we have suggested a model
for the DNA-replication-dependent assembly of
chromatin and a role for CAF-1 in this process (Fig.
2). The requirement for CAF-1 in at least the first
step of the reaction suggests a level of cellular control
for this fundamental process. It is of particular inter-
est that CAF-1 is modified by phosphorylation, and
we are currently determining whether this modifica-
tion plays a rcgulatory role during chromatin assemb-
ly.
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FIGURE 2 A model for a two-step mechanism for chromatin assembly by CAF-1.

Functions of Adenovirus
E1B Protein

E. White, P. Sabbatini

The adenovirus E1B gene is required for regulation
of viral gene expression in productively infected cells
and for oncogenic transformation. Last year, we
made some interesting discoveries that have greatly
enhanced our understanding of E1B protein fuction.
The E1B gene of adenovirus encodes two major
tumor antigens, the 19K and 55K proteins. The
coding regions for these proteins have been placed
under the control of heterologous promoters to as-
certain the role of individual E1B proteins in trans-
formation and their primary biological function.
These E1B plasmid expression vectors have led to
two significant findings: (1) Both E1B proteins pos-
sess transforming activity when cotransfected with a
plasmid encoding E1A, but it is the 19K protein that
confers anchorage-independent growth, and (2) the
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E1B 19K protein has the unique and unusual ability
to associate with and disrupt thc organization of two
distinct classes of intermediate filaments, cytoplas-
mic vimentin filaments and nuclear lamin filaments.
We propose and are preparing to test the hypothesis
that the biological function of the 19K protein in
transformation and productive infection is a direct
consequence of the perturbation of intermediate fila-
ments.

This year, we have expanded upon these results in
three arcas. First, we have been identifying cellular
proteins, most likely intermediate filament proteins,
that directly interact with the 19K protein. Second,
we have continued our investigation of the role of
E1B proteins in transformation, establishing whether
or not E1 gene products are capable of cooperating
with oncogenes other than E1A. Third, a mutational
analysis of the 19K coding region was performed to
identify important funtional domains responsible for
the activity of the protein in transformation and pro-
ductive infection.



We have begun to test the ability of E1B proteins
to cooperate with the products of other viral on-
cogenes. In a collaborative effort with Peter Howley
at the National Cancer Institute, we have discovered
that the E1B 19K protcin can enhance the transform-
ing activity of the human papillomavirus type-16 E6
and E7 transforming genes. This finding establishes
that the transforming activity of the EIB 19K protein
is not restricted to cooperation with the adenovirus
E1A gene and may represent a more universal func-
tion related to the development of human cancer.

Finally, mutational analysis has so far identified
an important region of the 19K protein required for
both transforming activity and intermediate filament
disruption. With one exception, mutations within a
conserved central region of the 19K protein eliminate
transforming activity of the protein. Therefore, a
single domain in the 19K protein may encode the
transforming function. Furthermore, a single substitu-
tion of an acidic glutamic acid residue for the basic
lysine at position 44 of the 19K coding region results
in simultancous loss of transforming activity and the
ability to associate with and disrupt intermediate fila-
ments. This is readily apparent in double-label in-
direct immunofluorescence of transfected cells
transiently expressing either the wild-type 19K
protein or the mutant protein. Whereas the wild-type
protein localizes to the nuclear envelope and
cytoplasm and disrupts intermediate filaments, the

mutant protcin is defective for nuclear localization_
and the organization of intermediate filaments is.

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

In summary, the E1B 19K protein represents a
transforming protein with a novel function that will
be useful both for understanding a unique mechanism
of oncogenic transformation and for determining the
function of those cellular structures with which it in-
teracts, intermediate filaments.
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MOLECULAR BIOLOGY OF BOVINE PAPILLOMAVIRUS

A. Stentlund M. Ustav

P. Szymanski

J. Alexander
E. Ustav

The papillomaviruses are a family of viruses that
have been isolated from a large variety of mammals.
Initially belicved to be related to the polyomaviruses,
it is now clear that they form their own distantly re-
lated group. The group as a whole has some distinc-
tive characteristics. All of the papillomaviruses have
what appears to be a very high degree of tissue
specificity; a given virus type very frequently infects
only one tissuc type. None of the papillomaviruses
give rise to a full productive (or lytic) cycle in tissue
culture cells. In some virus types, however, a part of
the viral life cycle can be studied. Bovine papil-
lomavirus type 1 (BPV-1) has become the prototype
virus for the papillomavirus group, since the BPV
genome can transform mouse C127 cells in culture.
In these transformed cells, the viral DNA s
maintained and replicates, as an cpisome, providing
model systems for gene expression, replication, and
transformation.

Apart from its importance as a prototype virus for
the pathogenic human viruses that cannot be readily
studied at the molecular level, BPV has attracted con-
siderable attention for its replication properties in tis-
sue culture cells. BPV shares with one other virus,
Epstein-Barr virus, the property that the viral DNA
can replicate as an episome with a stable copy num-
ber in transformed cells. The study of BPV DNA
replication offers several unique and interesting
aspects fundamentally different from replication in
the lytic viral systems which have been studied in
detail. These include questions about the control of
copy number and segregation and the involvement of
cellular mechanisms in regulation of viral replication.

Development of a Transient Assay
for BPV Replication In Vivo and
Determination of Viral Gene
Requirement for Replication

M. Ustav, A. Stenlund

One of the essential tools required for studies of BPV
DNA replication is an efficient short-term replication
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assay. The main problem in detecting short-term
replication of BPV in C127 cells is the low copy
number compared to that of lytic viruses. Therefore,
to detect replicating DNA, a large number of cells
must take up and replicatc the DNA. Conventional
procedures for transfection of C127 cells yielded very
low transfection efficicncies. We therefore developed
an electroporation procedure that could be used to
deliver DNA into C127 cells with very high ef-
ficiency. In fact, 10-20% of the cells expressed trans-
fected markers. Using this procedure, we developed a
short-term replication assay for BPV that consisted of
transfecting BPV DNA by electroporation, followed
by harvest of low-molecular-weight DNA at time
points ranging from 2 to 6 days after transfection and
analysis of the DNA by gel electrophoresis and
Southern blotting. Replicated DNA was scored after
digestion with Dpnl, which will cleave nonreplicated
DNA. Using this assay, we have reexamined some of
the properties of BPV replication. Interestingly, the
accumulation of replicated DNA is biphasic. Initially,
replication during the first 48-72 hours procecds at a
faster rate than at later times, when accumulation of
replicated DNA appears to increasc at the same rate
as the cellular DNA. This result is consistent with the
results expected from a two-stage model in which ini-
tial amplification of the viral DNA is followed by
stable maintenance.

We determined which viral gene products were
required for replication by assaying a series of
mutants located throughout the carly region of BPV
in the short-term replication assay. Frameshift muta-
tions in the E6, E7, and ES open reading frames had
no effect on replication, whereas mutations in the E1
and E2 open reading frames abolished replication
completely (Fig. 1, top). Using complementation ex-
periments, we showed that the mutations affected
trans-acting factors and mapped to two different
complementation groups. The same mutants werc
tested in stable replication assays with similar results.
The E2 open reading frame encodes three related
polypeptides that all sharc the carboxy-terminal part
of the open reading frame. To determine which of
these polypeptides were important for replication, we
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FIGURE 1 (Top) Schematic figure showing the organization of the early region of
the BPV genome. (Open bars) Early open reading frames E1-E8. Arrows labeled
P1 through PS5 represent the five known promoters that transcribe the early region.
(Closed boxes) Location of mapped binding sites for the gene products from the
E2 open reading frame. (Bottorn) Short-term replication assay using E1 and E2 ex-
pression vectors as the only source of viral trans-acting factors. A 3.2-kb ori frag-
ment from BPV, lacking the coding sequence, was transfected either alone or to-
gether with either E1 or E2 expression vectors or together with both E1 and E2 ex-
pression vectors. The arrow marks the position of the replicating ori fragment.

generated expression vectors encoding these three
polypeptides. To determine that the expression vec-
tors produced the predicted polypeptides, we ana-
lyzed the protein products produced in transient ex-
pression assays by in vivo labeling and immunopre-
cipitation with polyclonal antiserum raised against
E2. When tested for complementation of an E2
mutant in a short-term replication assay, only the ex-
pression vector expressing the full-size trans-
activator form of E2 could complement the defect, in-
dicating that this form, a 48-kD polypeptide, was re-
quired for replication.

The results of assaying mutations throughout E1
indicated that the replication function was encoded
by the entire open reading frame. We therefore con-
structed several expression vectors and assayed them
for their ability to complement mutations in the E1
open reading frame. Several of the vectors could
complement the E1 defect, and we could identify by
i yprecipitation the compl ing polypeptide
as a 72-kD protein that was encoded by the entire E1
open reading frame. A polypeptide of similar
molecular mass, 69-72 kD, has recently been identi-
fied in BPV-transformed cells. To determine whether
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FIGURE 2 Comparison of the sequences at the BPV ori with the corresponding region from four other papil-
lomaviruses. The boxed sequences represent the region with the highest degree of homoliogy.

any other viral gence products were required for
replication, we deleted all of the early coding se-
quences from the viral genome and assayed the
resulting fragment for its ability to replicate in the
presence of the E1 and E2 expression vectors (Fig. 1,
bottom). This 3.5-kb fragment replicated to wild-type
levels. Replication was completely dependent on both
E1 and E2, showing that the two proteins were neces-
sary and sufficient for replication of BPV in C127
cells.

cis-Acting Sequences Required
for BPV Replication

M. Ustav, E. Ustav, A. Stenlund

In conjunction with the determination of which viral
factors are required in trans for replication, we have
also conducted a scarch for the cis-acting viral ele-
ments that are involved in replication. Our approach
has been very simple. We have cotransfected C127
cells with E1 and E2 expression vectors to provide
trans-acting factors (see above), together with sub-
genomic restriction fragment mixtures of the BPV
genome. Replication was then assayed in the short-
term replication assay, and fragments that were
capable of replication under these conditions could
casily be identified. We found that for any given
digest, only one fragment was replicated, indicating.
that a single region was required for replication. In
addition, all fragments capable of replication had
some sequences in common. For technical reasons,
detection of replication of very small fragments is
difficult, i.c., small fragments are obscured by the
Dpnl cleavage products. With this approach, therc-
fore, the smallest replicating fragment that we could
detect was 1.5 kb.

Decletions in the 1.5-kb region in the context of a
larger fragment showed that the sequences required
for replication were confined to a smail region
around a unique Hpal sitc. That this region was both
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necessary and sufficient for replication was shown by
the fact that a cloned 105-nucleotide-long Alul frag-
ment, which included the unique Hpal site, replicated
in an E1- and E2-dependent manner in C127 cells.
Replication of this construct was destroyed by inser-
tion of an Xbal linker into the Hpal restriction site,
confirming the importance of the sequence at the
conserved Hpal site (Fig. 2). To confirm the impor-
tance of the putative ori region in the context of the
whole viral genome, we inserted an Xbal linker into
the Hpal site of the viral DNA and assayed the
mutated construct for replication in C127 cells. The
construct failed to replicate even when cotransfected
with the wild-type BPV genome as a source of trans-
acting factors. The mutant also failed to replicate in
stable transformation assays when cotransfected with
the wild-type BPV genome, indicating that this
region plays an important role at all stages of the
viral life cycle.

The sequences surrounding the minimally re-
quired Alul fragment in BPV have quantitative cf-
fects on replication even though these sequences are
not essential for replication. This is especially true for
the sequences located on the upstream side of the
Hpal site, in the so-called upstream regulatory region
(URR) that serves as an E2-dependent enhancer for
transcription. The relatively small cffects on replica-
tion of delctions in this region are cnhanced consider-
ably when the wild-type genome is present as a com-
petitor for replication. Our preliminary results thus
indicate that the scquences within the URR can aug-
ment replication and that in addition to its role in
transcription, the URR region can serve as an auxil-
iary sequence for replication.

Host Range for BPV Replication

M. Ustav, A. Stenlund

A characteristic of the papillomaviruses is the very
limited host and cell-type range that they exhibit.



Very little is known about what determines this
restriction, since only a few types of papilloma-
viruses will reproduce any part of their life cycle in
tissue culture cells. BPV has the widest host range
and has been shown to replicate in, and transform,
mouse C127 and NIH-3T3 cells, Rat 2 cells, hamster
embryo fibroblasts (HEFs), and primary bovine con-
junctival cells. For SV40 and polyomavirus, the
restriction on host range is at least partly due to
restrictions directly on viral DNA replication. It has
been shown that the interaction between T antigen
and DNA polymerasc/primase appears to be species-
specific. To determine whether this was the also case
for BPV, we tested several established primate cell
lines for their ability to support BPV replication in a
short-term replication assay. None of these cell lines
(CV-1, COS-7, 293, HeLa) replicated the viral DNA
to detectable levels. To test if this restriction was due
to limitations in gene expression, we utilized the E1
and E2 expression vectors that are driven by the
cytomegalovirus (CMV) immediate-early promoter
(which is active in most cell types) and cotransfected
these with a BPV restriction fragment containing the
ori elements. In these cases, we could detect replica-
tion in all tested primate cells, including HeLa, 293,
CV-1, and COS-7 cells. The efficiency of replication
was similar to the efficiency seen in C127 cells, as-
suming that the transfection efficiency for these dif-
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ferent cell lines was not widely different. This result
indicated that some aspect of expression of the viral
factors E1 and E2 are limiting for replication. When
these two viral factors are provided, the cellular ma-
chinery for replication is capable of replicating BPV
DNA. Further analysis using mutants in the BPV
genome has shown that the expression of both E1 and
E2 from the viral genome appears to be restricted in
primate cells, since both of these gene products must
be supplied from heterologous expression vectors to
allow for replication.

Role of the E2 Enhancer
in Viral Gene Expression

P. Szymanski, A. Stenlund

Analysis of viral gene expression has been performed
mainly in BPV-transformed cells or with isolated
subgenomic fragments linked to the chloramphenicol
acetyltransferase (CAT) gene. This means that even
though viral gene expression in transformed cells has
been extensively studied, very little is known about
immediate-carly gene expression from the intact viral
genome. With the aid of the highly efficient elec-
troporation procedure, we have for the first time been
able to analyze transient gene expression from the in-

RNA
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FIGURE 3 Response of the P2-P5 promoters to the trans-activator E2. The BPV genome
was cotransfected with varying amounts of E2 expression vector. and transcription was
measured from each promoter using an RNase protection assay. The RNA levels in ar-
bitrary units are plotted against the quantity (micrograms) of cotransfected E2 expression

veclor.
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tact viral genome in mouse C127 cells. We have de-
veloped specific RNA probes to detect transcripts in-
itiated at four of the early promoters, which allows us
to analyze expression from these promoters simulta-
neously. Using this procedure, we have shown that
the transient cxpression pattern from the viral
genome is similar to the expression pattern that is
seen in stably transformed cells. Furthermore, we
have shown that the E2 inducible enhancer present in
the upstream regulatory region of BPV is responsible
for activating the four early promoters in an E2-
dependent fashion (Fig. 3). In addition, by analyzing
a large number of deletion mutants in the URR for
their effect on the four promoters, we have
determined that the enhancer is functionally
redundant. Our studies have also shown that none of
the other known gene products from the viral genome
have any effect on transcription from the viral
promoters. This establishes that the E2 system func-

tions as the master regulator for viral gene expres-
sion.
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ADENOVIRUS TRANSFORMING FUNCTIONS

T. Grodzicker  S. Abraham P. Yaciuk
E. Moran Y. Rikitake M. Carter
H.-G.H. Wang

For the past several years, our primary goal has been
to understand the genetic and biological mechanisms
that are the basis of adenovirus E1A transforming
functions. In previous years, we have demonstrated
that the EIA protein products encode two autono-
mous transforming functions localized in separate
regions of the E1A proteins (see Fig. 1). The trans-
forming function associated with domain 2 is linked
with the ability of domain-2 residues to bind the pro-
duct of the cellular retinoblastoma (RB) tumor sup-
pressor gene. The transforming function localizing to
the E1A amino terminus is linked with the ability of
the E1A products to bind an unidentified cellular pro-
duct of 300 kD. The cxtraordinary degree of indepen-
dence that cxists between the two functional domains
is emphasized by the ability of domain-2 and amino-
terminal deletion mutants to cooperate in trans, in a
translation-dependent manner, to induce cellular
transformation.

a8

T-antigen Complementation
of the E1A Amino-terminal
Function

P. Yaciuk, M. Carter, E. Moran

In previous years, we have shown that E1A domain 2
constitutes a discrete genetic element that is common
to the transforming proteins of other classes of DNA
tumor viruses. We demonstrated this relationship spe-
cifically in SV40 T antigen, and it was subsequently
shown by other investigators to cxist in the human
papillomavirus E7 gene products as well. As the
autonomous nature of the E1A amino-terminal trans-
forming function became clearer, it became of inter-
est to determine whether other transforming products
such as SV40 T antigen encode a functional analog of
the E1A amino-terminal function. In last year’s An-
nual Report, we described preliminary evidence in-
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FIGURE 1 Summary of E1A protein structure. The E1A
proteins contain three domains of highly conserved amino
acid sequence (indicated in the upper bar) alternating
with less-conserved regions. Conserved domain 3 is
unique to the largest (13S) E1A splice product. Large
segments of the E1A proteins can be deleted without im-
pairing transformation function severely. Three such dele-
tions are indicated by the black areas in the lower bar.
The numbers above the bars indicate the positions of
amino acid residues. The boundaries of the E1A se-
quences required for p300 and pRB binding are indicated
below the bars. Various other E1A-associated proteins re-
quire similar sequences as pRB, but no associated
proteins other than p300 appear to require the extreme
amino-terminal sequences.

dicating that SV40 T antigen does, indeed, encode a
function complementary to the biological activity en-
coded by the amino-terminal region of the E1A pro-
ducts. During the past year, we have confirmed and
extended these results.

We have found that an E1A amino-terminal
mutant can be complemented in trans for transform-
ing activity by a T antigen mutant that lacks the
entire domain-2 homology, shows no pRB-binding
activity, and, by itself, cannot transform primary
cells. Neither the pRB nor the p53-binding activity of
T antigen is sufficient to substitute for the E1A
amino-terminal function. The complementing T-
antigen function can, however, be inactivated by a
deletion near the T-antigen amino terminus (construct
obtained from Dr. J.M. Pipas at the University of
Pittsburgh) . The trans-cooperating activity shown by
the heterologous combination of E1A and T-antigen
mutants is as efficient as the trans-cooperating ac-
tivity shown by the combination of individual E1A
domain mutants. The demonstration that SV40 T
antigen encodes a biological activity that is func-
tionally equivalent to the transforming activity lost by

deletion of the E1A p300-binding region significantly
extends the known relationships between the DNA
tumor-virus-transforming proteins and supports the
prediction that p300 plays an important role in the
regulation of cell growth.

E1A-dependent Cell Cycle Effects
Correlated with Induction of
cdc2 Expression

H.-G.H. Wang, E. Moran

The recognition that E1A encodes two separate func-
tions with specific cell cycle effects provides impor-
tant genetic tools that will now allow us to separate
and analyze the biochemical steps by which the E1A
products control the expression of cellular products in
such a way as to activate resting cells.

A major goal for us now is to identify and charac-
terize the specific cellular targets with which E1A in-
teracts to mediate cell cycle activity. Several years
ago, our laboratory and others showed that the cell-
growth-regulating activities of the E1A gene are in-
dependent of the major E1A transcriptional trans-
activation activity that localizes to domain 3. Thus, it
is likely that study of cellular products whose expres-
sion is induced independently of domain-3 function
will lead to a better understanding of the E1A-
mediated activities underlying the transition from
quiescence to active proliferation. In recent years, we
have identified two cellular products, intimately asso-
ciated with cell growth, whose expression is induced
by E1A independently of the well-characterized E1A
trans-activation function. One of these is the DNA
replication factor known as proliferating cell nuclear
antigen (PCNA). The other is the mammalian
homolog of the yeast cell-cycle-regulating gene,
cdc2, which is believed to play a central role in mam-
malian cell cycle regulation.

Because the p34¢dcZ serine/threonine kinase is
believed to play such a central role in cell cycle con-
trol, the regulation of expression and activity of this
product in response to E1A transforming domains is
now a particular focus of this project. Of special in-
terest is the recent evidence from several laboratories
suggesting that p34°dc2 is the pRB kinase: The RB
protein sequence includes several consensus p34cdc2
substrate recognition sites, pRB can be phosphory-
lated by p34°4cZ in vitro, and cell extracts can be
depleted of pRB kinase activity by addition of a-
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p34<de2 antibodies. Current models of pRB function
propose that phosphorylation inactivates the cell-
growth-suppressing effect of pRB. The link between
p34¢9cZ and pRB phosphorylation suggests the pos-
sibility that, in addition to any direct effects the E1A
products may exert through actual physical associa-
tion with the RB products, the E1A products may be
able to release pRB-mediated growth suppression in-
directly by inducing cdc2 activity. It has long seemed
likely that the EIA products have the capacity to
mediate cell cycle activity in the absence of the pRB-
binding function; even before the principal E1A

domain-2-associated cellular protein was identified as
the pRB product, we had shown that E1A domain 2,
although absolutely required for transforming activity
and pRB binding, is largely dispensable for E1A-
mediated induction of DNA synthesis in quiescent
cells. E1A-mediated induction of PCNA expression
is independent of both domain-2 and domain-3 func-
tion. If E1A-mediated induction of cdc2 is similarly
independent of domain-2 and domain-3 function, this
might represent an alternative mechanism by which
E1A could mediate entry into the cell cycle.

To explore this possibility, and to elucidate the
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FIGURE 2 Induction of cdc2 activity and pRB phosphorylation mediated by a domain-2 negative
mutant. At various times after infection of primary BRK cells with 12S.WT or 12S.928 (a domain-2
mutant, non-RB-binding virus), cdc2 kinase activity was assayed by immunoprecipitation of the
cdc2 protein from specific cell extracts, followed by reaction with histone H1 substrate in the
presence of [y-32PJATP. The phosphorylation state of pRB was monitored in a duplicate set of in-
fections by in vivo 32P-pulse-labeling. followed by specific immunoprecipitation. Induction of cdc2
kinase activity correlates closely with pRB phosphorylation in both sets of infections. Clearly,
though, induction of cdc2 activity and pRB phosphorylation occur several hours later in the
125.928 infection compared with the 125 WT infection. A third set of infected cells was labeled for
2-hr pulses with [3H]Inymidine to monitor the induction of DNA synthesis. The slower induction of
cdc2 kinase activity and pRB phosphorylation in the 125.928-infection correlate closely with a
slower onset of DNA synthesis in 125.928-infected cells. The level of DNA synthesis in 125.928-
infected cells eventually reaches the same level as that in 125.WT-infected cells, and at this point,
the degree of pRB phosphorylation is similar in either infection. The cdc2 histone kinase activity in
128.928-infected cells does not increase to the same levels reached in 12SWT infection,
presumably because beyond 24 hr postinfection, the 12S.WT levels of cdc2 kinase activity reflect
a contribution from mitotic cdc2 activity, which represents a dramatic increase.
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mechanisms underlying the biological events directed
by E1A, we have monitored the expression of cdc2
and the RB products in primary cells stimulated by
wild-type E1A and by selected E1A mutants that in-
duce abortive cell cycle progression. (Some of these
experiments were done in collaboration with Dr. G.
Draetta at the EMBL Institute in Heidelberg.) We
have found that, in addition to binding the RB pro-
duct, the 128 E1A products can actually induce
phosphorylation of pRB in normal quiescent cells.
The induction of pRB phosphorylation correlates
with E1A-mediated induction of p34°dc2 expression
and kinase activity, consistent with the possibility
that p34<9c2 js an RB kinase. Expression of SV40 T
antigen induces similar effects. Induction of pRB
phosphorylation is independent of the pRB-binding
activity of the E1A products: E1A domain-2 mutants,
which do not bind detectable levels of pRB, remain
competent to induce pRB phosphorylation and to ac-
tivate cdc2 protein kinase expression and activity (sce
Fig. 2). Domain-2 mutants induce wild-type levels of
PRB phosphorylation and host-cell DNA synthesis,
yet fail to induce cell division. These results imply
that direct physical interaction with pRB is not re-
quired in the early stages (pre-S phase) of E1A-
mediated cell division. Significantly, these results
also imply that pRB phosphorylation occurring dur-
ing S phase is not, of itself, sufficient to allow quies-
cent cells to divide. We infer from these results that
the E1A products do not need to bind pRB in order to
stimulate resting cells to enter the cell cycle. Indeed,
a more important role of the pRB-binding activity of
the E1A products may be to prevent dividing cells
from returning to G

The demonstration that the E1A products can in-
duce expression of G, products independently of
domain 2 (and domain 3) suggests that this activity
can be expressed by the amino-terminal active site,
which is linked with p300 binding. It is possible that
induction of G, genes is a property of the amino-
terminal active site, whereas pRB binding and the
ability to induce progression from S phase through
mitosis are properties of domain 2. However, we
have found that deletion of either the amino-terminal
region or domain 2 leaves the ability to induce cdc2
expression and activity and to induce pRB phos-
phorylation intact, albeit with slower kinetics. Only a
double mutant, combining mutations in both the
amino terminus and domain 2, is devoid of these ac-
tivities. These results imply that the ability to induce
G, gene expression and pRB phosphorylation is a
redundant function, a property of either the amino-

terminal or the domain-2 active sites, whercas the
mitogenic activity of E1A requires that both sites be
functionally intact. These results suggest that p300
binding, like pRB binding, is linked both with induc-
tion of G, gene expression and with some function
required for progression from S phase through
mitosis. Our plans now are to identify and delineate
the role of the p300 product. Preliminary progress
toward that goal is described further below.

Use of E1A to Analyze Steps
in the TGFB1-induced
Signaling Pathway

S. Abraham, M. Carter, E. Moran

Separation of the amino-terminal and domain-2 trans-
forming functions has also provided compelling ge-
netic evidence for a role of the retinoblastoma tumor
suppressor gene in the pathway of growth inhibition
induced by transforming growth factor $1 (TGFp1).
During the past year, we have found, in collaboration
with Drs. Peter Howley and Hal Moses, that expres-
sion of the wild-type EIA products completely
blocks the growth-suppressing effects of TGFB1 in
cpithelial cells, including the ability of TGF1 to
repress expression from the myc promoter. The
ability to block TGFB1-mediated repression of myc
promoter activity is lost if the domain-2 pRB-binding
function is inactivated in E1A. The ability to block
the myc-suppressing effects of TGFB1 appears to be a
specific effect of domain 2, because this ability is not
lost in an E1A amino-terminal deletion, cven though
this mutant has lost all ability to induce cell growth
or transformation. These results imply that TGFB1
may function by activating pRB, presumably by pre-
venting pRB phosphorylation (possibly by decreasing
cdc2 kinase activity), and that E1A binding to pRB
negates the effects of dephosphorylation. Suppression
of pRB phosphorylation in the presence of TGFB1
was demonstrated subscquently in Dr. J. Massague’s
laboratory, and supression of cdc2 kinase activity in
the presence of TGFR1 has been reported recently
from Dr. E. Leof’s laboratory.

We arc continuing to study the relationship be-
tween the TGFB1-blocking activity of E1A and the
ability of the E1A products to induce DNA synthesis.
Our results suggest that E1A-mediated induction of
p349c2 kinase activity may play a role in the ability
of EIA to counteract the effects of TGFpI. In partial
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contrast to the myc-CAT (chloramphenicol acetyl-
transferase) transient expression results, we have
found that infection with domain-2 mutant viruses is
sufficient to protect DNA synthesis activity substan-
tially in TGFf1-treated cells, implying indirectly that
physical binding of pRB by E1A is not absolutely re-
quired for E1A to block pRB function. On the basis
of the studies described immediately above, we
postulated that E1A induction of cdc2 kinase activity
may be a means by which E1A can abrogate the ef-
fects of TGFB1. We have found that E1A does in-
deed induce cdc2 kinase activity in TGFp1-sensitive
cells. In the presence of E1A, high levels of kinase
activity are maintained even in the presence of
TGFp1, whereas in the absence of E1A, cdc2 kinase
activity is sharply reduced by treatment with TGFB1.
To explore the mechanism of TGFB1-mediated sup-
pression of cdc2 activity, we assayed cdc2 expression
levels. These results show that TGFB1 suppresses
cdc2 expression as well as cdc2 kinase activity; cdc2
expression levels are maintained, however, if E1A is
present during TGFf1 treatment.

Expression of both wild-type and domain-2
mutant (non-RB-binding) EIA resulted in the
maintenance of p34Cdcz histone H1 kinase activity, as
well as the maintenance of phosphorylation and
synthesis of p34¢d¢Z in the presence of TGFB1. In
addition, the domain-2 mutant virus was also capable
of maintaining pRB in a phosphorylated state even in
the presence of TGFf1. These results suggest that
adenovirus E1A may function both directly by se-
questering pRB, preventing pRB activity, and by in-
tervening in the natural cellular pathway by which
TGFB1 activates pRB. Either mechanism of interven-
tion may be sufficient to overcome TGFf1-mediated
growth inhibition.

p300: Purification and Antibodies

P. Yaciuk, E. Moran

The results of our cell cycle studics imply strongly
that the unidentified p300 cellular product plays a
major role in the biological mechanisms by which
E1A induces cell-cycle-specific gene expression and
cell growth. The indication that other DNA tumor
virus proteins, such as SV40 T antigen, encode a
function biologically analogous to p300 binding sup-
ports the evidence that p300 is involved in a central
control pathway. The identification and characteriza-
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tion of the E1A-associated p300 product are now a
major goal of our laboratory.

Our goal of identifying and characterizing p300
has focused largely on obtaining specific antibodies
that recognize this product. We have recently suc-
ceeded in raising high-affinity p300-specific rabbit
polyclonal antiserum. The antiserum, raised against
human p300, recognizes p300 in both human and ro-
dent cells. Peptide digest analysis confirms that the
300-kD protein species recognized by the antiserum
is authentic E1A-associated p300 (see Fig. 3). Com-
parison of antibody-bound p300 with E1A-associated
p300 indicates that the majority of detectable p300 is
associated with E1A in both newly infected cells and
stably transformed cells. p300 is synthesized in both
quiescent and proliferating cells and appears to be a
fairly stable cellular protein with a half-life greater
than 10 hours in either the presence or absence of

ElA.
p300 is a phosphoprotein, and we find that it is

actively phosphorylated in both quiescent and grow-
ing cells. However, in partially purified mitotic cell
populations, we detect a form of p300 with decreased
electrophoretic mobility, suggesting that there is an
additional modification specific to mitotic cells. We
have found a similar slower-migrating species
coprecipitating from 32P-labeled infected mitotic
cells isolated either by nocodazole treatment, by
mitotic shake off, or by elutriation, so this effect does
not appear to be an artifact of drug treatment. We
have also seen this form in all cell lines examined
and in both the presence and absence of E1A expres-
sion. Analysis by silver-staining indicates that at least
half of ElA-associated p300 is in the higher-
molecular-weight form in mitotic cells. The mitotic-
specific form of p300 is greatly reduced by treatment
with potato acid phosphatase, implying that a
phosphorylation event is involved in the generation
of the mitotic-specific form. The mitotic-specific
form of p300 shows a near-identical partial
proteolytic digest pattern to p300 from un-
synchronized cells. Significantly, however, we ob-
serve two additional peptide fragments that appear to
be specific for the mitotic form of p300. The specific
appearance of these peptide fragments in digests of
the mitotic p300 form is reproducible, and we are
continuing to investigate the nature of these peptides.
We also plan to determine whether any biological or
biochemical properties of p300 vary with its phos-
phorylation state.

The availability of specific antiserum represents
an important tool that we can now use to probe ex-
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FIGURE 3 Analysis of p300-specific rabbit immune serum. (A) An immune bleed
was withdrawn from a rabbit 2 weeks after a second injection of p300. 32p.jabeled
293 cell extracts were immunoprecipitated with preimmune serum {lane 1), serum
from the test bleed (lanes 2-4), or E1A-specific monoclonal antibody supernatant
(lanes 5-7). An immunoprecipitate with control monoclonal antibody supernatant
(PAb419) is shown in lane 8. The positions of the E1A products, and the predomi-
nant E1A-associated products including p300, are shown on the right. Reactions
were done in triplicate to provide material for V8 peptide digests. The immune
serum specifically immunoprecipitates a phosphoprotein species migrating in-
distinguishably from the E1A-associated p300 phosphoprotein. (8) The 300-kD
bands (lanes 2-7) were cut out of the gel shown in A and subjected to V8
protease digestion. As a control, p107 and an E1A band were also excised and
subjected to V8 digestion. (Lanes 1-3) Digests of the immune-serum-precipitated
bands; (lanes 4-6) E1A-affinity-precipitated p300 bands. The amounts of V8
protease used in the reactions are indicated. The peptide pattern generated from
the immune-serum-precipitated p300 species exactly matches that generated
from E1A-affinity-precipitated p300. The control digests generate very different
patterns.

pression libraries in order to obtain a cDNA clone
corresponding to p300. Obtaining this clone will
enable us to identify and sequence p300 and to probe
its molecular function with a variety of approaches.

p300: DNA-binding Activity
Y. Rikitake, E. Moran

With the availability of purified p300, we have al-
ready begun to characterize the in vitro biochemical

properties of this product. A variety of approaches to
this question are possible, but the genetic evidence
suggesting that p300 plays a basic role in the regula-
tion of gene expression prompted us to concentrate
on the possibility that p300 is a DNA-binding
protein. We have now obtained a great deal of
preliminary biochemical evidence suggesting that
p300 does, indeed, bind to DNA with at least some
degree of specificity. We have found that p300 binds
double-stranded DNA in a nitrocellulose-binding as-
say. Gel-shift assays have confirmed the ability of
p300 preparations to bind DNA, even in the presence
of high levels of competing nucleic acid.
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Analysis of total cellular protein extracts on
DNA-cellulose columns indicates that a significant

portion of - p300 -is- retained specifically on the .

columns until the high-salt clution fractions, confirm-
ing that p300 has DNA-binding activity. Purificd
p300 shows similar salt-stable binding affinity on
DNA-cellulose. p300 binds both single- and double-
stranded DNA with similar cfficiency. We are
engaged in additional studies to determine whether
there is a specific nucleotide recognition sequence in-
volved in the interaction of p300 with DNA. To ex-
amine the scquence specificity of p300 binding to
DNA, we sclected possible binding sites for p300
using a polymerase chain reaction (PCR)-amplified
oligonucleotide sclection method. We synthesized a
50-bp oligonucleotide encoding terminal restriction
enzyme recognition sites bracketing random se-
quences. This double-stranded oligonucleotide was
chromatographed through a cyanogen bromide
(CNBr)-linked p300-Scpharose column. p300 affin-
ity-selected oligonuclcotides were cloned and se-
quenced. Of 17 sequenced clones, 16 contained a se-
quence closely related to a 5-bp consensus sequence.
p300 shows stronger DNA-binding activity with the
affinity-selected oligonucieotides than with random
sequence oligonucleotides in a nitrocellulose-filter-
binding assay.

Although these results indicate that p300 DNA-
binding activity is relatively nonspecific under less-
stringent conditions, preferential binding to specific
sequences can be detected under more-stringent bind-
ing conditions. We are continuing to explore the
biological significance of the DNA-binding activity
we observe in p300.

Fine-structure Analysis of the
Amino-terminal Active Site
and Conserved Region 1

M. Carter, E. Moran

One goal of our laboratory is to define the functional
boundaries of the E1A amino-terminal active site by
constructing and analyzing dcletion mutations. Our
deletion analysis, combined with others, has now
restricted the boundaries of this active site to two
regions, residues 1-25, and a noncontiguous segment
from residue 36 to 76 that coincides with conserved
region 1 (see Fig. 1). The surprising finding that the
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extreme amino terminus of E1A (outside the highly
conserved sequences) is essential for transforming
function has interesting implications. The localization
of the amino-terminal active site allowed us to
demonstrate, in agreement with other studies, that the
amino-terminal function is independent of the RB-
product-binding function and correlates with binding
of the unidentified p300 product. The required region
from residue 1 to 25 is linked with binding only
p300, whereas the region from residue 36 to 76 ap-
pears to be involved in the binding of almost all E1A-
associated proteins, including p300 and pRB.

The obscrvation that the E1A region extending
from residue 36 to 76 is involved in binding both the
amino-terminal-binding protein, p300, and the
domain-2-binding proteins that include pRB raises
several interesting questions. One important question
is whether p300 and pRB bind to the same, or dif-
ferent, residues within the region from 36 to 76. The
deletion mutants that have been examined to date are
not sufficiently specific to address this question. We
have approached this question by constructing and
analyzing smaller deletions and specific single mis-
sense mutations within the area of interest. This anal-
ysis is still in progress; however, substantial
preliminary results indicate that p300 and pRB asso-
ciate with distinctly different subregions of conserved
region 1. Although we have not formally ruled out
the possibility of some overlap in required binding
sequences, it appears that the required pRB-binding
region is limited to residues between 36 and 55,
whereas the required p300-binding region is limited
to residues between 55 and 73. Deletions or missense
mutations that are confined to either of these sub-
regions abrogate the binding of only one or the other
of these two ElA-associated proteins. This conclu-
sion is supported by analysis of the ability of specific
monoclonal antibodies that bind to EIA within con-
served region 1 to block the binding of p300 or pRB.
A monoclonal antibody whose binding site lies
within E1A residues 15-50 blocks E1A association
with pRB but not with p300. Conversely, a
monoclonal antibody whose binding site lies within
EI1A residues 68-85 blocks the binding of p300 but
not pRB.

A sccond important question that arises from the
obscrvation that p300- and pRB-binding sites within
conserved region | can be separated is whether con-
served region 1 is required in E1A transforming func-
tions for its p300-related binding activity or its pRB-
related binding activity or both. Experiments
designed to answer this question are now in progress.



Influence of E1A on E2F
Cellular Transcription
Factor Complexes

M. Carter, E. Moran [in collaboration with
P. Raychaudhuri, S. Bagchi, and J.R. Nevins,
Duke University Medical Center)

The generation of new and more-specific E1A muta-
tions has also proved useful in a collaborative study
done with Dr. Joseph Nevins aimed at understanding
the significance of the ability of the E1A products to
dissociate, or inhibit formation of, transcription com-
plexes involving the E2F cellular transcription factor.
The ability of E1A to activate E2F is independent of
domain 3, raising the possibility that activation of this
transcription factor may be related to E1A-mediated
gene activation involved in cell cycle activation. We
have examined the ability of a panel of E1A con-
structs cxpressing mutations covering the entire
region upstream of domain 3 to influence the forma-
tion of E2F transcription complexes. We have found
that E1A mutants with defects in conserved region 1
or conserved region 2 are inactive for E2F complex
dissociation, whereas deletions within the amino-
terminal region have no effect on the activity, nor do
mutations localized between the two conserved
domains.

Isolation and partial purification in the Nevins
laboratory of a cellular factor designated E2F-BP,
which associates with E2F 1o generate the E2F com-
plex, have permitted a more-detailed analysis of the
mechanism of E1A action. Mutations within both
conserved region 1 and domain 2 impair the ability of
E1A to dissociate the reconstituted E2F/E2F-BP
complex. In contrast, if the E1A protein is added at
the same time that E2F and E2F-BP arc combined,
only mutations within conserved region 1 block
formation of the complex. In addition to E2F-BP, the
Nevins laboratory has also found an activity desig-
nated E2F-I that inhibits E2F binding to DNA, again
apparently through the formation of a complex with
E2F. This inhibitory activity is also blocked by E1A,
dependent on the same elements of the E1A protein
that disrupt the interaction with E2F-BP. These
results thus suggest a complexity of E2F interactions,
at least one of which inhibits E2F function. More-
over, since the E1A sequences that are important for
releasing E2F from these complexes are also se-
quences necessary for mitogenic activity, this activity
may be a critical component of the cell-cycle-
regulating activity of E1A.

SUMMARY

This year, we have made significant progress in our
goal of analyzing the mechanisms of regulation of
cellular products controlled in response to E1A ex-
pression. Elucidation of the pathways activated by
ElA is giving us valuable insight into the mechan-
isms of cell growth control. A particular advantage of
the E1A system is that the good genetics permit us to
correlate the gene control pathways with specific
functional domains of E1A. These functional do-
mains, in turn, have already been linked by direct
physical association with specific cellular products.
At lcast in the case of pRB, these El1A-associated
products have been implicated as important cell-
growth control proteins. The availability of E1A
mutants that induce S phase without progressing
through cell division provides a special advantage in
studying the cellular events that control progression
through these later phases of the cell cycle. For ex-
ample, these mutants have shown that pRB phos-
phorylation can be dissociated from progression
through mitosis, and that a G, level of cdc2 kinase
activity can be detected in cells that do not enter
mitosis or activate mitotic levels of cdc2 kinase ac-
tivity. The E1A mutants will facilitate more detailed
study of the role of p349dc2 kinase, pRB, and other
cell-growth-regulating protcins involved in the
S/G,/M transitions. This information is basic to our
long-term goal of understanding the mechanism of
carcinogenesis.
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The Protein Immunochemistry Laboratory is divided
into two different sections. One section is a basic re-
search group that has been studying the interaction of
the transforming proteins of small DNA tumor
viruses with the products of tumor suppressor genes,
such as the retinoblastoma protein. The other section
of the Protein Immunochemistry Laboratory is the
Monoclonal Antibody Facility.

MONOCLONAL ANTIBODY FACILITY

The Monoclonal Antibody Facility is a service group
that prepares and characterizes monoclonal anti-
bodies for Cold Spring Harbor Laboratory scientists.
The facility provides all of the reagents as well as the
expertise for the production and characterization of
hybridomas. When nceded, the facility personnel can
handle all of the steps in this process. Typically,
antigens are prepared by scientists and then the facil-
ity staff does immunizations, test bleeds, fusions,
screening, and single-cell cloning of the resultant
hybridomas. Where appropriate, the Monoclonal
Antibody Facility can be used as a central site for the
production of hybridomas, e.g., when Cold Spring
Harbor scicntists who are skitled in the hybridoma
fusions lack a suitable place for this work in their
own laboratory. The facility is managed by Carmelita
Bautista and staffed by Margarct Falkowski and
Susan Allan. In the last year, they have prepared
more than 100 different hybridoma lines, secreting
antibodies specific for over 15 different antigens. The
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use of the various antibodies is discussed within the
individual research reports in this volume.

PROTEIN IMMUNOCHEMISTRY LABORATORY

For the past several years, we have been studying
transformation by the small DNA tumor viruses.
Small viruses face a number of unique problems fol-
lowing infection of cells. One of the most challenging
is how to use a limited amount of genetic information
to reprogram the host-cell metabolism into an en-
vironment more suited for virus replication. To help
initiate these changes, small DNA tumor viruses such
as the adenoviruses, polyomaviruses, and papil-
lomaviruses have evolved potent cell-cycle-modify-
ing proteins. An analysis of the viral proteins that
promote cell cycle changes indicates that they all
share properties of potent oncogenes. During the last
several years, some of thc mechanisms used by these
viruses to immortalize cells in culture have begun to
be understood. It appears that one key mechanism
used by these viral proteins to manipulate host cells is
to bind to ccllular proteins and alter their function.
Perhaps not surprisingly, several of these cellular
proteins arc key players in the control of the
eukaryotic cell cycle. The fact that these complexes
exist and are relatively stable provides an experimen-
tal avenuc to their study. Antibodies that are specific
for members of these complexes can be used to iso-
late the associated proteins and to investigate their
function.



Perhaps the best characterized of these viral/host
protein complexes involves the adenovirus E1A
proteins. The E1A polypeptides bind to a number of
cellular proteins, known originally by their molecular
weights of 300K, 130K, 107K, 105K, 90K, 80K,
60K, 50K, 40K, 33K, and 28K. Some of these
proteins arc known to interact directly with EIA,
whereas others may bind indirectly. In many cascs,
identical or similar interactions have been detected
with the large T antigens of the polyomaviruses as
well as with the E7 proteins of the papitlomaviruses.

Genetically, the same regions of EIA that are
needed to bind to the cellular proteins are also those
that are required for E1A to act as an oncogene. This
suggests that these cellular proteins, either individual-
ly or collectively, are the cellular targets for the role
of E1A in transformation. Although the functional
significance of all of these intcractions is not known,
several lines of cvidence suggest that these proteins
are closely connected with the cell-cycle-controlting
pathways of a cell.

Two of the cellular proteins are now known by
name. p105 is the product of the retinoblastoma
tumor suppressor gene, and p60 is the human cyclin
A. The retinoblastoma gene is the best characterized
of the tumor suppressor genes or anti-oncogenes. The
protein products of these genes are thought to act as
ncgative regulators of cell prolifcration. Their loss
during tumorigenesis removes a block to cell division
and thereby indirectly contributes to the loss of
growth control. Because E1A functions as a potent
oncogene when introduced into primary cells and ap-
pears to act by association with proteins like pRB, it
has been suggested that E1A inactivates the function
of pRB by binding. The interaction and inhibition of
pRB function would then mimic the loss of pRB in

human tumors.
Another view of the role of E1A in transforma-

tion comes from consideration of the function of
cyclin A. Cyclins are proteins whose levels oscillate
dramatically through the ccll cycle. They appear to
play an important regulatory role in the cell cycle,
mediated at least in part by physical association with
cdc2. This interaction appears to modulate the ac-
tivity of the cdc2 kinase in a ccll-cycle-dependent
manner. Cyclin A is one of the originally identified
proteins of this class. It interacts with cdc2 to pro-
duce a kinase that is active in interphase cells. Why
cyclin A appears in E1A-immune complexes is un-
known at present.

It is convenient to divide our work into the fol-
lowing two major divisions: (1) the analysis of the

retinoblastoma and related proteins and (2) the study
of the control of the mammalian cell cycle. Our entry
into both of these areas was the association of key
proteins in thesc fields with the EIA protcins of
adenovirus. An underlying goal of all our work is to
learn how interactions with E1A affect the function
of these cellular proteins.

The Retinoblastoma Protein Is
Targeted by the Large T Antigens
of Many Polyoma-Type Viruses

N. Dyson, P. Guida, E. Harlow [in collaboration with

R. Bernards and S. Friend, Massachusetts General
Hospital Cancer Center; L. Gooding, Emery University;

J. Hassel, McMaster University; E. Major, National Institutes
of Health; J. Pipas and T. VanDyke, University of Pittsburgh;
A. Larose. M. Sullivan, and M. Bastin, Sherbourg])

The E1A proteins of adenovirus type 5, the large T
antigen of SV40, and the E7 protcin of human papil-
lomavirus type 16 (HPV-16) all form stable com-
plexes with the protein product of the retinoblastoma
susceptibility gene. In each case, genetic studies have
shown that rcgions of the viral protein that are neces-
sary for association with the retinoblastoma protein
(pRB) also contribute to transformation by the viral
oncoproteins. The correlation between the loss of
pRB binding and the loss of transforming ability sug-
gests that the association with pRB is an important
component in virus-mediated transformation.

Similar scquences can also be found in the large T
antigens of other polyomaviruses. The large T
antigens of all polyomaviruscs are thought to perform
similar roles during virus infections, and each has
potent transforming or immortalizing properties when
introduced into appropriate host cells. However, the
oncogenic properties of these proteins vary consider-
ably, both in tissue culture assays and in their associ-
ation with naturally occurring malignancies. We were
interested in determining the pRB-binding abilities of
these viral proteins. Stable protein complexes be-
tween the large T antigens of mouse, monkey, ba-
boon, or human polyomaviruses and the retino-
blastoma protein were detected using an in vitro
coprecipitation assay. All of the large T antigens
tested were able to bind to both human and mouse
retinoblastoma polypeptides, showing that these in-
teractions have been conserved during evolution.

In collaboration with M. Bastin and his col-
leagues, we have investigated further the function of
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the pRB-binding region of polyomavirus large T
antigen. A series of mutants with small deletion or
single amino acid substitutions were prepared in the
two regions of the protein that show sequence
similarity to conserved regions 1 and 2 of adenovirus
ElA. The pRB-binding properties of the large T
mutants were assessed with an in vitro copre-
cipitation assay. pRB binding was readily detected
with wild-type large T antigen, but coprecipitation
was completely abolished by a number of single
amino acid substitutions (Asp-141 to Glu or Glu-146
to Asp) in region 2 of the polyomavirus large T
antigen. Mutants defective in pRB binding were un-
able to immortalize primary rat embryo fibroblasts,
suggesting that association with pRB is an important
component of immortalization mediated by poly-
omavirus large T. The mutations in region 1 affected
pRB binding only marginally, yet some of them
severcly impaired immortalization, indicating that for
polyomavirus large T antigen, likc other viral on-
coproteins, pRB binding may be essential but not suf-
ficient for dercgulated growth.

A Short Region of Adenovirus
E1A Provides Interaction with
a Family of Cellular Proteins

N. Dyson. P. Guida

Adenovirus E1A will readily bind in vitro to cellular
proteins isolated in detergent lysates. We have ex-
ploited this observation to investigate the physical pa-
rameters of the association of EIA with several host
proteins and to compare the binding properties of
homologous sequences from several viral on-
coproteins. Synthetic peptides (prepared in Dan Mar-
shak’s laboratory at Cold Spring Harbor Laboratory)
were designed to contain sequences that are predicted
by genetic studies to be important for binding to
pRB. Using E1A peptides, we have shown E1A con-
tains at least two regions that make direct and distinct
contact with pRB.

Peptides comprising the pRB-binding regions of
E1A were assayed for their ability to compcte with
E1A for binding to cellular proteins. An E1A peptide
containing amino acids 37-49 and 117-132 cfficient-
ly blocks binding between E1A and pRB. This same
peptide inhibits the binding of several other cellular
polypeptides in addition to pRB. This group of
proteins includes p130, p107, and cyclin A. In a com-
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plementary assay, peptides representing regions of
E1A were covalently bound to Sepharose beads.
These peptide beads also were shown to interact with
the same set of cellular proteins. Together, these data
show that small rcgions of E1A are sufficient for
protein association with the pRB, p107, p130, and
p300 proteins.

We have performed similar experiments using
peptides comprising SV40 large T antigen or HPV-16
E7 protcin sequences that show homologies with the
pRB-binding regions of E1A. The peptides from
large T antigen or E7 generally behaved in manner
similar to that of the E1A peptides, suggesting that
the physical parameters that allow these viral on-
coproteins to bind to cellular proteins, such as pRB,
are conserved between these viruses. Nevertheless,
these peptides did show several intriguing differences
in their binding properties that arc being investigated
further: T-antigen peptides were able to bind to the
E1A-associated protein p300, both E7 and T-antigen
peptides showed a reduced affinity for cyclin A, and
the T peptide, like the full-length protein, binds pref-
erentially to the unphosphorylated forms of pRB.

The Adenovirus E1A-associated
p300 Protein Binds to the
Transformation-controlling
Region of SV40 Large T Antigen

N. Dyson, E. Harlow [in collaboration with Jeff Morgan,
John Ludlow. Nazanine Modijtahedi. and
David Livingston, Dana-Farber Cancer Center}

Recent experiments carried out in collaboration with
David Livingston's group suggest that the E1A-
associated p300 proteins also interact with SV40
large T antigen. This interaction has been shown for
protein complexes formed both in vivo and in vitro.
Both biochemical and genetic means have been
used to identify the regions of large T antigen in-
volved in complex formation. In the first, a synthetic
peptide, containing amino acids 6-19 and 98-113
joined together through a glutamine (T;6-19-Q-98-
113), was coupled covalently to beads and incubated
in a lysate prepared from cells labeled with
radioisotopes. The beads were washed, and the
proteins that remained bound were analyzed on SDS-
polyacrylamide gels; 300-kD proteins were observed
that comigrated with the heterogeneous EIA-
associated p300 bands. These proteins were not seen
when beads carrying control peptides were used. A



comparison was made of the partial digestion patterns
generated by these bands after proteolytic digestion
with Staphylococcus aureus V8 protease. These pat:
terns matched, indicating that this small portion of T
antigen is sufficient for stable binding to p300. In
complementary experiments, T-antigen peptides were
used to compete the interaction of 32P-labeled p300
proteins from human cell lysates with E1A provided
from a cold cell lysate. Large T antigen peptides con-
taining as little as 102-115 amino acids of wild-type
sequence were able to block the E1A-p300 binding
completely. Amino acids 121-134 of E1A arc highly
homologous to amino acids 102-115 of T antigen, but
we have been unable to show that these E1A se-
quences interact with p300, even though both regions
efficiently bind to pRB and p107.

Genctic data support the idea that the region of
SV40 large T antigen that interacts with pRB is also
essential for the association of large T antigen with
p300. Stably expressed mutants of T antigen that
delete this region of T fail to bind to p300. These data
suggest that in addition to its association with
adenovirus E1A, p300 is also able to bind to SV40
large T antigen. In both cases, p300 binds to regions
of the viral proteins that arc essential for transforma-
tion activity. Thus, binding to p300 may be a further
common mechanism uscd by these viral oncogencs to
transform cells. An unexplained feature of these
results is that E1A and SV40 large T antigen seem to
be using different structures to bind to p300.

Monoclonal Antibodies Specific
for the Retinoblastoma Protein
Identify a Family of Related Proteins

Q. Hu, C. Bautista [in collaboration with Gwynneth Edwards,
Deborah Defeo-Jones, and Raymond Jones; Merck,
Sharp, and Dohme Research Labcratories)

To help in the analysis of the retinoblastoma protein
(pRB), we have prepared a new sct of anti-human
pRB monoclonal antibodics. Previously, we mapped
the regions of pRB that allow bindigg to adenovirus
E1A or SV40 large T antigen. The sequences needed
for binding consist of two distinct regions of pRB,
the first from amino acid 393 to 573 and the second
from 646 to 772. These regions appear to form an in-
dependent structural domain, as even small deletions
across any of the boundarics destroy the ability of
E1A or large T antigen to bind. More importantly,
this region also appears to be important in pRB func-

tion as 23 of the 25 naturally occurring pRB muta-
tions identified to date alter sequences in these
regions. This is true even for missense or short in-
frame deletions, all of which map to these regions.

A carboxy-terminal fragment of pRB that con-
tains the binding regions was cloned and over-
expressed in bacteria. This pRB fragment was
purified and used to immunize BALB/c mice. Ap-
proximately 30 hybridomas that sccrete antibodies
specific for this region of pRB were isolated and
characterized. In addition to being useful reagents for
the study of human pRB, these antibodies display
several unexpected properties. All of the antibodies
were able to recognize the native forms of pRB, al-
though some had preference for the status of pRB
phosphorylation. Antibodies, such as XZ77 and
XZ91, precipitated all the forms of pRB, whereas
others, such as XZ19 and XZ55, preferred the un-
derphosphorylated forms of pRB. In contrast,
antibodies, such as XZ121, werc only able to recog-
nize unphosphorylated pRB. These preferences were
also seen in immunoblot analysis.

Some of the antibodies were able to recognize
pRB homologs in other specics, including mousc, rat,
chicken, and Xenopus. The identity of pRB in these
other species was confirmed by several methods. In
several cases, cDNAs for pRB are available. When a
cloned gene for the homolog was not available, we
identified pRB candidates by mixing with E1A or
large T antigen. Such a high degree of structural con-
servation between pRB from these species suggests
that pRB is likely to play a similar rolc in many ver-
tebrate species. Since pRB function appears to be
critical for the control of division in many human
cells, similar key roles can be expected in all verte-
brates.

Genetic studies have indicated that E1A uses
similar regions to target several cellular proteins, in-
cluding p300, p130, p107, and pRB. Therefore, it is
possible that these cellular proteins share some struc-
tural similaritics, at least in the E1A-targeted regions.
Using the XZ antibodies, we have shown that at least
one antibody, XZ37, can directly recognize both pRB
and p107. More surprisingly, a second antibody,
XZ77, can dircctly recognize both pRB and p300. Al-
though the properties of p107 and pRB had suggested
that they might be structurally related, there was little
indication that p300 and pRB also shared homology.
These results suggest that pRB may be one member
of a family of cellular proteins that show at least
limited homology, particularly in the E1A/large T
antigen interaction domains.
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The RetinoB-laPétorrﬁa_Prot;ni
Binds to Human cdc2
Q. Huy, J. Lees, K. Buchkovich

Using a new panel of antibodies specific for the
retinoblastoma protein (pRB), we have investigated
the biochemical properties of pRB and its counter-
parts in human cells. Immune complexes prepared
with some of these antibodies contained a potent
kinase activity. The kinase was able to phosphorylate
PRB itself as well as histone H1 when it was added as
an exogenous substrate. Since this kinase was
detected by immunoprecipitation with anti-pRB
antibodies, there were three possible ways to account
for pRB phosphorylation. First, pRB itself might be
the kinase. This scemed unlikely as the pRB se-
quence did not show any of the characteristic
hallmarks of a kinase. Second, the anti-pRB anti-
bodies might cross-react to another cellular protein
that either was a kinase itself or was bound to a
kinase. Third, the kinase might be bound to pRB and
precipitated by virtue of this association. To dis-
tinguish between the second and third possibilities,
we tested whether the kinase activity copurified with
pRB. Using glycerol gradients, we found that the
PRB kinase activity could not be separated from pRB
itsclf, supporting the notion that pRB was bound to
the active kinase. This was further tested by analyz-
ing cell lines that carry a homozygous deletion of the
retinoblastoma gene. In these cells, no histone H1
kinase activity could be immunoprecipitated with the
pRB antibodies. Again, these experiments suggest
that the kinase activity is closely linked with the
presence of pRB. Finally, we tested whether the asso-
ciated phosphorylating activity had any character-
istics of known kinases. Immunoblot analysis showed
that pRB i d the human
cdc2 kinase or a closely related kinase. In addition, in
vitro kinase assays performed with anti-cdc2 anti-
bodies contained a phosphorylated band of pRB. To-
gether, these results indicate that the pRB forms a
complex with a subset of the cdc2 kinase from human
cells.

When the in-vitro-phosphorylated pRB sites were
compared by two-dimensional tryptic peptide map-
ping, it was found that the sites that are phosphory-
lated in vitro were a subset of the sites that were
phosphorylated in vivo. This suggests that the associ-
ated kinase activity represents an authentic pRB in
vivo event and a potential regulatory step. In
preliminary experiments, we have tested the cell
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cycle regulation of the associated activity and have
shown that the associated kinasc is found in all stages
of the cell cycle in which pRB is naturally
phosphorylated. These data in conjunction with the
data of Lees et al. (sce the following report) strongly
implicate the cell-cycle-controlling kinase, cdc2, as a
major regulator of pRB function.

The Retinoblastoma Protein Is
Phosphorylated by cdc2

J. Lees, K. Buchkovich [in collaboration with
Carl Anderson, Brookhaven National Laboratory, and
G. Binns and D. Marshak, Cold Spring Harbor Laboratory]

Although the retinoblastoma tumor suppressor gene
product is postulated to inhibit cellular proliferation,
it continues to be expressed in actively dividing cells.
When the levels of pRB are analyzed throughout the
cell cycle, little change is seen at the various stages.
However, a number of studies have shown that pRB
becomes phosphorylated on transition from the G, to
S phase of the cell cycle, suggesting that the tumor
suppressor function of the retinoblastoma protein is
regulated by phosphorylation and that the un-
phosphorylated form is the active repressor. To un-
derstand the significance of these phosphorylation
events better, we have begun to study the kinases that
are responsible for these phosphorylations and to
determine the exact amino acids that are phosphory-
lated. One of the first kinases that was tested for its
ability to phosphorylate pRB in vitro was the human
cdc2 kinase. cdc2 kinase was purified from human
cells arrested at mitosis with nocodozole and was
kindly provided by Jim Bischoff, Leonardo Brizuela,
and David Beach (Cold Spring Harbor Laboratory).
This preparation of purified cdc2 was able to
phosphorylate pRB in vitro, and two-dimensional
tryptic maps showed that the pattern of phosphoryla-
tion is very similar to that found in vivo. To
determine which residues were phosphorylated in
vivo, a strategy thal compares potential sites in vivo
with sites phosphorylated in vitro was employed.
Synthetic peptides representing all serine or threonine
residues followed by a proline (representing the
weakest cdc2 consensus phosphorylation sequence)
were prepared and phosphorylated by the purified
cde2 kinase. These peptides were then digested with
trypsin and compared to the authentic in vivo
proteolytic fragments. Comigration of the spots in



two dimensions was taken as strong evidence that the
site phosphorylated in vitro corresponded to the same
site in vivo. To identify the correct residue in the
digested peptides, the phosphorylated trypsin digest-
ion products were purificd, their mass was
determined by spectroscopy, and the position of the
labeled phosphate group was located by sequencing.
From this type of analysis, five sites on pRB that are
phosphorylated in vivo have been identified. All are
surrounded by sequences that fit well with the cdc2
consensus phosphorylation sequence. These results,
together with those of Hu et al. (sec above) showing
that pRB is physically associated with cdc2, suggest
that either cdc2 or a cdc2-like kinase acts to regulate
pRB in vivo.

Adenovirus E1A Associates with
a Serine/Threonine Kinase

C. Herrmann, L.-K. Su, E. Harlow

Many proteins are regulated during physiological
changes by phosphorylation. The addition or removal
of a phosphate group is a common mechanism used
in all cells to regulate key proteins. Many of the
proteins that bind to E1A, as well as E1A itself, are
phosphorylated when isolated from cells metabolical-
ly labeled with 32P orthophosphate. Several years
ago, we noticed that immunoprecipitations prepared
with antibodies to E1A contained an active protein
kinase activity. In these experiments, anti-E1A
antibodies are used to isolate E1A and its associated
proteins from lysates of cells. The immune com-
plexes are then incubated with appropriate buffers
containing y-labeled ATP. Associated kinases are
scored by the transfer of the labeled phosphate group
to any of the E1A-bound polypeptides or to an ex-
ogenously added substrate. The target of these
phosphorylations are the E1A-associated 107K and
130K protcins.

Our initial experiments have been directed at
determining which of the proteins in the immune
complexes might be the active kinase. Although we
do not yet know which kinase is responsible for the
phosphorylation, its association with E1A has pro-
vided us with an easy assay to characterize the kinase
activity. The optimal conditions for the kinase reac-
tion have been established, and we have begun to
determine whether the kinase activity can be at-
tributed to any of the well-characterized EI1A-

associated proteins. This has been done by studying
EIA mutants that can interact with only a subset of
the cellular proteins. By choosing mutants that fail to
bind to a particular cellular protein and assaying for
associated kinase activity, we can climinate various
E1A-bound proteins as candidates for the kinase. In
addition, we have becn able to prepare specific
antibodies for some of the cellular proteins that bind
to E1A. These antibodies can be used to preclear
lysates of all immunoreactive proteins prior to the
kinase assay. This also has been used to eliminate
certain proteins as candidates for the kinase. Togeth-
er, these experimental approaches have shown that
the kinase cannot be the retinoblastoma protein or the
E1A-associated p300 polypeptide. These assays also
indicate that the p130 or p107 proteins are unlikely to
be responsible for the kinase activity.

Using E1A as a molecular handle to purify and
study this kinase, we have also examined the cell
cycle contro} of the associated kinase. The levels of
the substrate 107K and 130K proteins do not change
throughout the cell cycle, whereas the kinase activity
shows dramatic changes. The associated kinase ac-
tivity appears to be maximally activated during the
transition between the G, and S phase. With some
protocols, we have seen a low level of kinase activity
in G, but with other protocols, the activity is specifi-
cally activated when cells cross the G,/S boundary.
Further work will be necded to characterize this
kinase fully, but recently, A. Giordano et al.
(Molecular Genetics of Eukaryotic Cells Section)
have shown that E1A associates with a member of
the cdc2 kinase family. This protein then would be-
come an cxcellent candidate for the E1A-associated
kinase activity characterized here. Giordano et al.
have also scen similar properties of this kinase, fur-
ther indicating that both groups have been studying
the same kinase activity. Although it is still not
certain, this kinase is probably one of the kinases de-
scribed by B. Faha (sce below).

Structure/Function Studies
of Human Cyclin A

E. Lees

One of the cellular proteins that is found in im-
munoprecipitations with anti-E1A antibodies is hu-
man cyclin A. Originally, this protein was known
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only by its molecular weight of 60,000. Two sets of
results have helped this protein gain an identity. First,
A. Giordano and others at Cold Spring Harbor
Laboratory were able to show that the ElA-
associated p60 protein was associated with a cdc2 or
cdc2-like kinase in cells that do not have adenovirus
E1A. Then, Pines and Hunter (Nature 346: 760
[1990]) cloned the human cyclin A and went on to
demonstrate that it was identical to the EI1A-
associated p60 protein. We have begun to study the
structure/function relationships of human cyclin A in
some detail. Using an in vitro mixing technique, we
have begun to map the binding site on cyclin A for
cdc2. These experiments have been done in two
ways. In the first approach, wild-type cyclin A or
mutated cyclin A is prepared in vitro by translation in
rabbit reticulocyte lysates and then mixed with a cold
cell lysate as a source of cdc2. Any complexes that
form are recovered with anti-cde2 antibodies or with
a cdc2 adsorbent, p13 beads. Using these rcagents,
we have shown that it is possible to remove the
amino-terminal 173 amino acids without affecting the
ability of cyclin A to bind to cdc2. Analysis of
carboxy-terminal deletions showed that only 12
amino acids could be removed and still retain bind-
ing. However, internal deletions that removed amino
acids 241-275 allowed good binding. Somewhat sur-
prisingly, we have shown that in the presence of this
internal deletion, it is possible to remove further
amino- and carboxy-terminal sequences without
abolishing binding. This study suggests that two
small regions, 173-241 and 275-320, are sufficient
to bind to cdc2. We are not yet certain why this inter-
nal deletion allows further deletions at the amino and
carboxyl termini to bind more efficiently. In the sec-
ond experimental approach, we have tested the same
cyclin A mutants for their ability to interact with a
bacterially expressed fusion protein between glu-
tathione-S-transferase (GST) and the human cdc2-
coding region. This fusion protein binds tightly to
cyclin. A mutations. We are currently analyzing
which mutants can bind the GST-cdc2 fusion con-
struct.

To compare the structural characteristics of these
interactions with their biological functions, we have
shown that human cyclin A can cause maturation of
the Xenopus oocytes when RNA for cyclin A is mi-
croinjected. In preliminary experiments, any mutant
that can bind tightly to cdc2 retains the ability to
stimulate maturation of the oocytes. As the binding
characteristics of the cyclin A mutants become more
clear, we will continue to examine this correlation.
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Cyclin A Forms Complexes with
Several Cellular Proteins

B. Faha

We have investigated the cellular proteins that
coprecipitate with cyclin A in the absence of
adenovirus E1A using a new panel of monoclonal
antibodies specific for cyclin A. One of the proteins
that is bound to cyclin A is the E1A-associated p107
protein. The complex between cyclin A and p107 oc-
curs in cells whether or not E1A or the retino-
blastoma protein is present. The association between
E1A and p107 has been shown to be important for
oncogenic transformation by adenoviruses. In addi-
tion, p107 has been shown to associate with the large
T antigen of SV40 and JC viruses. The significance
of the association of cyclin A with p107 has yct to be
determined. However, the identification of p107 in
anti-cyclin A immune complexes suggests that it may
play a role in the regulation of the cell cycle.

We have also shown that cyclin A associates with
the human cdc2 protein and p33, a protein originally
described by Pines and Hunter (Nature 346: 760
[1990)) and Giordano et al. (Molecular Genetics of
Eukaryotic Cells Scction). Comparison of thesc
bands with authentic human cdc2 (either precipitated
by anti-cdc2 antibodies or translated in vitro from the
human cdc2 cDNA) by V8 partial proteolysis has
shown that the two slower-migrating bands are
authentic cdc2. The retarded migration of thesc bands
has been shown to be due to phosphorylation. The
fastest-migrating band, p33, has a V8 partial
proteolytic pattern distinct from that of cdc2. The p33
proteins associated with cyclin A are phosphorylated
on threonine and tyrosine. The p33 band is also found
in anti-E1A immune complexes, as first described by
Giordano et al. However, we have not been able to
detect any cdc2 in the E1A immune complexes. It is
unknown whether these proteins, pl07, cdc2, and
p33, are part of one complex or whether they con-
stitute separate interactions with cyclin A.

Cloning of Multiple cDNAs That
Encode Human cdc2-like Kinases

L.-H. Tsai [in collaboration with Matthew Meyerson,
Massachusetts General Hospital Cancer Center}

Recently, several cdc2-related genes have been
cloned from Schizosaccharomyces pombe, Droso-



phila, Xenopus, and mammalian cells. Although these
genes encode proteins that share close sequence
homology with cdc2, most fail to rescuc null mutants
of cdc2 in S. pombe or CDC28 in Saccharomyces
cerevisiae and thus are postulated to perform a dis-
tinct function during the cell cycle. One cdc2-related
kinase in which we have become particularly inter-
ested is known as p33 (see report by B. Faha above).
p33 is bound to cyclin A and is structurally related to
cdc2, but represents a distinct family member. In an
attempt to isolate a cDNA for p33, we performed
polymerase chain reaction amplification of human
c¢DNA, using degencrate oligonucleotides derived
from conscrved regions of cdc2 genes. Using this
strategy, we have cloncd a number of unique cdc2-
like DNA sequences from the human cell lines HeLa,
NALM-6, T84, and RAC. All of these clones encode
protein scquences that are characteristic of protein
kinases. A computer search of GenBank reveals that
these genes are more similar to the cdc2/CDC28 class
of genes than to other kinases. Some of them contain
cdc2-specific motifs such as the PSTAIR region. We
are currently characterizing these clones and are par-
ticularly interested in determining whether any of
them are capable of cncoding the cyclin-A-associated
p33 kinase.
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PROTEIN CHEMISTRY

D.R. Marshak  W.8. Benjamin G.L. Russo
G.E. Binns M.T. Vandenberg
H. Mehmet 1.J. Yu
M.R. Meneilly

The Protein Chemistry Laboratory is engaged in re-
search pertaining to the structure and function of
proteins involved in fundamental mechanisms of
normal and abnormal growth of cells. We use ad-
vanced instrumentation such as protein sequencers,
mass spectrometers, and peptide synthesizers to take
a biochemical approach to the analysis of proteins
and, particularly, in the analysis of modifications on
proteins. One class of modifications, the phosphory-
lation of serine, threonine, and tyrosine residues, and
the enzymes that catalyze them, protein kinases, ap-
pears to modulate many of the regulatory mechan-
isms in cellular growth.

Mapping Phosphorylation
Sites on Nuclear Oncoproteins

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

During the past year, our work on mapping
phosphorylation sites has concentrated on the human
recessive oncogene products p53 and RB (retino-
blastoma). As part of this work, we have assembled a
spectrum of protein kinases to use for in vitro
phosphorylation of the overexpressed proteins. These
kinases include casein kinases I and [T (CK-I and CK-
I); protein kinase C (PK-C); cAMP-dependent
protein kinase (PK-A); myosin-light-chain kinase
(MLCK); calcium-calmodulin kinase [T (CaM K-II);
raf kinase (raf); p34¢2; glycogen synthase kinase 3
(GSK-3); phosphorylase b kinase; and pp60°-'® and
pp60°-sTe(+). These protein kinases are enzymes that
catalyze the transfer of phosphate from adenosine
triphosphate to the hydroxyl moiety of scrine,
threonine, or tyrosinc residucs. The recessive on-
cogencs refer to human cellular genes that give rise to
tumors in which both alleles of the genc are mutated,
usually by partial deletion. Normally, such genes are
thought to play a role in suppressing and regulating
nuclear processes that would lead to abnormal cell
growth and tumorigenesis. The recessive oncogene
products p53 and RB are phosphoproteins with ap-
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parent molecular weights of 53K and 105K, respec-
tively. It has been only in the last few years that the
concept of recessive oncogenes has changed the para-
digm under which research in the biology of cancer is
performed. Understanding the mechanisms by which
these recessive oncogene products control cell proli-
feration and are themselves regulated by phosphor-
ylation is the central goal of this research.

The focus of the phosphorylation work has been
to uncover the sites of modification by p344<2, the
cell-division-cycle-regulated protein kinase that is
critical to the G,/S transition and the onset of mitosis
in eukaryotic cells. The phosphorylation site on p53
was determined by isolating the peptide from the
phosphorylated protein and subjecting it to automated
Edman degradation on an Applied Biosystems 473A
protein sequencer. By collecting the reaction products
of each cycle, the amino acid residue containing the
radioactive phosphate was determined. Figure 1
shows a plot of the radioactivity recovered from each
cycle of the analysis. The site of phosphorylation
turned out to be the scrine residue 315 in the se-
quence Lys-Arg-Ala-Leu-Pro-Asn-Asn-Thr-Ser-Ser-
Ser-Pro-Gin-Pro-Lys-Lys. To confirm this assign-
ment further, a synthetic peptide containing the na-
tive sequence of the p53 site was synthesized by
solid-phase methods, phosphorylated with p34¢dc2,
and subjected to two-dimensional peptide maps. The
phosphorylated synthetic peptide migrated to exactly
the same position as that of the protein phosphory-
lated in vivo. These studies demonstrated that this
cell-cycle-regulated protein kinase, p34¢4¢2, phos-
phorylates the recessive oncogene product, p53, on
serine both in vivo and in vitro. However, it is not yet
clear what the physiological consequences of this
modification are. One intriguing possibility is based
on the observation that the p34°9¢2 sjte in p53 is ad-
jacent to the nuclear localization sequence in the
protein, exactly as in the case of the SV40 large T
antigen protein. Last ycar, similar biochemical ana-
lyses demonstrated the phosphorylation of T antigen
by p34d<2 and the effects of this phosphorylation to
stimulate DNA replication in vitro. We suspect that
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FIGURE 1 Radioactive phosphate recovered from automated Edman degradation of a synthetic
peptide substrate for p34962 based on the recessive oncogene p53 sequence. Data taken from

Bischolf et al. (1990).

the role of p53 in DNA replication might be affected
by the analogous phosphorylation by p34¢4c2, Further
cffort in this area is in progress in collaboration with
C. Prives (Columbia University) and D. Beach (Cold
Spring Harbor Laboratory).

Phosphorylation of the retinoblastoma gene pro-
duct, RB, by the cell-cycle-regulated protein kinase,
p34€9¢2) has been studied in collaboration with Ed
Harlow, Jackie Lees, and Karen Buchkovich (Cold
Spring Harbor Laboratory). The approach to this pro-
ject has been somewhat different. RB is a very large
protein that has a molecular mass of more than
100,000 daltons and dozens of potential phosphoryla-
tion sites. We chemically synthesized peptides cor-
responding to sites in the carboxy-terminal domain of
RB that contain several potential targets for the
kinasc. The conscnsus phosphorylation sites contain
either serine or threonine, followed by a proline, two
neutral residucs, and onc or more basic residues. Al-
though it is not a strict requi this cc

Ser/Thr-Pro-Xxx-Xxx-Lys/Arg is very often fol-
lowed in nuclear oncogene products. We have used
advanced instrumentation, including mass spec-
trometry, to analyze the synthetic peptides and to
compare their phosphorylations with those of the
protein in vivo. Mass spectrometry measures the pre-
cise molecular weight of the peptide fragment con-
taining the phosphatc modification, calculated as a
mass-to-charge ratio (m/z). Compared to the un-
modified peptide, the phosphorylated peptide is 80
atomic mass units (amu) larger for each phosphate
group attached. Because the resolution of the spec-
trometer is about 2 amu, the addition of phosphate is
very casy to identify. With onc charge (z = 1), the
difference in mass should be 80, whereas charges of
2 or 3 should produce differences of 40 and 27,
respectively. Figure 2 shows one of these RB
synthetic peptides following phosphorylation with
p34¢92, The peaks at m/z = 3997, 1999, and 1222
correlate well with the expected peaks for the singly,
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FIGURE 2 Partial mass spectrum of a peptide based on the
RB sequence after phosphorylation with p34°9¢2 in vitro.

doubly, and triply charged (z = 1, 2, or 3) species of
the phosphorylated peptide. In cach case, the peak
below represents the unphosphorylated peptide. This
project cxemplifies our application of state-of-the-art
biochemical approaches to questions of paramount
biological interest.

Phosphorylation of
Transcription Factors

D.R. Marshak, G.E. Binns, G.L. Russo,
M. Vandenberg, |.J. Yu

Transcription factors are multiple families of proteins
that either bind to regulatory elements of genes or in-
teract with protein complexes, which, in turn, pro-
mote gene transcription. Many of thesc transcription
factors appear to be phosphorylated, mainly by at-
tachment of phosphate to serine and threonine
residues, catalyzed by scveral candidate nuclear
protein kinases. Of these, we have studied casein
kinase 11, p34°9c2 glycogen synthase kinase 3,
protein kinase C, and cAMP-dependent protein
kinase. Using this panel of enzymes, our strategy has
been to phosphorylate transcription factors in vitro
and to test how individual phosphorylation events
might alter the ability to bind to the appropriate DNA
element or to direct transcription. To this end, we re-
quire purificd proteins produced in relatively large
amounts, unlike the vanishingly small quantitics of
natural products. Expression of the cDNAs for these
proteins in bacteria or in insect cells is necessary to
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obtain sufficient quantitics of protein for our bio-
chemical analyses.

We have continued to study regulatory proteins
involved in the control of transcription of the c-fos
gene. Two regulatory elements have been defined by
M. Gilman and his colleagues (Cold Spring Harbor
Laboratory) as the serum response element and the
cAMP responsive clement, and the corresponding
proteins that bind to these elements have been termed
the serum response factor (SRF) and the cAMP ele-
ment binding protein (CREB). The phosphorylation
of SRF by CK-II appears to increase the binding af-
finity of the factor to its cognate DNA sequence. This
result has been slightly confusing, since the time
course of CK-II induction on serum stimulation fol-
lows that of induction of the c-fos gene transcription.
Thus, the physiological role for CK-Il phosphoryla-
tion ought to be in the turn-off of c-fos transcription.
However, increased binding affinity for DNA has
been generally assumed to be associated with a turn-
on of gene transcription. Therefore, further studies of
the exact mechanism of SRF action at the c-fos serum
response element are necessary to sort out this
quandry.

In another project related to gene transcription,
we have collaborated with J. Kadonaga at the Univer-
sity of California, San Diego, on the structural analy-
sis of a transcriptional repressor. This repressor ac-
tivity was identified in the supernatant of an am-
monium sulfate precipitation of the basal transcrip-
tion mixture. In this fractionated in vitro transcription
mixture, basal rates of transcription are high, but
sequence-specific factors do not activate the rate of
transcription. The repressor lowers the basal rate of
transcription and restores the abilities of several
sequence-specific DNA-binding proteins to activate
the system. Because the repressor activity possessed
the ability to rejuvenate previously inactive mixtures
of transcriptional activators, the factor was given the
operational nickname Elvis, to commemorate the
deceased singer who is reported to reappear in odd
places by the popular press. The goal of this project
has been to determine the structure of Elvis. Follow-
ing purification, the protein was digested with
proteases, and the fragments were isolated by
chromatography. Each fragment was analyzed by se-
quencing, amino acid analysis, and mass spec-
trometry. Upon collating all the data, Elvis was found
to have a primary structure identical to that of histone
H]1, as shown in Figure 3.

This was an exciting finding because it suggested
that the mechanism of transcriptional activation, in
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FIGURE 3 Sequence analysis of the basal transcriptional
repressor, histone H1. The heavy lines represent portions
sequenced by chemical means, and the light lines indicate
sequences confirmed by mass spectrometry. Data taken
from Croston et al. (1991).

many cascs, is not by true activation of a basal ac-
tivity, but by antirepression. By analogy, one can
think of it in the same way as we turn on lights, either
from an on/off switch or from a dimmer switch. True
activation in the absence of Elvis would be analogous
to turning up the lights in a room with a dimmer
switch, progressing from low levels to high levels of
light. On the other hand, antirepression, mediated by
Elvis, is analogous to turning on the lights in a room
that is initially dark because the switch is off. In other
words, Elvis kecps the system off, just as the switch
keeps the lights completely off, and a scquence-
specific transcription factor turns the system on by
antagonizing Elvis, just as the new occupant of a
room would "antirepress” (i.e., turn on) the light
switch. It is clear from this analogy that the
antirepression mechanism in theory allows the me-
chanism of transcriptional activation to be an on/off
proposition, rather than having continuously interme-
diate levels of action.

Role of Casein Kinase Il
in Cell Growth

1.J. Yu, H. Mehmet. D.R. Marshak

We are continuing our studies of CK-II in cell growth
and viral transformation of cells. In two different cell
systems, a human lung fibroblast cell line (WI38) and
a human epithelial carcinoma cell line (HeLa), in-

creases in CK-II activity appear to be correlated with
cell growth phenomena. Initial studies on cell cycle
control of CK-II in HeLa cells indicate that CK-I1 ac-
tivity is high in the G, phasc of the cell cycle and
decreases during S phase to very low levels. In
mitosis, CK-11 is reactivated to approximately 30% of
the G, levels. These cyclic patterns of CK-I1 activity
are consistent with our previous observations of CK-
II stimulation carly in serum activation of fibroblasts.
H. Mehmet worked as a visiting scientist in our
laboratory for 3 months, introducing the Swiss 3T3
fibroblast cell linc to these studies. The signal trans-
duction pathways in these cells have been dissected
by Drs. Mehmet and Rozengurt in London, and the
role of CK-II in those systems was investigated. No
clear results have been obtained, but the response ap-
pears to be different from earlier work in epithelial
cells, suggesting that protein kinase C activation was
positively linked to CK-II, and the cAMP pathway
was negatively linked. These studies point to the pos-
sibility that fibroblasts and epithelial cells may utilize
CK-II in different parts of their signaling mechan-
isms.

To investigate the cell cycle regulation of CK-II
further, 11 Je Yu has raised polyclonal antibodies that
recognize specific epitopes on various subunits of the
enzyme. The structure of CK-II is highly conserved
among eukaryotes, and we had trouble developing
high-titer useful antibodies to the intact purified
holoenzyme. Polyclonal antibodies to holo-CK-II
reacted poorly on Western blots, and all attempts to
produce mouse monoclonal antibodies to the bovine
protein failed. Therefore, we synthesized peptides
representing epitopes on cach of the a, a’, and B
subunits. These were coupled to either keyhole
limpet hemocyanin or ovalbumin with maleimido-
benzoyl-N-hydroxysuccinimide. Antisera were raised
in rabbits that react with the individual subunits of
CK-IL This has been demonstrated on immunoblots
of whole-cell extracts of purified CK-II. In summary,
we have antibodies—specific for a (the catalytic sub-
unit) and specific for a’(an alternate form of the
catalytic subunit)—that react with both a and ' at
different epitopes and that react exclusively with B
(the regulatory subunit). The antibodies were used to
localize CK-II subunits in asynchronous HeLa cells.
The o and B subunits stain cytoplasm, with littic or
no staining of the nuclecus. However, antibodies that
react with a’as well as o stain the nucleus and
cytoplasm. In addition, the antibodies that recognize
o' fail to stain 18% of the asynchronous cells’
nuclei. After treatment of cells with hydroxyurea to

67



arrest at the G /S transition, 5% of the cells are nega-
tive for o’in their nuclei. Upon release of the
hydroxyurea block, there is an increase of a’-
negative nuclei during the first 4 hours, followed by
diffusc staining for all of the subunits when the
nuclear envelope breaks down in prophase of mitosis.
Following mitosis, the original G, distribution of
CK-II subunits is reestablished. To localize CK-II in
HeLa cells during mitosis, we have used immuno-
electron microscopy because the immunofluor-

escence patterns were not interpretable due to diffuse
staining patterns. At the clectron microscopic level, it
is clear that the & subunit decorates the spindle fibers
of the mitotic apparatus as well as other nuclear
structures in metaphase and anaphase. Figure 4
shows a representative photograph of HeLa cells in
metaphase and anaphase, indicating immunoreact-
ivity of CK-II a on spindle fibers. The chromosomes
are clearly negative, and there is diffuse staining in
other parts of the cells.

1pm -

b

FIGURE 4 Electron micrographs of Hela cells in mitosis immunostained using an
antibody to casein kinase Il a subunit. (Panel a) Cell in metaphase; (panel b) cell
in anaphase. Arrowheads point 10 spindle fibers. (Photos courtesy of I.J. Yu and D.

Spector.)
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Our working hypothesis is that the o’ subunit is
the major nuclear form of the enzyme during G, and
that it must exit the nucleus at the onset of S phase to
allow DNA replication. The change in localization of
a ' during S phase is concomitant with the decrease
in activity found in extracts of elutriated cells from S
phase. We are continuing to investigate the role of
CK-II in DNA replication, possibly as an antagonistic
activity. The activity of CK-II is to a large extent
reciprocal in level to p34°9<Z; j.e., CK-IL is high in G,
and undergoes a large decrease at the G /S transition,
whereas p34¢9c2 kinase activity is low in G, and un-
dergoes a large increase during the progression of the
cell through S and into G, and M phase. During the
past year, in collaboration with J. Roberts (Fred
Hutchinson Cancer Center, Seattle), we found that
p34c92/cyclin complexes can induce replication in
extracts of G, cells. Previously, we showed (with D.
Beach, Cold Spring Harbor Laboratory) that p34¢dc2
phosphorylates SV40 T antigen and stimulates viral
DNA replication. The control of DNA replication by
p34¢de2 and potentially by CK-1I is a continuing in-
terest of the members of our laboratory.

Synthetic Peptide Substrates
for Protein Kinases

D.R. Marshak, M.T. Vandenberg, G.E. Binns,
M.R. Meneilly

We have been actively pursuing the design and
synthesis of peptides that are phosphate acceptors on
serine or threonine residues for CK-II and p34cde2
kinases. Peptides are synthesized by chemical meth-
ods on the basis of the original Merrifield approach
using N-a-Boc-protected amino acids on poly-
styrene supports. Synthesis is done using automated
instruments, and they are extensively characterized
by mass spectrometry, sequence analysis, and amino
acid analysis to ensure purity. Peptides are analyzed
as kinase substrates by carrying out a phosphoryla-
tion reaction with radioactively labeled ATP and then
separating the radioactivity incorporated into the pep-
tide by immobilization on phosphocellulose paper.
Synthetic peptide substrates for the cell-division-
cycle-regulated protein kinase, p34¢92, have been
developed and characterized. These peptides are
based on the sequences of two known substrates of
the enzyme, SV40 large T antigen and the human cel-

lular recessive oncogene product, pS3. The peptide
sequences are H-A-D-A-Q-H-A-T-P-P-K-K-K-R-K-
V-E-D-P-K-D-F-OH (T antigen) and H-K-R-A-L-P-
N-N-T-S-§-S-P-Q-P-K-K-K-P-L-D-G-E-Y-NH,
(p53), and they have been employed in a rapid assay
of phosphorylation in vitro. Both peptides show
linear kinetics and an apparent K, of 74 and 120 pm,
respectively, for the purified human enzyme. The T-
antigen peptide is specifically phosphorylated by
p34¢9c2 and not by seven other protein serine/
threonine kinases, chosen because they represent
major classes of such enzymes. The peptides have
been used in whole-cell lysates to detect protein
kinase activity, and the cell cycle variation of this ac-
tivity is comparable to that measured with specific
immune and affinity complexes of p34°92. In addi-
tion, the peptide phosphorylation detected in mitotic
cells is depleted by affinity adsorption of p34¢dc2
using antibodies to either p34°42 or immobilized
pl13, a p34cde2.binding protein. Purification of pep-
tide kinase activity from mitotic HeLa cells yields an
enzyme indistinguishable from p34°9¢2, These pep-
tides should be useful in the investigation of p34<dc2
protein kinases and their regulation throughout the
cell division cycle. Table 1 shows the utility of these
peptides in their abilities to detect p34€9c2 activity in
whole-cell extracts, and it compares the activities of
the peptides and histone H1 with enzyme prepared by
three preciptation methods.

Protein Chemistry
Core Facilities

G.E. Binns, M.R. Meneilly, D.R. Marshak

During the last 5 years, the growth of the protein
chemistry core services has increased dramatically.
The major areas of chemistry required are the struc-
tural analysis of proteins and the synthesis of pep-
tides. We are now secing the number of these proce-
dures performed per year begin to plateau as we
reach the physical capacity of the instruments and the
limited personnel. At present, scientists must wait
weeks to months for their analyses because of these
limitations in resources. Figure 5 demonstrates
graphically the plateau effect in sequencing and
synthesis, due to limited resources. In the coming
year, we will move to the Keck Foundation Labor-
atory of Structural Biology in the new Neuroscience
Center. This will allow more space, personnel, and
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TABLE 1 Peptide Kinase Activity in Elutriated HeLa Cell Extracts

Phosphate incorporated (pmole/10 minf107 cells)

Cell cycle
Sample stage CSH103 CSH133 histone H1
Cell lysate G, 138 204 nd®
S 536 586 nd.
G,M 890 [6.5) 822 [4.0) n.d.
Immunoprecipitate G, 290 13.2 369
p34¢9¢2 antibody 5 17 87.4 169
G,M 156 [5.4) 155 (117 258 (7.0
Immunoprecipitate G, 0.19 0.15 0.09
p60 antibody S 0.65 055 0.50
GyM 096 [5.1) 072 [48) 0.92 [10.2)
Precipitate with G, 120 59.3 55.3
p13-Sepharose S 493 407 370
G,M 646 [5.4) 552 [9.3) 578  [10.5)
From Marshak et al. (J Cell. Biochem. [1991] in press).
2 The value shown in brackets 1s the relative increase in incorporation, as the ralio between

the values for the G,/M and G, cell extracts.
% n.d. ndicates not determined.

the possibility of new equipment for the constantly
increasing demands for protein chemistry. In addi-
tion, we have instituted several new methods, such as
mass spectrometry, high-performance electrophor-
esis, and quantitative chemical analyses to maintain
the facility on the leading edge of new technology.
The growth of the use of protein chemistry is il-
lustrated in Table 2.

As part of the core protein chemistry support fa-
cility, peptide synthesis is performed to assist re-

searchers throughout the programs at Cold Spring
Harbor Laboratory in their work. In general, there are
three uses of peptides: (1) as antigens for antibody
production, (2) as cnzyme substrates, and (3) for
biological studics. Approximately half the peptides
synthesized are used as antigens by coupling to car-
rier proteins or by direct injection into animals. The
antibodies produced in this way allow an investigator
to prepare a reagent that reacts very specifically with
a site on the protein of interest. Such "site-directed”
antibodies are of tremendous value in structure-
function studies of proteins. To facilitate the rapid
synthesis of these peptides, we have employed small-

P T — . e q .
* 100 scale (0.1 mmole) rapid-cycle chemistry using an
automated synthesis instrument. By optimizing our
200 | {80 rocedures, we have becn able to synthesize, purify,
/o p 0 sy purity
H = characterize, and deliver 79 peptides during the 1990
4 ol dlep ?g calendar year. This rate is constantly increasing, and
z ] N . ‘ .
& o our annual production with the single instrument now
9 2 available is 100 peptides per year (two per working
¢ 100 440 =
€ O Sequences S
2 §
s0 | / ® Synthescs | 20
o TABLE 2 Growth of Protein Chemistry
* Procedure 1986 1987 1988 1989 1990
1988 1987 1988 1989 1990 0 Protein sequences 47 87 162 225 205
e Peptide synthesis 6 18 46 7 79
FIGURE 5 Growth of prolein sequencing and peplide é’r:‘r'gr?‘a::'dra"i'ys's 3:: 32: 400 339
synthesis procedures at Cold Spring Harbor Laboratory, 7 :pgg:)‘:n:tw o 6;153 102:

1986-1990. Data based on the calendar years.
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week). This is in addition to the other procedures
carried out in the facility.

One of the recent developments has been the se-
quence analysis of peptides using mass spectrometry.
This has resulted in fewer peptides requiring chemi-
cal sequencing, which makes the sequencer available
for other projects. Sequence analysis of peptides by
plasma desorption mass spectrometry (PDMS) has
been accomplished for an assortment of peptides.
Peptides ranging in molecular weight from 1100 to
3600 amu displayed useful sequence ions under
PDMS. Acidic, basic, and neutral peptides all showed
sequence fragment ions, and carboxy-terminal se-
quence information was readily obtained on all pep-
tides (A, B, or C’ ' ions). The A ion scries was most
abundant for the basic peptides, whercas the C* * jon
series was most abundant for the acidic peptides.
Sequence-specific fragment ion patterns appear to oc-
cur. For example, peptide CSHO084 showed dchydra-
tion (=18 amu) of all the Y’ 'jons in the internal
basic region (residues 10-16). Subsequent examples
of peptides containing aromatic side chains indicate
that loss of the indole moiety from the side chain is
common under PDMS. Similar generation of these
w "ions from histidine residues through loss of im-
idazole has also been detected. We suggest that
PDMS is generally useful for sequence analysis of
peptides of various compositions. In particular,
PDMS is useful as a complementary tool to classical
methods of protein chemistry, and PDMS should be
considered an important part of a multidisciplinary
approach to the structural analysis of peptides and
proteins. It is clear from Table 2 that there has been a
huge increase in the use of mass spectrometry,
reflecting the growing capability of the instrument to
analyze samples, both natural and synthetic.
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C. Kannabiran

Studies have continucd on the regulation of gene ex-
pression in three systems: translational control by
small viral RNAs, the regulation of a cellular growth-
related replication factor, and transcription of the hu-
man immunodeficiency virus (HIV) genome. With

the departure in the fall of Andrew Rice and Odi
Echetebu for Baylor College of Medicine, we have
discontinued work on the structure of the Tat protein,
but studies of its function are still being actively
pursued.
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Adenovirus VA RNA and
Translational Control

T Pe‘ery, Y. Ma, L. Manche, K.H. Mellits,
M.B. Mathews

The interferons are products of a multigene family
that can affect a wide range of cellular functions in-
cluding cell growth, the immune response, and viral
infectivity. Exposure of cells to interferon can induce
an antiviral state in which the cells become refractory
to infection by a variety of viruses. This induction in-
volves the transcriptional activation of a number of
gencs whose protein products interfere with viral
replication at stages ranging from uncoating to as-
sembly. One of the most studied interferon-induced
proteins is the protein kinase DAL an acronym for
the double-stranded (ds) RNA-activated inhibitor of
protein synthesis. This enzyme is present in most
cells at a basal level and in an inactive (latent) form;
it is activated in a process that is accompanicd by
autophosphorylation and requires dsRNA. Once ac-
tivated, the enzyme becomes able to phosphorylate
eukaryotic initiation factor eIF-2 on its a-subunit.
Phosphorylation of e[F-2 hampers its function and
brings protein synthesis to a halt.

It appears that DAI activation is mediated by
dsRNA generated as a consequence of viral metabo-
lism. No requirement for specific dSRNA sequences
is apparent, but the length and concentration of the
dsRNA are critical. Duplexes of more than 50 bp ac-
tivate the enzyme, whereas shorter duplexes block
activation. Activation requires very low concentra-
tions of dsRNA, and high concentrations prevent
DAL activation, giving rise to a bell-shaped activation
curve. Two hypotheses have been advanced to ex-
plain the paradoxical inhibitory action of high con-
centrations of dsRNA (Fig. 1). These hypotheses
make different predictions about the number of sites
for the dsRNA ligand (one or two), the molecularity
of the autophosphorylation reaction (uni- or bi-
molecular), and whether phosphorylation is inter- or
intramolecular. Our binding assays detected only a
single site for dsRNA, and kinetic measurements in-
dicate that the activation reaction is sccond order
with respect to DAL These data are consistent with
the one-site/bimolecular model (model 1), although
they do not prove it, and some data in the literature
are more compatible with the two-site/unimolecular
model (model 2). Further support for model 1 comes
from the finding that adenovirus VA RNA; competes
with dsRNA for binding to DAI and vice versa. This
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EXPLANATIONS for the BELL-SHAPED DAI ACTIVATION
CURVE
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\JATP
Activation site.
High affinity
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- 2 sites for sRNA 5
- DAl monomer
« intramolecular
autophosphorylation
Inhibitory site, Low affinity
FIGURE 1 Models for the binding of dsRNA to DAl and its

consequences for enzyme activation (from Mathews et al.
1990). See lext for explanation.

result implies that the sites for these two RNA
ligands arc probably one and the same; alternatively,
if they are different, they must communicate with one
another in such a way as to ensure mutually exclusive
occupancy. Additionally, mixing cxperiments indi-
cated that the activated form of the enzyme, which
phosphorylates ¢lF-2, is not capable of activating
latent DAL Thus, activation results in a change in
substrate preference, probably brought about by an
alteration in enzyme conformation. Presumably, this
switch guards against runaway autocatalytic activa-
tion of the enzyme that could block protein synthesis
inopportunely.

Uninfected cells possess detoxification mechan-
isms to dispose of dsRNA that accumulates as a
result of normal metabolism. Presumably, these
safety mechanisms are saturated or otherwise in-
capacitated during viral infection, allowing dsRNA to
accumulate and trigger the activation of DAI and



other dsRNA-dependent enzymes. For their part,
several viruses have acquired the means to evade this
antiviral defense. In the case of adenovirus, an
abundant small RNA, VA RNA,, blocks activation of
the kinasc and the resultant inhibition of transfation.
As described in last year's Annual Report, this RNA
is highly structured, comprising a central domain
flanked by two stems. One of these stems, the apical
stem, is required for efficient binding of VA RNA to
DAI, and because of its extensive predicted sec-
ondary structure, it was thought that VA RNA might
function as a short RNA duplex to prevent DAI ac-
tivation. Surprisingly, the molecule’s function is
preserved in mutants that contain alterations in the
apical stem, but mutations that perturb the structure
of the central domain abrogate this function whether
or not the site of mutation is in the central domain.
Foreign sequences inserted into the apical stem are
tolerated provided the central domain and the base of
the apical stem remain intact, although the sequence
in the stem can be varied. Consideration of other
mutational data argues that the terminal stem is also
nonessential for function, emphasizing that the cen-
tral domain plays the determinative role in blocking
DAI activation.

We have begun to explore the functional con-
sequences of changes in the central domain using an
in vitro kinase assay. Our data are still preliminary,
but some conclusions can already be drawn. First,
mutations in the central domain are permitted, even
some that delete or substitute relatively large
stretches of sequence. Second, some of the mutants
that retain functionality cannot adopt the conforma-
tion depicted in last year’s report, so it is possible that
alternative structures for the central domain are (or
can be) active. Third, there are signs of tertiary inter-
actions within the central domain, and these may also
be important for function. We expect that more light
will be shed on the structure-function relationships
within this important region when our current series
of mutagenic and phylogenetic analyses are com-
pleted.

Regulation of PCNA

G.F. Morris, C. Kannabiran, C. Labrie, R. Packer,
M.B. Mathews

Activation of the cellular DNA replication machinery
is central to the process of neoplastic transformation.

The proliferating cell nuclear antigen (PCNA) func-
tions in conjunction with DNA polymerase & as an
essential DNA replication factor in leading-strand
DNA synthesis (sce DNA Synthesis section). In ac-
cord with this function, the cellular PCNA level in-
creases in response to mitogenic agents such as
growth factors and viral oncogenes, including the
adenovirus E1A oncogene. From this pattern of
synthesis and its critical role in DNA replication, it
seems likely that activation of PCNA gene expression
is a nccessary component of the transition from the
quiescent state to the proliferating state. The goal of
this project is to explore the induction of PCNA gene
expression by the E1A oncogene product and thereby
to elucidate the relationship between PCNA induc-
tion and oncogenic transformation. Initially, we
focused on identification of the cis-acting E1A-
responsive elements of the PCNA promoter by use of
cotransfection assays in HeLa cells. We have in-
itiated experiments to determine if the findings with
HcLa cells also apply to other cell types.

Alternative  splicing generates  five  different
mRNAs from the primary E1A transcript, with the
two largest mRNAs, 13S and 128, as the major pro-
ducts. Comparison of the predicted amino acid se-
quences for the E1A proteins of several adenovirus
serotypes reveals three regions of relatively high se-
quence conservation. Two of the conserved regions,
CR1 and CR2, occur in both the 12S and 13S prod-
ucts, whereas CR3 is unique to the 138 transcript.
Under most circumstances, the 13S product is a much
more efficicnt trans-activator of gene expression than
the 12S product, and 13S is responsible for the ac-
tivation of other carly viral genes during infection.
Nevertheless, the E1A 12S product can activate ex-
pression of a number of cellular growth-regulated
genes, including the gene encoding PCNA. Just as
CR3 is dispensable for induetion of the PCNA gene,
functions of the first and second conserved domains
arc largely dispensable for the viral gene trans-
activation function. This observation implies that the
PCNA gene represents a different class of targets, ac-
tivated in response to an E1A function different from
that of the viral carly genes.

We determined that cotransfection of a plasmid
that expresses the E1 region of adenovirus trans-
activates a chimeric gene consisting of the PCNA
promoter fused to the bacterial chloramphenicol
acetyltransferase (CAT) rcporter gene. Because the
products of both E1 genes can influence genc expres-
sion (including their own), it was necessary 10 ex-
press the products of the El region independently and
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efficiently in order to address their role in the
stimulation of the PCNA promoter. We obtained
from E. White (DNA Synthesis section) vectors in
which the highly active cytomegalovirus (CMV)
immediate-early promoter drives expression of the
products of the E1B region individually or together
(CMV19K, CMV55K, and CMVEIB) and prepared
similar clones to express EIA gene products
(CMV13S, CMV12S, and CMVE1A). We found that
the CMV55K plasmid has no effect on the PCNA
promoter upon cotransfection with PCNA-CAT into
HeLa cells. The CMV19K plasmid stimulates the ex-
pression of PCNA-CAT and of two control plasmids,
E3CAT and SV2CAT. Furthermore, cotransfection
with CMV19K stimulates CAT cxpression from each
of the PCNA promoter deletion mutants. These ob-
servations are consistent with our previous observa-
tions that 19K stabilizes transfected plasmid DNAs.
The 13S and 12S expression clones both stimulate
expression of the PCNA promoter at all concentra-
tions tested, but they have different effects on the
E3CAT and SV2CAT constructs. Low amounts of
the CMV13S plasmid stimulate expression from
E3CAT or SV2CAT, whereas higher amounts stimu-
late little or give a negative response, presumably be-
cause of the E1A repression function. The CMV12S
plasmid represses CAT expression from the E3 or
SV40 promoters at all concentrations tested.

These results demonstrate that the E1A 128 pro-
duct can activate transcription from the PCNA
promoter in the absence of other adenovirus genes.
Examination of the promoter sequence revealed a
number of potential E1A-responsive elements. To
distinguish elements in the PCNA promoter that
respond to 13S, 128, or both, deletion constructs of
the PCNA promoter were cotransfected with the 13S
and 12S expression plasmids. As a control, we
employed a construct containing a frameshift muta-
tion just downstream from the translation initiation
site of the E1A protein (CMV12S.FS). The analysis
suggests that an element(s) responsive to both E1A
128 and 13S resides within the region located 87-46
nucleotides upstrcam of the transcription initiation
site. This region includes a sequence (TGACGTCG)
that has homology with an ATF site (TGACGTCA)
centered about 50 nucleotides upstream of the start of
transcription. Additional mutations that eliminate the
ATF site from the full-length promoter reduce the
basal level of PCNA-CAT mRNA about fivefold and
abolish frans-activation by 12S, suggesting that the
ATF site plays a role in the basal level of transcrip-
tion and in the response to E1A.
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To confirm this result, we mutated the ATF se-
quence in the background of a shortened PCNA
promoter, the -87 to +60 PCNA-CAT construct that
contains only 147 nucleotides of PCNA gene se-
quence. This construct is trans-activated to a greater
degree by cotransfection of pCMV12S, but its basal
activity is low. We therefore included the CMV19K
plasmid in the transfections to boost basal levels of
transcription from the -87 to +60 constructs. The
results allow us to conclude (1) that the principal
target for the 13S product in the PCNA promoter is
the ATF site at -50, but another element in the region
from -46 to +60 or possibly within the vector se-
quences can also respond to the trans-activating ef-
fect of the E1A 13S protein, and (2) that the sole
responsive element in the -87 to +60 region that
responds to frans-activation by the E1A 12S product
is the ATF site at -50. ATF clements are widespread
in promoters, but only the PCNA ATF site and pos-
sibly an AP-1 site in the c-jun promoter have been
shown to be 12S-responsive. The selective response
of the PCNA promoter to 12S may be conferred by
some contextual feature of the PCNA promoter, by a
complex involving specific members of the ATF
family, or by a combination of these two possibilities.
Our present work is aimed at addressing these issues.

The preceding experiments were conducted in
HeLa cells and may not reveal all the mechanisms by
which the PCNA gene can be stimulated by E1A. It is
possible that there are other pathways for E1A to ac-
tivate PCNA genc expression that predominate in
other cell types. We have begun experiments to
evaluate the generality of the ATF-mediated stimula-
tion, to explore the roles of other possible E1A-
responsive elements in the PCNA promoter that
might not be addressed in the HeLa cell assay, and to
extend our findings to cell types with more normal
growth properties. In preliminary studies of the
response of the human PCNA promoter in primary
cells, we cotransfected baby rat kidney (BRK) cells
with the PCNA-CAT and E1A constructs employed
previously. We found that the activity of the human
PCNA promoter is reduced by cotransfection of any
CMV EIA expression plasmid (128, 13S, or E1A).
This repression seems to require PCNA promoter se-
quences located between 249 and 172 nucleotides up-
strcam of the cap site. It is unclear at present how to
reconcile these observations with prior transforma-
tion assays and our HeLa cell results. Perhaps species
differences or differences in the state of cell growth
or other cell-type-specific factors can account for the
disparate results in the two cell types. It is also pos-



sible that other adenovirus genes participate, since
adenovirus early gene products other than E1A can
elicit transcriptional effects. In the case of viral infec-
tion of BRK cells, the requirement for E1A se-
quences could be due to the trans-activating effects
of the E1A protein on other viral genes or possibly to
a requi for E1A scq es in cis for the ex-
pression of other viral early gene products. In the
context of a viral infection, it is difficult to determine
whether the effect on the ccllular PCNA gene is
directly attributable to the 12S product or is mediated
through effects of 12S on other viral genes.

The demonstration that the 128 E1A product can
activate transcription of a growth-related gene direct-
ly could provide important clues to its transforming
functions. The adenovirus El-responsive human
DNA polymerase-B promoter possesses an ATF site
centered 45 nucleotides upstream of the transcription
initiation point, and this site displays homology
(12/13 nucleotides) with the ATF site in the PCNA
promoter. It is possible that recognition of this ex-
tended ATF sitc by an ElA-responsive factor as-
sumes a key role in the induction by E1A of the com-
ponents of the DNA replication machinery. Indeed,
the PCNA gene could serve as a paradigm for the in-
duction of a large number of coordinately controlled
cellular proteins (see Quest Protein Database in the
Molecular Genetics of Eukaryotic Cells Section).

Mechanism of trans-Activation
by the HIV-1 Tat Protein

M.F. Laspia, M. Kessler, P. Wendel, M.B. Mathews

The human immunodeficiency viruses (HIVs) appear
to be the etiologic agents of acquired immuno-
deficiency syndrome (AIDS). HIV infects and kills
CD4* helper T cells, which are an essential com-
ponent of the immune system required for fighting
microbial and viral infections. This produces an im-
munocompromised state in infected individuals,
rendering them susceptible to infection by op-
portunistic pathogens. HIV also infects nervous sys-
tem cells, and, as a result, paticnts often manifest
neurological disorders. An important pathogenic
component of HIV infection is the establishment of a
state of viral latency, lasting several years, between
infection and the onset of clinical symptoms.

An area of intense interest in HIV research and

one that continues to be a primary focus of our re-
search is elucidation of the molecular basis of regula-
tion of HIV gene expression by the virus-encoded
trans-activator protein Tat. In addition to the struc-
tural proteins Gag, Pol, and Env, the genome of HIV
encodes several structural and regulatory proteins not
found in other retroviruses. One of these, Tat, is an
essential protein that greatly increases the expression
of genes linked to the long terminal repeat (LTR) of
the virus. Tat is a novel activator that binds to a struc-
tured RNA, known as TAR, present in the S5'-
untranslated region of all HIV mRNAs. As discussed
in previous Annual Reports, we have utilized a
recombinant adenovirus model system to explore the
nature of trans-activation by Tat. This system
employs a recombinant adenovirus vector (HIV-
1CATad) containing the HIV-1 LTR, including TAR
sequences required for trans-activation by Tat, fused
to a reporter gene (CAT) to infect HeLa cells that
stably cxpress Tat. For comparative purposes, we
have also analyzed regulation of HIV-1 gene expres-
sion by the adenovirus E1A trans-activator protein.

Earlier work led us to propose that Tat stimulates
HIV-1 transcription bimodally, by increasing tran-
scriptional initiation and stabilizing transcriptional
elongation. We discovered that in the absence of Tat,
the basal rate of initiation of HIV-1 transcription by
RNA polymerase Il is low and elongation is unstable
such that the number of transcriptional complexes
declines with increasing distance from the transcrip-
tional start site (polarity). Tat intcracts with TAR and
stimulates transcription by increasing the frequency
of transcriptional initiation and also by suppressing
elongational polarity, resulting in a greater fraction of
initiating RNA polymerases reaching the 3’ end of
the transcription unit. E1A, on the other hand, stimu-
lates initiation with little effect on elongation and
does not require TAR. On the basis of these findings,
our working model, shown in Figure 2, is that TAR
RNA functions much like a DNA cnhancer clement,
providing a binding site for Tat at the HIV-1
promoter. Tat causes the efficient formation of an in-
itiation complex at the HIV-1 promoter that is
capable of stable elongation.

The polarity of HIV-directed transcription in the
absence of Tat suggests that elongation away from
the promoter is impaired. We have mapped the distri-
bution of transcription complexes by sizing the run-
on transcripts to determine if the impairment of tran-
scription is due to a specific clongation block within
the promoter proximal sequences or to poor pro-
cessivity on the part of complexes formed at the HIV

75



Attenuated
transcripts )
oY

SRVANAY

degradation
- Tat NP
mma«on ‘ basa1 termination
. /,
(NF-KB>( Sp1 )\M/ \ / //
TATA TAR 7

+ Tat

cellular

FIGURE 2 Model for trans-activation of HIV-1 gene expression by Tat. The basal
level of transcription (-Tat) is influenced by cellular and viral transcriptional ac-
tivators (such as NF-xB, Sp1, and E1A) as well as the position of an origin of
DNA replication. In HelLa cells, for example, the basal level of transcriptional in-
itiation is low, but it can be increased by adenovirus E1A or PMA. In the ab-
sence of Tat, elongating transcriptional complexes are unstable, and the density
of transcribing RNA polymerases declines with increasing distance from the
promoter. The RNA products of prematurely terminated RNA polymerases may
be trimmed back to the base of the TAR stem. Tat elevates the frequency of
transcriptional initiation and also stabilizes elongation, leading to a large relative
increase in transcription in the 3 end of the gene. We propose that Tat bound to
the HIV-1 leader via TAR causes the efficient formation of a unique RNA
polymerase complex at the HIV-1 promoter that is capable of efficient elonga-

tion.

promoter. This was accomplished by isolating pulse-
labeled HIV-1-specific run-on transcripts from trans-
fected cells by hybrid selection, followed by analysis
in sequencing gels. Pulse labeling of the nascent
RNA in the absence of Tat led to the detection of
several RNA transcripts of 40-80 nucleotides. In the
presence of Tat, the same short transcripts accumu-
lated as well as longer RNAs. When pulse labeling
was followed by 30 minutes of chase transcription in
the presence of unlabeled precursors, the 40-80-
nucleotide transcripts elongated, implying that their
accumulation during the pulse is duc to the transcrip-
tional complexes pausing, but not terminating, tran-
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scription. The accumulation of transcripts of several
differcnt sizes suggests that polarity is due not to an
elongation block at a specific site but to a propensity
of the complexes formed at the HIV promoter to stop
within the promoter proximal sequences. Interesting-
ly, RNase protection analysis of cytoplasmic RNA in
transient assays has revealed that in the absence of
Tat, the predominant HIV-directed products are short
transcripts of 55-60 nucleotides. We arc now study-
ing the processes involved in the accumulation of the
short cytoplasmic transcripts and the relationship of
these transcripts to those produced in the run-on reac-
tions.



To investigate the discrepancy between our find-
ings—that Tat both stimulates transcriptional initia-
tion and suppresses polarity, and the observation
from other laboratories that Tat acts solely on elonga-
tion—we turned to transient expression experiments.
Plasmids containing an HIV-1 LTR-directed reporter
gene and an SV40 replication origin region were
transfected into COS cells, monkey cells that express
S$V40 T antigen and permit plasmid amplification as
a result of DNA replication. Surprisingly, we found
that the mode of action of Tat depends on the struc-
ture of the plasmid containing the HIV LTR-CAT
cassette. The position and orientation of the origin
region, the source of the LTR (LTRs from two dif-
ferent viral isolates were tested), the presence of ad-
ditional R and US sequences downstream from TAR,
and the nature of the plasmid vector were all consid-
ered. We found that the determinative feature is the
position of the SV40 DNA replication origin relative
to the LTR, but not its orientation. Nuclear run-on
analysis indicated that, in the absence of Tat, place-
ment of the origin region downstream from the HIV
LTR-CAT cassette results in tenfold more promoter
proximal transcription than when the origin is placed
upstream of the LTR. When the origin is in the up-
stream location, Tat increases both the number of in-
itiation events and the efficiency of elongation; on
the other hand, when the origin is downstream, and
the initiation rate is already high, Tat functions
primarily to increase the efficiency of transcriptional
elongation. These observations are compatible with
results obtained by analysis of accumulated cytoplas-
mic RNA using an RNase protection assay. Thus, the
effect of Tat on initiation is diminished when the
basal transcription level is high.

Analysis of plasmid DNA levels indicated that
these transcriptional differences were not due to dif-
ferences in copy number related to the position of the
origin. Morcover, although the origin region contains
portions of both the early and late SV40 promoters,
RNase protection analysis indicated that transcription
from the origin region does not occur to any sig-
nificant cxtent and cannot explain its effect on ex-
pression from the HIV LTR. Nevertheless, it is pos-
sible that sequences in the 200-bp origin region exert
a transcriptional effect on the HIV LTR from a dis-
tance. Alternatively, the origin could influence tran-
scription from the LTR or the effect of Tat by alter-
ing template structure through replication. Data from
experiments in CV-1 cells (monkey cells lacking
SV40 T antigen) favor the idea that replication is in-
volved. In the presence of T antigen, supplied by

cotransfection, the position effect is observed as in
COS cells; in the absence of T antigen, no such effect
is seen. These findings suggest that T antigen is re-
quired, most likely to allow replication, although
other interpretations are not yet excluded. Replication
has been reported to activate transcription in several
systems; if confirmed in the case of HIV-1, this me-
chanism of transcriptional activation could contribute
in an important way to the transition from latency to
active infection when resting T cells are induced to
proliferate.

Viral latency may result in part from transcrip-
tional quiescence of HIV provirus in infected resting
T cells. We and other investigators have found that
Tat cooperates with general viral frans-activators and
T-cell activators to elcvate HIV gene expression
synergistically. Since the interaction between Tat and
other transcriptional activators may be involved in
the transition from low levels of transcription early in
infection or during viral latency to high levels of ex-
pression during active viral growth, we examined the
basis of synergy. As described in last year’s Annual
Report, Tat and adenovirus E1A or phorbol esters
elevate LTR-directed RNA levels to a greater extent
than expected for an additive action. Analysis of tran-
scription rates indicated, unexpectedly, that synergy
is not due to elevated levels of transcriptional initia-
tion which appeared to saturate. To determine
whether transcriptional synergy results from suppres-
sion of elongational polarity, we constructed DNA
probes that enabled us to measure transcription rates
across the entire LTR-directed transcription unit by
nuclear run-on assay. This analysis indicated that
synergy can be accounted for by increased levels of
transcription in the 3’ portions of the HIV-1-directed
transcription unit, suggesting that synergy is due
principally to stabilization of transcriptional elonga-
tion.

An important focus of our efforts is to establish a
cell-free system for trans-activation by Tat that
mimics the effects we have observed in vivo. Recent-
ly, Phil Sharp and his colleagues at thc Massachusetts
Institute of Technology reported that Tat protein is
capable of stimulating HIV-1 transcription in vitro.
Such a system provides a powerful means to identify
and characterize cellular factors involved in rrans-
activation by Tat. To this end, we purified Tat to ap-
proximately 80% homogeneity from Escherichia coli
using a bacterial expression system. To test the
biological activity of Tat preparations, we utilized the
technique of scrape loading to introduce Tat into cells
infected with the recombinant adenovirus. Uptake of
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Tat protein resulted in a large stimulation of HIV-1-
directed gene expression: Analysis of reporter gene
activity and cytoplasmic RNA levels demonstrated
that the bacterially expressed Tat stimulated LTR-
directed transcription levels in a fashion similar to
that produced by Tat stably expressed in an HIV-
1CATad-infected HeLa/tar cell line. Thus, our
purified preparations of bacterially expressed Tat
protein display the same biological properties as Tat
expressed in mammalian cells.

In agreement with results obtained in Phil
Sharp’s laboratory, we have also found that partially
purified Tat is capable of stimulating transcription
from the HIV-1 promoter in vitro in a nuclear extract
prepared from HeLa cells. We have optimized condi-
tions for transcription by Tat in vitro and have found
that Tat stimulates transcription up to 25-fold from an
HIV-1 DNA template digested with a restriction en-
zyme so as to produce a correctly initiated 747-
nucleotide runoff transcript. Tat stimulated transcrip-
tion in a dosc-responsive manner from a wild-type
HIV-1 LTR template but not from a TAR mutant
template or an adenovirus major late promoter (MLP)
template. Tat produced a smaller, fourfold stimula-
tion of transcription when the HIV-1 template was
digested with a restriction enzyme so as to produce a
shorter 333-nucleotide runoff transcript. The finding
that the magnitude of stimulation of transcription by
Tat increases for longer runoff transcripts is con-
sistent with Tat acting to stimulate transcriptional
elongation. We are currently altempting to determine
if Tat stimulates transcriptiona! initiation in the cell-
free system: Future cfforts will be directed toward
fractionating nuclear extracts and attempting to iden-
tify cellular factors involved in stimulation of tran-
scription by Tat.

Translational Effects of
HIV-1 TAR RNA

S. Gunnery, S Green, M B. Mathews

The 5'LTR of human immunodeficiency virus type
1 (HIV-1) contains a cis-acting element called TAR
that confers responsivity to the trans-acting protein
Tat. A transcript of the TAR sequence (TAR RNA) is
present in the 5'-untranslated region of all HIV-1
mRNAs and adopts a stable stem-loop structure. It is
also present as a free cytoplasmic form of about 60
nucleotides. It has been reported that TAR RNA can
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exert an inhibitory effect on protein synthesis both in
trans and in cis: As a result, mRNA with a TAR
leader is translated poorly in vitro compared with that
without the TAR structure. The stem of the TAR
RNA is also reported to inhibit initiation of transla-
tion in vitro by activating the dsRNA-activated in-
hibitor, DAL, which phosphorylates initiation factor
elF-2.

As mentioned above, the protein kinase DAI re-
quires 30-50 bp of perfect dsRNA for activation:
Shorter duplexes or imperfect duplexes do not ac-
tivate the kinasc. Scecondary structurc analysis of
TAR RNA indicates that the stem region has only 11
bp of continuous duplex, so it would not be expected
1o activate DAI. On the contrary, it is more likely to
inhibit the activation of DAI as other short duplexes
do. On the basis of our experience with VA RNA, we
thought that the reported activation of DAI by TAR
RNA might be duc to dsRNA that often contaminates
RNA transcribed in vitro using bacteriophage RNA
polymerase. To test this idca, we synthesized TAR
RNA (+1 to +82 of HIV-1 LTR) in vitro using T7
RNA polymerase. In agrecment with earlier results,
we observed that partially purified TAR RNA, frac-
tionated through a denaturing polyacrylamide gel,
does activate DAL Although TAR RNA is sensitive
to single-strand-specific RNase T1 and insensitive to
the double-strand-specific RNase 111, the DAI activa-
tion capability of partially pure TAR RNA exhibits
the opposite sensitivities. This suggests that the ac-
tivation of DALl is not due to TAR RNA per se, but is
due instcad to a contaminant whose nuclease
sensitivity is like that of dsSRNA. Moreover, the DAI
activation capacity is climinated by further purifica-
tion through a nondenaturing gel and chromatog-
raphy on cellulose CF-11.

At high concentrations, purified TAR RNA in-
hibits the activation of DAI by dsRNA in a manner
similar to that of adenovirus VA RNA. This result
was observed in an in vitro kinase assay, where ac-
tivation was monitored by autophosphorylation of the
enzyme. The nuclease sensitivity of the inhibition
matches that of TAR RNA, and the antisense comple-
ment of TAR RNA does not affect DAI activation ex-
cept at extremely high concentrations, suggesting that
the effect is specific. We have also tested the in-
hibitory property of TAR RNA in a translation assay
using a rabbit reticulocyte lysate. This ccll-free
protein-synthesizing system affords a rcasonable ap-
proximation to the in vivo situation as DAI is
ribosome-associated and is activatable by dsRNA,
leading to inhibition of protein synthesis. In this sys-



tem, the dsSRNA-mediated inhibition of translation is
blocked by both TAR RNA and VA RNA. We are
now testing a variety of mutants of TAR RNA in or-
der to correlate the structure of the molecule with its
functions.

Structural Analysis of HIV-1
and HIV-2 Tat Proteins

A.P. Rice, C.O. Echetebu, M. Sullivan, R. Packer

Last year, we reported the use of the wheat-germ
cell-free system to analyze structural features of wild-
type and mutant HIV-1 Tat proteins. The wild-type
protein consisting of 86 residues was found to form a
highly fold, protease-resistant structure consisting of
the first 72 residues contained in the first coding
exon. This structure is likely to be relevant to Tat
function, as all mutant proteins unable to form this
structure are defective for trans-activation activity in
vivo. In the past year, we have continued to cxploit
the wheat-germ system to investigate the structures of
Tat proteins. We have shown that an HIV-1 Tat
protein consisting of only the first 57 residues is able
to form a protease-resistant structure. However, a Tat
protein consisting of the first 48 residues is unable to
form such a protease-resistant structure. In addition,
we have used the techniques of gel filtration, velocity
sedimentation, and glutaraldchyde cross-linking to
demonstrate that wheat-germ Tat exists predominant-
ly, if not exclusively, as a monomer. This finding
contrasts with initial publications which presented
evidence that the HIV-1 Tat protein expressed and
purified from E. coli existed as a dimer. Recent
modified purification procedures, however, have
demonstrated that E. coli-expressed Tat can exist as a
monomer.

We have also continued our analysis of the Tat
protein from HIV-2, a human immunodeficiency
virus thus far found largely only in western Africa.
The HIV-2 Tat protein that we have analyzed con-
tains 99 residues and is structurally related to the
HIV-1 Tat protein; the proteins are 64% identical and
90% homologous in the centers of the molecules,
which include cysteine-rich and basic regions. To
determine how much of the carboxyl terminus can be
deleted before frans-activation activity is lost, we
used site-directed mutagenesis to construct a series of
truncation multants. We found that an HIV-2 Tat
protein truncated immediately after the basic region

(residue 90) possesses approximately 30% of the
trans-activation activity of full-length HIV-2 Tat.
Further deletion of five basic residues results in al-
most complete loss of trans-activation activity. Final-
ly, we have initiated structural studics of the HIV-2
Tat protein expressed in the wheat-germ system. Un-
der conditions of limiting trypsin digestion, the HIV-
2 Tat protein appears to be significantly more sensi-
tive to proteolysis than the HIV-1 Tat protein. We
also found that the HIV-2 Tat protein elutes in gel-
filtration columns with a Stokes’ radius significantly
greater than that of HIV-1 Tat; because these proteins
differ by only 13 residues, this large difference in
Stokes’ radii cannot be explained simply by the addi-
tional residues contained in the Tat HIV-2 protein.
These preliminary results therefore indicate that the
closely related HIV-1 and HIV-2 Tat proteins possess
significantly different structures.
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NUCLEIC ACID CHEMISTRY
R.J. Roberts G. Conway  C. Marcincuk
A.R. Krainer B. Dong M. Myatt
D. Kozak M. Wallace
A. Mayeda

The long-term aim of our research is to obtain a
detailed understanding of the mechanism of pre-
mRNA splicing in mammalian cells. In particular, we
arc intercsted in determining how the RNA cleavage-
ligation rcactions are catalyzed, and how the
specificity of splice site selcction is achieved. As part
of this cffort, we are purifying several of the
nucleoprotein and protein factors that are nccessary
for cleavage of the pre-mRNA at the 5’splice site
and for lariat formation. Our general strategy is to de-
velop complementation assays for individual ac-
tivities, such that one or both cleavage-ligation reac-
tions are strictly dependent on the presence of the ac-
tive component in question. The factors responsible
for these activities are purified and then characterized
to determine their mode of action. More recently, we
have begun to characterize activities that modulate
the sclection of alternative splice sites in vitro. The
identification and detailed characterization of splicing
factors should provide crucial insights into the me-
chanism of pre-mRNA splicing, the specificity of
splice site sclection, and the origin and evolution of
the splicing machinery and of pre-mRNA introns.

SF2 PURIFICATION

Previously, we purificd a protein factor called SF2
from HeLa cclls and showed that it was an cssential
splicing factor. SF2 was purified on the basis of a
biochemical complementation assay, taking ad-
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vantage of our observation that cytoplasmic fractions
prepared in hypotonic buffers are inactive in splicing
because they lack only this activity. SF2 can be ex-
tracted from nuclei at higher salt concentrations,
probably due to its association with large hetero-
geneous nuclear ribonucleoprotein (hnRNP) com-
plexes. The most purified fractions of SF2 contain a
doublet of 33-kD polypeptides that have very similar
amino acid compositions. In addition, a 32-kD
polypeptide is also present, but it is not sufficient for
activity because it peaks in an adjacent
chromatographic fraction that is both inactive and
devoid of the 33-kD polypeptides. This smaller
polypeptide may nevertheless represent a subunit of
SF2 that may or may not be limiting in the S100 ex-
tract.

ROLE OF SF2 IN SPLICEOSOME ASSEMBLY

The complementation assay employed for the
purification of SF2 indicates that this activity is re-
quired for clcavage of the pre-mRNA at the 5° splice
site and for lariat formation. This reaction is normally
preceded by the assembly of specific pre-spliccosome
and spliceosome complexes, in which pre-mRNA in-
teracts in a stable manner with multiple components
of the splicing apparatus, such as the U small nuclear
ribonucleoproteins (SnRNPs). To detcrmine the re-
quirement for SF2 in this assembly pathway, RNP
complexes were analyzed by a gel-retardation assay.



These experiments showed that SF2 is required for
the assembly or the stabilization of the earliest
specific complex in the spliceosome assembly path-
way, which is thought to be the A complex.

SF2 HAS AN RNA ANNEALING ACTIVITY

To determine whether SF2 has unwinding or anneal-
ing activities, we incubated the purified protein with
complementary RNAs and digested the RNA with
ribonuclease T1, which is specific for single-stranded
RNA. We found that SF2 promoted annealing of
complementary RNAs in an ATP-independent man-
ner. No unwinding or ATP-dependent helicase ac-
tivities were detected under these conditions. Thus,
SF2 lowers the activation energy for intermolecular
RNA duplex formation and thus behaves as an RNA
annealing activity. To assess the significance of this
RNA annealing activity, we tested other proteins
known to promote intermolecular RNA annealing,
such as the 35-kD hnRNP A1l protein (S. Munroe,
pers. comm.). We found that concentrations of A1l
that were active in RNA annealing did not substitute
for SF2 in the splicing complementation and splice
site selection assays. These observations suggest that
if RNA annealing activity is integral to SF2 and
necessary for splicing, it is not sufficient, implying
that specific protein-protein or protein-RNA interac-
tions are involved in mediating the role of SF2 in
splicing and splice site selection.

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

point.

RNA-BINDING PROPERTIES OF SF2

To determine whether purified SF2 binds RNA,
several types of analyses were carried out. UV cross-
linking demonstrated binding to pre-mRNA and to
mRNA (Fig. 1). In this type of analysis, when the
cross-linked material is extensively digested with
ribonuclease A, the protein-oligoribonucleotide ad-
ducts usually comigrate or migrate slightly behind the
untreated polypeptides on SDS-PAGE. In the case of
SF2, the labeled adducts comigrate with the 33-kD
doublet, as expected if both polypeptides bind RNA.
No RNA binding was detected by Northwestern blot-
ting, but this could be due to poor renaturation after
SDS-PAGE. We have not been able to separate the
two polypeptides by nondenaturing techniques, and
thus we cannot presently determine whether only one
or both are responsible for the observed activities.
However, amino acid analysis of the individual elec-
trophoretically separated polypeptides suggests that
they are highly related.

The RNA-binding properties of SF2 were studied
further by RNase H protection experiments (Fig. 2).
Pre-mRNA was incubated in the presence of SF2 and
then briefly digested in the presence of a large
amount of RNase H and one of several com-
plementary deoxyoligonucleotides. RNase H specifi-
cally cleaves the RNA strand in RNA-DNA hybrids.
Bound protein may protect the pre-mRNA from di-
gestion by interfering with oligonucleotide and/or
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FIGURE 1 UV cross-linking assay. Purified SF2 was incu-
bated with the indicated radioactively labeled RNAs under
splicing reaction conditions, irradiated at 254 nm, digested
with RNase A, and analyzed by SDS-PAGE and auto-
radiography. The indicated amount of rRNA was present as
competitor.
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FIGURE 2 RNase H protection assay. Pre-mRNA was mixed
with purified HeLa SF2 in splicing buffer and kept on ice (-)
or incubated at 30°C (+) for 30 min The indicated
oligonucleotide (7-11) was added in excess together with
RNase H, and the reactions were incubated for 5 min at
30°C. Under these hybridization and digestion conditions.
complete cleavage is observed in the absence of SF2.

RNase H binding. In the absence of SF2, all of the
oligonucleotides resulted in complete pre-mRNA
cleavage (not shown). In the presence of SF2 but
without preincubation, several regions were substan-
tially protected from digestion. When the pre-mRNA
was preincubated with SF2, the cleavage pattern was
different, and several protections and enhancements
were observed. For example, the branch site is more
susceptible to cleavage after incubation with SF2
(oligo 7). In contrast, a region in exon 2 becomes
more resistant to cleavage (oligo 11). These experi-
ments suggest that binding may occur at multiple
sites in the pre-mRNA and that there may be sites of
preferred binding. The observed results may also
reflect conformational rearrangements of the pre-
mRNA induced by SF2.

SF2 INFLUENCES 5’ SPLICE SITE SELECTION

U1 and U2 snRNAs play important roles in splice site
selection by virtue of their ability to interact by inter-
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molecular RNA-RNA base pairing with 5’ splice
sites and branchpoint sequences, respectively. How-
ever, these interactions are not sufficient to account
for the specificity of splice site selection. Splice sites
are often surrounded by cryptic splice sites that are
only activated upon mutation of the natural splice
sites. It is not known whether the same set of factors
that recognize natural splice sites are also capable of
recognizing the cryptic sites when the natural sites
are mutated. Furthermore, although 5‘and 3’ splice
sites from different introns are usually compatible,
the splicing machinery normally avoids exon skip-
ping by an unknown mechanism. Many genes are
capable of expressing multiple protein isoforms by
using alternative 5'and/or 3splice sites, often in a
regulated manner. Again, it is not known how this
type of mechanism is controlled. Finally, it appears
that in addition to the conserved 5’, 3’, and branch-
point scquence elements, additional, poorly defined,
sequences in exons and introns can also influence
splice site selection and splicing efficiency. It is not
known how these context elements exert their effects.

We previously showed that not only is SF2 an es-
sential general splicing factor, but it is also capable of
influencing splice site selection in vitro in a
concentration-dependent manner. Thus, when multi-
ple 5 splice sites are present in cis-competition, high
concentrations of SF2 promote the use of the
downstream, or proximal, 5’ splice site. We have ex-
tended our initial observations to a large number of
substrates and have consistently observed a polarity
toward proximal 5 splice sites. So far, the splice site
selection effect appears to be restricted to 5'splice
sites. Interestingly, even high levels of SF2 result in
proper discrimination between authentic and cryptic
5 splice sites. These properties are consistent with a
role of SF2 in cnsuring the specificity of splice site
selection during constitutive splicing in vivo, by
helping to avoid aberrant exon skipping. Further-
more, SF2 may play a role in the tissue-specific or
developmental regulation of certain alternatively
spliced genes. In collaboration with D. Helfman
(Molecular Genetics of Eukaryotic Cells Section),
SF2 was shown to be able to modulate the pattern of
splicing of a natural alternatively spliced pre-mRNA
in vitro. High levels of SF2 led to the preferential
utilization of the proximal skeletal-muscle-specific
tropomyosin 5’splice sitc at the expense of the
fibroblast-specific 5’ splice site. Thus, high levels of
SF2 can overcome tissue-specific differences be-
tween 5 splice sites at least in some cases. In addi-
tion, these studies showed that SF2 can prevent aber-



rant exon skipping in vitro. In collaboration with J.
Manley (Columbia University), we showed that SF2
is identical with ASF, a factor isolated independently
in Dr. Manley’s laboratory, which can modulate
alternative splicing of the SV40 tumor antigens.

Current experiments are aimed at determining
whether the in vivo levels or activity of SF2 vary
among different cell lines and whether posttransla-
tional modification can play a role in regulating SF2
activity.

MOLECULAR CLONING OF SF2

To study the structure, function, and in vivo expres-
sion of SF2, we have cloned the corresponding
cDNAs, expressed them in functional form, and ob-
taincd antibodies against this factor. The most
abundant polypeptides present in purified SF2 prepa-
rations from HeLa cells have been analyzed in detail.
The overall amino acid composition of a highly
purified fraction was determined, as well as the indi-
vidual composition of cach of the two major 33-kD
bands following SDS-PAGE and electroblotting to a
polyvinylidene difluoride (PVDF) membrane. Both
bands have a similar amino acid composition, charac-
terized by an extremely high content of arginine
(~20%). The same fraction was subjected to auto-
mated sequencing and yiclded a single sequence. Our
preparations of SF2 contain variable amounts of a 32-
kD polypeptide, which peaks in an adjacent fraction
that is free of the 33-kD polypeptides, and is by itself
inactive in the complementation assay for splicing.
This smaller polypeptide, which is not arginine-rich,
yielded the same amino-terminal sequence as the ac-
tive fraction, and since larger quantities were avail-
able, we were able to obtain a reliable sequence for
the first 31 amino acids. These observations indicate
that the two 33-kD polypeptides cither share the same
amino terminus with the 32-kD polypeptide or are
both blocked at the amino terminus. Although we
could not exclude the possibility that the 32-kD
polypeptide is unrelated to SF2, we sct out to obtain
cDNAs and antibodies for this protein to allow prob-
ing of its function.

32-kD Putative Subunit. Degenerate oligonucleotides
were designed on the basis of the most reliable and
least degenerate portions near the ends of the 31-
amino-acid sequence. The carboxy-terminal antisense
oligonucleotides were used to prime cDNA synthesis
on HeLa poly(A)* mRNA, and polymerase chain
reaction (PCR) products of the expected length were
obtained after 30 rounds of amplification. The pro-

ducts were subcloned and scquenced. The unique se-
quence bridging the degencrate primers matched the
experimentally determined amino acid sequence, and
an oligonucleotide corresponding to this unique se-
quence was used to screen a A1149 HeLa cDNA li-
brary. A single clone was obtained from a screen of
3 x 105 recombinants, and the cDNA was sequenced.
The sequence has no significant homologies with cur-
rent entries in the protein and DNA databases. It ap-
pears to be full-length and encodes a highly acidic
protein of 21.4 kD that initiates with a leucine CTG
codon, which corresponds to the amino terminus of
the purified HeLa protein, an unusual but not un-
precedented finding. Following mutagenesis of this
codon to ATG, the protein has now been over-
produced in soluble form in Escherichia coli, using
the T7 expression system (Fig. 3). This recombinant
product has the correct clectrophoretic mobility, i.c.,
32 kD. We have also obtained antiscra to a fusion
protein containing the PCR amplified portion and,
more recently, to the complete protein. These anti-
bodies will be used in immunofluorescence studies
and in inhibition and immunodepletion studies to
investigate whether this polypeptide may represent
an essential subunit of SF2 or an associated protein.
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FIGURE 3 Bacterial expression of the 32-kD putative sub-
unit The full-length cDNA was expressed as an authentic
protein in E. coli with a T7 gene-10 promoter/ribosome-
binding site vector. Crude proteins are analyzed by SDS-
PAGE and Coomassie blue staining before induction (-} and
after addition of IPTG to induce the T7 RNA polymerase (+).
The soluble fraction (SOL) is also shown.
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33-kD Subunit(s). More recently, we obtained a par-
tial amino acid sequence of several peptides genera-
ted by V8 protease digestion of highly purified 33-kD
polypeptides. Appropriate degencrate oligonucleo-
tides were designed and then tested in each of the two
possible relative positions for each pair of peptides.
One particular combination generated a PCR product
from HeLa poly(A)* mRNA. Its sequence matched
the experimentally determined amino acid sequence
immediately adjacent to the primers and provided an
additional unique sequence between the two peptides.

An oligonucleotide corresponding to the unique
nucleic acid sequence was synthesized and used to
probe a A1149 HeLa cDNA library. Two independent
clones were obtained from a screen of 3 x 105 recom-
binants. They contain the same apparently complete
coding sequence but different lengths of 5*-and 37-
untranslated sequences. They encode a basic 27.7-kD
protein with the expected high content of arginine
residues and no sequence relationship to the acidic
32-kD polypeptide (Fig. 4). Scveral clusters of
alternating arginine and serine residues constitute
regions of high homology with the Drosophila
proteins tra, tra2, and suppressor of white apricot, all
of which are involved in the regulation of specific
alternative splicing pathways. A similar region is
present in the U1 snRNP-specific 70-kD protein from
several species and in a phylogenetically conserved
region of the trans-activating domain of the papil-
lomavirus E2 protein. This cDNA clone also contains
a region that has strong homology with the 80-amino-
acid RNA recognition motif, including the two inter-
nal RNP1 and RNP2 consensus elements, which is
common to a large family of RNA-binding proteins.
These include several hnRNP and snRNP proteins,
the Drosophila alternative splicing regulators sx!/ and
tra2, and many other prokaryotic and eukaryotic

RNP-2  RNP-1 70K G domain

proteins. This putative RNA-binding domain near the
amino terminus is followed by a stretch of multiple
glycines, which separates it from the carboxy-
terminal R/S-rich region. The U1l snRNP 70-kD
protein exhibits similar organization, despite its
larger size and lack of strong global homology. There
is, in addition, a stretch of eight identical amino acids
present in SF2 and in the 70-kD protein, located in
different positions in the two proteins relative to the
RNA recognition motif, which in the case of the 70-
kD protein corresponds to a true RNA-binding do-
main.

The fact that this extremely basic protein
copurified through ion exchange columns with the
acidic 32-kD protein suggests an interaction between
these polypeptides, although its physiological rele-
vance is uncertain. We are presently trying to express
the R/S-rich polypeptide in E. coli and to gencrate the
corresponding polyclonal and monocional antibodies.
One or both of the 33-kD bands are the most likely to
be SF2 because UV cross-linking experiments show
that they can bind RNA (see Fig. 1). Independent
studies on ASF have yielded a very similar polypep-
tide profile, including the argininc-rich polypeptides,
using a different purification protocol. As mentioned
above, the two 33-kD polypeptides have similar or
identical amino acid compositions, and thus they
probably differ by posttranstational modification, or
they may represent two different isoforms generated
by gene duplication or alternative splicing. Consistent
with the possibility that the heterogencity is due to
posttranslational modification, the above cDNAs
generate doublets of the cxpected electrophoretic
mobility upon in vitro transcription, followed by
translation in reticulocyte or wheat-germ extracts
(Fig. 5).

The conserved sequence motifs identified in the

\

itz sller el
18 6061 98

RNA recognition motif

|
204

247 248
R/S domain

FIGURE 4 Structure of SF2 subunit. The 248-amino-acid SF2 polypeplide (33 kD
apparent molecular mass) is drawn to scale. The RNA recognition moltif, glycine-
rich domain, and arginine plus serine-rich domain are indicated. Within the RNA
recognition motif, the smaller boxes denote the RNP1 and RNP2 consensus ele-
ments and an eight-amino-acid identity to a region in the U1 snRNP-specific 70K

polypeptide.
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FIGURE 5 In vilro translation of recombinant SF2. SF2

mRNA was generated by in vitro transcription with T7 RNA
polymerase from the cloned full-length SF2 cDNA (33-kD
polypeptide). The mRNA was translated in wheal-germ or
rabbit reticulocyte extracts in the presence of [35S]-
methionine. The proteins were detected by SDS-PAGE and
fluorography.

SF2 cDNAs can account in theory for some of the
observed biochemical properties. For example, the
RNA-binding properties of SF2 are fully consistent
with the presence of an RNA recognition motif. Fur-
thermore, this clement is probably responsible for the
ATP-independent RNA anncaling activity of SF2,
since a homologous clement is found in scveral
proteins with comparable activities, e.g., hnRNP A1,
Drosophila helix destabilizing protein, and T4 gene-
32 protein. The R/S domain is especially intriguing
because it is found in several known regulators of
alternative splicing, although its precise function
remains unknown. We plan to examine the roles of
these domains in splicing, splice sitc sclection, RNA
binding, and RNA annealing by mutagenesis and
biochemical analysis of the recombinant protein.

PURIFICATION OF HELA SF5 AND OTHER
BIOCHEMICAL STUDIES

We have recently identificd an activity in HeLa cell

nuclear extracts, termed SFS5, that specifically
counteracts the effects of SF2 on splice site selection.
SFS is not a general inhibitor of SF2, because the lat-
ter activity is essential for splicing and a large excess
of SFS still results in efficient splicing. However, the
ratios of thesec two activitics preciscly determine
which splice site is used in vitro (Fig. 6). Thus, high
levels of SFS result in utilization of distal 5 splice
sites, whereas high levels of SF2 favor use of
proximal 5 splice sites.

An assay was designed for the purification of this
activity. An alternatively spliced pre-mRNA is used
as the substrate, and S100 and partially purified SF2
are added in preciscly titrated amounts to result in
cqual utilization of cach of the two 5‘splice sites.
Chromatographic fractions are added, and SF5 ac-
tivity is located by the resulting switch to the distal
5+ splice site. On the basis of this activity assay, SF5
has been partially purified from sonicated Hela
nuclcoplasm through three chromatographic steps,
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FIGURE 6 SF5 activates distal 5 splice sites. Synthetic pre-
mRNAs containing alternative 5’splice sites (a distal
authentic B-globin 5 splice site, and either a proximal con-
sensus 5'splice site or a proximal SV40 small T antigen
5’splice site) were spliced in vilro in the presence of
nuclear extract (NE), S100 extract, partially purified SF2,
and/or partially purified SF5, as indicated The elec-
trophoretic mobilities of the pre-mRNA and of the afternative
mRNAs are indicated.
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with good recovery of activity. It has been separated
from SF2 activity and from snRNAs, and it does not
require RNA for its activity. Partially purified SF5 is
active in assays employing scveral different alterna-
tively spliced pre-mRNAs. Thus, this activity does
not operate in a substrate-specific manner, but rather
it has a general effect on the polarity of 5'splice site
sclection. We believe that the intracellular ratios of
SF2 and SF5 may control the specificity of splice site
selection. Furthermore, in vivo regulation of one or
both of these activitics may play an important role in
the tissuc-specific or developmental regulation of
alternative splicing.

Another ongoing project concerns the analysis of
spliceosome assembly in nuclear extracts from which
large endogenous RNP complexes have been selec-
tively removed. Although a number of essential fac-
tors are associated with these endogenous complexes,
they can be released in an ATP-dependent manner.
The resulting extracts are competent for splicing, but
they display very different properties in the assembly
of spliccosomes. In contrast to crude extracts, the
RNP-depleted extracts do not form nonspecific com-
plexes that are largely due to hnRNP proteins, and
they form a single spliceosome complex that contains
the pre-mRNA and the intermediates of splicing.
These experiments suggest that hnRNP proteins are
dispensable for splicing and that the kinetics of
spliccosome assembly in standard extracts may

reflect the binding of nonessential factors that delay
the formation of an active complex.
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TRANSCRIPTIONAL REGULATION
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M. Tanaka R. Aurora V.Meschan K. Visvanathan
M. Cleary W. Phares  B. Whelan
W. Clouston V. Shick K. Zito
G. Das S. Stern

Transcriptional regulation in eukaryotes is complex.
A large variety of cis-acting promoter elements are
recognized by an even larger number of transcrip-
tional activators, Commonly, families of transcrip-
tional activators recognize the same cis-acting ele-
ment. This phenomenon is no better exemplified than
in the regulation of development by homeodomain
proteins. One of the current challenges in the study of
transcriptional regulation in development is to under-
stand how transcription factors such as homeodomain

86

proteins that recognize the same DNA sequence can
differentially activate transcription.

Homeodomain proteins were first discovered as
regulators of development in Drosophila. Subse-
quently, the 60-amino-acid homeodomain was shown
to be a DNA binding structure similar to the helix-
turn-helix motif found in prokaryotic transcriptional
regulators. In Drosophila, homeodomain proteins that
elicit very different developmental pathways can
share very similar DNA binding properties. Thus, it



is likely that in some instances, it is the different in-
teractions between proteins that are responsible for
the differences in transcriptional regulation observed
in vivo. Some of these types of interactions have
been the focus of our studies of the human
homeodomain protcins Oct-1 and Oct-2, which re-
cognize the same octamer motif ATGCAAAT found
in a variety of cellular and viral promoters.

VIRAL PROMOTERS AS PROBES FOR
TRANSCRIPTIONAL REGULATION IN

MAMMALIAN CELLS

As probes to study transcriptional regulation in mam-
malian cells, we use three primate viruses, the simian
DNA tumor virus SV40 and the human pathogens
herpes simplex virus (HSV) and human immuno-
deficiency virus (HIV). Our past studies of the enhan-
cer within the SV40 early promoter, which can ac-
tivate transcription over large distances, showed that
the restricted or unrestricted cell-specific activity of
enhancers results from interactions between multiple
enhancer modules; seldom is a single element re-
sponsible for the full activity of the enhancer. The
SV40 enhancer is typical of broadly active promoter

Oct-2, which recognize an octamer motif within the
B proto-enhancer. The SV40 B proto-enhancer con-
sists of two overlapping sets of motifs, a tandemly
repeated 9-bp "sph" motif and an octamer motif
formed by the junction of the two sph motifs. The
SV40 octamer motif does not normatly activate tran-
scription in cells permissive for SV40 infection (in-
deed, it may repress transcription), but instead, it dis-
plays activity in B cclls, which express the Oct-2 ac-
tivator. We are studying how Oct-1, which is ubiqui-
tously expressed, and Oct-2, which is expressed
primarily in B cells, differentially activate transcrip-
tion. It turns out that a major player in this story is an
activator of HSV immediate-early genc cxpression
called VP16 (also rcferred to as Vmw65) that
modifies the activity of Oct-1, but not Oct-2, by dis-
criminating between the homcodomains of these two
activators. VP16 associates with Oct-1 to form a
multiprotein-DNA complex that alters the activation
potential of Oct-1 and that can alter the regulatory
specificity of Oct-1 by recruiting it to new DNA
binding sites.

efements. It contains many individual el that
can be categorized into two different types of organi-
zational units called ons and proto-enhancers.
Enhansons are the fundamental structural unit of en-
hancers and correlate with protein-binding sites. As
structural units, enhansons arc not always active on
their own, but instcad, they need to be intimately as-
sociated with a second enhanson to be active. Active
enhancer elements, composed of either one or more
enhansons, are called proto-enhancers. Proto-cn-
hancers, however, can still only create an cffective
enhancer (i.e., activate transcription at a distance)
when present in multipie copies, but, unlike en-
hansons, here there is no strict spacing requirement
between proto-enhancers.

Our past genctic dissections of the SV40 enhancer
revealed that it contains three proto-enhancers called
A, B, and C, ali of which are active in the permissive
simian cell line CV-1. Currently, we are using
strategies similar to those that allowed us to dissect
the SV40 cnhancer to analyze the structure of the
HIV-1 promoter, including the characterization of
HIV-1 promoter scquence rearrangements in HIV-1
variants. To study gencral aspects of transcriptional
regulation in mammalian cells, we have focused on
the transcriptional activation properties of Oct-1 and

Oct-1 Recognizes a Diverse Set
of Regulatory Sites through
Interdependent Interactions

by Multiple Regions of the

POU Domain

R. Aurora

The octamer motif-binding proteins Oct-1 and Oct-2
are POU proteins. The POU proteins are a unique
subfamily of homecodomain proteins that are dis-
tinguished by a 150-160-amino-acid bipartite DNA
binding domain, called the POU domain. The 60-
amino-acid homeodomain lies in the carboxy-
terminal portion of the POU domain; the amino-
terminal region contains a 75-amino-acid motif par-
ticular to the POU proteins called the POU-specific
region. Linking these two conserved motifs together
is a 15-27-amino-acid hypervariable segment. Al-
though the POU homeodomain can bind DNA weak-
ly on its own, the entire POU domain is required for
high-affinity and sequence-specific DNA binding.
Oct-1, along with many eukaryotic transcriptional
regulators, possesses the ability to recognize a
diverse set of DNA sequences, The ability of site-
specific  transcriptional regulators  to  recognize
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diverse sequences has important consequences on the
flexibility with which promoters can bc assembled
with overlapping binding sites and potentially on how
transcription factor activity can be modified by the
sequence of the binding site. Oct-1 recognizes and
activates transcription through two rcgulatory cle-
ments of very different sequence, the octamer motif
ATGCAAAT, through which both Oct-1 and Oct-2
can activate transcription of cellular promoters, and
the TAATGARAT motif, through which Oct-1 ac-
tivates HSV immediate-early transcription in associa-
tion with VP16. We showed previously that Oct-1 is
able to bind to these two very different sequences be-
cause it can recognize DNA through flexible interac-
tions with DNA. Few if any Oct-1/DNA contacts are
essential for Oct-1 binding. Instead, it is the sum of
many individual Oct-1/DNA contacts that result in
effective and sequence-specific DNA recognition.

To understand the mechanism of divergent DNA
sequence recognition by Oct-1. we have assayed the
relative contribution of the different regions of the
Oct-1 POU domain for binding to a series of diffcrent
octamer- and TAATGARAT-rclated DNA binding
sites. We took advantage of the fact that the related
pituitary-specific POU protein Pit-1 also recognizes
the octamer and TAATGARAT motifs; but whereas
Oct-1 binds preferentially to the octamer motif, Pit-1
displays the opposite binding site preference. To as-
say the relative contribution of different segments of
the POU domain—the POU-specific region (which
can be subdivided into A and B segments), the hyper-
variable linker, and the homeodomain—to binding to
these two different types of sites, we prepared a large
series of Oct-1/Pit-1 POU-domain chimeras (in the
context of the Oct-1 protein) by reciprocally ex-
changing Oct-1 and Pit-1 POU segments. All of the
chimeras can bind DNA well and in fact frequently
bind better than cither parent on particular sites. This
analysis has furthermore shown that the contribution
of a particular subscgment to sequence recognition,
including even the nonconscrved linker between the
POU-specific and POU-homeodomain regions, is de-
pendent on the origin of the other scgments in the
POU domain. These results suggest that the POU
domain is a dynamic structure in which DNA binding
specificity is generated by multiple interdependent
POU domain—DNA contacts as well as intraprotcin—
protein contacts within the POU domain. Such flexi-
ble interactions may influence the structure of Oct-1
on different binding sites, affecting its ability to inter-
act with other proteins involved in transcriptional
regulation.

88

Differential Transcriptional
Regulation by Oct-1 and Oct-2

M. Tanaka. W. Clouston, G. Das, J.-S. Lai, W. Thomann,
K. Visvanathan, K. Zito

Although Oct-1 and Oct-2 bind DNA with very
similar, if not identical, sequence specificity, they are
implicated in the regulation of different promoters.
Consistent  with expectation, the DNA binding
domains of these two protcins, the POU doméin, are
very similar in sequence. Outside of the POU
domains, Oct-1 and Oct-2 also display sequence
similarity within the amino-terminal region, which
are both rich in glutamine residues, a feature shared
with the ubiquitous activator Sp1, where such regions
constitute transcriptional activation domains. The
carboxyl termini of Oct-1 and Oct-2 display minimal
sequence similarity, but B cells express a variant
form of Oct-2, called Oct-2B, that through alternative
splicing of the primary Oct-2 mRNA transcript ac-
quires a carboxy-terminal extension of 135 amino
acids that is closely related to the carboxyl terminus
of Oct-1.

The DNA target of transcriptional regulation by
Oct-1 and Oct-2, the octamer motif, is unusual in that
it is found in a large variety of promoters, either ubiq-
uitously or cell-specifically expressed cellular pro-
moters, as well as viral regulatory regions. The oc-
tamer motif is implicated in cell cycle regulation of
the ubiquitously expressed histonc H2B gene, where
it is located close to the transcriptional start site, and
it also functions as an cnhancer of small nuclear RNA
(snRNA) genes. snRNAs are short, nonpolyadeny-
lated structural RNAs involved in RNA processing
and can be synthesized either by RNA polymerase II,
as in the case of the U2 snRNA, or by RNA
polymerase [II, as in the case of the U6 snRNA (see
N. Hernandez in the Genetics Section). Curiously, in
these promoters, a TATA box, which is usually asso-
ciated with RNA polymerase Il transcription, is
responsible for directing RNA polymerase il tran-
scription. Among cell-specific cellular promoters, the
octamer motif functions as an enhancer and
promoter-proximal element in immunoglobulin pro-
moters, and it functions as a B-cell regulatory ele-
ment in the SV40 enhancer. It is also associated with
some of the TAATGARAT motifs that serve as the
target of VP16 activation in HSV immediate-carly
promotcrs.

A scries of experiments we performed some years
ago in collaboration with N. Hernandez (Cold Spring



Harbor Laboratory) showed that the octamer motif
displays either cell-specific or ubiquitous enhancer
activities, depending on the structure of the elements
proximal to the transcriptional start site. Thus, in the
context of mRNA transcription units such as the -
globin promoter, the octamer motif displays B-cell-
specific activity, suggesting that the B-cell Oct-2
protein is responsible for this activity. In the context
of an sSnRNA promoter, however, the octamer motif
is able to activate transcription in all cell types tested,
suggesting that the ubiquitous Oct-1 protein is
responsible for this activity. During the past yecar, we
have cstablished in transfection studies that indeed
Oct-1 and Oct-2 possess different intrinsic abilities to
activate snRNA and mRNA promoters: Oct-1 can ac-
tivate the U2 snRNA promoter, whereas Oct-2 can
readily activate the B-globin mRNA promoter.

We have shown previously that Oct-2, after intro-
duction into the non-B-cell HeLa cell line, can readi-
ly activate transcription from an mRNA promoter. In
contrast, Oct-1 does not readily activate such
promoters, but instead its activation potential is de-
pendent on promoter context. For example, in
preliminary experiments, we have found that whereas
in other promoter contexts Oct-1 fails to activate
mRNA transcription, in the context of the human
histone H2B promoter, where the octamer motif is lo-
cated near the TATA box, overexpression of either
Oct-1 or Oct-2 leads to equivalent further activation
of this promoter. We plan to dissect this promoter in
detail to understand how Oct-1 is able to activate
transcription in this promoter context.

A major success in the past year has been our fur-
ther understanding of how Oct-1 is able to activate
the U2 snRNA promoter. It proved difficult to assay
transcriptional activation by Oct-1 because of the
ubiquitous endogenous Oct-1 activity already present
in mammalian cells. To circumvent the endogenous
activity, we reprogrammed the DNA binding speci-
ficity of Oct-1 (and Oct-2) without changing the
gross structure of the protein by replacing the Oct
POU domains with the Pit-1 POU domain, thus creat-
ing the chimeras Oct-1.P.1 and Oct-2.P.2 with dif-
ferent DNA binding specificities to Oct-1 and Oct-2.
Using a multimerized Pit-1-binding site from the pro-
lactin gene promoter in place of the octamer motif in
the B-globin and U2 snRNA promoters, we assayed
the ability of Oct-1.P.1 and Oct-2.P.2 to stimulate
transcription from these promoters. Consistent with
the differential ability of Oct-1 and Oct-2 to activate
the (-globin  mRNA promoter, these Oct/Pit-1
chimeras also showed that Oct-2 posscsses an in-

trinsic ability, lacking in Oct-1, to activate an mRNA
promoter. In striking contrast, however, in the con-
text of the U2 snRNA promoter, the activities of Oct-
1.P.1 and Oct-2.P.2 are reversed. Now, the Oct-1.P.1
protein can activate transcription more than tenfold,
whereas the Oct-2.P.2 protein does not detectably ac-
tivate the U2 promoter. Although Oct-2 docs not ac-
tivate the U2 snRNA promoter, the Oct-2 variant,
Oct-2B, which carries an Oct-1-related carboxyl
terminus, is able to activate the U2 snRNA promoter.
Thus, here it is promoter-selective activation
domains, scparate from the DNA binding domain,
that confer the transcriptional specificity of the ac-
tivator, and an altcrnative splicc can alter the
promoter sclectivity of a transcriptional activator
without affecting the DNA binding domain.

The major determinants for Oct-1 activation of
the U2 promoter lie in the carboxy-terminal region,
although the Oct-1 amino-terminal region can also in-
dependently activate U2 transcription. This result dif-
fers from the analysis of Oct-2 activation of mRNA
transcription, where two interdependent activation
domains, the glutamine-rich amino terminus and a
serine/threonine/proline-rich  carboxy-terminal seg-
ment, cooperate to stimulate transcription. Oct-1 fails
to activate transcription of the B-globin promoter
readily because it lacks a domain equivalent to the
carboxy-terminal Oct-2 activation domain. It does,
however, possess a glutamine-rich activation domain
that can cooperate with the carboxyl terminus of Oct-
2 in an Oct-1/Oct-2 chimera to activate B-globin tran-
scription. We hypothesize that Oct-1 can activate
mRNA transcription in particular mRNA promoter
contexts, where the requirement for the carboxyl
terminus of Oct-2 is relieved. This activity has proba-
bly been conserved for activation of mRNA tran-
scription, because although the Oct-1 amino terminus
can functionally replace the Oct-2 amino terminus for
activation of an mRNA promoter, unexpectedly, the
Oct-2 amino terminus cannot substitute for the Oct-1
amino terminus to activate the U2 promoter. This
result suggests that the amino terminus of Oct-1 has
conserved two different types of activation surfaces:
one for mRNA promoters and the other for snRNA
promoters.

Analysis of the activation of the U6 RNA poly-
merase 111 promoter by the Oct/Pit-1 chimeras has
revealed unexpectedly that both Oct-1 and Oct-2 are
able to activate this promoter. Thus, these two ac-
tivators, which display different abilitics to activate
two different types of RNA polymerase I1 promoters,
can both activate the same RNA polymerase 111
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promoter. Possibly, this is due to the fact that the U6
promoter contains elements in common with both
snRNA and mRNA RNA polymerase II promoters.
The U6 promoter contains both an snRNA-specific
proximal element in common with the U2 snRNA
promoter and a TATA box in common with mRNA
promoters.

Transcriptional Modification of
Oct-1 through Association
with VP16

S. Stern, M. Cleary, W. Herr, M. Tanaka

We continue to dissect in molecular detail the inter-
actions between Oct-1 and VP16. On its own, VP16
does not bind to DNA well, but instead, in associa-
tion with Oct-1 and a second less well-characterized
host-cell factor we refer to as HCF, VP16 can direct
formation of a multiprotein-DNA complex. Because
VP16 contains a very effective acidic mRNA activa-
tion domain, the association of Oct-1 and VP16
results in activation of mRNA promoters that would
otherwise not be activated by Oct-1 alone. Thus,
VP16 effectively serves as an adaptor to convert Oct-
1 into an activator of mRNA promoters. Last year,
we showed that the Oct-1 homeodomain is re-
sponsible for directing formation of the VP16-
induced multiprotein-DNA complex. Oct-2 fails to
complex with VP16 because of seven amino acid dif-
ferences between the Oct-1 and Oct-2 homeo-
domains. We are now dissecting the different associ-
ations between Oct-1, VP16, and HCF in the VP16-
induced complex. Although Oct-1 and VP16-like ac-
tivities are not present in invertebrate cells, the HCF
activity is highly conserved because it is also present
in Drosophila cell extracts. VP16 can form a stable
heteromeric complex with either human or Drosoph-
ila HCF in the absence of Oct-1. We have analyzed
the ability of VP16 mutants that fail to form the
VP16-induced complex to bind to HCF. Surprisingly,
three of the four mutants analyzed still retain the
ability to bind to HCF. This result suggests that the
other three mutants are defective in other aspects of
the formation of the VP16-induced complex.

To study the influence of the VP16 mutations on
associations with DNA and Oct-1, we have assayed
VP16-induced complex formation in the absence of
HCF by using higher concentrations of VP16 in gel-
retardation assays. At the highest VP16 concentra-

90

tions, VP16 can bind to DNA in the absence of cither
HCF or Oct-1. At intermediate concentrations, VP16
only forms a gel-retardation complex in the presence
of the Oct-1 POU domain. Under these conditions,
Oct-2 still fails to associate with VP16, thus showing
that VP16 directly discriminates between the Oct-1
and Oct-2 homeodomains. At lower VP16 concentra-
tions, VP16 only forms the VP16-induced complex in
the presence of HCF. Two of the VP16 mutants that
can bind HCF but fail to form the VP16-induced
complex are defective for binding DNA at the high
concentrations of VP16. The remaining mutant, how-
ever, binds DNA as well as the wild-type VP16
protein; instead, it has only lost the ability to interact
with the Oct-1 homeodomain. Thus, we apparently
have uncovered the region of VP16 responsible for
interacting with the Oct-1 homeodomain. Consistent
with this conclusion, a synthetic peptide representing
the region of VP16 affected by this particular mutant
can associate itself with Oct-1 bound to DNA.

The DNA binding specificity of the VP16-
induced complex differs from the binding specificity
of Oct-1 itself. VP16 can readily form complexes on
certain DNA sequences, called TAATGARAT, that
themselves are poor binding sites for Oct-1. Although
we do not detect differences in the bases contacted by
Oct-1 alone and the VP16-induced complex on such
sites, VP16 stabilizes Oct-1 on these otherwise weak
Oct-1-binding sites. Thus, VP16 effectively recruits
Oct-1 to new targets; Oct-2 is not recruited because it
does not interact with VP16. In vivo activity assays
also reveal that Oct-1 is not active on the TAAT-
GARAT motif unless VP16 is present, presumably
because of the low Oct-1 affinity for these sites.
These results demonstrate that VP16 alters not only
the transcriptional activation properties of Oct-1, but
also its DNA binding properties. The association of
VP16 with Oct-1 serves as a model system to study
the reprogramming of the transcriptional activity of a
homeodomain protein by a cell-specific adaptor
protein.

Genetic Dissection of
the HIV-1 Promoter

W. Phares
Our carlier studies focused on the similarities be-

tween the transcriptional control elements in HIV-1
and SV40, in particular, on the relationship between




the xB motif sequence GGGACTTTCC found twice
in the HIV-1 promoter and once in the SV40 C proto-
enhancer. Both transcriptional activation studies and
DNA binding studics showed that the HIV-1 and
SV40 kB motifs arc functionally indistinguishable.
During the past year, we studicd the proteins that
bind to the HIV-1 and SV40 xB motifs by using gel-
retardation analysis. The protein-binding patterns in
all cell lines we have tested (i.e., HeLa cells and the
human T-cell lines Jurkat and H9) were complicated
and included many complexes in addition to the one
formed by the previously described kB-binding
protein NF-xB. The patterns of complex formation
also varied considerably between Jurkat and H9 T
cells. Of particular interest was that in H9 cells, there
was no evident NF-kB DNA binding activity even
though the xB motif is very active in these cells, sug-
gesting that other xB-binding activities can activate
expression by this motif.

In our more recent studies, we have focused on
the analysis of sequence variation in the HIV-1 long
terminal repeat (LTR) in infected individuals. Char-
acterization of retroviral pathogenicity in other
retroviruses has shown that rcarrangements within
regulatory sequences can alter the progression of
retrovirus-induced disease. To understand how such
alterations may affect the progression of AIDS in
persons infected with HIV-1, we are characterizing
the LTR sequences present in infected individuals.
When viruses isolated in vivo arc passaged in cell
culture, there is a strong selection for those viruses
that can grow in tissue culture. To avoid this bias, we
are collaborating with Dr. J. Gold (Bronx-Lebanon
Hospital) to analyze LTR sequences isolated directly
from blood samples by first amplifying the LTR se-
quences with the polymerase chain reaction (PCR).
In addition to being direct, this strategy has the ad-
vantage that we can also study the regulatory se-
quences from defective viruses that would not grow
in culture but may be important in the progression of
AIDS.

To date, we have analyzed samples from five
HIV-1 seropositive individuals of which two had
AIDS. Sequence analysis of the amplified LTR se-
quences isolated from one of these patients has

revealed a 16-bp sequence duplication just upstream
of the kB elements. This sequence duplication is
reminiscent of duplications that arise in SV40 to im-
prove both enhancer potential and viral growth. In
SV40, such scquence duplications permitted us to
identify functional SV40 enhancer elements. Con-
sistent with the significance of the HIV-1 duplication
we have identificd, three other HIV-1 isolates grown
in culture have been shown to contain duplications in
the same region of the HIV LTR, and analysis of one
of these showed it resulted in improved growth in
culture. We plan to continue the analysis of HIV-1
LTR sequences from infected individuals and to dis-
sect the regulatory function of the HIV-LTR duplica-
tion.
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MOLECULAR GENETICS OF EUKARYOTIC CELLS

Research in this section is generally directed at questions of signal transduction
or cell regulation, the mechanisms by which cells respond to external change.
This encompasses the subject of cell growth and differentiation, processes that
are aberrant in cancer, diseases of the immune system, and in neurological dis-
eases.

The laboratory of Nicholas Tonks (Structure, Function, and Regulation of
Protein Tyrosine Phosphatases) studies the newly discovered superfamily of
protein tyrosine phosphatases (PTPases). This family is diverse in structure and
function and contains proteins with all of the hallmarks of extracellular receptors.

The laboratory of Dafna Bar-Sagi (RAS Oncogenes and Signal Transduction)
studies the role of RAS proteins and phospholipase A, in signal transduction. The
involvement of RAS in lymphocyte activation is being studied, and the physiologi-
cal role of phospholipases in membrane signaling is being probed with newly de-
veloped monoclonal antibodies.

The laboratory of Michael Wigler (Genetics of Cell Proliferation) studies the
mechanisms by which oncoproteins transmit growth proliferation signals and
uses yeast systems to discover and characterize components of mammalian sig-
nal transduction pathways.

The laboratory of Michael Gilman (Nuclear Signal Transduction) is directed at
the problem of how multiple, independent pathways converge on the control of a
single genetic element, the *serum response element." This is representative of
the more general problem of how signals are transduced from the cytoplasm to
nucleus.

The laboratory of David Spector (Cell Biology of The Nucleus) uses advanced
microscopic techniques to observe the structure of the cell nucleus during gene
activation. Recently, the pathways of nascent RNA molecules have been followed
from their sites of transcription to the cytoplasm using confocal laser scanning
microscopy. The functional interaction between the nucleus and the cytoskeleton
has long been a focus at Cold Spring Harbor Laboratory.

The laboratory of David Helfman (Molecular Biology of The Cytoskeleton)
studies the multiple forms of cytoskeletal components and how isoforms become
specifically expressed. Recently, a protein has been identified that may
determine the pattern of alternative splicing of a tropomyosin isoform. One gener-
al approach to the study of cell regulation depends on the tools of two-
dimensional gel electrophoresis, a method that has the power to discern
changes in the population of protein species expressed in cells. The develop-
ment of these tools and the building of a comprehensive protein data base are
the objects of Quest Protein Database Center, directed by Jim Garrels. Robert
Franza (Cellular trans-Activators of Gene Expression) uses this approach to study
the early changes in gene expression. Many complex cellular interactions can
best be studied in the intact animal.

Methods for the germ-line manipulation of Transgenic Mice are applied by
Jacek Skowronski and co-workers to study problems in the pathogenicity of the
human immunodeficiency virus and the function of the central nervous system.
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TRANSGENIC MICE

R. Mariani L. Usher
N. Peunova G. Yenikolopov

J. Skowronski

The recently developed technology of gene transfer
into the mouse germ linc has provided a powerful
way to address diverse biological problems. Develop-
mental and regulatory processes that involve complex
interactions between different cell types can now be
probed in transgenic animals that carry new, defined
genetic traits. Transgenic mice also provide one of
the most comprehensive assays to assess the path-
ogenic potential of viral genes and to generate animal
models where complex disease processes are
reproduced and accessible to study. Our studies have
focused on two separate problems. First, we are as-
sessing the disease-inducing potential of the human
immunodeficiency virus (HIV) regulatory genes and
characterizing their effects on development and func-
tion of the immune system. Second, Grisha Yen-
ikolopov is now developing strategies to perturb sig-
naling pathways in the central nervous system (CNS)
of transgenic animals and consequently dercgulating
those functions of the CNS that are involved in learn-
ing and memory processes.

HIV-1 Genes in Transgenic Mice

R. Mariani, L. Usher, J. Skowronski

H1V-1 infection of humans is associated with a com-
plex disease most frequently manifested by muitiple
immunologic defects and an increased risk of devel-
oping neoplastic lesions. T cells and antigen-pre-
senting cells are the major targets of HIV-1, and it is
conceivable that infection of these cells results in dis-
ease development. In addition to the gag, pol, and
env genes found in all retroviruses, HIV-1 contains at
least seven accessory genes (tat, rev, tev, vif, nef, vpr,
and vpu). tat, rev, tev, and perhaps nef are important
for regulation of expression and replication of the
viral genome, and vif plays a role in viral assembly.
The function of the other HIV-1 gene products is not
clear, as are the consequences of HIV-1 nef and other
regulatory genc expression on the infected cell and
the biological effects of these genes on host-cell
function.
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Recent evidence has implicated three of the HIV-
1 genes, env, tat and nef, as potentially important for
HIV-1 pathogenicity. The nef gene is found in all
members of the lentivirus family and is well con-
served between different viral isolates (64% invari-
able amino acid residues; tat and rev show 48% and
54%, respectively). Accumulating evidence indicates
that the HIV-1 nef gene can perturb cellular signaling
when expressed in cultured cells. Results of in vitro
experiments suggest that at least some variant nef
genes (e.g., SF2, NLA43, and HxB3) may down-
regulate transcriptional activity of the viral long ter-
minal repeat (LTR) and viral replication in estab-
lished cells. In T-cell lines, these effects are relatively
subtle; however, they may reflect defects that have a
profound effect on T-cell function in vivo. To test
these possibilities, several lines of transgenic mice
that express the HIV-1 nef gene in lymphoid and non-
lymphoid cell types have been recently generated.
Our data suggest that the HIV-1 nef gene can perturb
T-cell development/function when expressed in trans-
genic animals.

TARGETED EXPRESSION OF THE HIV-1 NEF

GENE TO LYMPHOCYTES

When the experiments described here were initiated,
T-cell-specific expression vectors characterized in
transgenic mice were not available. Therefore, in ini-
tial experiments, transcription control elements
derived from the murine immunoglobulin p heavy-
chain gene (IgHu) were used to direct expression of
the HIV-1 nef genc to lymphoid cells. IgHu control
elements were chosen because previous studies had
demonstrated their transcriptional activity not only in
the B cell, but also in the T-cell lineage including
adult and fetal thymocytes. Although the IgH
promoter is not absolutely lymphoid-specific and
may direct low-level transgene expression into non-
lymphoid cells types, this promoter was the best
choice at that time. A hybrid transcriptional control
region composed of the IgH enhancer placed up-
stream of the SV40 early promoter is much more ac-
tive in T cells than the IgH enhancer/promoter con-



structs (R. Grosschedl, pers. comm.). Two hybrid
genes composed of the HIV-1 nef gene (isolate
HxB3) placed under the control of the IgH enhan-
cer/SV40 early promoter (uSV Nef) or the IgH en-
hancer/promoter (uu Nef) were used to construct
transgenic mice.

Fifty-three mice were born as a result of micro-
injection experiments with up Nef and uSV Nef in-
sert DNA, but no transgenic mice were identified by
analysis of DNA from tail biopsies (yield less than
2%). This was a highly unusual phenomenon because
in our hands, on average, 10-40% of the pups that
develop from microinjected embryos are transgenic
when other constructs are used. To exclude the pos-
sibility of a technical error, three independent prepa-
rations of insert DNA were used in these experi-
ments. At the same time, we also also generated H-
2K Nef transgenic mice without any difficulty (see
below). The unusually low efficiency of generating
transgenic mice with the pp Nef and uSV Nef con-
structs suggested that expression of the HIV-1 nef
gene directed by the IgH enhancer may have a
deleterious developmental effect on transgenic mice
that prevents their normal development to term. This
is a valid possibility since it is known that the IgHu
gene is expressed in the fetal hematopoietic tissue
from day 11 of embryonic development.

LETHALITY AND THYMIC ALTERATIONS
IN pup NEF MICE

The lethal effects of the uu Nef may have resulted
from a high level of transgene expression. We there-
fore attempted to attenuate expression of the uu Nef
vector. It was anticipated that this would result in at-
tenuation of the lethal phenotype and would allow us
to construct viable transgenic mice and observe their
phenotypes. It has been observed that the presence of
plasmid sequences in microinjected hybrid gene con-
structs frequently results in significantly lower levels
of transgene expression (10-100-fold lower) than
when plasmid sequences are removed from the
hybrid expression constructs prior to microinjection.
Therefore, the complete uu Nef construct, including
the plasmid sequences, was used to generate trans-
genic mice. Embryos microinjected with the puu Nef
construct gave rise to a total of 82 animals. Analysis
of DNA isolated from tail biopsies identified four of
them as transgenic. It appears that the attenuation
strategy was partially successful; however, the yield
of transgenic animals was still remarkably low (5%

yield). We believe that this low frequency of trans-
genic animals reflects transgene integration at partic-
ular chromosomal loci where transgene expression
and its consequences are further attenuated.

The conditions of two of the four pup Nef trans-
genic mice deteriorated rapidly within the first 3 days
of life (mice 3 and 4), and these animals were col-
lected for analysis when moribund. Perinatal death
was observed only at a low frequency among non-
transgenic littermates (3 of 78) when compared to
transgenic animals generated in this experiment
(50%; 2 of 4). Histologic analysis performed on tis-
sues of transgenic animals 3 and 4 and two non-
transgenic controls (which died in the same period)
identified characteristic alterations in the thymuses of
both transgenic pups and in the bone marrow and
spleen of animal 3, but not in the nontransgenic con-
trols. Hematoxylin/eosin-stained sections showed dis-
ruption of normal thymic architecture. The T-cell
content in thymuses of both transgenic animals was
low (pup Nef animal 3, ~10-20% of that in the
thymus collected from the control animal). The bone
marrow cell count of animal 3 was also low. No ab-
normalities were observed in other tissues of these
transgenic mice.

Two lines of transgenic mice were established
with the remaining two founder mice (puum Nef
animals 1 and 2). These animals carry approximately
5 and 20 copies of the pup Nef transgene in an appar-
ently nonrearranged conformation. Transgene expres-
sion analysis was performed with the RNase pro-
tection assay and total RNA isolated from major
organs of 6-week-old animals. Correctly initiated
transgenic transcripts were detected in RNA isolated
from the heart and brain of puu Nef animal 1. In puu
Nef animal 2, a high level of Nef transcripts was ob-
served in the spleen and lymph node. Nef transcripts
were also detected in the thymus and other tissues,
but at a lower level. Transgene expression was also
high in Peyer’s patches, which are specialized in-
testinal lymphoid organs that contain large numbers
of B cells. This pattern is consistent with predomi-
nantly B-cell-specific expression of the pup Nef
animal 2 transgene. RNase protection experiments
and polymerase chain reaction (PCR) amplification
of cDNA prepared to RNA isolated from tissues of
animals 1 and 2 indicated that pup Nef transcripts
were processed correctly. We are currently character-
izing the B-cell, T-cell, and immune functions of the
pup Nef transgenic mice.

Low yield of the uSV/uu/pupn Nef animals is
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likely to reflect perturbations elicited by these trans-
genes during prenatal development. This conclusion
is supported by a limited success of experiments with
an d pup Nef transg The known speci-
ficity of the IgHp enhancer suggests that thymic T-
cell depletion of the pun Nef 3 and 4 mice resulted
from transgene expression in T cells, or perhaps their
precursors. It is possible that the nef gene expression
affected normal progression of the thymic T-cell
maturation process, generation of bone marrow
precursors, and/or their migration to the thymic tis-
sue. These possibilitics have been addressed in addi-
tional transgenic experiments with T-cell-specific ex-
pression vectors and attenuated pu Nef constructs.

CD2 NEF AND H-2K NEF TRANSGENIC MICE TO

DIRECT NEF GENE EXPRESSION TO T CELLS

AND TO A WIDE VARIETY OF CELL TYPES

To exclude technical reasons for our inability to gen-
erate transgenic mice with the uu Nef vector, and to
define conscquences of nef gene cxpression in
selected cell types of transgenic mice, additional
transgenic animals were generated. First, the H-2K
histocompatibility class [ gene promoter was uscd to
direct expression of the HIV-1 nef gene into a broad
variety of cell types in transgenic mice. Second, the
CD2 cxpression vector was used to direct high-level
nef gene expression to T cells, a cell type that appar-
ently was affected in the pup Nef 3 and 4 transgenic
animals. These cxperiments were performed in paral-
lel with the puu Nef experiments.

The H-2K gene is one of the class | genes of the
major histocompatibility complex of the mouse and
cncodes the heavy chain of the cell-surface H-2K
antigen. It is constitutively expressed on thymic
medullary T cells and stromal structures but not on
cortical lymphocytes or epithelial cells. In addition,
the H-2K promoter directs low-level constitutive ex-
pression in keratinocytes and several cell types in
spleen and lymph nodes. The H-2K enhan-
cer/promoter fragment sufficient to direct expression
in transgenic mice is contained within the 2-kb 5” -
flanking region of the H-2K gene. A fusion gene
composed of the HIV-1 Nef protein-coding region
placed under control of the H-2K genc ecnhan-
cer/promoter and followed by the SV40 small T
antigen intron and polyadenylation signal (H-2K Nef)
was microinjected into one cell embryos. Four lines
of transgenic mice (H-2K Nef 1 to 4) were estab-
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lished without any unusual difficulties. Analysis of
transgene expression by an RNase protection assay
detected correctly initiated transgenic transcripts in
total RNA isolated from thymuses, spleens, and
lymph nodes of all four lines of transgenic mice.

The murine CD2 antigen (T11, or erythrocyte
receptor) is one of the earliest developmental markers
expressed on all T cells following migration of the
bone marrow T-cell precursors to the thymus. The
CD2 expression vector comprises 22 kb of the native
CD2 gene, including approximately S kb of 5'-
flanking sequences and 5 kb of the 3’ -flanking se-
quence. The precisc location of transcription
regulatory elements is not known. Therefore, in order
1o preserve the native structure of the CD2 gene, the
CD2 initiator ATG located in the second exon was
disrupted by site-specific mutagenesis and replaced
with a small polylinker containing a unique Clal
cloning site (vector provided by D. Littman, Univer-
sity of California, San Francisco), into which the
HxB3 HIV-1 nef genc was cloned. Four transgenic
founder animals were generated with the CD2 Nef
construct. Recently, the CD2 Nef 1 and 2 mice be-
came available for analysis. Relatively high levels of
correctly initiated and processed fusion CD2 Nef
transcripts were detected in RNA isolated from
thymuses isolated from mice of both transgenic lines.
Currently, we are characterizing phenotypes of trans-
genic animals and of transgenic T cells in particular.

In conclusion, it appears that the HIV-1 HxB3 nef
gene, when placed under control of the IgHu enhan-
cer, elicits several specific effects in transgenic mice.
First, transgenic animals arc generated at a very low
frequency. Second, T cells are depleted in thymuses
of transgenic mice that die in early postnatal life. It
appears that these consequences of the HIV-1 nef
gene are specifically associated with the IgHu Nef
transgene, but not with the H-2K Nef or CD2 Nef
transgenes. It is conceivable that this promoter
specificity of perturbations elicited by the nef gene
reflects its cxpression in specific cell types, e.g.,
lymphocytes or perhaps their bone marrow precur-
sors. Specific alterations in the T-cell compartments
may be relevant to the mechanisms of the T-cell
depletion that invariably ensues in HIV-1-infected
humans. Our observations suggest that the HIV-1 nef
gene may be an important determinant of the HIV-1-
induced disease and that specific defects conferred by
the nef gene and their biological consequences can be
analyzed in transgenic mice. Experiments to address
these issues are currently under way.



Recombinant Pseudosubstrate
Inhibitors of the Protein Kinases

G. Yenikolopov, N. Peunova

The aim of our study is to obtain dominant interfering
mutations, by reverse genetics techniques, that would
affect specific structures involved in memory and
learning processes in mice. Currently, genetic analy-
sis of memory and learning in higher animals is pre-
vented by the lack of appropriate single-genc muta-
tions. Our general approach is to use transgenic tech-
nology to introduce into the mouse germ line recom-
binant genes that would impose a dominant pheno-
type in the neuronal cells of the hippocampus and the
cortex of the brain by perturbing the relevant signal
transduction pathways. Transgenic animals will be
tested for neurophysiological changes in these areas
of the brain, in particular, the long-term potentiation
in the hippocampus, and for the behavioral correlates
of the introduced molecular changes. The rationale
for this strategy is based on the neurophysiological
studies on Aplysia, genetic data from Drosophila, and
studies of long-term potentiation in mammals, which
together suggest that secondary messenger systems
are crucially involved in synaptic plasticity and thus
in the acquisition and storage of new information. It
appears that the memory deficit that occurs in these
systems is induced by defects in the adequate
response to the incoming signal, rather than a change
in the overall amount of sccond messenger per se,
and that various types of perturbations introduced
into the signaling machinery of a neuronal network
may lead to similar effects on learning and memory
processes.

Of the numerous potential points of interference
with the signaling pathways in neurons, we have
chosen the protein kinase level of signal transduction
because protein kinases are located downstream from
many signaling events, and in some cases, they have
been shown to interact directly with the last targets in
the pathway. It is known that several protein kinases,
including cAMP-dependent protein kinase (PKA),
protein kinase C (PKC), and Ca**/calmodulin-
dependent protein kinase 11 (CaMKII), are regulated
by an autoinhibitory mechanism. This suggests a way
of altering the activity of these enzymes by introduc-
ing into the cells either the gene(s) coding for the in-
hibitory ("pscudosubstrate”) sequences or the gene(s)
coding for the truncated catalytic domain (subunit) of
the kinase, devoid of the autoinhibilory scquences.

These protein kinases are especially challenging op-
tions for manipulation because of their known direct
involvement in the modulation of the synaptic
plasticity in the brain. To date, our efforts have con-
centrated on the construction of recombinant pseudo-
substrate inhibitors of protein kinases and on the
analysis of the disruption of specific signaling path-
ways in cultured cells by these inhibitors.

We have made a series of recombinant genes con-
taining peptide sequences that are known to act as
protein kinase inhibitors. The recombinant PKA in-
hibitors involve two types of agents: one containing
the active part of a natural PKA inhibitor from skele-
tal muscle (PKI) and the second containing a mutated
murine PKA regulatory subunit (RIa) that is unable
to release the catalytical subunit in the presence of
cAMP. We have matched the structures of the recom-
binant PKC and CaMKII inhibitors to the sequences
of the short conserved peptides located at positions
19-36 in various forms of PKC and positions
273-309 of CaMKIlI, respectively. Such peptides act
as powerful pseudosubstrate inhibitors of these en-
zymes in vitro. We have based the selection of the
most potent recombinant inhibitors on their ability to
antagonize activation of the c-fos gene promoter in
cultured cells by various stimuli (CAMP, TPA, Ca**,
depolarization); activation by these agents is
mediated by the corresponding protein kinases.
Mutant forms of the c-fos promoter that no longer
respond to particular signals were used as experimen-
tal controls. A serics of reporter constructs with the
chloramphenicol acetyltransferase (CAT) gene under
the control of the c-fos promoter (from M. Gilman,
Cold Spring Harbor Laboratory) were cotransfected
along with the recombinant protein kinase inhibitors,
and CAT activity was monitored. Comparison of
CAT activities in control cells and cells stimulated by
forskolin, TPA, or K*-induced depolarization has
shown that the recombinant inhibitors of PKA, PKC,
and CaMKII, respectively, were very efficient in
blocking the induction of transcription. Quantitative
comparison permitted us to select particulary strong
inhibitors of PKA and PKC from a series of prepared
fusion genes and point mutants. For instance, we
have found particular substitutions of the Arg-27
residue in the PKC inhibitor that greatly augmented
the inhibitory activity of the construct. Likewise, we
have shown that some recombinant PKA inhibitors
(c.g., RIa/PKI and influenza virus hemagglutinin
epitope/PKI chimeras) were 10-100 times more
potent in blocking PKA activity than the fragments of
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the natural PKI gene. At present, we do not know
whether this observed enhancement is due to the
lower K; or to the increased stability of the peptides.
These results have demonstrated the feasibility of our
approach in cultured cells and have proven dircctly
the potential of the pseudosubstrate-coding genes to
block the action of PKC and CaMKII in vivo.

Recombinant inhibitors show a remarkable degree
of specificity. Our experiments demonstrate that the
PKA inhibitors do not block the activation of the c-
fos promoter by TPA and, reciprocally, that the PKC
inhibitors do not block the induction of c-fos by
forskolin. Furthermore, in vitro tests by other investi-
gators with the synthetic peptide inhibitors and
purificd cnzymes show a very high degree of
specificity of each inhibitor for its cognate kinase.
Taken together, these data suggest that the recom-
binant inhibitors provide a powerful approach to dis-
sect points of overlap and divergence among the sig-
nal transduction pathways.

Recombinant pseudosubstrate inhibitors represent
a new generation of in vivo protein kinase inhibitors
that, in contrast to the low-molecular-weight syn-
thetic compounds and peptides, can be introduced
into the genome of the cell and can act in a transgenic
organism. We have constructed and tested the recom-
binants designed to target the expression of the in-
hibitors for PKA, PKC, and CaMKII to the neuronal

cells of transgenic mice, using neuron-specific tran-
scriptional control elements of neurofilament H and
L, B-amyloid, and SCG10 genes. We now plan to
generate transgenic lines of mice using the most
potent and specific recombinant reagents.
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GENETICS OF CELL PROLIFERATION

M. Wigler J. Field G. Bolger G. Heisermann
D. Young Y. Wang M. Kawamukai
J. Colicelli R. Ballester 1. Wieland
K. Ferguson  E.Chang A. Vojtek
T. Michaeli J. Gerst H.-P. Xu

The focus of our group remains largely on the signal
transduction pathways involved in growth control,
with a special emphasis on pathways involving RAS
proteins. The RAS proteins were first discovered as
the products of retroviral oncogenes. They are low-
molecular-weight GTP- and GDP-binding proteins.
We and other investigators have found mutant RAS
proteins in a large number of human tumor cells.
Closely related proteins are found in yeast, and we
have attempted to explore the function of these
proteins both in the budding yeast Saccharomyces
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cerevisiae and in the fission yeast Schizosac-
charomyces pombe. RAS function is best understood
in S. cerevisiae, where we identified its major effec-
tor as adenylyl cyclase. However, the mechanism by
which RAS activates adenylyl cyclase remains large-
ly unknown. A new component of the RAS/adenylyl
cyclase system has been discovered, called CAP,
which may integrate this signaling system with
remodeling of the cellular cytoskeleton. In S. pombe,
where little is understood about RAS function, we
have identified several genes that appear to encode



components of the RAS signaling system. We use
both yeasts to explore the function of mammalian
RAS and putative RAS-related proteins, such as the
product of the neurofibromatosis locus, NF1, and we
have developed genetic screens to clone novel mam-
malian cDNAs which encode proteins that function in
signal transduction pathways. Among these proteins
are candidates for mammalian RAS effectors. This
work has also led to the cloning of genes encoding
cAMP phosphodiesterases, enzymes of considerable
physiological importance. Finally, we continue work
aimed at developing methods for genomic difference
cloning that will enable us to discover recessive on-
cogenes and novel pathogens.

S. cerevisiae Adenylyl
Cyclase

J. Field, J. Colicelli, T. Michaeli, K. Ferguson,
R. Ballester, D. Young, N. Chester, H.-P. Xu,
G. Heisermann, M. Wigler

The CYRI gene encodes adenylyl cyclase, the one
known target for RAS protein action (Kataoka et al.,
Cell 43: 493 [1985]; Toda et al., Cell 40: 27 [1985]).
This large (220-kD) protein has two distinct domains:
a 40-kD carboxy-terminal catalytic domain and a 60-
kD leucine-rich domain with a repeating motif, lo-
cated in the center of the molecule. In the past year,
we completed two related studies of adenylyl
cyclase/RAS interactions. In the first study, a scries
of in-frame deletion and insertion mutations were
made in CYR/, and the encoded product was tested
for RAS responsiveness (Colicelli et al., Mol. Cell.
Biol. 10: 2539 [1990]). Most of the amino-terminal
region, to within 100 amino acids of the leucine-rich
repeat domain, is not required for retention of RAS
responsiveness. Large deletions or small insertions
within the repeat domain destroy RAS responsive-
ness. Large deletions in the region between the repeat
and the catalytic domain also destroy RAS respon-
siveness, but small insertions are tolerated throughout
this region. We conclude from these data that the
structure of the leucine-rich repeat domain is very
sensitive to perturbation and is critical for RAS
responsiveness. The latter conclusion is confirmed by
the second study. We discovered that overexpression
of catalytically defective adenylyl cyclase molecules
inhibits RAS function in yeast (Field et al., Science
247: 464 [1990]). Truncated genes encoding frag-

ments of adenylyl cyclase were tested for this effect.
The smallest fragment capable of inhibiting RAS
function was precisely the leucine-rich repeat
domain. These studies further emphasize the impor-
tance of this domain in RAS responsiveness. Future
studies will focus on determining what other proteins
bind to the leucine-rich repeat.

S. cerevisiae CAP

J. Field, A. Vojtek, J. Gerst, K. Ferguson,
M. Kawamunkai, M. Riggs, L. Rodgers, M. Wigler

To explore the mechanism by which RAS stimulates
adenylyl cyclase, we designed an epitope fusion-
immunoaffinity protocol to purify the adenylyl
cyclase complex from yeast (Field et al., Mol. Cell.
Biol. 8: 2159 [1988]; Cell 51: 219 [1990]). The com-
plex is RAS-responsive and contains at least one
other protein, with an apparent mobility of 70 kD,
which we have called CAP. Antibodies raised to CAP
were used to screen expression libraries, resulting in
the cloning of CAP. Sequence and restriction
endonuclease analysis indicates that CAP is identical
to the gene we prevously called SUPC. We had pre-
viously identified an allele of SUPC as a suppressor
of the activated RAS2v!19 allele. Gene disruption in-
dicates that CAP function is required by cells to be
fully responsive to RAS. However, cap~ cells have
other phenotypic defects. They are round, often en-
larged and multinucleated, sensitive to nitrogen
deprivation, and fail to grow in rich medium or in the
presence of an excess of certain amino acids, such as
valine (Gerst et al., Mol. Cell. Biol. 11: 1248 [1991}).
CAP is in fact a bifunctional protein; the amino
terminus is required for full RAS responsiveness and
the carboxyl terminus is required for the diverse
growth and morphological effects.

To gain insight into the nature of the carboxyl
terminus, we have sought genes on multicopy plas-
mids that suppress the phenotype that results from the
loss of CAP. One strong suppressor has been found
so far: PFY, the gene encoding profilin (A. Vojtek et
al., in prep.). Profilins are low-molecular-weight
proteins that can block actin polymerization by bind-
ing the actin monomer (Lassing and Lindberg, Na-
ture 314: 472 [1985]). This binding is released by in-
teraction with lipid micelles containing phosphatidyl
inositol phosphates.

The surprising connection between profilin and
CAP lcd us to cxaminc the phenotypes of pfy~ and
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cap™ cells more closely. These studies were per-
formed in collaboration with Susan Brown and Brian
Haare at the University of Michigan. pfy~ cells look
like cap™ cells. They are round and enlarged. They
also grow less well in rich medium. cap~ cells, like
pfy~ cells, have no discernible actin cables and bud
randomly from their surface. Overexpression of PFY
in cap~ cells restores most of cap~ phenotypic
defects, save one: Such cells grow in rich medium,
survive a nitrogen starvation, are smaller, bud asym-
metrically from one pole, and have actin cables, but
they are not RAS-responsive. These results suggest
that the carboxyl terminus of CAP is required for
proper profilin function and that the phenotype which
results from its loss is mainly due to loss of profilin
function.

Some biochemical insight into CAP emerges
from these experiments. [n our collaboration with the
group at the University of Michigan, we have found
mutant PFY gencs that can suppress a pfy~ cell but
not a cap™ cell. These mutant genes encode proteins
that apparently bind actin with affinitics cqual to
those of wild-type profilins, so some function beside
actin binding is required for suppression of cap~
cells, perhaps phospholipid binding. To test this, we
expressed form I and form Il Acanthamoeba profilins
in pfy~ and cap~ yeasts. Form II profilin binds
phosphatidyl inositol phosphates with high affinity
and suppresses both cap™ and pfy~ cells. However,
form 1 profilin, which binds phospholipids with lower
affinity, suppresses pfy~ cells but not cap~ cells.
These results suggest that CAP effects profilin func-
tion, and hence the cellular cytoskeleton, by effecting
the metabolism of phosphatidy] inosito! phosphates.

We do not yet know if CAP is a regulatory
molecule, and if so, what regulates it. However, it
physically connects two major pathways: (1) the
cAMP pathway, presumably involved in growth sig-
naling, and (2) a pathway in phospholipid metabo-
lism cffecting the remodeling of the cell. CAP is
therefore a prime candidate for integrating these path-
ways. Its proximity to adenylyl cyclase means it is
proximal to RAS, and although we have no evidence
yet that CAP is controlled by RAS, we note that the
types of changes in mammalian cells induced by on-
cogenic RAS, namely, morphological transformation
with its dissolution of actin cables and alterations in
phospholipid metabolism, resemble the effects of
altered CAP function in yeast.

Future studics will be directed to finding CAP
homologs in other organisms, exploring the precise

100

biochemical function of CAP, and looking for further
genetic clues into its interactions with other proteins.

Mammalian cDNAs Selected for
Interfering with RAS Function
in S. cerevisiae

J. Colicelli, C. Nicolette, E. Chang, L. Rodgers,
M. Riggs. M. Wigler

The observation that dysfunctional forms of adenylyl
cyclase interfere with RAS function inspired the de-
sign of a genetic screen for mammalian cDNAs that
encode products which can interact with yeast RAS
proteins. Cells expressing the RAS2va!l9 gene are
heat-shock-sensitive, one of the phenotypic hall-
marks of a constitutively activated RAS pathway.
The same phenotype results from overexpressing
adenylyl cyclase or the catalytic subunits of the
cAMP-dependent protein kinase, encoded by the TPK
genes, or from the disruption of the cAMP
phosphodiesterases, encoded by the PDET and PDE2
genes. We designed a high-copy yeast shuttle vector
that can express mammalian cDNA inscrts from a
strong yeast promoter. cDNA libraries constructed in
this vector were screened for clones that could sup-
press  the  hcat-shock-sensitive  phenotype  of
RAS2¥319 strains. Several clones were so isolated,
and these fell into two sets (Colicelli et al., Proc.
Natl. Acad. Sci. 86: 3599 [1989]; Proc. Natl. Acad.
Sci. 88: 2913 [1991]). The first set of clones could
also suppress the heat-shock-sensitive phenotype of
pde~ strains. These cDNAs encode cAMP phos-
phodiesterases (sce below). The second sct failed to
suppress pde™ phenotypes and hence contained candi-
dates encoding proteins that interact with RAS
proteins.

Three genes were represented among this second
set: JC99, JC265, and JC310. Sequence analysis
revealed no relationship between these genes and
genes in the known data banks; however, JC99 and
JC265 encode proteins that are clearly related to each
other and presumably arc members of a family. Fur-
ther genetic analysis in S. cerevisiae indicatcs that all
three genes can interfere with the activity of RAS7
and RAS2 and thc mammalian Ha-ras genes ex-
pressed in S. cerevisiae. The mechanism of action is
not known.

Future studies will aim at expressing products of
the genes in mammalian cells, Xeropus oocytes, and
the yeast S. pombe in an attempt to understand



whether they interact with RAS proteins directly and
to determine if they are effectors of RAS action.

whether NF1 shares other functions with the IRA
proteins.

Function of the Von Recklinghausen
Neurofibromatosis Gene
Product, NF1

R. Ballester, M. Wigler

The gene for the Von Recklinghausen neurofibro-
matosis locus NF] was recently identified (Cawthon
et al., Cell 62: 193 [1990]; Viskochil et al., Cell 62:
187 [1990]; Wallace et al., Science 249: 181 [1990]).
People afflicted with this disease have widespread
disorders of the proliferation and differentiation of
tissue of neuroectodermal origin. The partial se-
quence of the NFI cDNA was determined and found
to encode a protein with sequence similarities to the
mammalian GAP and yeast IRA proteins (Buchberg
et al., Nature 347: 291 [1990]; Xu ct al., Cell 62: 599
[1990}). GAP (GTPase activation protein) is a factor
that accelerates GTP hydrolysis by RAS and is
capable of down-regulating wild-type RAS proteins
(Trahey and McCormick, Science 238: 542 [1987];
Ballester et al., Cell 29: 681 [1989]; Zhang et al., Na-
ture 246: 754 [1990]). Oncogenic RAS proteins arc
generally resistant to GAP. The IRA proteins are
structurally related proteins with similar functions
(Tanaka et al., Cell 60: 803 [1990]). They arc en-
coded by the JRAI and /RA2 loci, and disruption of
either loci leads to a heat-shock-sensitive phenotype,
the result of activation of the RAS pathway. The NF1
protein bears about the same relatedness to GAP as
do the IRA proteins, but NF1 shows a greater global
similarity to the IRA proteins. In collaboration with
F. Collins and D. Marchuk at the University of
Michigan, we have begun to examine the function of
the human NF1 protein when expressed in yeast (Bal-
lester et al., Cell 63: 851 [1990]). Expression of NF1
can restore heat-shock resistance to yeast defective in
IRA function, as we have previously demonstrated
for GAP, and can down-regulate mammalian Ha-ras
when they are co-expressed in yeast. Unlike GAP,
NF1 appears to be capable of interfering with the
function of the activated Ha-ras2/12 mutant protein in
yeast. These results indicate that NF1 can interact
with a wide range of RAS protcins. We directly
demonstrated that NF1 possesses GAP-like activity:
Extracts of yeast cells expressing NF1 accelerate the
GTP hydrolysis of purified Ha-ras, but not of Ha-
ras¥2!12, proteins. In the future, we intend to examine

S. pombe Adenylyl Cyclase

D. Young, M. Kawamukai, K. Ferguson, M. Wigler

We have begun studying S. pombe as an experimental
system to explore RAS function. S. pombe contains a
single rasl gene encoding a RAS homolog (Fukui
and Kaziro, EMBO J. 4: 687 [1985]). ras1 does not
regulate S. pombe adenylyl cyclase (Fukui et al., Cell
44: 239 [1986]). In scarch of ciues to RAS function,
we have begun to explore the difference between the
regulation of adenylyl cyclasc in the two organisms.
First, we cloned and sequenced the S. pombe cyrl
gene (Young et al., Proc. Natl. Acad. Sci. 86: 7989
[1989]). It encodes a large protein with about 30%
sequence identity to S. cerevisiae CYR1 overall. The
homology between the catalytic domains is stronger.
Like S. cerevisiae CYRI, the S. pombe gene encodes
a leucine-rich repeat domain, and the catalytic
domain is carboxy-terminal. Thus, the overall struc-
tures of the two yeast cyclases are very similar and
differ radically from the structures of the mammalian
adenylyl cyclases that have been discovered recently
(Krupinski et al., Science 244 1558 [1989]).

Disruption of S. pombe cyrl produces a pheno-
type we call hypersexed (Kawamukai et al., Cell
Regul. 2: 155 [1991]). cyrl~ cells are perfectly vi-
able, but mate prematurely in rich medium, unlike
wild-type cells that mate upon starvation. Over-
expression of cyr/ lcads to a partial sterile phenotype.
Overexpression of the repeat domain encoded by
cyrl also leads to a hypersexed phenotype, suggest-
ing that expression of this fragment of adenylyl
cyclase interferes with the function of the wild-type
protein, much as we have found in our studies of the
S. cerevisiae cyclase. This study suggests that both
molecules share a conserved regulatory mechanism.
Other evidence points to the conclusion that S. pombe
cyrl is regulated.

Full-length cyr1 molecules can be purified from
S. pombe, using the epitope addition immunoaffinity
method, and these preparations have high levels of
enzymatic activity when assayed in the presence of
Mn** ion. The ratio of Mn** to Mg** activitics is
much higher for S. pombe cyrl than it is for S.
cerevisiae CYR1. We see no stimulation of activity
in the presence of guanine nucleotides. We have clear
evidence that a protein antigenically related to S,
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cerevisiae CAP is associated with S. pombe cyr1, and
we are in the midst of characterizing this molecule.

An S. pombe Kinase in the
ras1 Pathway

Y. Wang, H.-P. Xu, M. Riggs. L. Rodgers,
M. Wigler

We have sought genes in S. pombe that encode com-
ponents of the ras] signaling pathway. rasI- cells are
viable but fail to sporulate or conjugate and are round
in shape rather than cylindrically clongated (Fukui et
al., Cell 44: 329 [1986]). We selccted for S. pombe
genes present on high-copy shuttle vectors that could
restore conjugation to cells expressing a dominant in-
terfering S. cerevisiae RAS231215 gene. In this way,
we isolated byr2 (bypass of ras, no. 2, also known as
sirl) (Wang et al., Cell Biol. [1991] in press). byr2
can also suppress the sporulation defects of rasi~/
rasi- cells but not the cell-shape abnormalitics or the
conjugation defects of a rasi~ cell. byr2 has the
potential to encode a serine/threonine kinase, with a
carboxy-terminal catalytic domain. In size and struc-
ture, byr2 rescmbles the protein kinases C, the raf
kinases, and the cGMP-dependent protein kinases,
but it has no particularly close relationship to any in-
dividual kinases. In its genetic properties, byr2 most
closely resembles byrl, an S. pombe gene encoding
another protein kinase that was identified previously
(Nadin-Davis and Nasim, EMBO J. 7: 985 [1988]).
Expression of byr] can likewisc suppress the sporula-
tion defects of rasi~/rasI- diploids. Like byrl~ cells,
byr2- cells arc perfectly viable and of normal shape
but are absolutely defective in conjugation and
sporulation. byrl and byr2 are thus both good candi-
dates for genes encoding downstream components of
the rasl signaling pathways. Since overcxpression of
byrl can complement the sporulation defects of byr2~
cells, but not vice versa, we can place the site of ac-
tion of byr1 downstream from byr2.

sporulation defects of ras!~/rasi~ diploids. One of
these genes, called byr3 (also known as prs and
HP18), was found to encode a protein comprised al-
most in its cntirety of a zinc finger repcat motif
(H.-P. Xu, Ph.D. Thesis [1990]). This metal-binding
motif is commonly found in proteins that bind
double- or single-stranded DNA, or RNA. The motif
structure of byr3 resembles most closely the metal-
binding motif of CNBP, a putative sterol regulatory
element that binds single-stranded DNA (Raja-
vashisth et al., Science 245: 640 [1989]). On the basis
of its structure, we imagine that byr3 encodes an in-
hibitor of gene transcription.

The genetic characterization of byr3 is as follows.
High-copy expression of byr3 suppresses the sporula-
tion defects of ras!~/rasi~ diploids, but not the shape
abnormalities or conjugation defects of rasi~ cells,
and none of the phenotypic defects of byr2- or byrl~
cells. byr3- cells are perfectly viable and normally
shaped, but they arc partially sterile. This defect is
restored by high-copy wild-type rasi or byr2, but not
by byrl. This result indicates again that the byr2
kinase lies closer to the root of the rasl signaling
pathway than does the byr1 kinase. This result further
suggests that byr2 and byrl have common but per-
haps parallel functions and that byr1 acts at least part-
ly through byr3. Further studies will focus on resolv-
ing this model and delineating the role, if any, that
byr3 plays in transcriptional regulation.

GAP-like Molecules in S. pombe

Y. Wang, H.-P. Xu, M. Riggs, L. Rodgers.
M. Wigler

We have sought genes that on high-copy shuttle vec-
tors arc capable of inhibiting the phenotype of S.
pombe cells expressing rasI¥®'7, the activated allele
of rasl. Such cells are partially sterile, highly ag-
glutinable, and develop long exaggerated conjugation
tubes. One gene was isolated that we called sar!
(suppressor of activated ras) (Wang et al., Mol. Cell.
Biol. [1991] in press). Upon DNA scquencing, it

A Putative Nucleic-acid-binding
Protein in the ras1 Pathway

H.-P. Xu, Y. Wang, M. Riggs, L. Rodgers,
M. Wigler

We directly selected for S. pombe genes that on high-

Ily became clear that sar] encoded another
member of the family of proteins that included the
GAP, IRA, and NF1 proteins. The homology with
other members of this family resides strictly in the
"catalytic” domain, and sarl is closest in sequence t0
NF1.

Genetic evidence indicates that sar] down-

copy shuttle vectors arc capable of suppressing the
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g rasl in S. pombe. sarl- cells have the same



phenotype as rasiVa'7 cells, and ras/= mutations are
epistatic to sarl~; i.., rasl~ sarl~ double mutants
have the same phenotype as rasl- cells. Expression
of sarl, like expression of GAP and NF1, can com-
plement yeast defective in the /RA genes.

Many investigators have speculated that GAP-like
molecules encode RAS effectors. There is some evi-
dence for this in mammalian cells (Tatani et al., Cel!
61: 769 [1990]), but no evidence of this for the S.
cerevisiae IRA proteins. There is also no support for
this hypothesis from studies of sarl function in S.
pombe.

An RNase in the Regulation of
S. pombe Sexual Function

H.-P. Xu, Y. Wang, M. Riggs, L. Rodgers,
M. Wigler

Disruption of rast function leads to failure to con-
jugate and sporulate. We therefore sclected for genes
on high-copy plasmids that caused failure to sporu-
late. One such gene was isolated and called hcs (high
copy sterile) (Xu et al., Nucleic Acids Res. 18: 5304
[1990)). Disruption of hcs causes lethality. Over-
expression causes no diminution in growth rate or
change in shape, but it renders cells unable to sporu-
late or conjugate. Sequence analysis reveals the hcs
can encode 363 amino acids with 24% sequence
identity to Escherichia coli RNase I1I. RNase 111 is a
double-strand-specific RNase involved in processing
of ribosomal RNA and mRNAs in E. coli (Nashimoto
and Uchida, Mol. Gen. Genet. 201: 25 [1985); Portier
et al., EMBO J. 6: 2165 [1987]; Takiff et al., J. Bac-
teriol. 171: 2581 [1989]). This work suggests that
some control of the pathways regulating sexual dif-
ferentiation may be exerted at the level of RNA
stability or availability and implicates regulation of
RNases in the control of gene expression in
eukaryotes.

Mammalian cDNAs Selected for
RAS Function in S. pombe

H.-P. Xu, M. Riggs, L. Rodgers, M. Wigler
It is altogether possible that the function of rasl in S.

pombe resembles its function in mammalian cells. To
explore this possibility, we screened mammalian

cDNA libraries cloned into S. pombe expression vec-
tors for genes capable of inducing sporulation in
rasi~/rasI~ diploids. Many classes of candidates
were obtained. The first class comprised mammalian
RAS genes, which was expected (Xu et al., Cell
Regul. 1: 763 [1990]). The second class comprised
mammalian RAP genes, which was unexpected, in-
cluding RAPIA, RAPIB, and RAP2 (Xu et al., Cell
Regul. 1: 763 [1990]). The RAP genes encode mem-
bers of the RAS superfamily (Pizon et al., Oncogene
3: 201 [1990]). RAP proteins show approximately
50% identity with RAS proteins. RAP1A is also
known as Ki-rev-1, which was discovered as a weak
inhibitor of the morphologic transformation induced
by oncogenic RAS (Kitayama et al,, Cell 56: 77
[1989]). These mammalian RAP genes can induce
sporulation in ras!~/rasi- diploid S. pombe and can
restore normal cell shape to ras/- haploid cells, but
they fail to restore conjugal competence to rasi~
cells. We next explored the function of mammalian
RAPIA in S. cerevisiae. In that yeast, expression of
RAPIA was not able to provide RAS-like functions.
Indced, expression of RAPIA weakly antagonized the
phenotype of the activated RAS2V4I'9 allele. These
studies indicate that mammalian RAP can interact
with RAS targets, sometimes productively and some-
times nonproductively.

The third class of ¢cDNAs comprise two genes
known as ATG16 and ATG29 (H.-P. Xu, Ph.D. Thesis
[1990)). In virtually all its genetic aspects, ATG29
resembles a weaker form of ATGI6. In high copy,
both genes can induce sporulation in rasi~/rasi~
diploid ycast. They fail to correct shape and conjuga-
tion defects of rasI- cells, but both can correct the
conjugation defects of byr3~ yeast. Neither can cor-
rect the phenotypic defects of byrl~ or byr2~ yeast.
These results suggest that ATG16 and ATG19 can
each carry out a portion of rasl function lying up-
stream of the byrl and byr2 kinases and also suggest
that they operate on the same pathway. Strikingly,
both ATG16 and ATG29 can induce haploid sporula-
tion in cells containing the activated ras/Va!7 allcle.
Haploid sporulation is a very rare event in wild-type
yeast. This result again strongly suggests the related-
ness of the function of these gene products, which
can evidently act synergistically with ras7¥a'?, Final-
ly, coexpression of ATG16 and ATG29 can induce
haploid sporulation in wild-type S. pombe. Thus,
their gene products can cooperate. Future studies will
focus on the characterization of the ATG16 and
ATG29 gene products and their function in mam-
malian cells.
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Mammalian cAMP
Phosphodiesterase Genes

J. Coiicelli, T. Michaeli, G. Bolger, M. Riggs,
L. Rodgers, M. Wigler

In the course of selecting for mammalian cDNAs that
could suppress the phenotype of RAS2¥al19 cells, a rat
cAMP phosphodiesterase (PDE) gene was cloned
(Colicelli et al., Proc. Natl Acad. Sci. 86: 3599
[1989]) and named rat DPD because it was homo-
logous to the Drosophila melanogaster dunce phos-
phodiesterase. A great variety of cAMP phos-
phodiesterases are expressed in mammalian tissues
and are of considcrable importance, since cAMP
regulates many physiological processes. A better un-
derstanding of this complex family of enzymes will
emerge once the gences encoding them are cloned and
characterized. Approaching this problem through
biochemical purification and sequencing has been a
slow process, and yeast sclection for cDNAs encod-
ing PDESs provides a way to accelerate this discovery.
By screening a cDNA library made from a human
cell line, we have discovered three different human
PDE genes. Two of these are closely related and en-
code rolipram-inhibitable, high affinity, cAMP-
specific PDEs. Thesc two genes are homologous to
the rat DPD. We discovered other members of this
family by using the rat DPD as a probe. Using
degencrate  oligonucleotide probes to conserved
regions as primers in polymerase chain reactions, we
have concluded that there are probably only four
genes that comprise this family. The third human
PDE cDNA cloned by complementation in yeast has
biochemical properties that suggest it represents a
previously undiscovered family of PDEs. We plan to
characterize the human PDE families further.

Genomic Difference Cloning

I. Wieland, G. Asouling, K. O'Neill, M. Wigler

We have been in the process of developing a method
of "genomic difference cloning.” This method allows
the identification by cloning a DNA sequence present
in onc genome that is absent in an otherwise similar
or identical genome (Wicland et al., Proc. Natl. Acad.
Sci. 87: 2720 [1990]). Such differences arise in im-
portant situations: when an individual or a tissue is
infected with a DNA-based pathogen or when a neo-
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plastic cell has lost sequences from both alleles of a
recessive oncogene. The outline of one method for
difference cloning was described in last year’s An-
nual Report and was published this past year. This
method is not yet powerful enough to be used
routinely for our purposes. We have concentrated this
year on the incremental improvement of our meth-
odologies.
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RAS ONCOGENES AND SIGNAL TRANSDUCTION

D.Bar-Sagi  N.Gale S. Palmer
L. Graziadei J. Yates
K. Degenhardt Y. Yeh
S. Kaplan

Our major interest is in transmembrane signals that
control cell proliferation. Our research focuses on
two components of the signal transduction machinery
in mammalian cells: (1) ras proteins and (2) phos-
pholipase A, (PLA,). ras proteins are small guanine-
nucleotide-binding proteins that reside on the inner
surface of the plasma membrane. They have been
highly conserved in evolution and play a critical role
in mediating signals that control cell growth. PLA, is
a calcium-dependent esterase that catalyzes the
hydrolysis of fatty acid ester bond specifically at the
sn-2 position of glycerophospholipids (hence, the
designation A,). Our interest in the action of PLA,
derives from its implication in mediating signa! trans-
duction through the release of arachidonic acid from
phospholipids in the plasma membrane. Arachidonate
is the precursor for a number of intraccllular mes-
sengers involved in  growth control, including
leukotrienes, thromboxanes, and prostaglandins. In
addition, earlier studies from our laboratory indicate
a possible functional link between PLA, activation
and ras-induced cell transformation. During the past
year, we have continued to analyze the molecular
properties of PLA,. A particularly useful develop-
ment in this area has been the generation of
monoclonal antibodies against PLA,. These anti-
bodies are being extensively used to characterize the
involvement of PLA, in signal transduction. We have
also continued to study the mechanisms of signal
transduction by ras proteins. Through the use of sig-
naling events in the immune system, we have ob-
tained some new insights into the possible function of
these proteins.

Participation of ras Proteins in
T-cell Activation

N. Gale, D. Bar-Sagi

To understand the regulatory function of ras proteins,
it is essential to identify both upstream and down-
stream components in the ras signaling pathway. To
this end, we have been investigating the role of ras
proteins in T-cell activation. Activation of T cells by
interaction of antigen with the T-cell receptor (TCR)
proceeds via a well-documented sequence of trans-
duction events that leads to cellular differentiation
and proliferation. The interleukin-2 (IL-2) gene is ex-
pressed in T cells in a strictly regulated manner. In
resting T cells, IL-2 transcripts are not detectable;
however, triggering of the TCR by lectins or
antibodies in combination with protein kinase C
stimulation leads to the activation of the IL-2 gene.
We reasoned that if ras proteins are involved in these
signaling events, then their overexpression may have
an effect on IL-2 gene activation. To test this pos-
sibility, Jurkat cells were transfected with a plasmid
expressing the proto-oncogenic form of ras (Fig. 1,
pNV-WT) and control plasmid (Fig. 1, pNV-
VECTOR). To monitor ras effects on the level of IL-
2 mRNA, a quantitative polymerase chain reaction
(PCR)-based assay was employed. To visualize and
quantitate the amplified products, 32P-end-labeled
primers were used. In these experiments, mRNA
levels of three genes were evaluated using specific
primer sets for each. IL-2 mRNA was evaluated for
inducibility under the various stimulatory conditions.
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RAS AND IL-2 EXPRESSION
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FIGURE 1 Effects of ras overexpression on IL-2 gene inducibility. Jurkat cells were transfected with
vector alone (PNV-VECTOR) or with a wild-type c-Ha-ras (PNV-WT). Twenty hours after transfection,
cells were stimulated with PHA, PMA, PHA+PMA, or none for 8 hr. Cells were then harvested, and RNA
was prepared and processed for PCR. To visualize and quantitate the PCR products. 32p_end-labeled
primers were used in the reaction. Equal aliquots of the reactions were electrophoresed on TBE-PAGE
gels and exposed to XAR film (inset) or phosphorimaging screen. To correct for any differences in in-
put cDNA among the various conditions, results were normalized according to B,MG expression.
Numbers under bar graphs correspond to lane numbers on the autoradiogram. Note that overexpres-
sion of ras induces a fourfold stimulation of the induction of IL-2 by PMA+PHA {compare IL-2, lane 4.

and IL-2, lane 8).

ras mRNA levels were assayed to verify the expres-
sion of the exogenous construct. B, microglobulin
(B,MG) mRNA levels were used as internal controls
for the quantity and quality of RNA used in each as-
say. As shown in Figure 1, in cclls transfected with
control plasmid, a very low level of ras expression
was detected (Ras, lanes 1-4). In contrast, a high
level of ras expression was detected in cells trans-
fected with the ras expression plasmid (Ras, lanes
5-8). As expected, IL-2 transcription was induced
when cells were stimulated with both PHA (a
mitogenic lectin) and PMA (a protein kinase C ac-
tivator) (IL-2, lanc 4). We found that ras ovcrexpres-
sion had no effect on IL-2 transcription in unstimu-
lated cells or in cells stimulated with PHA or PMA
alone (IL-2, lanes 5-7). However, in Jurkat cells
treated with both PHA and PMA, the induction of IL-
2 expression was potentiated by ras overexpression
(compare IL-2, lancs 4 and 8). Quantitative analysis
of the results (Fig. 1, bar graphs) indicates that ras
overexpression results in a fourfold stimulation of IL-
2 induction. These observations provide cvidence for
the involvement of ras in signaling events relevant to
IL-2 induction. The signaling pathways that contrib-
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ute to the induction of the IL-2 gene have been ex-
tensively characterized. Therefore, we anticipate that
the effects of ras on IL-2 expression will constitute a
uscful experimental system to elucidate the ras path-
way.

Posttransiational Processing of
ras Proteins: Role of Carboxyl
Methylation

K. Degenhardt, D. Bar-Sagi

Protein carboxyl methylation is a posttranslational
modification found in both prokaryotic and eukary-
otic cells. In mammalian cells, this methylation reac-
tion is part of a series of posttranslational modifica-
tions of proteins originally synthesized with a -Cys-
AAX carboxy-terminal sequence, which involve the
proteolytic removal of the last three amino acids, the
lipidation of the cysteine sulfhydryl group with an
isoprenyl moiety, and the methyl esterification of the
newly exposed a-carboxyl group. The protein sub-
strates for these reactions include molecules involved



in sensory transduction (the a-subunit of retinal
cGMP phosphodiesterase), in nuclear membrane
structure (lamin B), and in transmembrane signaling
(small [21-24 kD] G proteins).

Onc of these G protcins has been clearly identi-
fied as ras. We have developed an in vitro assay sys-
tem for the methyl esterification of the a-carboxyl
group of the carboxy-terminal cysteine residue of ras
proteins. In this assay system, membrane prepara-
tions are incubated with the methyl donor [*H]S-
adenosyl-methionine for various intervals. ras
polypeptides are isolated by immunoprecipitation
using anti-ras monoclonal antibody (Y13-259). The
immunoprecipitates are resolved on polyacrylamide
gels. The ras band is then cut from the gel, and the
radioactively labeled methyl group is hydrolytically
released by the addition of 1 N NaOH and counted by
scintillation counting. Using this assay system, we
have found that more than 90% of the incorporation
of 3H-methyl group onto ras was inhibited by S-
adenosylhomocysteine, a specific inhibitor of meth-
yltransferase enzyme. This result demonstrates that
the methylation of ras in vitro is specifically
catalyzed by protein carboxy! methyltransferase. In
addition, we have found by pulse-chase experiments
that the carboxyl methyl group on ras turns over with
a half-life of approximately 60 minutes. These results
document, for the first time, the turnover of the car-
boxyl methyl group on ras and are consistent with a
dynamic methylation-demethylation cycle catalyzed
by methyl transferase and methyl esterase, respec-
tively. We plan to use this in vitro assay system to in-
vestigate the functional significance of the carboxyl
methylation of ras proteins. Our current hypothesis is
that methyl esterification of ras proteins leads to a
tighter association of these proteins with the plasma
membrane.

Establishment of a Method for the
Introduction of ras or Other
Proteins into a Large Number

of Cells and the Isolation of
Protein-loaded Cells

L. Graziadei, D. Bar-Sagi

We have recently shown that ras proteins co-cap with
surface immunoglobulins (slg) in mitogenically
stimulated B lymphocytes. The functional sig-
nificance of this redistribution event is being studied

in our laboratory. To assess the possible role of ras in
the clustering of slg, we plan to introduce mutational-
ly activated ras proteins into B cells and then monitor
slg distribution. These experiments require that cells
which contain introduced protein can be dis-
tinguished from those which do not. B cells grow in
suspension and are very small, with large nuclei and
relatively little cytoplasm. This makes them un-
suitable for microinjection. In addition, the redis-
tribution phcnomenon obscrved in stimulated B cells
persists for only minutes, thus making the DNA
transfection approach not applicable. Therefore, we
have established a method for introducing proteins
into B cells. This method involves the usc of elec-
troporation to load purified proteins into a large num-
ber of cells with high efficiency. A unique feature of
this method is that dextran-FITC is included in the
electroporation medium and is thus cointroduced
with the protein of interest. This enables the purifica-
tion of cells containing dextran-FITC using fluor-
escence-activated cell sorting (FACS) and yields a
population that is composed almost entirely of cells
containing the protein of interest. The features of the
method can be summarized as follows: (1) Subjecting
cells to clectroporation in the presence of fluorescent-
ly labeled dextran leads to the cfficient uptake of dex-
tran into the cytoplasm. (2) Electrical paramcters of
the eclectroporation can be adjusted to optimize for
uptake and cell viability. (3) Dextrans with molecular
masses of 19-150 kD display equivalent capacity to
enter cells by this technique, as measured by the fluo-
rescence intensity of loaded cells. (4) Using FACS, it
is possible to separate the live loaded cells from the
nonloaded cells. (5) After electroporation, cells
remain capable of capping slg upon proper stimula-
tion.

To establish that dextran-FITC can be used as a
reliable indicator of protein entry into electroporated
cells, we co-loaded dextran-FITC with a fluorescent
protein and directly monitored by FACS the coin-
cidence of the two molecules on a per cell basis. The
protein we used for this analysis is B-phycoerythrin
(PE), a 240-kD member of the family of plant
Phycobiliproteins  which has an intrinsic fluores-
cence. As indicated by the two-color flow cytometric
analyscs shown in Figure 2, there is a linear corrcla-
tion between the amount of dextran-FITC and the
amount of PE loaded per cell. Thus, dextran-FITC
uptake can be used as a quantitative indicator of
protein loading. This method has been used on vari-
ous cell types in our laboratory and should prove ap-
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FIGURE 2 Use of dextran-FITC as a marker for the loading of proteins by electroporation. (A) Three-dimensional
biparameter histogram of cells that have been co-loaded with dextran-FITC and PE. The peak height along the z-axis
represents cell number. Population | is composed of nonloaded cells. Population Il represents the double-loaded cells
and constitutes 70% of total cells. Population Il is composed mostly of dead cells and debris to which PE tends to stick
nonspecifically. (8). Fluorescence intensities of PE versus FITC measured at positions of maximum peak height on the
histogram shown in A. Numerical values on the axes are derived from the channel number on the log fluorescence scale
and represent equivalent units of fluorescence intensity on each axis. Nonloaded and coloaded populations are indi-
cated. The plot yields a straight line indicating a linear correlation between the amount of dextran-FITC and that of PE

l0aded per cell.

plicable for the introduction of proteins into many
cell types. It is especially useful in situations where a
large number or pure population of protein-loaded
cells are required.

Tissue-specific Expression of
Phospholipase A, Enzymes

N. Gale, S. Palmer, J. Yates, D. Bar-Sagi

Phospholipases A, (PLA,) are a growing family of
enzymes implicated in the biosynthesis of the prosta-
glandins, leukotrienes, and related eicosanoids. PLA,
hydrolyze membranc phospholipids to liberate
arachidonic acid, which is the rate-limiting factor in
the synthesis of these important regulators of cell
growth and proliferation. All of the structural in-
formation available to date about PLA, is derived
from secreted forms of the enzyme. The two most
abundant forms of secreted PLA, identified in mam-
malian cells have been termed pancreatic (type I) and
splenic (type II) PLA,. Catalytically, these two forms
appear indistinguishable despite significant sequence
differences primarily in the noncatalytic domains of
the enzyme. In the past year, we have searched for
novel forms of cellular PLA; using PCR amplifica-
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tion. To this end, we have synthesized scveral
degenerate primer pairs, the sequence of which cor-
responded to two conserved domains found in both
the pancreatic and splenic enzymes. cDNAs made
from total RNA from various rat tissuc sources were
then used as targets in low-stringency PCRs to hunt
for novel PLA, clones. Sequence analysis of a large
number of amplified products revealed that all of
them were identical to either the pancreatic enzymes
or the splenic enzymes. However, we found that we
were able to amplify these two types of PLA,; clones
with different apparent frequencies, depending on the
tissue source examined, and in several instances were
able to observe transcription of PLA, in tissues
where they had been heretofore unseen. In light of
these observations, we have undertaken the quantita-
tive analysis of the expression of the pancreatic and
the splenic enzymes in various rat tissues. For thesce
experiments, pairs of primers that match exactly one
or the other type of PLA, were synthesized. These
primer pairs were used in high-stringency PCRs,
using the cDNAs from 14 rat tissues as templates.
Because there were significant differences in the
qualities of RNA that we were able to prepare from
different tissues, we incorporated an internal control
for quality and quantity of input RNA into the assay.



For this control, we employed exact match primer
pairs to B,MG, a gene whose transcription is thought
to be ubiquitous and nearly equal in all cell types. As
shown in Figure 3, the levels of PLA, expression
vary significantly among various tissues. As ex-
pected, pancreatic PLA, (type I) is expressed highly
in the pancreas, greater than two orders of magnitude
higher than in any other tissue examined. In other tis-
sues, pancreatic PLA; expression is relatively high or
low, with no true instances of intermcediate levels of
expression. There are notably high levels of pan-
creatic PLA, expression in ovary, lung, testis, and
spleen that had not been previously observed; in fact,
this PLA, was thought to be restricted in expression
to only the pancreas and the lung. As has been pre-
viously reported, the levels of spienic PLA, (type II)
expression are high in spleen and even more
abundant in the intestine. Splenic PLA, is also ex-
pressed at intermediate levels in many of the tissues
surveyed, including liver, heart, lung, and pancreas.
Note that in contrast to the expression of pancreatic
PLA,, splenic PLA, was expressed at low levels in
nearly all tissues examined, with the exception of
muscle tissue and adrenal glands where its expression
is absent or extremely low. Previously, splenic PLA,
was thought to be restricted in expression to spleen,
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intestine, and platclets. We have found that splenic
PLA,; expression occurs at comparable levels in pan-
creas and liver as well. Overall, the pattern of expres-
sion of the PLA, cnzymes indicates that in a given
tissue, one form of the enzyme is prefercntially ex-
pressed. In addition, the abundance of PLA, appears
to be correlated with the proliferative capacity of the
tissue. Thus, brain and muscle tissues exhibit low
levels of expression, whereas spleen, pancreas, and
intestine display high levels of expression. It is our
hope that these new findings will be of value in our
ongoing rescarch concerning the role of PLA, in
transducing intracellular signals, as well as in re-
search in other laboratories concerning the structure
and function of this enzyme.

Identification of a Novel Form of
Cellular Phospholipase A,

S. Kaplan, Y. Yeh, D. Bar-Sagi
In the past year, we have succeeded in generating a

monoclonal anti-phospholipase A, (PLA,) antibody
using the pancreatic secreted enzyme as an antigen.
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FIGURE 3 Expression of pancreatic and splenic PLA, enzymes in various rat tissues. The relative abundance of PLA, tran-
scripts was determined in a variety of lissues using PCR. Three separate reactions were performed on cDNA from each tis-
sue using different primer pairs in each reaction. Primer pairs were 10 BzMG, pancreatic PLA,, and splenic PLA,. Results of
these reactions are shown in panel A, and the quantitative phosphorimager analysis of these results, corrected for dif-
ferences in ﬂ.‘,MG expression, is shown in panel B. (Gray bars) Pancreatic PLA,; (black bars} splenic PLA,.
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FIGURE 4 Immunoprecipitation of a novel polypeptide by a
monoclonal anti-PLA, antibody. (A). [3S]Methionine-label-
ed Hela cells were fractionated to S-100 and P-100.
Detergent lysates were prepared from each fraction and im-
munoprecipitated with anti-PLA, antibody (-} or with anti-
PLA, antibody blocked with an excess of purified antigen
(+). Under normal conditions (panel A, control), the antibody
specifically immunoprecipitates a 39-kD protein (arrowhead)
present in both the soluble and particulate fractions. In cells
treated with the caicium ionophore A23187 prior to frac-
tionation, the proportion of the 39-kD protein associated with
the P-100 fraction is significantly increased. (B) Im-
munoprecipitation from 32P-labeled HeLa cells. The 39-kD
protein is a phosphoprotein (control), and the stimulation of
PKC by PMA treatment results in the significant enhance-
ment of its phosphorylation.

This antibody specifically immunoprecipitates a 39-
kD protein from metabolically labeled cells. This 39-
kD protein has been detected in a variety of cell lines.
Cell fractionation experiments show that this protein
is found in both the soluble (S-100) and the particu-
late (P-100) fractions (Fig. 4A). The association with
the particulate fraction is enhanced by an increase in
the intracellular calcium concentration (Fig. 4A) and
is abolished by calcium removal. These results indi-
cate that the 39-kD protein is most likely a PLA,,
since it has been long recognized that the association
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of PLA, with the cell membrane is calcium-de-
pendent. Indirect immunofluorescence Staining with
this antibody shows that the protein is located in both
the membrane and the cytoplasm. Specific enrich-
ment of staining is found in membrane ruffles and in
perinuclear regions. This staining pattern is cc

with the biochemical fractionation data published by
other investigators. The 39-kD protcin has a pl of ap-
proximately 5.0 and appears to consist of multiple
forms. In addition, the 39-kD protein is a phos-
phoprotein, and its phosphorylation is significantly
enhanced by treatment of cells with the phorbol ester
PMA. Thesc results indicate that the 39-kD protein is
a protein kinase C substrate. Immunoaffinity purifica-
tion experiments are under way to test whether the
protein exhibits a PLA, activity. Purification of the
protein will be the focus of our effort in the coming
year.
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NUCLEAR SIGNAL TRANSDUCTION

M. Gilman R. Attar R. Graham R. Raje
L. Berkowitz D. Grueneberg K. Riabowol
D. Girgenti G. Lee H. Sadowski

We are interested in how extracellular signals are
communicated to the nucleus, resulting in stable and
specific changes in the pattern of cellular gene ex-
pression. The major focus of our work is the proto-
oncogene c-fos, which plays a critical role in cellular
signaling. The c-fos gene is rapidly activated in cells
within minutes of receiving a signal. Activation does
not require new protein synthesis and therefore pro-
ceeds by posttranslational modification of preexisting
proteins. A major goal of our work is to define the
proteins and other molecular messengers through
which these signals travel from the cell surface to the
c-fos gene. In particular, we arc interested in how the
specificity of signaling is achieved. Since a cell will
respond in a distinct fashion to a given growth factor,
how is the message delivered by one factor different
from another? Thus, we wish to know how signals
from discrete individual signal transduction pathways
reach the c-fos gene and how the function of the Fos
protein complex itself might vary depending on the
activating signal.

We are taking several approaches to this problem,
as described in the scctions below. We are perform-
ing mutagenesis on the c-fos promoter and other
regulatory sequences to identify the clements that
respond to individual signal transduction pathways.
We are using these sequences to identify cellular
DNA-binding proteins that mediate the activities of
these elements. We are also developing genetic ap-
proaches that we hope will accelerate our efforts to
isolate intracellular mediators along these signaling
pathways. Finally, we are using high-resolution two-
dimensional gel electrophoresis to study the composi-
tion of the Fos protein complex induced in cells by
different stimuli, and we are actively isolating novel
components of the complex.

Functional Analysis of the SRE

R. Graham, M. Gilman

The serum response element (SRE) is a major target
through which growth factors activate c-fos transcrip-

tion. We and other investigators have shown that the
SRE is the target for at least two distinct signaling
pathways, one dependent on protein kinase C (PKC)
and one independent of PKC. In addition, the SRE
appears to be a major target for the active repression
of c-fos transcription that begins approximately 30
minutes after induction. Not surprisingly, the SRE is
a binding site for several different cellular proteins.
We have undertaken a detailed mutagenesis of the
SRE in an effort to correlate the binding of these
proteins with individual regulatory activities of the
SRE.

We isolated one important class of SRE mutants.
These mutants bind one of the SRE-binding proteins,
SRF, with wild-type affinity, but they fail to form a
ternary protein-DNA complex, consisting of SRE,
SRF, and a sccond protein termed TCF (ternary com-
plex factor). We found that these mutants were spe-
cifically defective in response to one of the signals
that act on c-fos through the SRE, the PKC pathway.
Response to PKC-independent signals was unaffected
in these mutants (Fig. 1). Thus, we conclude that the
ternary complex, SRF and TCF bound to the SRE,
comprises the target for the PKC signal, whereas
PKC-independent signals are able to target SRF alone
or in conjunction with proteins we have not yet iden-
tified.

Our observations suggest a model to account for
the specificity of action of growth factors on genes
regulated by SRE sequences. It is clear that an SRF-
binding site alone is not sufficient for response to the
PKC pathway. Only when the site is situated within a
sequence context that permits the recruitment of TCF
is it responsive to this signal. We generalize this ob-
servation to suggest that all signals require accessory
proteins that interact with SRF. An important
ramification of this model is that virtually any spec-
trum of signal response can be generated in an SRE-
containing promoter simply by varying the sequence
context near, or perhaps distant from, the SRE. A
critical prediction of this model is that we will find
additional sequences in the c-fos promoter required
for response to PKC-independent signals. We are
now seeking such sequences.
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FIGURE 1 Binding properties in vitro and inducibility in vivo of a c-fos promoter carrying a single nucleotide
substitution, pm18, that abolishes ternary complex formation. (A) Mobility-shift assay. DNA probes carried c-
fos sequences from -356 to -275, either wild-type (WT) or mutant {(pm18). Assays were performed with no
added protein (lanes 1 and 2), partially purified p62DBF (lanes 3 and 4), and partially purified TCF and SRF
(lanes 5 and 6). (B) Transient expression assay of c-fos promoters. BALB/c 3T3 cells were transfected with
plasmids carrying a wild-type (lanes 1-4) or pm18 (lanes 5-8) promoter and starved for serum for 48 hr. The
cells were treated for 45 min with nothing (lanes 1 and 5), 10% calf serum (lanes 2 and 6), 50 ng/ml phorbol
myristate acetate (lanes 3and 7), or 40 ng/mi ¢-sis protein (lanes 4 and 8). T, E, and « indicate the positions
of probe fragments protected by RNA from the transfected gene, the endogenous c-fos gene, and a human
a-globin gene intemal control, respectively. (C) Identical to B, except that cells were treated for 48 hr with

200 ng/ml phorbol dibutyrate to remove active PKC.

Regulation of c-fos Transcription
by cAMP

L. Berkowitz

Among the many second-messenger systems that ac-
tivate c-fos is the well-studied cCAMP pathway. Pre-
viously, we identified three elements in the c-fos
promoter required for induction by cAMP. These
three cAMP response elements (CRE) all contain the
CRE consensus core sequence, TGACG, yet they dif-
fer in transcriptional strength. The hierarchy of
strength correlates with the elements’ affinity for cel-
lular binding protein(s), thus reflecting their intrinsic
activities and not their relative positions within the
promoter.

A likely candidate for the transcription factor ac-
ting through these CREs is the CRE-binding protein
(CREB). This protcin is phosphorylated in vitro by
the cAMP-dependent protein kinase, the biological
cffector of CAMP, and can activate transcription of a
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CRE-containing gene in vitro. Using sequences from
a published CREB clone, we isolated two classes of
CREB cDNA clones by the polymerase chain reac-
tion (PCR). The two types of CREB proteins differed
by the insertion of 14 amino acids, presumably the
result of alternative splicing. The two CREB proteins,
produced by in vitro transcription/translation, showed
no difference in their binding affinitics to the
strongest c-fos CRE. Both forms are expressed in all
tissue-culture cell lines examined and in several
mouse tissues. Studying the in vivo function of the
cloned CREB proteins is complicated by the presence
of endogenous CREB and related proteins. Therefore,
we reprogrammed the DNA-binding specificity of
CREB by attaching the DNA-binding domain of the
yeast transcription factor GAL4. Correspondingly, the
CRE in the reporter plasmid was changed to a GAL4-
binding site. Cotransfection of the GAL4-CREB fu-
sion expression plasmid and the GAL4 reporter
showed that both forms of CREB are able to confer
cAMP responsiveness on the reporter. This re-



sponsiveness required CREB proteins in trans and
the GAL4-binding site in cis. Thus, both forms of
CREB are capable of transcriptionally activating a
gene in response to CAMP.

Although CREB can confer cAMP responsive-
ness on a heterologous promoter and can bind to the
c-fos promoter, it is not known if it plays a direct role
in c-fos induction by cAMP in vivo. To determine
this, we are attempting to block CREB activity by
microinjecting specific CREB antibodics into cells
and measuring their effect on c-fos expression.
Several monoclonal antibodies against CREB have
been generated. Alternatively, mutations made in the
basic region create a dominant interfering CREB,
which should interact with the endogenous CREB but
create a nonfunctional complex. This construct will
be transfected and microinjected into cells, and c-fos
response will be assessed. We will also explore the
basis of the growth inhibitory effect of CREB over-
expression in cells.

The Synergistic Action of Protein
Kinase C and Calcium on c-fos
Transcription in T Lymphocytes

G.Lee

A fourth pathway that regulates c-fos transcription
(after PKC, PKC-independent, and cAMP) is cal-
cium. Calcium is a particularly important second
messenger in the response of T lymphocytes to
antigen. In fact, treatment with phorbol esters (which
activate PKC) and calcium ionophores (which elevate
intracellular calcium concentrations) is sufficient to
mimic the effect of antigen. A key feature of this
response is the synergistic interaction between these
two signals. Together, they elicit a substantially
stronger responsc than either does scparately. We are
interested in investigating the mechanism of this
synergistic interaction.

Transfected c-fos genes are strongly activated by
the combination of PMA and ionomycin at con-
centrations at which each has little effect. Thus, we
observe this synergistic interaction on genes trans-
iently expressed in T cells. We are currently consid-
ering two general molecular models that account for
the synergistic responsc. First, the two signals may
converge prior to reaching the c-fos gene, perhaps by
synergistically activating a protein kinase, which in

turn acts on a single element in the promoter. In this
case, we would expect the induction to be abolished
by mutation of one element, probably the SRE, which
we already know to be a target for the PKC pathway.
Alternatively, the two signals may act independently
on the c-fos gene but be integrated in a synergistic
fashion at the level of transcription. In this scenario,
we anticipate that mutation at any of two unrelated
sites would block induction. Our preliminary data
suggest that induction is indeed blocked by mutations
in two different sites—the SRE and an as yet un-
characterized element in the first intron of the gene.
We are planning to map this intron element and
determine if it is the target for the calcium signal.

Biochemical Characterization of
Multiprotein Complexes at the
Serum Response Element

H. Sadowski

Transcription of the c-fos gene is stimulated by the
activation of a large number of cellular signal trans-
duction pathways (i.e., protein tyrosine kinases,
protein kinase C, protein kinase A, and calcium). Dis-
section of regulatory sequences within the c-fos
promoter has led to the identification of sequence ele-
ments that confer responsiveness to specific stimuli
through specific signal transduction pathways. The
SRE is required for the large stimulation of c-fos
transcription by serum in quiescent cultured cells.
Several proteins are capable of binding specifically to
the SRE sequence in vitro. Serum response factor
(SRF) is a 67-kD phosphoprotein that binds to the
SRE as a dimer. Mutational analysis indicates that the
binding of SRF is required for c-fos induction by
serum. In vitro, a 62-kD protein (TCF) can also bind
to this site in the presence of bound SRF, forming a
ternary complex. In vivo DNA footprinting assays
suggest that these proteins are bound to the SRE in
the presence or absence of stimulation, and no new
complexes can be detected in gel-shift assays using
extracts from stimulated cells versus unstimulated
cells. Although SRF is phosphorylated by casein
kinase II in vitro (and possibly in vivo as well), SRF
is constitutively phosphorylated in cells (its phos-
phorylation state does not change after serum
stimulation).

Serum is a complex mixture of growth factors,
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hormones, and bioactive components that activate
several signal transduction pathways in cells. Serum
activation of c-fos transcription occurs through both
PKC-dependent and -independent pathways, and
maximal activation requires an intact SRE. Recent
experiments from this laboratory have demonstrated
that TCF is the target for PKC-dependent activation
of c-fos transcription, as mutants that bind SRF but
not TCF lose response to phorbol esters while retain-
ing a PKC-independent response.

In the simplest model, serum stimulates TCF
phosphorylation/dephosphorylation through PKC ac-
tivation, leading to altered activity of the ternary
complex in the absence of new binding activities.
Using both wild-type and mutant SREs, DNA affinity
precipitation (DNAP) assays of [32P]orthophosphate-
labeled nuclear extracts from phorbol-ester-stim-
ulated and unstimulated cells are being performed to
determine whether TCF phosphorylation is altered. If
this is the case, biochemical fractionation of nuclear
and cytoplasmic proteins from stimulated cells will
be performed to purify the kinase/phosphatase
responsible. Furthermore, these types of DNAP ex-
periments, as well as gel-shift assays, will be per-
fomed with nuclear extracts from cells overexpress-
ing epitope-tagged SRF to faciliate the detection of
potential "quaternary” complex formation. In addi-
tion, these complexes can be subjected to chemical
cross-linking in vitro (in the DNAP assays), and sub-
sequent immunoprecipitation with  anti-epitope
monoclonal antibodies should allow the identification
of nearest neighbors of SRF bound to the DNA
template.

Cloning of a Novel
SRE-binding Protein

R. Attar

As described above, the SRE is a target for multiple
signals that activate and repress c-fos transcription.
The SRE is a binding site for at least three cellular
DNA-binding proteins. Until now, only one of these
proteins (SRF) has been cloned. To achieve a better
understanding of the complex mechanism by which
the SRE regulates c-fos transcription, we have at-
tempted to clone other SRE-binding proteins. We
screened a HeLa cell cDNA expression library for
phage expressing proteins that specifically bound an
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SRE oligonucleotide. For this study, a variant SRE
sequence was used that binds a protein previously
characterized in this laboratory, p62 DBF, with high
affinity and SRF with low affinity. We isolated a
phage that encoded a lacZ fusion protein that specifi-
cally bound this SRE oligonucleotide but not a
mutant sitc that does not bind the human protein in
vitro. The fusion protein binds specifically to the
SRE in both a Southwestern blot and a mobility-shift
assay.

Analysis of the partial DNA sequence of this
clone revealed that it was a previously unidentified
gene that belongs to the family of zinc-finger-
containing proteins related to the Drosophila Kruppel
gene. The clone contains seven tandem repeats in the
carboxyl terminus that match the zinc finger con-
sensus for this gene family. In the zinc finger region,
the clone shares 65% sequence identity with several
human and mouse Kruppel-related genes. This gene
is expressed in a variety of human cell lines at a very
low level. Expression is induced by serum in HeLa
cells with a maximum level at 6 hours of stimulation.
Antibodies raised against this cloned protein do not
recognize p62DBF in Western blot or mobility-shift
assays. These observations, together with the
methylation interference pattern obtained with the
cloned protein, suggest that this clone does not en-
code p62DBF, but instead identifies a novel SRE-
binding protein. Immunofluorescence assays on
transfected COS cells show that this protein is local-
ized to the nucleus (Fig. 2). Preliminary results sug-
gest that the cellular counterpart has an apparent
molecular mass of 70 kD. The presence of zinc fin-
gers in this clone strongly suggests that it is a DNA-
binding protein and probably a transcription factor.
After preliminary characterization of the protein, we
will address the role of this protein in the regulation
of the c-fos transcription.

Isolation of Human Genes Encoding
SRE Complex Proteins by
Functional Complementation in
Saccharomyces cerevisiae

D. Grueneberg
We are studying the intracellular pathways by which

signals travel from cellular receptors to the SRE of
the c-fos proto-oncogene. There are multiple proteins
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FIGURE 2 Indirect immunofluorescence demonstrating the nuclear localization of the zinc finger SRE-
binding protein. Ail panels show COS cells fixed and stained with a rabbit polyclonal antiserum raised
against E. coli-expressed protein. In the upper panels, the antiserum was blocked with antigen prior 1o use,
demonstrating the specificily of staining. The panel on the lower left shows COS cells transfected with a vec-
tor expressing the cDNA. Note the strong staining in the nuclei of two transfected cells in the field. The panel
on the lower right shows untransfected cells photographed with a longer exposure time, revealing nuclear
fluorescence due to endogenous immunoreactive protein.

that bind to the SRE in order to both positively and
negatively regulate the expression of c-fos. One
DNA-binding protein, SRF, has been cloned and
characterized. Recently, an SRF homolog, termed
MCM]1, has been cloned in the yeast Saccharomyces
cerevisiae. Like SRF, MCM1 acts in conjunction with
accessory proteins encoded by MATal and MATa2.
The complex formed by the MCM1 and MATal
proteins is highly similar to the SRF-TCF ternary
complex. And like the SRF-TCF complex, the
MCMI1-MATal complex constitutes the target for
activation by an extracellular signal, the a-factor
mating pheromone. Therefore, we are attempting to
clone a cDNA encoding TCF by complementation of
a MATal mutation.

We have constructed a yeast strain in which the
expression of a selectable marker (H/S3) is under the
control of a yeast upstream activating sequence
(UAS) that binds the MCMI-MATal complex.
These cells are His™. We have deleted the active
MATal gene in this strain, which extinguishes ¢x-
pression of the H/S3 marker gene, making the cells
His". Finally, we have transformed this strain with a
human cDNA library contained within a yeast ex-
pression vector and sclected colonies that restored
HIS3 function. We obtained 60 His* colonies, of
which approximately 70% were plasmid-dependent
(Fig. 3). Sequence analysis revcaled that almost all of
these clones contained cDNAs derived from the same
human gene. The gene, called phoxl, encodes a
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FIGURE 3 Activation of a MATa 1-dependent UAS by a hu-

man cDNA. Three independent yeast transformants (labeled
1.5, 1.8, and 2.2—all derived from the same human gene)
were streaked on minimal plates lacking histidine. The
parental strain, labeled mata1::TRP1, does not grow on
these plates, whereas the three transformants all grow.

homcodomain protein. The phox! homcodomain
sharcs 70% homology with the homcodomain of the
Drosophila paired gene. However, phox! does not
share homology with MATal. It appears to be more
similar to MATa2, which is a homeodomain protein.
DNA-binding assays were performed using ex-
tracts prepared from yeast cells. Control cells contain
the yeast transcriptional activator, MCMI, which
binds the SRE, forming an MCM1-SRE complex.
When extracts arc prepared from yeast cells express-
ing phoxl, we observed a new complex of lower
mobility. We are testing whether the phox1 protein
interacts with MCM1 and SRF. We hope that com-
plementation in ycast will prove to be a fruitful ap-
proach for isolating human signal transduction genes.

Changes in the Fos/AP-1 Complex
during Human Fibroblast Aging

K. Riabowol, J. Schiff

Human diploid fibroblasts (HDFs) undergo a finite
number of population doublings in vitro that arc in-
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versely proportional to the in vivo age of the donor.
In addition, fibroblasts explanted from individuals
with premature aging syndromes such as Werners
and Progeria show decreased abilities to divide in
culture. These and other observations have led to the
fibroblast being used as a model for cellular aging.
After isolation from a donor, HDFs undergo a period
of exponential growth followed by a gradual decline
in growth ratc that culminates in cells entering a state
of cellular senescence. Senescent HDFs are unable to
proliferate in response to a varicty of normally
mitogenic extracellular stimuli, even though recep-
tors for growth factors and initial ligand-receptor
events such as receptor autophosphorylation are not
markedly altered. In addition, the majority of senes-
cent HDFs contain a 2 N complement of DNA, and
serum-stimulated senescent HDFs show a DNA-
staining pattern similar to that shown by proli-
feration-competent cells in late G,. Thus, it appears
that the major block to cell cycle progression occurs
during mid to late G, of the cell cycle, which is also
the period of the cell cycle during which activity of
Fos is required for entry into DNA synthesis
(Riabowol et al., Mol. Cell Biol. 8: 1670 [1988]). The
results of several different experiments suggest that
this loss of proliferative potential with increased age
is a result of a genetic program that may involve ex-
pression of "anti-proliferative” gencs and/or de-
creased cxpression of genes whose functions are re-
quired for proliferation. Several genes, including
those encoding c-fos, c-Ha-ras, c-myc, and c-myb,
have been identified whose expression or active
protein products are necessary for cells to progress
through the G, phase of the cell cycle and enter into
DNA synthesis. Transcription of these and a variety
of other genes is not appreciably reduced in senescent
cells with the exception of c-fos.

Since Fos binds DNA and affects transcription of
genes containing AP-1 sites only upon formation of
heterodimers with members of the Jun protein family,
we investigated the ability of young (YY), old (O), and
senescent (S) fibroblasts to express Fos in response to
several stimuli, and asked if the Fos expressed in
young and old fibroblasts formed heterodimers with
Jun. Fibroblasts were deprived of serum for 48 hours
and refed with medium containing [33S]methionine
and agents known to induce Fos expression through
different signal transduction pathways. Cells were
harvested 1 hour later, and lysates containing identi-
cal numbers of input counts were immunopre-
cipitated under nondenaturing conditions in antibody
excess. Figure 4 shows that in the absence of stimula-
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FIGURE 4 Reduced induction of Fos and Jun proteins in otd
and senescent human fibroblasts. Cuttures of young (40
mean population doublings [MPD]), old (76 MPD), and
senescent (80 MPD) were serum-deprived for 48 hr and
then stimulated with isobutyl methylxanthine and forskolin
{IF), phorbol myristate acetate (PMA), fetal calf serum (Ser),
or ¢-sis protein (PDGF) in the presence of [35S]methionine.
Lysates were prepared, and immunoprecipitations were
performed using affinity-purified polyclonal antibodies
against Fos. Immunoprecipitales were analyzed by SDS-
PAGE and visualized by fluorography.

tion (-Stim), young fibroblasts expressed a basal
level of Fos greater than the amounts expressed by
old and senescent cells. Stimulation with cAMP (IF),
the phorbol ester PMA, platelet-derived growth factor
(PDGF), and 10% serum (Ser) all induced expression
of Fos to much higher levels in young fibroblasts
than in old or senescent fibroblasts. Since Jun
(recovered due to heterodimer formation with Fos),
actin (a nonspecific contaminant), and FRA1 (recog-
nized by virtue of shared epitopes with Fos) show
similar electrophoretic mobilities, the proportion of
Fos forming heterodimers with Jun was tested by im-
munoprecipitation of nondenatured lysates from
young and old cells using Jun antibodies. We ob-
served that a considerable proportion of the Fos
protein expressed in response to 1 hour of scrum
stimulation in young fibroblasts is recovered in com-
plex with Jun. In contrast, little, if any, Fos is
recovered from old fibroblasts at this time point. This
difference is not due to different kinetics of Fos in-
duction or of heterodimer formation, since no Fos is
recovered in complex with Jun at time points up to 8
hours following serum stimulation. We are now in
the process of examining the AP-1 binding and tran-
scriptional activity in young and old fibroblasts

directly to better understand the conscquences of
decreased Fos expression during cellular aging.

Isolation, Cloning, and
Characterization of Fos-related
and Fos-associated Proteins

K. Riabowol, D. Girgenti

Fos is one member of a family of proteins consisting
of c-fos, FosB, and the Fos-related antigens FRA1
and FRA2 that form heterodimers with members of
the Jun protein family (c-Jun, JunB, and JunD). By it-
self, Fos is unable to bind DNA efficiently, but upon
heterodimer formation, Fos-Jun complexes avidly
bind AP-1 and related sites, affecting transcription of
genes containing these sequence motifs.

Fos expression is rapidly and transiently elevated
by a wide variety of mitogenic and nonmitogenic
stimuli to varying degrees in different cell types. One
possible explanation for the different cellular effects
seen upon stimulation of cells with agents that all in-
crease Fos expression is that the activity of the AP-1
complex is regulated by varying the ratios of the
seven known members of the complex and by addi-
tional cell-type-specific and stimulus-specific pro-
teins. To address this possibility, we have taken an
immunological approach to purify proteins on the
basis of their being directly recognized by Fos
antibodies or by virtue of being complexed with Fos
or Fos-related proteins through leucine zippers or
other regions of protein-protein association. One such
protein with an apparent molecular mass of 45 kD’
was present in relatively high levels in human T and
B lymphocytes, but was not detected in 15 other cell
types examined. This protein was not recovered in
i precipitations from d ed cell extracts,
suggesting that p45 associates with Fos or another
protein directly recognized by the affinity-purified
Fos antibody. When run under nondenaturing condi-
tions, p45 sediments in glycerol gradients with a rela-
tive molecular mass of approximately 250 kD.

We have now isolated sufficient amounts of the
p45 protein from the human H9 T lymphoblast line to
obtain partial protein sequences from several peptides
generated by V8 proteolysis. Degenerate oligonu-
clectide primers were synthesized and used to prime
the polymerase chain reaction using double-stranded
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cDNA from H9 cells as substrate. Several clones
representing approximately 40% of a 45-kD protein
were-isolated and seq ed. Initial € com-
parison of this portion of p45 to available databases
shows limited homology with an enzyme of
nucleotide metabolism and with histone H2A. Exper-
iments are under way to isolate a full-length clone of
p45 as well as to isolate other proteins recognized
directly or indirectly by Fos antibodies.
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STRUCTURE, FUNCTION, AND REGULATION OF PROTEIN

TYROSINE PHOSPHATASES

N.K. Tonks Q. Yang

P. Guida

It is now well established that the phosphorylation of
proteins on tyrosyl residues is an essential feature of
many cellular processes, including the control of both
normal and neoplastic cell growth. In the 10 years
since protein tyrosine phosphorylation was first ob-
served, considerable progress has been made in the
characterization of the structure, function, and mode
of regulation of the protein tyrosine kinases (PTKs).
The PTKs exist as low relative molecular weight
(low-M,) enzymes, as typified by the src gene pro-
duct, and as transmembrane molecules, such as the
receptors for a variety of hormones and growth fac-
tors. Nevertheless, one should not lose sight of the
fact that protein tyrosine phosphorylation is a revers-
ible, dynamic process. The net level of phosphate in a
target substrate depends on the balance between the
activity of the kinase that phosphorylates it and the
activity of the phosphatase that catalyzes the
dephosphorylation reaction. The main theme of the
research in this laboratory is the elucidation of the
structure, properties, and mode of regulation of mem-
bers of the protein tyrosine phosphatase (PTPase)
family of enzymes. A complete understanding of the
physiological role of tyrosine phosphorylation and its
potential as a mechanism for the reversible modula-
tion of enzyme activity must necessarily encompass
the characterization of the PTPases.

It is becoming apparent that the family of
PTPases will rival that of PTKs in terms of the struc-
tural diversity of its members. The PTPases represent
a rapidly expanding family of enzymes found in a
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diverse array of tissues and cell lines, which includes
both nontransmembrane low-M, forms and integral
membrane proteins with the hallmarks of receptor
molecules. The occurrence of receptor-like PTPases
raises the exciting possibility of a novel mechanism
of signal transduction, in which the early events in-
volve the ligand-modulated dephosphorylation of
tyrosyl residues in proteins. However, such ligands
remain 1o be identified and their effect on activity as-
certained.

I joined Cold Spring Harbor Laboratory in mid-
October 1990. Consequently, rather than presenting a
description of work carried out in 1990, I will use this
Annual Report to discuss briefly some of the direc-
tions my laboratory will follow in the coming years.

REGULATION OF PTPASE ACTIVITY

When assayed in an in vitro reaction, the PTPases
display a very high V.. (one to three orders of mag-
nitude higher than the PTKs) and a high affinity for
substrate (K, values in the submicromolar range).
Consequently, one would expect them to control ef-
fectively the level of phosphotyrosine in the cell; fur-
thermore, they must be tightly regulated so as to
permit the normal function of the PTKs.

The structure of the low-M, PTPases, PTP1B and
TCPTP (sce Fig. 1), can be described in terms of two
segments. In these ~50-kD molecules, the amino-
terminal approximately 300 residues contain the
catalytic domain, whereas the carboxy-terminal ~11-
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FIGURE 1 Schematic diagram illustrating the structure of PTPH1 and its relationship to other proteins. PTPH1 com-
prises three segments: an amino-terminal segment (shaded bars) that has homology with the membrane localization
domains in band 4.1, ezrin and talin, a putative regulatory segment in the middle of the protein (open bars), and a
carpoxy-terminal PTPase related segment (closed bars). TM denotes the transmembrane domain in CD45. The
length of each protein is shown in proportion to the number of amino acid residues. The homology among domains
is indicated by percentage identity. (Reproduced from Yang and Tonks, Proc. Natl. Acad. Sci. [1991] in press.)

kD segment appears to serve a regulatory function.
This latter segment is involved in controlling the in-
tracellular localization of the enzymes and modulat-
ing their activity. It appears to direct the association
of the ~50-kD PTPases into a very high-molecular-
weight complex that elutes from FPLC gel-filtration
columns with an apparent relative molecular weight
in excess of 700K. We are attempting to identify the
binding proteins with which the PTPases associate in
these high-M, complexes and to characterize the ef-
fects of such putative regulatory proteins on activity.

In addition, the PTPases arc themselves phos-
phorylated. Both the low-M, enzymes and CD45, the
first receptor PTPase to be identified, are phosphory-
lated on tyrosyl residues in vitro. In addition,
phosphotyrosine has been detected in CD45 in vivo
(D.R. Stover, H. Charbonneau, N.K. Tonks, and K.A.
Walsh, unpubl.). Furthermore, many of the PTPases
display canonical sequence determinants for phos-
phorylation by a variety of protein serine/ threonine
kinases. Thus, CD45 is known to be phosphorylated
by protein kinase C in vitro and in vivo and is also a
substrate for casein kinase II in vitro. We have shown
that the low-M, PTPases are phosphorylated on
serinc/thréonine residues in vivo and are currently in-
vestigating the possibility that the kinase involved is
the cell cycle control clement p34cde2,

An appreciation of the mechanisms for control of
PTPase activity will be essential for understanding
how the level of cellular phosphotyrosine is regu-
lated. The characterization of regulators of the
PTPase will illustrate a new tier of control, in addi-
tion to the direct effects of kinases and phosphatases,
through which the amount of phosphotyrosine in the
cell can be modulated.

PTPASES AND THE CYTOSKELETON

We have isolated cDNA for a novel PTPase, which
we term PTPH1, from a HeLa cell library. Its struc-
ture is summarized in Figure 1. It is a member of the
family of proteins that includes band 4.1, talin and
ezrin, proteins that participate in the interaction be-
tween the plasma membrane and the cytoskeleton.
They possess a homologous amino-terminal domain
of approximately 340 residues that appears to associ-
ate with protein components in the plasma membrane
(Rees et al., Nature 347: 685 [1990)). In band 4.1,
which promotes the association of actin and spectrin
in erythrocytes, this domain interacts with the trans-
membrane protein, glycophorin. A similar model has
been proposed for the interaction of talin with the in-
tegrin family of extracellular matrix receptors. In the
case of ezrin, which displays a submembranous
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localization in brush border cells, the details of its in-
teraction with other proteins remain to be established.

The structure of PTPH1 can be described in terms
of three segments (Fig. 1): (1) the amino-terminal
segment displays homology with the membrane
localization domains of band 4.1, talin and ezrin; (2)
there is a central segment bearing putative phos-
phorylation sites for protcin serine/threonine kinases,
including p34¢dcZ and casein kinase II; and (3) a scg-
ment that is homologous to members of the PTPase
family is located at the carboxyl terminus. The
protein has been expressed, and intrinsic phosphatase
activity has been demonstrated. In view of the struc-
tural homology with the band-4.1 family, we propose
that PTPHI will also display a submembranous
localization at interfaces between the cytoskeleton
and the plasma membrane, such as focal adhesion
plaques.

Focal adhesion plaques are specialized regions of
the plasma membrane through which cells in culture
adhere to their external substrate (Burridge et al.,
Ann. Rev. Cell Biol. 4: 487 [1988)). On their internal
face, these structures anchor actin stress fibers, which
are important in determining cell shape. Within focal
adhesions, the integrins provide the transmembrane
link between components of the extracellular matrix,
such as fibronectin, and the cytoskeleton. Their in-
tracellular segments interact indirectly with actin
cables through a multiprotein complex that comprises
talin, vinculin, and a-actinin; however, this picture is
undoubtedly incomplete, and additional focal adhe-
sion proteins remain to be identified and their func-
tion established. Similar but less well characterized
structures have also been implicated in attachment
between neighboring cells and adherence to the ex-
tracellular matrix in vivo.

Oncogenic transformation is frequently associated
with a less-adherent, rounded morphology, which
results from a disruption of cytoskeletal integrity and
a reduction in the number of focal adhesions (Kellie,
Bio-Essays 8: 25 [1988]). Furthermore, residual ad-
hesion plaques are invariably associated with the
transforming PTK, such as src. In cells transformed
by Rous sarcoma virus, for example, it has been
postulated that a contributing factor to the generation
of the transformed phenotype is the aberrant
phosphorylation by pp60Y-S'® of tyrosyl residues in
key focal adhesion proteins, including vinculin, talin,
ezrin, paxillin, and the B-subunit of the integrins. The
exact role of the tyrosine phosphorylation in this pro-
cess is unclear as yet; however, recent studies have
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implicated the phosphorylation of the integrins as a
crucial step (Horvath et al., Oncogene 5: 1349
[1990]). The adherens junctions also represent a
major target for pp60Y-', and the protein connexind3
has been shown recently to be an important substrate
for tyrosine phosphorylation in these structures
(Swenson et al., Cell. Reg. 1: 989 [1990]; Volberg ct
al., Cell. Reg. 2: 105 [1991]). Immunocytochemical
staining with antibodics to phosphotyrosine has indi-
cated that tyrosine phosphorylation of focal adhesion
and apical junction proteins also occurs in non-
transformed cells, suggesting that PTKs act at these
sites during normal cell function. However, the
kinases involved have yet to be identified. In view of
the potentially disastrous effects of aberrant tyrosine
phosphorylation, it is expected that the activity of
these tyrosine kinases will be tightly controlled. The
localization of a PTPase to thesc structures is one
means by which such regulation may be achieved.
We are currently investigating the possibility that
PTPH1 may play such a role.

Antibodies to PTPH1 are being generated to look
at intracellular localization and also to identify
proteins with which this phosphatase interacts in
vivo. We will also be pursuing the question of
whether, in view of the fact that its structure suggests
that PTPH1 will localize to expected sites of action
src, overexpression of this PTPase will reverse the
transformed phenotype induced by src. If so, PTPH1
should prove to be a powerful probe with which to
ascertain the precise role of tyrosine phosphorylation
in the transformation process.

Clearly, the elevated levels of intracellular
phosphotyrosine associated with transformation can
be generated through either the activation of a PTK
or the inactivation of a PTPase. Thus, the question
arises as to whether the genes for PTPases function as
growth suppressor genes or anti-oncogenes; i.c., will
deletion of the PTPH1 gene lead to transformation?
We will be addressing this issue and also trying to as-
certain the chromosomal localization of the PTPH1
gene in an attempt to correlate its position with
chromosomal abnormalities that characterize some of
the known malignancies.

PTPASES AND NONINSULIN-DEPENDENT

DIABETES MELLITIS

This work will be performed as a collaboration with
Dr. J. Sommercorn, National Institutes of Health,
Phoenix, Arizona. Noninsulin-dependent diabetes
mellitis (NIDDM) is a life-threatening disease that af-



fects about 10% of the gencral population over the
age of 40, and it is particularly prevalent in the Pima
Indians of Arizona, in which 50% of adults over the
age of 35 are diabetic. Because NIDDM is associated
with aging and the population as a whole is getting
older, the prevalence of NIDDM is likely to increase.
Longitudinal studies of the development of NIDDM
have demonstrated that subjects with normal glucose
tolerance, who subsequently become diabetic, first
develop impaired glucose tolerance, a condition that
is characterized by reduced capacity of skeletal mus-
cle to respond to insulin. This condition of insulin
resistance may be an early manifestation of a genctic
lesion that causes NIDDM in Pima Indians and in
other racial groups. Understanding the biochemical
basis of insulin resistance should therefore help to
elucidate the cause and to suggest potential treat-
ments of NIDDM.

Although mutations in the insulin receptor gene
are associated with insulin resistance and NIDDM in
rare disease syndromes, the predicted primary struc-
ture of the receptor is normal in subjects with the
more common form of NIDDM. Furthermore, studies
conducted by the Phoenix group show that properties
of insulin binding and regulation of the PTK activity
of the receptor from muscle of insulin-resistant hu-
mans do not account for insulin resistance. Neverthe-
less, insulin resistance limits the ability of the
hormone to influence activities of various muscle en-
zymes, including S6 kinase, S6 peptide kinase, kemp-
tide kinase, myelin basic protein kinase, and type-1
protein phosphatase, which are thought to mediate in-
sulin action intracellularly. Because numerous
responses are affected, the cause of insulin resistance
likely involves an early postreceptor step in the me-
chanism of insulin action.

Recently, we have shown that insulin infusion in
vivo produced a rapid 25% inhibition of soluble
PTPase activity in skeletal muscle of insulin-sensitive
subjects. This response was severely impaired in sub-
jects who were insulin-resistant. Insulin did not affect
the particulate PTPase activity; however, the basal
level of activity was 33% higher in resistant subjects
than in sensitive subjects. Given that signal transduc-
tion in response to insulin absolutely requires the
phosphorylation of proteins on tyrosyl residues by the
insulin receptor kinase, we anticipate that either or
both of these effects on skeletal muscle PTPase, high-
er basal particulate activity, and the lack of insulin-
induced suppression of soluble activity may
antagonize the action of insulin in resistant subjects.

Although the observed effects of insulin on

PTPase activity are small, it is possible that we are
looking at a modification of one isoform in a back-
ground of several PTPases. We will expand on these
observations by using both molecular biology and
protein chemistry approaches to characterizing the
PTPases involved. It is possible that the defect that
causes insulin resistance will not be in the PTPase it-
self, but rather in its mode of regulation by insulin,
for instance, ecither through interaction with
regulatory proteins or via covalent modifications
such as phosphorylation. Again, this highlights the
importance of understanding the mechanisms through
which the activity of these enzymes is controlled in
vivo.
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CELL BIOLOGY OF THE NUCLEUS

D.L. Spector S. Huang A. Ryan
S.Henderson  G. Lark
R. O'Keefe R. Derby

Our rescarch program has continued to focus on the
structural and functional organization of the mam-
malian cell nucleus. We have continued to evaluate
the localization and nuclear associations of factors in-
volved in pre-mRNA processing, and we have begun
to study the intranuclear organization of specific pre-
mRNA molecules. The use of the electron micro-
scopy core facility has continued to expand, and a
large number of collaborations are under way with
the excellent technical expertise of Robert Derby.

Differential Distribution and Nuclear
Associations of Spliceosomal Factors
during Interphase and Mitosis

D.L. Spector, G. Lark [in collaboration with
X.-D. Fu and T. Maniatis, Harvard University]

We have examined the intranuclear distribution and
nuclear associations of SC-35, a non-snRNP (small
nuclear ribonucleoprotein particle) factor that is asso-
ciated with spliceosomes (Fu and Maniatis, Nature
343: 437 [1990]). Our studies have shown that al-
though these factors colocalize within a specific
nuclear domain (nuclear network) during interphase,
they appear to be associated with nuclear components
by different molecular interactions. Using confocal

FIGURE 1 Immunoelectron microscopic distribution of SC-
35. (@) Low-magnification view showing several immuno-
stained cells. The protein distribution is observed by im-
munoperoxidase staining (arrowheads). SC-35 appears in
clusters within the nucleoplasm (N); it is not present in the
nucleoli (No) or in the cytoplasm (C) (b). Regions of SC-35
immunostaining extend out to the nuclear lamina envelope
(c, arrowheads) and come into direct contact with the
nucleolus (No) (d, arrowheads).
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microscopy and immunoelectron microscopy (Fig. 1),
we found that, similar to snRNPs, the SC-35 protein
appears 10 be organized in a nuclear network that
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contacts the nucleolar surface and the nuclear en-
velope at several locations (Fig. 1). However, the ad-
ditional diffuse nuclear staining observed with anti-
snRNP antibodies is not observed with antibodies
directed against SC-35. The associations of the SC-
35 protein with nuclear components were investi-
gated further by in situ nuclease digestions. The dis-
tribution of the SC-35 antigen in a speckled pattern is
not changed by prior treatment of cells with DNase [
or RNase A, in contrast to the distribution of snRNPs
that become diffusely distributed after RNase A di-
gestion. Furthermore, although snRNPs become dif-
fusely distributed after cells are heat-shocked, this
treatment does not disrupt the speckled distribution of
SC-35 but causes minor changes in its localization

SC;35
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-

pattern. Studies on cells undergoing mitosis (Fig. 2)
show that the speckled staining pattern breaks up in
prophase, and-speckles containing SC-35 re-form in
the cytoplasm of anaphase cells. However, snRNPs
do not organize into a speckled staining pattern until
late in telophase. Thus, although both types of
antigens, snRNPs and SC-35, are integral com-
ponents of the spliceosome, and they colocalize to the
same nuclear domains, their molecular interactions
with nuclear components appear to be fundamentally
different. We interpret the interphase localization of
pre-mRNA processing factors to specific nuclear
domains to mean that spliceosome assembly and/or
RNA processing events take place within these nu-
clear regions.

snRNPs

FIGURE 2 Redistribution of SC-35, snRNPs, and DNA during mitosis. As cells enter prophase (a-d), most of the
speckles break up; SC-35 (b) and snRNPs (c) are more uniformly distributed between the condensing chromo-
somes (seen by immunofluorescence in d). In addition, some diffuse immunoreactivity appears to be present in the
cytoplasm of prophase cells. During metaphase (e-+), both SC-35 (f) and snRNPs (g) are uniformly distributed
throughout the cytoplasm. However, these antigens are not associated with the interior of the chromosomes in the
metaphase plate (arrowheads). During anaphase (i-/), SC-35 begins to reassociate into speckles (arrowheads j),
whereas snRNPs are still uniformly distributed throughout the cytoplasm (k). During telophase (m-p), the nuclear en-
velope is re-formed. and although ali of the snRNP immunoreactivity is contained within the nucleus (o), in many
cells, several SC-35 speckles (arrowheads in 1) appear in the cytoplasm in addition to the typical nuclear im-

munostaining
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Localization of c-fos mRNA in
the Cell Nucleus

S. Huang. D L. Spector

Although much biochemical information is currently
available with regard to the events associated with
pre-mRNA processing, little to no information is
available as to where these events occur within the
cell nucleus. We have been interested in the localiza-
tion of specific pre-mRNAs and their association
with nuclear domains and factors. We have chosen to
study a cellular mRNA, the mouse c-fos message,
since this message can be induced to high levels upon
serum stimulation of quiescent NIH-3T3 cells. This
system allows us to trace the message from its site of
transcription through the nucleus.

c-fos mRNA has been localized in the interphase
nucleus by in situ hybridization using a biotinylated
genomic probe and streptavidin fluorescein. Conven-
tional fluorescence microscopy indicates that the

FIGURE 3 In situ hybridization using a 3.4-kb biotinylated c-
fos probe. c-fos mRNA localizes to two dots in the nuclei of
NIH-3T3 cells that have been stimulated with 20% fetal calf
serum for 15 min (a). Cells that have not been serum stimu-
lated do not exhibit any hybridization signal (b).
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T ge localizes to two dots in the interphase
nucleus of cells that have been stimulated with 20%
fetal calf serum (Fig. 3a). However, upon further
analysis by confocal laser scanning microscopy, we
have determined that the dots extend in the z-axis of
the nuclei forming “tracks" (Fig. 4). This signal is not
observed in cells that have been serum starved for 24
hours (Fig. 3b). Upon serum stimulation, the c-fos
message can be detected within 5 minutes. To con-
firm that the signal we have observed represents
mRNA, we have evaluated the effect of nuclease di-
gestion upon the localization of the signal. We have
found that the signal is sensitive to RNase A but is
resistant to DNase | digestion. These data support the
idea that we are indeed observing the localization of
RNA molecules. Ongoing studies are evaluating the
association of the c-fos message with other cellular
components, such as factors involved in pre-mRNA
splicing and the nuclear envelope. In addition, we are
evaluating the localization of other mRNAs, some of
which lack introns, in order to determinc how mRNA
is organized in the nucleus.

FIGURE 4 Transverse view of a three-dimensional re-
construction of the localization of the c-fos message (a) pro-
vides data identical to that obtained by standard fluores-
cence microscopy. However, if this model is rotated 0P, it
is apparent that the dot forms a “path” that extends in the 2-
axis of the cell nucleus (b).



Organization of DNA Replication
Sites in the Interphase Nucleus

R. O'Keefe, D.L. Spector

The sites of DNA replication were identified in non-
synchronous and synchronous cultures of HeLa cells
by incorporation, for 10 minutes, of 10 um 5-
bromodeoxyuridine (BrdU). BrdU is a thymidine
analog that is incorporated into DNA at active
replication sites by the cell’s replication machinery.
The incorporated BrdU was then detected by
monoclonal antibodies that are either directly or in-
directly conjugated to FITC. The sites of DNA
replication were visualized by standard fluorescence
microscopy and confocal laser scanning microscopy.
Five distinct patterns of DNA replication have been
identified during S phase (Fig. 5). The five patterns
correspond to different sites of DNA replicating at
different times. During early S phase, replicating
chromatin appears to be diffusely distributed
throughout the nucleoplasm, excluding the nucleolus
(Fig. Sa). As replication continues, the more
peripheral regions of heterochromatin appear to repli-
cate (Fig. 5b), followed by perinucleolar chromatin
(Fig. 5c) and more internal patches of hetero-
chromatin (Fig. 5d,¢). Similar or identical patterns
have been identified in a variety of mammalian cell
types. These results are consistent with the idea that
cuchromatin replicates early in S phase and that
heterochromatin replicates late in S phase. Laser
scanning confocal microscopy has allowed us to
elucidate the three-dimensional spatial organization
of the sites of DNA replication throughout S phase.
Quantitation of the different patterns of DNA replica-
tion during S phase in synchronous cells and the
ultrastructural localization of these sites by electron
microscopy are now in progress. These studies will
provide information on the timing of each pattern in
S phase and the exact nuclear localization of these
patterns. Future studies will attempt to identify
specific single-copy genes replicating within the con-
text of the BrdU-staining patterns.

immunolocalization of Nuclear
Antigens in Cryofixed Cells
Prepared by Freeze-Substitution

R. Derby, D.L. Spector

Studies in our laboratory are involved in evaluating
the structural and functional organization of the

FIGURE 5 Localization of DNA replication sites in HeLa
cells. Observations of nonsynchronous Hela cells indicate
that five patterns of replication are present as the cells prog-
ress through S phase.

mammalian cell nucleus. Since several major classes
(U1, U2, U4/U6, and US) of snRNPs and another
non-snRNP factor, SC-35 (Fu and Maniatis, Nature
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anti-SC-35 monoclonal
antibody followed by 15 nm colloidal-gold-conjugated goat anti-mouse IgG (a). SC-35-conjugated particles are pres-
ent in clusters within the nucleoplasm (a, arrowheads). In addition, smaller concentrations of this protein are found
within the nucleoplasm and come into direct contact with the nucieolus (No) or the nuclear lamina envelope (NE).
Cryofixed and substituted (0.5% OsO, in acetone) CHOC 400 cell sections were immunolabeled with a monocional
antibody against a 62-kD nuclear pore complex protein followed by 15 nm colloidal-gold-conjugated goat anti-
mouse IgG (b-c¢). Nuclear pores in which an antigenic epitope was accessible in the plane of section are each
labeled with a colloidal gold particle (b-c, arrowheads).
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343: 437 [1990)), play a crucial role in the processing
of pre-mRNA molecules, we have been interested in
the localization of thesc factors within the cell
nucleus. Using preembedding  immunoperoxidase
labeling combined with three-dimensional recon-
struction, we have recently shown that nuclear
regions enriched in snRNPs form a reticular network
within the nuclcoplasm that extends between the
nucleolar surface and the nuclear envelope (Spector,
Proc. Natl. Acad. Sci. 87: 147 {1990]). In the present
study, we were interested in extending these nuclear
localizations using cell preparation techniques that
avoid slow penctration of fixatives, chemical cross-
linking of potential antigens, and solvent extraction.
CHOC 400 cells were cryofixed using a CF 100
ultrarapid cooling device. After cryofixation, cells
were substituted in 0.5% OsO, in acetone for 72
hours at -80°C and embedded in Epon-Araldite. Thin
sections (70 nm) were ctched with 5% H,0, for 3
minutes and immunolabeled with an anti-SC-35
monoclonal antibody that recognizes a 35-kD non-
snRNP protein associated with spliccosomes (Fu and
Maniatis, Nature 343: 437 [1990]). Antibody-antigen
complexes were identified by labeling with 15 nm
colloidal-gold-conjugated sccondary antibody. Clus-
ters of SC-35-conjugated colloidal gold are found
within the nuclcoplasm, and some clusters ar¢ ob-
scrved to attach to the nucleolar surface or the
nuclear lamina envelope (Fig. 6a). This immuno-
localization appears to be identical to that which we
reported using preembedding immunoperoxidase
staining. However, with the present procedure,
preservation of cellular structure is significantly in-
creased due to rapid cryofixation and elimination of
routine dehydration protocols. In addition, detergents
were not needed to permeabilize cells, and resins
such as Lowicryl K;M or LR White, which extract
membrane lipids, were not needed in order to achicve
antibody labeling.

A 62-kD protein associated with nuclcar pores
(Davis and Blobel, Cell 45: 699 [1990]) was local-
ized on sections of cryofixed cells which were sub-
stituted in 0.5% OsO, in acctone for 72 hours at
-80°C. Cell sections were immunolabeled with anti-
p62 followed by 15 nm colloidal-gold-conjugated
secondary antibody. A grazing section of the nuclear
envelope showed numcrous pores in cross-section
(Fig. 6b-c). Pores in which an antigenic cpitope was
accessible in the plane of section were each labeled
by a single colloidal gold particle (Fig. 6b-c). Little
to no background labeling was observed. In sum-

mary, cryofixation followed by frecze-substitution
provides conditions for immunolabeling of several
nuclear antigens such that cellular preservation does
not have to be sacrificed in order to maintain
antigenicity. We hope to use this technique in high-
resolution studies to elucidate the functional organi-
zation of the cell nucleus.

In Situ Localization of the
Adenovirus Genome in
Infected Hela Cells

A Ryan, D.L. Spector

The adenovirus genome is a lincar molecule of
double-stranded DNA (35 kb) that codes for 20-30
polypeptides. The adenovirus genome is particularly
interesting since the E1A region is capable of im-
mortalizing cells and, with the E1B region, complete
oncogenic transformation can occur. We have been
interested in evaluating the subcellular localization of
the adenovirus-5 (AdS) genome in infected HeLa
cells using a biotinylated probe prepared from the
entirc Ad5 genome. The probe is visualized in the
fluorescence microscope after conjugation with
streptavidin-FITC. The goals of this study are to
elucidate the pathway by which the virus enters the
nucleus, the localization of the viral DNA within the
nucleus, and the pathways by which specific viral
RNAs move from their sites of transcription through
the nucleus and into the cytoplasm.

Uninfected HeLa cells that were hybridized with
the AdS probe show no hybridization signal (Fig. 7b).
Cells infected with wild-type Ad5 at a multiplicity of
infection of 60 pfu/cell were examined by in situ
hybridization at various times postinfection. At 7
hours postinfection, hybridization signal was ob-
served as scveral fine dots within the cytoplasm (Fig.
7d); 810 hours postinfection, viral DNA is localized
as dots throughout the nuclcoplasm (Fig. 7f,h). The
viral signal moves to the nuclear periphery and forms
doughnut-shaped inclusions at 14 hours postinfection
(Fig. 7j). Since the hybridization signal is significant-
ly increased at this time point, we assume that viral
DNA replication is occurring. At 26 hours postinfec-
tion, the nucleus appears to be filled with viral DNA
(Fig. 7). Electron and confocal microscopic studies
are currently under way to identify the precise path-
way of the Ad5 genome into the cell nucleus and the
cellular components with which it interacts.
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FIGURE 7 In situ hybridization localizing the adenovirus-5 genome in infected Hel a cells. See text for details.
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CELLULAR TRANS-ACTIVATORS OF GENE EXPRESSION

B.R.Franza  A. Giordano G. Mak

J.-H. Lee J. Ross

Y. Li J.A. Scheppler
We study cellular proteins involved in the growth During the past several years, we have focused on
control of mammalian cells. The mammalian cell we three systems. One is the effect that expression of on-
study most comprehensively is the human T lympho-  cogenes has on the entire complement of proteins

blast. When an interesting event is observed in the T present in a particular cell type. The second is the in-
lymphoblast, we then compare other mammalian duction of protein alterations when quiescent cells are
cells, including lymphoblasts and fibroblasts from  stimulated to proliferate. These studies are directed at
different species, to determine the generality or  determining the molecules involved in conveying sig-
specificity of the proteins involved in the change. The nals to the genome and the earliest responses of the
QUEST protein database system is the tool that  genome to these signals. The third is the control of
permits such comparative qualitative and quantitative ~ gene expression at the level of regulation of tran-
observations. scription of mRNA encoding genes.
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The goal, implicit in all of our studies, is to con-
struct a molecular map of the networks involved in
regulating transcription as well as other genome
responses to a change in the cell’s growth status. This
project is in its infancy. The results of the initial
studics appear to justify a comprehensive application
of the strategy we have used during our carly investi-
gations. The strategy employs several tools, including
recombinant or synthetic fragments of DNA contain-
ing genetically defined transcription control ele-
ments; antibodies to proteins identified either to asso-
ciate with the control elements or to respond to
stimuli that activate quiescent cells; enrichment of
cells at different stages of the cell division cycle;
high-resolution two-dimensional protein gels, a
computer-accessible protein database; and in vitro as-
says of transcriptional activation/repression and
kinase activity in order to determine the biological
function of identified proteins. Becausc of the for-
midable complexity of a living cell, the strategy is
designed to enable multiple investigators to make ob-
servations that ultimately can be linked.

Several projects, utilizing the strategy, were in-
itiated or further developed during 1990. These
projects are directed at the elucidation of the
molecular mechanisms of the following processes:
(1) the immediate-early responses of cells to different
extracellular stimuli, (2) the regulation of transcrip-
tion of human immunodeficiency virus type 1 (HIV-
1), and (3) the activities of adenovirus carly region
1A (E1A) protein that result from association with
cellular proteins implicated in the regulation of the
cell division cycle. We work as a group and everyone
listed above contributes to each of the projects. Those
individuals contributing substantially to one project
more than another are recognized by being first au-
thor of published papers (see Publication list).

IMMEDIATE-EARLY CELLULAR RESPONSES

Our past investigation (in collaboration principally
with T. Curran’s group at the Roche Institute, Nutley,
New Jersey) revealed that the products of two
immediate-early genes, Fos and Jun, formed protein
complexes with each other and cooperatively bound
two different DNA transcription control clements, the
activator protein-1 (AP-1) and cAMP response ele-
ment (CRE) sites. The term immediate-early gene
designates mammalian genes whose transcription
(and the induction thereof) is not apparently depen-
dent on de novo cellular protein synthesis. This pro-
vides the cell with a mechanism for rapid response to

signals generated when the cell encounters other cells
or soluble factors that interact with various receptors
on the cell surface or alter the membrane potential of
the cell.

The initial two-dimensional gel characterization
of Fos was accomplished using an anti-Fos peptide
rabbit antisera to isolate Fos from different rat cell
lines. The Fos immune complex was indeed complex.
Numerous cellular peptides, apparently not the pro-
duct of the fos gene, were reproducibly found in the
Fos immune complex. Subsequently, one set of
isoforms (different migratory behavior in the two-
dimensional gel because of chemical alteration of the
primary gene product) was shown to be the product
of jun. Another set was found to share a region of pri-
mary structure with Fos but to be the product of a dis-
tinct gene, fral. FRA stands for Fos-related antigen
and the peptide region of Fos to which the rabbit
antisera reacted fortuitously was the region of FRA1
commen to Fos. FRAL is therefore one of the many
non-Fos spots in the two-dimensional gel pattern of
the Fos immune complex.

At the time we were studying the Fos immune
complex, we were interested in pursuing mechanisms
involved in the transcriptional regulation of inducible
genes like the c-fos gene. We wanted to apply the
rigorous analytic power of QUEST analysis of
proteins scparated on two-dimensional gels. We
speculated that the protein interaction with control
elements just beginning, at that time, to be defined in
promoter regions for genes like c-fos might be com-
plex enough to justify such analysis. We therefore de-
veloped a sensitive and specific DNA affinity precip-
itation (DNAP) assay using biotin-labeled DNA and
streptavidin-agarose to capture proteins that interact
with specific nucleic acid control elements.The assay
is designed for a small scale, rapid, and flexible iden-
tification and analysis of cellular proteins bound to
the nucleic acid sequence being studied. Use of this
assay has led to the identification of several proteins
that interact with kB sites in several promoters, in-
cluding the AIDS virus, HIV-1. In addition, using
this assay, the transcription factor AP-1 was shown to
interact with AP-1 sites in numerous cellular and
viral promoters, including the HIV-1 long terminal
repeat (LTR), and to be composed of both Fos and
Jun and related oncoproteins. We have not been dis-
appointed by the lack of complexity of DNA-protein
interactions of transcription control elements.

We are extending our analysis of the Fos immune
complex and the members of the complex that are
found to associate with AP-1 and CRE sites in dif-
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ferent promoters. Although much has been learned
regarding the interaction of Fos, Jun, and DNA
through the work of numerous investigators, we con-
tinue to find evidence for relatively interesting and
unexplored aspects of the Fos immune complex and
thc AP-1 and CRE DNAP complexes. In all of the
two-dimensional gel analyscs of the Fos complex that
we have published, several proteins other than Fos,
FRA, and Jun are detected. Because of the rapid tran-
scriptional activation of the fos gene and the equally

H9 cells no treatment CA
Fos‘("“ ‘ *
X -Actin
e . X
! ot
" . Jun
X x

HI cells+PMA+A23i87.X 30" ¢ C
]

rapid and transient synthesis of Fos itself, most ex-
periments were confined to a single time point for
labeling and mecasuring the Fos protein, thereby
yielding the equivalent of a snapshot of a moment in
a very dynamic protein. That snapshot of Fos and the
proteins associated with it or immunologically related
to it is obviously complicated and has been very in-
formative. However, we knew that, ultimately, a
detailed time-course analysis of cells being stimu-
lated by agents that induce Fos would have to be

H9 cells + PMA+A23187 X 60 B

Jurkat cells+PMA+A23|87 X 30' D

Jun

KX

FIGURE 1 Two-dimensional gel analysis of inducible proteins in two different human T-lymphocyte cell lines that are
members of the Fos immune complex. Cells were labeled with [353]meth\onme for the times indicated in each
panel. A23187 is a calcium ionophore. See text for further details
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done not only to complete the characterization of Fos
and the proteins associated with it, but also to ob-
serve what clse the cell was doing. Another fact that
we knew we would have to experimentally pursuc is
whether the response of cclls in one stage of the cell
division cycle was the same or different at other
stages. Typically, examination of the Fos complex
has been performed in serum-deprived, growth-
arrested cells or asynchronously dividing cells. So
much remains to be studied.

We are now pursuing a more comprehensive anal-
ysis of the regulation of Fos and the other members
of the Fos immune complex and comparing those
results with proteins interacting with AP-1 and CRE
sites isolated from the same cellular extracts. We
have chosen to compare two different human T-
lymphoblast lines and a fibroblast linc. The fibroblast
line was chosen because it exhibits serum depen-
dence and minimal, if any, spontaneous transforma-
tion from contact inhibition growth in culture. For
each cell line, we are establishing conditions for
centrifugal elutriation. This procedure permits the
considerable enrichment of cells at the G, and Gy/M
stages of the cell division cycle. A simple comparison
of the Fos complex isolated from one of the CD4*
lymphoblast lines labeled at two time points after in-
duction of fos reveals significant differences in the
extent not only of Fos synthesis, but also of the
synthesis of several of the other proteins in the Fos
immune complex. Comparison of the two CD4*
Iymphoblast lines at one time point after induction of
fos has already revealed proteins unique to the Fos
complex from one of the cell lines. Figure 1 presents
two-dimensional gel images of these comparisons.
The labeling of spots has been generalized to convey
three points: (1) The difference in extents of Fos and
Jun synthesis (encircled arcas); (2) the complexity of
the associated or antigenically related proteins
(marked simply by an X); and (3) the induced spots
unique to the Jurkat cell Fos immune complex com-
pared to the H9 (HuT78) complex (spots marked by a
U). What should be conveyed by this simple com-
parison is that the investigation of something as
restricted as a single immune complex, isolated from
cells at different time points, contains multiple gene
products each of which is being processed at some
unique rate. In all of our studies, we are pursuing me-
chanisms that coordinate transcription of cellular
genes as cclls traverse the nonproliferative state to
the point of initiation of replication of DNA (Gy-G,
to S phase). The combinatorial possibilities of dif-
ferent gene products apparent in the comparison of

the Fos immune complex isolated at different mo-
ments during this period may reveal some molecular
aspects of this timing mechanism. In any case, the ex-
tent of change and the number of molecules changing
evident in this one type of immune complex suggest
that definitive statements as to the regulatory func-
tion(s) for any of thesc protcins must account for how
the fluctuating combinations of muitiple proteins
modulate the function of each of them. Perhaps it is
better to discern what is actually happening before
claiming cither the function or mechanism of regula-
tion of macromolecules like Fos.

REGULATION OF TRANSCRIPTION OF HIV-1

HIVENS6A, a Member of the Set of xB-binding
Proteins, Is a Product of the Human c-rcl Proto-
oncogene. Several years ago, using the DNAP assay
system we developed to study protein interaction
with transcriptional control DNA elements, we iden-
tificd HIVENS6A as an inducible member of a set of
cellular proteins that specifically bind to the xB en-
hancer. This cnhancer motif has been detected in
numerous cellular and viral transcriptional control
domains. Recently, cDNAs have been cloned that en-
code the 50-kD DNA-binding subunit of murine NF-
kB and the closely related human x-binding factor
(KBF-1). A 350-amino-acid domain at the amino
terminus of thesc proteins was found to be homo-
logous to the v-rel oncogene from the avian re-
ticuloendotheliosis virus, strain T (REV-T), as well
as a maternal effect gene, dorsal. dorsal is known to
activate transcription of certain Drosophila genes.
The v-Rel oncoprotein has been identificd as a tran-
scriptional activator in certain assay systems and has
been shown to be induced by the tumor promoter,
phorbol-12-myristate-13-acetate  (PMA) in avian
cells. HIVENS6A is also inducible by PMA. It was
therefore logical to determine if HIVEN86A was en-
coded by the human c-rel proto-oncogene. To do so,
in collaboration with W. Greene’s group at Duke
University, we transcribed mRNA in vitro from a
full-length human rel cDNA and translated the Rel
protein product in vitro. We demonstrated its ability
to bind the HIV-1 xB sitcs by DNAP assay. We
resolved the in-vitro-translated Rel on two-di-
mensional gels and showed that it comigrated with
cellular HIVEN86A. We excised the Rel and
HIVENS6A proteins from the gel (see Fig. 2) and, by
chemical cleavage with N-chlorosuccinimide (NCS),
proved that the two proteins were indistinguishable
structurally at this level of resolution. We will dis-
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FIGURE 2 Microscale DNA-affinity precipitation assays of
Jurkat cells and in-vitro-transfated human c-re/ as resolved
on two-dimensional gels. (A) Unstimulated Jurkat cell ex-
tract plus HIVENS6A probe that contains a duplication of the
xB sites in the HIV-1 LTR. (8) Extract from PHA+PMA-
stimulated Jurkat cells plus HIVEN86A probe. {C) In-vitro-
translated hc-Rel plus HIVENSBA probe. (D) Mixture of one-
half of the volume of samples 8 and of C that were loaded
on the two-dimensional gels represented in panels 8 and C.
Jurkat cells were extracted after treatment with PHA and
PMA and metabolic labeling with [3%)Smethionine. Prior to
metabolic labeling for 30 min, 4 x 108 cells were treated with
PMA (100 ng/ml) and PHA (1 pg/mi) for 3.5 hr.

cuss, a bit further on in this report, that an anti-
carboxy-terminal Rel peptide antibody reacts with
HIVENS6A. In collaboration with P. Enreitto’s group
at Stony Brook, we showed that v-Rel binds the HIV-
1 xB site using thc DNAP procedure.

At lcast two different cellular genes have now
been identified that encode xB-specific binding
proteins: NF-kB/KBF-1 and human Rel. NF-xB/
KBF-1 encodes a 105-kD product that in its full-
length form appears to lack DNA-binding activity.
However, a truncated form of this protein, with a
molecular size of approximately 50-kD, does indecd
interact specifically with the xB enhancer. In addi-
tion, this 50-kD protein appears to interact with at
Jeast two other proteins, including a p65 polypeptide
and a cytoplasmic inhibitory factor termed 1-kB. It
will be interesting to examine whether immunologic
reagents specific for NF-kB/KBF-1 will also react
with QI11 or one of the other 40-50-kD proteins we
have identificd by DNAP analysis to interact with the
kB enhancer. Whether all of the members of the set
of NF-kB-binding proteins identified by DNAP anal-
ysis are to some cxtent homologous to c-rel remains
to be determined. However, it is interesting that
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genes involved in transcription (HIVEN86A/ic-rel,
NF-kB/KBF-1), oncogenesis (v-Rel), and patterned
development (dorsal) are structurally related and that
their binding specificity for DNA has been con-
served.

Develop of I logic R That React
with kB-binding Proteins. One disadvantage of the
DNAP assay is that it only permits analysis of
proteins that bind DNA or that complex with DNA-
binding proteins. We need to be able to study xB-
binding proteins that may at some stage not bind
DNA becausc of posttranslational modification or the
lack thercof. Given the Bacuerle and Baltimore 1-xB
model of inhibition of NF-kB (i.e., a cytoplasmic an-
chor of a transcriptional regulator that upon the cell
receiving certain signals releases the regulator), we
also need immunologic reagents to study proteins as-
sociated with kB-binding proteins when they arc not
in a DNA-binding state. Furthermore, we need im-
munologic reagents to perform subcellular localiza-
tion studies, to screen cDNA expression libraries, and
to use for affinity purification of the kB-binding
proteins. We have begun preparing both polyclonal
and monoclonal antibodies to proteins identified to
interact with the kB site.

While we were determining whether HIVEN86A
was the product of the rel gene, we had a peptide
synthesized (CSHL protein chemistry) based on the
sequence of the carboxyl terminus of human Rel. N.
Rice and colleagues had already demonstrated that
antisera to this region of Rel immunoprecipitated a
cellular protein with with an apparent molecular size
of 82 kD. Our antipeptide serum has been partially
characterized thus far and has alrcady revealed that it
can (1) immunoprecipitate both HIVEN86A and in-
vitro-translated c-Rel, (2) immunoblot both HIVEN
86A/Rel isolated by DNAP assay and several cellular
proteins that are not present in the DNAP assays, and
(3) immunoprecipitate proteins other than Rel. We
are currently investigating if the coimmuno-
precipitated proteins are Rel-related (antigenically) or
Rel-associated proteins. This peptide antiserum has
already revealed that total levels of Rel in unstimu-
lated cell extracts arc significantly larger than the
amount of Rel that binds to the xB site in the DNAP
assays when either whole-cell or nuclear extracts are
used. Upon stimulation, the total levels of Rel in-
crease somewhat in 4 hours, but the amount of Rel
that associates with the kB site increases substantial-
ly. This suggests that the ability of Rel to associate
with the kB site is controlled by some posttransla-




tional process perhaps by mechanisms similar to the
association of NF-xB with I-kB.

Having identified multiple cellular proteins that
associate with kB sites in in vitro DNAP assays, we
decided to use the DNAP procedure to prepare a
complex immunogen analogous to the approach our
colleague Ed Harlow used to prepare antibodies to
ElA-associated protein. Upon completion of a kB
DNAP assay, we rinsed the beads and then injected
the avidin agarose-biotin xB-protein suspension into
the peritoneum of mice. After five injections, at inter-
vals of 14 days, the antiserum immunoprecipitated
HIVENS6A, and cells stimulated with PMA showed
increased nuclear immunofluorescence. A fusion to
murine NS1 cells was accomplished, and 1 hybrid-
oma from 187 screened was positive by immuno-
precipitation and immunoblot analysis for reaction to
HIVENS6A. It was subsequently single-cell-cloned,
and ascites was generated by injection of the cloned
cells into mice. This antibody (139.6) reveals a distri-
bution of immunofluorescence in the cytoplasm and
occasional nuclei in the human osteosarcoma (Hos)
cell line ATCC CRL1543. Upon stimulation of these
cells with PMA for 2 hours or more, there is a clear
increase in the number of positive nuclei and in the
intensity of signal from both the nuclei and
cytoplasm. Under similar conditions, HOS cells pro-
duce Rel as determined by immunoprecipitation with
139.6 antibody and kB DNAP assays.

Immunoblot comparisons of cellular extracts and
DNAP-enriched xB complexes reveal a startling set
of results with monoclonal antibody 139.6. In addi-
tion to the detection of Rel, two cellular proteins are
readily detected by the antibody in crude extracts of
Jurkat cells. These proteins exhibit no obvious fluc-
tuation in extracts from PMA-stimulated Jurkat cells
and they also bind DNA. However, the association of
these proteins with DNA is relatively nonspecific;
e.g., it is easily competed by increasing the amount of
competitor DNA and therefore they behave opposite
to HIVEN86A/Rel under the same conditions. These
proteins migrate with apparent molecular sizes of 70
kD and 40 kD, respectively. Another protein recog-
nized by the monoclonal antibody is significantly in-
duced by phytohemagglutinin (PHA) and PMA in
Jurkat extracts and binds DNA with considerable af-
finity; however, it binds the mutant kB site
CTCACTTTCC significantly better than the wild-
type site GGGACTTTCC and migrates with an ap-
parent molecular size of 60 kD. We have previously
reported the fact that certain proteins bind the mutant
site better than the wild type. This may indicate that

the kB motif is really a composite of different bind-
ing sites and that the mutation actually enhances the
interaction with one member of the set of potential
xB-binding proteins. It therefore appears that the
antibody recognizes an epitope that is conserved
among several cellular proteins that exhibit different
site-specific interactions within the 10-bp xB site as
well as relatively nonspecific interactions with the
site.

An In Vitro Transcription Analysis of Early Respon-
ses of the HIV-1 LTR 1o Different Transcriptional
Activators. We have developed a simple, fast, and
reliable method to prepare whole-cell or nuclear ex-
tracts from small numbers of cells to study in vitro
transcriptional activation of promoters such as the
HIV-1 LTR. Our results reveal that the time course of
activation of extracts derived from cells stimulated
with the mitogenic lectin PHA or the tumor promoter
PMA is different. PMA induces a rapid (20-30 min)
onset of increased in vitro transcription from the
HIV-1 LTR, whereas PHA causes a slow (4-6 hr)
and sustained response. The biochemical relevance of
protein synthesis inhibition by cycloheximide treat-
ment of cells has been investigated using this ap-
proach. Cycloheximide has been used by several in-
vestigators to dissect cellular responses that appar-
ently occur in the absence of de novo protein
synthesis; e.g., if transcription of a gene can be in-
duced in the presence of cycloheximide, the gene
falls in the class of the immediate-early gene as dis-
cussed above. In these studies, PMA induction of a
change in in vitro transcriptional activity was not de-
pendent on de novo protein synthesis. Cycloheximide
alone was insufficient to induce activation. Oligo-
nucleotide-mediated site-directed mutagenesis de-
monstrated that mutation of the TATA box in the
HIV-1 LTR ablated initiation of both basal level tran-
scription and activation by PMA. Surprisingly, muta-
tion of both kB sites in the LTR was shown to reduce
but not extinguish the in vitro response to extracts
from cither PHA- or PMA-stimulated cells. The
reduction was greater in extracts derived from cells
treated with PMA. However, in both cases, other
regions of the LTR clearly must be contributing to
the in vitro transcriptional activity induced by each
agent. Deletion analysis of the HIV-1 LTR reveals at
least one region (~464 to ~252) capable of suppress-
ing in vitro transcription in extracts from Jurkat cells
stimulated by PMA. This result is consistent with ear-
ly studies of the HIV-1 LTR in transient transfection
assays of mammalian cells with HIV-1 LTR reporter
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gene constructs. We therefore have been able to ob-
serve distinct regulatory events at early time points
after cells arc exposed to agents known to induce
transcription of both the HIV-1 LTR reporter gene
constructs and the HIV-1 provirus itself.

ADENOVIRUS E1A PROTEIN INTERACTION WITH
CELLULAR PROTEINS

We arc interested in understanding the molecular me-
chanisms by which an oncogenc alters the growth
status of human cells. The adenovirus early region
1A (E1A) genc products have been very uscful in the
scarch for the cellular processes and the actual
proteins involved in growth regulation. The identi-
fication of the product of the retinoblastoma-linked
gene and a cyclin A genc as members of the set of
proteins complexed with E1A indicates the power of
E1A-affinity precipitation to isolate cellular growth
regulatory proteins. The fact that numerous mutants
of E1A exist that arc deficient in onc or more of the
biological activities ascribed to E1A contributes to
the ability to probe experimentally the function of
each associated cellular protein. We arc now focusing
on a detailed definition of the cell-division-cycle-
modulated association of E1A with cellular proteins
and of the biochemical activities of the complexes
isolated from cells throughout the cell cycle. As part
of these studics, we will extend the analysis of the
E1A-associated protein, p130. We look to an under-
standing of the interaction of E1A with these cellular
proteins to reveal mechanisms not only of EIA-
induced oncogenesis, but also of the normal growth
regulatory properties of these proteins. For some of
the studies reported below, we have continued to en-
joy the productive collaboration with David Beach,
Ed Harlow, and members of their respective research
groups.

Human Cyclin A and the Retinoblastoma Protein In-
teract with Similar but Distinguishable Sequences in
the Adenovirus E]IA Gene Product. The adenovirus
E1A protcins associate with several cellular proteins
in adenovirus-infected or -transformed cells. Recent-
ly, two of the cellular proteins that bind to E1A have
been identified. pl0S has been shown to be the pro-
duct of retinoblastoma tumor suppressing gene. p60
has been shown to be a human cyclin A. Previously,
studies have shown that E1A protein sequences en-
coded by conserved domains 1 and 2 are required for
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interactions with the retinoblastoma protcin (pRB).
We have now demonstrated that amino acids 30-60
and 121-127 within E1A are required for interaction
with p60/cyclin A. These arc the same sites within
conserved domains 1 and 2 that are required for E1A
to associatc with pRB. However, the association of
p60/cyclin A does not appear to require pRB. We
also demonstrated that another cellular protein, p130,
interacts with E1A at cssentially the same sites. It is
interesting that mutations in these regions destroy the
ability of E1A to function as an oncogene, thereby
raising the possibility that interaction with several
different cellular proteins may be needed for trans-
formation by E1A.

The strategy we employed to determine the physi-
cal requirements for complex formation with
p60/cyclin A and 130K was to use adenovirus
mutants to identify the regions of E1A required to
bind these proteins. This strategy has been used suc-
cessfully to map the sites of protein-protein interac-
tions such as E1A with pRB. Such knowledge
permits corrclation with cxisting data on those
regions of E1A that exert specific activitics, such as
morphogenic transformation and altered growth con-
trol of mammalian celis. HeLa cells were infected
with recombinant mutants of adenovirus type 5, and
analysis of El A-cellular protein complexes was ac-
complished by immunoprecipitation and subsequent
scparation of the proteins by gel electrophoresis (for
summary of results, see Fig. 3). The anti-E1A
monoclonal antibodies, M73 and M358, were used in
each study. Two-dimensional gel electrophoresis was
used to investigate the p60/cyclin A interaction with
E1A. The results obtained in this study indicate that
there is a close relationship between the specific
biological activities of E1A and the interaction with
p60/cyclin A and p130. Previous mutagenesis studies
had indicated that three regions of E1A, amino acids
1-25, 36-76, and 121-129, are required for efficient
transformation. The region from 1 to 25 is correlated
with binding of p300 but does not appear to be re-
quired for binding p130, p107, pRB, or p60/cyclin A.
Binding of this set plus p300 is also dependent on se-
quences in conserved domain 1 within residues 30 to
60. They also interact with sequences in conserved
domain 2. The fact that p60/cyclin A and p130 re-
quire a subset of the E1A-transforming regions (i.c.,
amino acids 30-60 and 121-127) for binding sug-
gests that interaction with these cellular proteins may
contribute to the role of E1A as an oncogene. One is-
sue is whether p60/cyclin A or p130 require expres-
sion of pRB for association with E1A. We answered
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FIGURE 3 Two-dimensional gel electrophoretic analysis of p60 interactions with different
recombinant Ad5 E1A mutants. This figure presents a schematic diagram of the genetic
structure of the wild-type Ad5 E1A region and the structure of different recombinant Ad5
E1A mutants and a summary of data regarding the interaction of pRB (derived by P Whyte
and E. Harlow) and p130 with each mutant. The region from individual two-dimensional gels
in which the p60 isoforms migrate is shown for each M73 or M58 immunoprecipitation of the

respective AdS-infected Hela cell lysate.

this by determining E1A association with p60/cyclin
A and pl130 in adenovirus-infected cells in which
pRB is not expressed. Both alleles of the retino-
blastoma gene have been deleted from the genomes
of these cells.

p60 has been found to associate with the p34

protein product of the human homolog of the ycast
cdc2 gene. Expression of cdc2 is required in ycast for
cell cycle progression from G, to S phase (DNA
synthesis) and for transition from G, to mitosis (M
phase). It has now been demonstrated that mam-
malian cdc2 expression is required not only for the
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G, 10 M transition, but also for the G, to S transition.
The interaction of p60 with cdc2 may play a role in
regulating the activity of this protein. This spccula-
tion is strengthened by the identification of p60 as a
human cyclin A. Cyclins are a family of proteins,
rapidly degraded at mitosis. The association of
p60/cyclin A with cdc2, coupled with the demonstra-
tion that the region of E1A to which p60/cyclin A
binds is required for its transformation function, sug-
gests a dircct link between regulation of the cell divi-
sion cycle and acquisition of malignant growth
propertics when mammalian cells express E1A.
Biochemical clucidation of the actual function of
E1A may thereby reside, at least partially, in under-
standing its interaction(s) with p60/cyclin A and
p3492 (or related gene products).

Cell Cycle Regul of an Ad irus E1A-as-
sociated Histone H1 Kinase Activity. As stated

03 4cd02

A xCDC2 B

c XCDC2+cxEIA D

E xEIA

90

above, scveral cellular proteins have been shown to
form stable protein-protein complexes with E1A in
extracts derived from adenovirus-infected or -trans-
formed cells. We have extended an analysis of the in-
teraction of E1A with cellular proteins by demon-
strating that two members of the E1A immune com-
plex are very related to, if not actual products of, the
gene encoding p34<dc2. We have determined that this
E1A complex displays histone H1-specific kinase ac-
tivity, that this activity is modulated throughout the
cell division cycle, and that there is apparently no re-
quirement for pRB association with E1A for this ac-
tivity.

To attempt to prove that the E1A-associated p34
isoforms were products of the human cdc2 gene, we
performed the following analyses. Adenovirus-
infected HeLa cells were labeled with [32PJortho-
phosphate, and cxtracts were prepared. The extracts
were immunoprecipitated with an anti-p34°9<2 pep-

Region of 2D Gels

pl3-Sepharose

. ® .

3'?

pl3-Sepharose + X EIA

XCDC2+peptide

FIGURE 4 Two-dimensional gel analysis of the different p34¢352 jsoforms. (A)
Precipitates of p34°3¢2 from HelLa cells infecled with wild-type AdS5 using an anti-
cdc2 serum (G6); (B) precipitates of p34°3¢2 from Hela cells infected with wild-
type Ad5 using p13-Sepharose beads: (C) mixture of proteins from precipitates
shown in A and E: (D) mixture of proteins from precipitates shown in 8 and E: (£)
Hela cells infected with wild-type Ad5 and immunoprecipitated with the M73
monoclonal antibody: (F) anti-cdc2 immunoprecipitation of Hela cells infected
with wild-type AdS, performed in the presence of 100 nmoles of the antigenic

carboxy-terminal cdc2 peptide.
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tide antibody (G6, carboxy-terminal peptide) or were
exposed to pl3-Sepharose beads. Figure 4A,
represents the region of the two-dimensional gel in
which the immunoprecipitated p34<4¢2 isoforms are
resolved. Comparison with the pl3-Sepharose-
precipitated p34¢dc2 isoforms (sce Fig. 4B) reveals a
strikingly similar pattern with two cxceptions (spots
in boxes 2 and 3 in pancl B). These same two spots
are seen in pl13-Sepharose precipitates of uninfected
HeLa cells. Clearly, G6 does not immunoprecipitate
these forms of p34. The spot in box 1 corresponds ex-
actly to the spot in the box in Figure 4A. Mixture of
the M73 immunoprecipitate from adenovirus-infected
cells with either the G6 immunoprecipitate (Fig. 4C)
or the p13-Sepharose precipitate (Fig. 4D) reveals
that the two p13-Sepharose unique spots precisely
comigrate with the p34 spots in the E1A immune
complex. Figure 4E represents the two spots in the
M73 immunoprecipitate of infected HeLa cells and
Figure 4F represents the complete loss of all of the
G6 p34¢d<2 jsoforms when the immunizing peptide
was included in the lysate prior to immunoprecipita-
tion.

The structures of the unique p13-Sepharose and
ElA-immune-complexed p34 isoforms were com-
pared to the p34<9¢2 structure. The results of peptide
analysis using N-chlorosuccinamide (NCS) are pre-
sented in Figure 5. NCS chemically cleaves proteins
at tryptophan residues. Spots from the G6 im-
munoprecipitation (Fig. 4B, spot in box), the M73
immunoprecipitation (Fig. 4E, spot in box), and the
p13-Sepharose precipitation (see Fig. 4B, spots in
boxes 1 and 2) were excised from the two-dimen-
sional gel and digested with NCS. The resultant pat-
tern for cach spot is identical to the p34°9<2 pattern.
This is the pattern for NCS cleavage of mammalian
and Schizosaccharomyces pombe p34°9¢2 previously
reported. In all cases, the spots represent phos-
phoproteins. The reason for the difference in two-
dimensional gel migration of the p13-Sepharose/E1A
unique isoforms of p34¢d<2 remains to be determined,
but the NCS results demonstrate that the primary
structure of the EIA immune-complex-putative
p34¢9<2 jsoforms are virtually indistinguishable from
the forms immunoprecipitated by the G6 antibody.
However, as noted above, these isoforms are not
recognized by a p34<4cZ carboxy-terminal peptide
polyclonal antisera, G6, but they do bind pl3-
Sepharose. It may be that they represent products of a
gene highly related to the human cdc2 gene, such as
the Egl cDNA from Xenopus laevis. Perhaps the
unique isoforms contain different phosphorylated

amino acids or some other modification that affects
their migration in the two-dimensional gels and
blocks their recognition by the G6 antibody. The ap-
parent size difference between these two forms is no
greater than that between each of the other "layers” of
p34¢de2 jsoforms, so it is possible that they all are
structurally identical but medificd differently, and it
is the modification that prevents access of G6 to the
forms that associate with E1A. Another explanation
for the inability of G6 to recognize these forms is that
onc or two amino acid carboxy-terminal truncations
of these isoforms have occurred. The size of the NCS
products is such that one or two amino acid deletions
might not be detected. A protein sequence com-
parison between the two isoforms and other isoforms
of p34%de2 s required to establish the primary struc-
tural difference if one exists.

Histone H1 Kinase Activity of the EIA Immune Com-

plex Is Modulated through the Cell Division Cycle.
The histone H1 kinase activity precipitated with the
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pl3-Sepharose #1
pl3-Sepharose#2

o
& <«
o
¥ ¥

*

[ ] [ ) e [

[ ] [ ] .

° [ ] e [

* [] .

I 2 3 4

FIGURE 5 NCS digest of p34 spots from two-dimensional
gels. (7) p13-Sepharose spot 1, see Fig. 2A, panel B, box 1;
(2) p13-Sepharose spot 2, see Fig. 2A, panel B, box 2; (3)
anti-p34°9¢2 spot, see Fig. 2A, panel A, spot in box; (4) p34
spot in anti-E1A precipitate, Fig. 2A, panel E, spot in box.
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anti-cdc2 (G6) and the anti-p60/cyclin (C160) anti-
bodies displays a distinctive pattern of cell cycle
regulation in mammalian cells. The cdc2-p60/cyclin
complex has properties distinct from the cdc2-
p62/cyclin B complex in HeLa cells. We therefore
compared the E1A immune complex histone HI
kinase activity with the activities of the C160 and the
G6 immune complexes from populations of 293 en-
riched at different stages of the cell division cycle by
centrifugal elutriation. Cell lysates were prepared
from cquivalent numbers of clutriated cells. Lysate
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FIGURE 6 Centrifugal elulriation and E1A-immune complex
histone H1 kinase aclivity of 293 cells. Cell fractions, col-
lected by centrifugal elutriation, were fixed and stained with
propidium iodide and analyzed by flow cyto-metry (top). The
remaining cells in each fraction were extracted and im-
munoprecipitated with either M73, anti-cdc2 (G6), anti-
p60/cyclin A (C160), or Pab416 antibodies, and histone H1
kinase was performed for each immune complex {(bottom).
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protein concentrations were determined, and equi-
valent amounts of extract were immunoprecipitated
with cither Pab416, M73, G6, or C160 antibodics.
The results of the elutriation and kinase assays are
graphically represented in Figure 6. As shown in Fig-
ure 6 (top), a substantial enrichment of cells at G,
and G,/M phases was achieved. At the transition
from G to S between fractions 3 and 4, we see an in-
crease in histone H1 kinase activity in the E1A im-
mune complex that peaks between fractions 6 and 7.
The histone H1 kinase activity patterns for the C160,
anti-p60/cyclin A, and G6 ami—p34Cdcz immune com-
plexes are consistent with what we previously ob-
served in cell division cycle phase-cnriched Hela
cell extracts.

The pattern of cell division cycle modulation of
the E1A immune complex histone H1 kinase activity
suggests that onc mechanism for E1A-induced trans-
formation may reside in its ability to associate with
cell cycle regulatory proteins at specific moments
during the transition of cells from G, to S phase. In-
terestingly, the d1922/947 deletion mutant (deletion in
domain 2, see Fig. 3) is defective for oncogenic ac-
tivity and binds significantly less p34¢dc2 and
p60/cyclin A. Consistent with decreased protein-
protein interaction is a significant 80% reduction in
the d1922/947 E1A immune complex H1 kinasc ac-
tivity. It remains to be determined if p34°dc2 and
p60/cyclin A association with E1A can occur inde-
pendently. All E1IA mutants cxamined thus far that
affect the binding of p34¢9¢2 and p60/cyclin A do so
equivalently.

At least three other E1A-associated proteins, the
130-kD, 107-kD, and pRB proteins, requirc se-
quences within domain 1 and/or domain 2 of E1A for
complex formation, and each of these proteins is
phosphorylated. It has been demonstrated that pRB is
phosphorylated at serine and threonine residues. It is
possible that p34¢92 is the kinase responsible for
pRB phosphorylation in cells. Interestingly, the d/928
mutant that does not bind pRB maintains full histone
HI kinase activity and binds the isoforms of p34cde2
and p60/cyclin A. This raises the possibility that the
association of the d/928 product with p34°d¢2 contrib-
utes to the induction of viral and cellular DNA
synthesis that has been observed when this mutant
E1A protein is expressed. We would hypothesize that
mechanistically, the d/928 E1A-p34cdc2 complex
phosphorylates pRB sometime during the G; to S
phase transition and thereby is able to contribute to
induction of DNA synthesis because the phos-



phorylation of pRB results in release of suppression
of DNA synthesis. Of course, other activities of the
E1A-p34cdc2.p60/cyclin A complex may contribute
to the mitogenic activity of E1A. The physical asso-
ciation of E1A with pRB would represent an addi-
tional component of the transformation phenotype
resultant from expression of EIA. Such a model
would be consistent with E1A having pRB-binding-
independent and pRB-binding-dependent effects on
cellular growth control.

Much remains to be learned regarding the regula-
tion of the modifications of the cellular proteins asso-
ciated with E1A and of the E1A gene products, as
well. For instance, the extensive, rapid posttransla-
tional modification of E1A may be due at least partly
to the presence of p34°dc2 in the E1A complex. The
resolution of the same two specific forms of p34cdc2
in both the E1A and p60/cyclin A immune complex
focuses our effort on determining what is special
about these two proteins and if one of their activities
is to modify E1A itself. Because it is now known that
p34¢de2 is required for G, to S transition as well as
G, to M transition in mammalian cells, it is important
to determine if these two isoforms contribute to the
effects of E1A on the regulation of DNA synthesis.
We hypothesize that these two isoforms are involved
in the regulation of the mammalian equivalent of
"START" in yeast. An extension of this hypothesis is
to determine not only if these two isoforms partici-
pate in the regulation of initiation of DNA synthesis,
but also if they contribute to the posttranslational
modification of RNA polymerase II, resulting in
modulation of transcription initiation. We will there-
fore be studying the activity of extracts from cells ci-
ther expressing E1A or not at different stages of the
cell cycle to determine if in vitro transcription of
promoters known to be El1A-sensitive is growth-
regulated. We will simultaneously identify the
proteins associated with the promoters during the
time course analysis of transcriptional activity. Fur-
ther study of the activity of different E1A-cellular
protein complexes may therefore uncover mechan-
isms for the coordination of activation of transcrip-

tion and initiation of DNA synthesis when resting
mammalian cells are propelled into the cell division
cycle.
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MOLECULAR BIOLOGY OF THE CYTOSKELETON

D.M. Helfman  W. Guo M. Leonard R. Roscigno
G. Henry J. Lees-Miller T. Tsukahara
J. Kazzaz G. Mulligan S. Wormsley
A. Kistler M. Pittenger

The molecular and biochemical bases for related cel-
lular processes such as cell motility and contractility,
organclle movement, chromosome movement, cyto-
kinesis, and the generation of cell shape are important
problems in biology. These processes are all depen-
dent on a complex macromolecular set of protein
fibers found in the cytoplasm, termed the cyto-
skeleton. The cytoskeleton of vertebrate cetls is com-
posed of three major filamentous systems: actin fila-
ments, intermediate filaments, and microtubules.
Each of these filamentous systems contains a number
of different protein components, although different
cell types and tissues cxpress specific protein
isoforms that comprise these structures. The research
in our laboratory is focused on two related problems
in molecular and cell biology: (1) the mechanisms

20 b 3
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responsible for tissue-specific and develop lly

regulated patterns of gene expression and (2) the
functional significance of cell-type-specific protein
isoform expression. Specifically, our laboratory has
been interested in understanding the regulation and
function of tropomyosin gene expression in muscle
and nonmuscle cells. Tropomyosins are a diverse
group of actin-binding proteins with distinct isoforms
present in striated muscle (skeletal and cardiac),
smooth muscle, and nonmuscle cells. We now know
that at least 12 different tropomyosin isoforms are ex-
pressed from three scparate genes in rat. The a-
tropomyosin (a-TM) gene encodes nine isoforms
(Fig. 1), the B-tropomyosin (B-TM) gene encodes two
isoforms (Fig. 2), and the tropomyosin-4 (TM-4)
gene encodes a single isoform. We have been study-
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FIGURE 1 Schematic diagram of the rat a-tropomyosin gene and nine different isoforms ex-
pressed from this gene. Boxes represent exons and horizontal lines represent introns; they
are not drawn 10 scale. The gene contains two alternative promoters which result in expres-
sion of two different amino-terminal coding regions (exons 1a and 1b), two internal mutually
exclusive exon cassettes (exons 2a and 2b and 6a and 6b), and four alternatively spliced
3 exons that encode four different carboxy-terminal coding regions (exons 9a, 9b, 9¢, and
9d). The different polyadenylation signals are also indicated (A).
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ing the expression of these genes with particular at-
tention to understanding the mechanisms of their
regulation at the posttranscriptional level, i.e., tissue-
specific alternative RNA splicing. In addition, the ex-
pression of a diverse group of tropomyosin isoforms
in a highly tissuc-specific manner via alternative
RNA processing strongly suggests that cach isoform
is required to carry out specific functions in conjunc-
tion with the actin-based filaments of various muscle
and nonmuscle cells. The function of these different
isoforms is not known and is under study. We have
also recently cloned a gene from the fission yeast
Schizosaccharomyces pombe that encodes a distantly
related member of the actin family and have begun to
study the function of this actin-like protein. Below is
a summary of our present studies.

Identification of cis-Elements and
Celiular Factors Invoived in
Regulated Alternative Splice

Site Selection

W. Guo, G. Mulligan, S. Wormsley, R. Roscigno,
D. Helfman

The generation of protein isoform diversity by
alternative RNA processing is a fundamental process
which contributes to tissue-specific and developmen-
tally regulated patterns of gene expression. In addi-
tion, alternative splicing pathways have also been
demonstrated for a number of viral genes. At present,
the molecular basis for tissue-specific alternative
splicing is poorly understood. We are using the rat B-
TM gene as a model system to investigate the mole-
cular basis for developmental and tissue-specific
RNA splicing (Fig. 2). The B-TM gene expresses
both skeletal muscle B-TM and fibroblast TM-1 by
an alternative RNA splicing mechanism. The gene
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Ex-3 Ex-4
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contains 11 exons. Exons 1 through 5 and exons 8
and 9 are common to all mRNAs expressed from this
gene. Exons 6 and 11 are used in fibroblasts, as well
as smooth muscle cells, whereas exons 7 and 10 are
used exclusively in skeletal muscle. Furthermore, the
alternative RNA splicing patterns of the B-TM gene
are regulated during myogenesis. Myoblasts express
the fibroblast-type tropomyosin isoform (TM-1).
During differentiation, the pattern of pre-mRNA
splicing changes such that there is repression of the
fibroblast-type splice products and induction of the
muscle-specific splice products, i.c., skeletal muscle
B-TM.

During the past year, we have focused most of
our efforts on understanding why exon 7 is not
normally used in nonmuscle cells. There are at least
two models to explain why exon 7 (skeletal-muscle-
type splice) is not used in HeLa cells. One is that
there is an RNA secondary structure, which is predic-
ted by computer modeling, formed between intron se-
quences upstream and downstream from exon 7. This
structure would sequester this exon from the splicing
machinery in HeLa cells and thereby prevent its use.
A second model is that cellular factors interact with
specific sequences in the pre-mRNA and block the
use of exon 7 in nonmuscle cells. On the basis of our
experiments described below, we are in favor of the
second model.

Using both in vitro and in vivo systems, we have
identified a number of cis elements involved in
alternative splice site sclection. We recently identi-
fied two distinct elements in the intron upstream of
exon 7 involved in splice site selection (Helfman ct
al., Genes Dev. 4: 98 [1990]). The first element is a
polypyrimidine tract located 89-143 nucleotides up-
stream of the 3 splice site, which specifies the loca-
tion of the lariat branchpoints located an unusually
long distance (144-153 nucleotides) upstream of
exon 7. The second element is composed of intron se-
quences located between the polypyrimidine tract and

Skeletal muscle 3 -TM

Fibroblast TM1 (smooth muscle )

FIGURE 2 Schematic diagram of the rat g-tropomyosin gene and the two different isoforms expressed
from this gene. The amino acids encoded by each exon are indicated. The cap site and polyadenyla-

tion sites are also indicated.
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3 splice site of exon 7. This clement contains an im-
portant determinant in alternative splice site selec-
tion, because deletion of these sequences resulted in
the usc of the skeletal-muscle-specific exon in non-
muscle cells.

To analyze further the role of specific nucleotides
within this region that are required for inhibiting the
use of exon 7 in nonmuscle cells, we have introduced
a series of clustered point mutations in the 3end of
intron 6 and within exon 7. For example, it was im-
portant to determine if the deletion mutants in our
previous studies resulted in activation of the skeletal-
muscle-type splice in nonmuscle cells due to simply
altering the distance between the 3 splice site and
upstream branchpoint or removal of an inhibitory se-
quence. These experiments have identified a number
of specific sequences in the intron and exon that,
when mutated, lead to the use of exon 7 in nonmuscle
cells. These mutations appear to act by disrupting the
interaction of cellular factors with the pre-mRNA that
normally prevent the use of exon 7 (see below). We
have also found that transfection of tropomyosin min-
igenes containing mutations in the 5 or 3‘splice
sites of exon 6 (fibroblast-type splice) does not result
in the increased use of exon 7 (skeletal-muscle-type
splice) in nonmuscle cell systems. These results sug-
gest that splice site selection in vivo is not regulated
by a simple cis-competition mechanism, but rather by
a mechanism that inhibits the use of the skeletal mus-
cle exon in nonmuscle cells. As mentioned above, we
believe that nonmuscle cells express factors that
block the use of exon 7. We then reasoned that it
should be possible to overcome the effects of these
putative blocking factors by expressing large
amounts of the pre-mRNA. Accordingly, transfecting
increasing amounts of plasmid containing a wild-type
minigene into HeLa cells resulted in use of exon 7.

As described above, we have identified a number
of critical regions in the intron upstream of exon 7
(skeletal-muscle-specific exon) and exon that, when
mutated, led to the use of exon 7 in nonmuscle cells.
These results strongly suggested that these sequences
in the pre-mRNA interact with cellular factors in
nonmuscle cells and thereby inhibit the use of the
skeletal muscle exon. Using UV photochemical
cross-linking, native gel electrophoresis, and binding
competition experiments, we have identified RNA-
binding proteins that interact with the pre-mRNA,
which likely influence the use of exon 7 in non-
muscle cells. HeLa nuclear extracts were fractionated
using a variety of chromatographic techniques, and
the fractions were analyzed by an RNA-protein gel
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mobility shift assay to determine if there are any
proteins that bind to the intron sequences upstream of
the 3 splice sitc of cxon 7. We have identified an ac-
tivity that binds specifically to the 3'splice site of
exon 7, but not to similar regions of exon 6 or e¢xon 8.
Furthermore, competition studies demonstrate that
this activity does not bind strongly to the mutants that
exhibit activation of exon 7 in vivo. We propose that
the interaction of this factor with the pre-mRNA pre-
vents the use of exon 7 and is therefore involved in
suppressing the use of the skeletal muscle exon in
nonmuscle cells.

Purification and Characterization
of a Protein That Binds to
Regulatory Sequences in the
B-TM Pre-mRNA

G. Mulligan, W. Guo, S. Wormsley, D. Helfman

As described above, we have identified a number of
cis clements critical to regulated splicing of the -TM
pre-mRNA. Specifically, there is a polypyrimidine
stretch upstream of the muscle-specific exon 7 that is
required for use of the adjacent branchpoints by the
5 splice site of exon 5 (the muscle-specific-splicing
pattern). We and other investigators have used UV
cross-linking to detect a 62-kD polypeptide that binds
specifically to long stretches of pyrimidines. This
protein is expressed in muscle and nonmuscle cell
types, and its role in splicing remains unclear. Ad-
jacent to this region of the transcript is another cis
clement that appears to represent a binding site for
cellular factors in HeLa cells (see above). Deletion
of, or substitutions within, this element allows the
cellular machinery of a nonmuscle cell (HeLa) to
splice the muscle-specific exon 7. We propose that
the binding of a protein to these sequences between
the polypyrimidine stretch and the muscle-specific
exon inhibits the use of this exon in nonmuscle ceils.
The use of UV cross-linking and gel mobility shift
techniques has allowed identification of a cellular
factor that binds to this inhibitory element with high
specificity. Separation techniques have allowed the
isolation of this protein to at least 90% purity. Work
is currently under way to develop in vitro biochemi-
cal assays to study the function of this protein. We
are also developing antibodies and cDNA clones that
will be valuable tools in studying the role of this fac-
tor in alternative splicing systems.



Development of In Vitro Splicing
Systems from Myogenic cells

T. Tsukahara, D. Helfman

To identify cellular factors and mechanisms involved
in muscle-specific alternative RNA splicing, it will
be necessary to develop an in vitro system from
myogenic cells. We have begun studies to establish
such a system using the mouse myogenic cell line,
BC3H1. The undifferentiated cells express the non-
muscle (fibroblast-type) tropomyosin isoforms from
the a-TM and B-TM genes, e.g., TM-1 and TM-2.
Upen differentiation, the pattern of pre-mRNA splic-
ing changes such that there is repression of the
fibroblast-type splice products and induction of the
muscle-specific splice products, i.c., skeletal muscle
a-TM and B-TM. We have prepared nuclear extracts
from undifferentiated BC3H1 cells that arc able to
splice B-TM pre-mRNAs in the appropriate cell-type
pattern. Experiments are in progress to prepare
nuclear extracts from differentiated cells.

Alterations in Transcription and
Alternative RNA Splicing Are
Involved in the Changes in
Tropomyosin Expression in
Transformed cells

J. Lees-Miller, M. Leonard, D Helfman

One of our aims is to study the effects of different
nuclear and cytoplasmic oncogenes on tropomyosin
expression. We have found that rat fibroblasts trans-
formed with Kirsten virus and Rous sarcoma virus
have undetectable levels of TM-2 and TM-3 mRNAs
but elevated levels of TM-5a and TM-5b mRNAs
(Goodwin et al., J. Bio. Chem. [1991] in press). Anal-
ysis of the genetic basis for the expression of the four
isoforms (TM-2, TM-3, TM-5a, and TM-5b) revealed
that all are expressed from the o-TM gene via the use
of alternative promoters and alternative RNA splicing
(Fig. 1). Interestingly, mRNAs for TM-2 and TM-3
are transcribed from a 5’ proximal promoter, whereas
mRNAs for TM-5a and TM-5b are transcribed from
an internal promoter. The lack of mRNAs for TM-2
and TM-3 in cells transformed by the Kirsten and
Rous sarcoma viruses correlates with the absence of
proteins for these isoforms. Thus, the absence of
mRNAs for these two isoforms is likely due to the in-

hibition of transcription from the upstream promoter
of this gene. In addition, we have determined that
cells transformed by adenovirus and SV40 have in-
creased levels of mRNA encoding TM-3 and TM-5b,
relative to TM-2 and TM-5a, which correspond to
changes in the relative use of alternative exons 6a and
6b (Goodwin et al., J. Bio. Chem. [1991] in press). At
present, it is not known if these changes in exon
usage are due to alterations in the concentration or
activity of splicing factors or due to differences in the
stability of the respective mRNAs. Experiments are
under way to determine the precise mechanism(s)
responsible for these alterations in tropomyosin ex-
pression. Understanding these mechanism(s) will
provide new insights into the pleiotropic action of the
oncogenes associated with these various RNA and
DNA tumor viruses.

Transcriptional Control of
Tropomyosin Gene Expression

J. Kazzaz, D. Helfman

The rat B-TM gene expresses two distinct isoforms
via an alternative splicing mechanism (Fig. 2). Al-
though the gene is expressed in muscle (skeletal, car-
diac, and smooth) and nonmuscle cells, a single tran-
scription initiation site is used in the various cell
types that express the gene. We now wish to
determine if the same cis-acting elements are used in
muscle (skeletal, cardiac, and smooth) and non-
muscle cells (e.g., fibroblasts) and if the same or dif-
ferent trans-acting factors are involved in transcrip-
tional control of the gene in different cell types. Se-
quence analysis of the 5’end of the B-TM gene has
already revealed a number of potentially important
elements involved in transcriptional control in skele-
tal muscle cells. The gene contains three copies of a
skeletal-muscle-specific enhancer element (MRE) lo-
cated approximately 300, 350, and 400 bp upstream
of the transcriptional start site. The consensus se-
quence of this 14-nucleotide-long element (C/GNG/
AG/ACAC/GC/GTGC/TC/TNC/G) has been found
in a number of genes expressed in skeletal muscle in-
cluding the muscle creatine kinase, §-subunit of the
acetylcholine receptor, myosin light chain 1/3, des-
min, and vimentin (Buskin and Hauschka, Mol. Cell.
Biol. 9: 2627 [1989]). This element is believed to be
the site of action of the myogenic regulatory factors
such as MyoD and myogenin. Since these myogenic

143



regulatory factors are expressed in skeletal muscle,
but not in cardiac and smooth muscle or nonmuscle
cells, it is likely that expression of the B-TM gene in
cells other than skeletal muscle will require a dif-
ferent set of transcriptional regulatory proteins.

For the initial characterization of the promoter,
we have cloned 300-1800 bp of the upstream
promoter region into a chloramphenicol acetyltrans-
ferase (CAT) expression vector. We used this vector
to transfect a variety of cell lines and tested for CAT
activity in transicnt assays. Results from transfections
into a rat fibroblast cell line (REF52) and a mouse

fibroblast ccll line (NIH-3T3) indicate that 1800 bp
of the upstrcam promoter region are not sufficient to
drive transcription of CAT in fibroblasts. To deter-
mine if the muscle-specific regulatory elements
(MRE) identified by DNA sequence analysis are
functional, REF52 and NIH-3T3 cells were cotrans-
fected with a plasmid that contains a copy of the
MyoD c¢DNA clone (Davis et al., Cell 51: 987
[1987]; courtesy of A. Lassar) and the CAT-promoter
constructs described above. These experiments
demonstrated that the MyoD binding sites between
positions —300 and —400 are functionally active. Fur-

oy

FIGURE 3 Localization of tropomyosin isoforms in fibroblasts. Bacterially pro-

duced fibroblast isoforms TM-5A and TM-58 were fluorescently tagged with
rhodamine and microinjected into rat fibroblasts (REF52). Three hours after
injection, the cells were fixed and visualized by fluorescence microscopy

Both isoforms localized to actin filaments.
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ther deletion analysis confirmed that this region is
sufficient to confer responsiveness to MyoD. To
determine if these sequences can activate transcrip-
tion in a muscle cell line, C,C,, myotubes werc
transfected with the various CAT-promoter con-
structs. This cell linc upon induction with low serum
differentiates into myocytes and fuses to form
myotubes. Transfection into differentiated myotubes
indicates that the -TM MRE is sufficient for activa-
tion of CAT in differentiated muscle cell lines. Ex-
periments are in progress to determine if all three ele-
ments are required for muscle-specific gene expres-
sion and if the four different myogenic regulatory
factors, i.e., myoD and myogenin, mrfd, and myf5,
interact with these sequences in distinct ways.

In addition to the myogenic regulatory region, se-
quence analysis has also revealed a 124-bp direct
repeat within the first intron of the B-TM gene. This
repeat has a 45-nucleotide purine/pyrimidine (dA-dC)
stretch. A poly(dA-dC) repeat has been shown to
have enhancer properties in SV40 (Berg et al., Mol.
Cell. Biol. 9: 5248 [1989]). To determine if this ele-
ment has enhancer-like activity, we have cloned both
copies of this element upstrcam of the 5'promoter
proximal elements in the tropomyosin-CAT con-
structs indicated above. Preliminary evidence sug-
gests that this element does function as an enhancer
in both fibroblast and muscle cell lines. Cotransfec-
tion with MyoD indicatcs that the effect of the inter-
nal enhancer is additive to that of the muscle regu-
latory region. Further investigation will determine
whether the enhancer activity resides in the poly(dA-
dC) repeat, in the flanking regions, or a combination
of both.

bind actin filaments; e.g., TM-5A and TM-5B both
localized to actin filaments (Fig. 3). In the coming
year, we plan to study the individual isoforms during
such events as mitosis, cell spreading, and migration
into a monolayer wound. We will attempt to inject
transformed rat cells to rcintroduce thosc isoforms
that are missing to see if there are any effects on cell
morphology and microfilament structure.

Are There Specific Tropomyosin-
binding Proteins in Tissues?

M. Pittenger, D. Helfman

At present, it is not known whether TMs in non-
muscle cells bind to proteins other than actin. Using
125].]abeled Bolton-Hunter rcagent, we labeled
purified TM-5a and TM-5b, which differ in only a
24-amino-acid internal sequence (sece Fig. 1). The
125L_Jabeled proteins were used to probe a nitrocel-
lulose blot of proteins from various rat tissues sepa-
rated by SDS-PAGE. We have detected distinct
bands in most tissues that bind to the labeled TM
probes. Interestingly, some bands exhibit preferential
binding to each TM probe. We are in the process of
identifying these proteins, some of which are proba-
bly known cellular proteins, whereas others may
prove as yet unidentified. This approach will also be
used to identify and map the regions in the TM
isoforms that arc involved in binding to specific cel-
lular protcins in this type of assay. In addition, exper-
iments arc in progress to determine whether these
putative TM-binding proteins are cffected in trans-
formed cells.

Tropomyosin Isoform Diversity
and Cellular Function:
Microinjection of Fluorescently
Labeled Tropomyosins

M. Pittenger, A. Kistler, D. Helfman

Rat fibroblasts cxpress at least six distinct forms of
TMs. As a step toward understanding the function of
this TM isoform diversity, we have utilized the
cDNA clones generated in our laboratory to produce
homogeneous preparations of the individual isoforms
in a bacterial expression system. The purified pro-
teins were labeled with fluorescent reagents and then
microinjected into cultured rat fibroblasts. Five of the
isoforms we injected could be readily detected to

Why Do Transformed Cells Alter
Tropomyosin Expression?

M. Pittenger, D. Helfman

Dramatic shifts in TM isoform expression occur in
cells transformed by such diverse agents as DNA and
RNA tumor viruses and chemical carcinogens. More-
over, there are two recent reports of spontancous
revertants from a transformed phenotype to a non-
transformed cell type which then express the normal
complement of TMs. The underlying reasons for
these altcrations in TM expression are not un-
derstood, but these findings suggest a role for TM in
maintaining normal cell phenotype. Morphological
alterations are the most obvious and immediate char-
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acteristics of transformed cells in culture. It is not
known whether these gross abnormalities are directly
related to transformation (c.g., by interfering with
cell-cell communication and/or signal transduction
pathways) or whether they occur only as an indirect
consequence. We are interested in determining if
morphological alterations are directly related to
changes in TM isoform expression. This also requires
an understanding of the normal regulation of TM ex-
pression.

We have used a pulse-chasc experiment, high-
resolution gel electrophoresis, and quantitative analy-
sis to look at the half-life of TM proteins in normal
rat embryo fibroblasts (REF52). All TM isoforms
were found to have long half-lives, but the curves ap-
peared to be biphasic, with a initial high slope and a
more gradual slope after approximately 8 hours. We
are testing the possibility that the initial rate reflects
unbound TMs, whereas the slower degradation rate
reflects that of TMs that have bound (reversibly) to
actin filaments and are therefore not degraded. Trans-
formed rat cell lines will then be analyzed in a similar
way to see if alterations in half-life of particular
isoforms can account for the alteration in their
abundance.

Transformed cclls generally have a more rapid
transit through the cell cycle than normal cells. To
analyze TM expression through the cell cycle, we
have synchronized populations of cells by thymidine
block and mitotic shake-off. The newly synthesized
proteins in cach population were pulse-labeled and
resolved by two-dimensional gel electrophoresis.
Only a modest change was detectable in the newly
synthesized TMs. This alone would not account for
the changes scen in transformed cells. However, it
will now be interesting to see if there is any change in
the degradation rate of isoforms through the cell
cycle.

To address the question of whether morphological
alterations are directly related to changes in TM ex-
pression, we have plated normal rat fibroblasts on a
substrate that has been treated with polyHEMA to
prevent cell attachment. This treatment can be varied
to alter the extent of cell spreading. Newly
synthesized TM isoforms were then analyzed after
two-dimensional gel clectrophoresis. We found that
cells that cannot attach and spread properly show
synthetic patterns more similar to those of trans-
formed celis than to the patterns of well-spread cells.
We will now test transformed cells on the
polyHEMA substrate to test whether this produces
any further changes in TM protein synthesis.
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Identification and Characterization
of an Actin-like Protein from
Schizosaccharomyces pombe

J. Lees-Miller, G. Henry, D. Helfman

Actins are a family of highly conserved proteins that
are ubiquitously distributed in all cukaryotic cells.
They form the structural core of thin filaments in
muscle and microfilaments in nonmuscle cells.
Through the interaction with a host of cellular
proteins, they participate in scveral essential cellular
functions such as muscle contractility, cell motility,
cytokinesis, cell structure, and organelle movement.
We have recently cloned a gene from the fission
yeast S. pombe that encodes a distantly related mem-
ber of the actin family. Unlike all other known actins
from a broad range of phyla, including vertebrates
(human), yeast, plants, and protozoa, that have be-
tween 60% and 90% amino acid sequence identity
and are 374-376 amino acids in length, this actin-like
protein is only 30-35% identical to other actins, in-
cluding that of S. pombe, and is 427 amino acids in
length. Because it is not more similar to S. pombe ac-
tin than to actins from a varicty of other organisms,
including mammals, there is a strong possibility that
this protein diverged from actin early in eukaryotic
evolution and will be found in other species.

Our present goal is to determine the function of
this actin-like protein and in so doing to better under-
stand the complex sct of interactions that underlie the
cellular roles of conventional actins. Experiments are
in progress to determine the phenotypes resulting
from both knock-out and overexpression of the actin-
like protein gene in S. pombe. On the basis of the
results of this analysis, we will attempt to gencrate a
selectable phenotype that can be used to identify
potential homologs encoded within a mammalian
cDNA expression library and to identify interacting
proteins within fission yeast. In addition, we plan to
purify the actin-like protein. It will be functionally
characterized in regard to homotypic and heterotypic
protein-protein interactions, and antibodies will be
made for the purpose of cellular localization and as
an additional tool in the scarch for a mammalian
homolog.
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QUEST PROTEIN DATABASE CENTER

J.I. Garrels  G. Latter P. Myers C.Blanchford  J.LaMarca
B.R.Franza C.Chang P.Monardo  S.Fang J. Slott
H. Sacco J. Kos K. Duhamel

The QUEST Protein Database Center began an ex-
pansion in 1990 with rencwed support from the
Biomedical Research Technology Program of the Na-
tional Institutes of Health. Our computer facility has
been expanded with the hiring of Gerald Latter and
Pat Monardo. Their immediate mission is to develop
an enhanced version of the QUEST software for
quantitative two-dimensional gel analysis that can be
distributed to other scientists. Further expansion be-
gan in 1990 with the hiring of Scott Patterson to head
a new laboratory for the identification and character-
ization of proteins from two-dimensional gels.

A major upgrade to the QUEST computer facility
began in 1990. Since the present QUEST facility was
established in 1985, computer hardware has improv-
ed tremendously, and so have the system software
and database tools now available to all users of mod-
ern workstations. Jerry Latter, who comes to us from
the Linus Pauling Institute where he had a great deal
of experience in two-dimensional gel analysis, now

leads our effort to produce an updated software pack-
age that can be used by investigators anywhere who
have Sun or compatible workstations. Pat Monardo,
who joined Jerry's team early in the year, brings a
tremendous knowledge of modern software tools. He
and Jerry have designed and partially implemented a
new structure for the QUEST system, as described
below.

Jerry Latter has also taken charge of the daily op-
erations of the QUEST Center. Some of the functions
of the QUEST Center are to perform routine two-di-
mensional gel analysis for investigators at Cold
Spring Harbor Laboratory and elsewhere and to train
and assist users in the analysis of their data. Cecile
Chang continues to interact heavily with the users,
helping to analyze, manage, and interpret their data.
Phyllis Myers tirclessly carries out the routine aspects
of pattern matching and editing for virtually all data
passing through the system. Jim Kos has maintained
the user software and has begun a relational database
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to manage the records on every gel run in the QUEST
system. The sections below describe much of the
work that has passed through the QUEST center in
1990.

A new scientist, Scott Patterson, was hired in late
1990. In January, 1991, he will join the QUEST team
as the protein chemist in charge of protein identifica-
tion and characterization from two-dimensional gels.
Scott is a young researcher from Australia with expe-
rience in many forms of electrophoresis and in
protein characterization. New laboratory space being
prepared for Scott will include both his protein
chemistry facility and an upgraded two-dimensional
gel clectrophoresis laboratory. To train him in the
latest methods of protein sequencing from two-
dimensional gels, plans were made for Scott to work
in the laboratory of Dr. Ruedi Aebersold in Van-
couver during the first 2 months of 1991.

The two-dimensional gel laboratory in the Mc-
Clintock building continues under the supervision of
Heidi Sacco, with assistance from Shuling Fang and
Kris Duhamel. Kris replaces Christy Blanchford, who
departed for medical school.

Our scientific aims continue to be the construc-
tion and analysis of protein databases for mammalian
cells and for yeast. The yecast database, carried out
largely by Dr. Calvin McLaughlin of the University
of California at Irvine, was described fully in last
year’s Annual Report and is being readied for publi-
cation and dissemination in 1991. In the following
sections, we report in detail on recent developments
in the rat REF52 database and the mouse embryo
database. Dr. Robert Franza has continued to add
new information on regulatory proteins to the data-
bases, as described briefly below. His work is cov-
cered more fully in a separate report entitled "Cellular
trans-Activators of Gene Expression.”

QUEST Software for Two-
dimensional Gel Analysis

J. Garrels, G. Latter, P. Monardo, J. Kos

The QUEST software package is a very complex
entity that includes such diverse functions as film
scanning, conversion of film density to units of
radioactivity, combining image data from separate
film exposures, spot detection and quantitation, pat-
tern matching, interactive editing, sclection of
quantitative or qualitative changes, statistical analysis
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of data, graphic display of data, annotation of data,
and comparison of data from experiments performed
at different times and by different investigators. In
the 1980s, we developed strategies for each of these
tasks, we developed and tested algorithms for each
phase of analysis, and we wrote a large software
package for use on Unix-based (Masscomp) worksta-
tions. This software package was used to build our
REF52 database, which was published in 1989.

The QUEST software package for the 1990s must
be different in several major respects. It must in-
corporate software standards for graphics and for the
user interface that did not exist a few years ago. It
must take advantage of fast modern workstations that
often are interconnected on networks. Finally, it must
be a robust, easy-to-use, documented package that
can be distributed widely to other scientific users.

The software upgrade has proceeded in two
stages. First, the old body of code was converted to
run on Sun workstations using the X windows
graphics system. This conversion has involved (1)
recoding complex algorithms for spot fitting and for
image displays that formerly were designed to run in
an array processor, (2) simplification of the older
code that had become overly complex due to a pro-
liferation of features and tricks that were then neces-
sary to increase performance, and (3) adding new al-
gorithms that were impractical in the slower environ-
ment of the older workstations. At the same time, the
main algorithms for pattern matching and spot fitting
have been significantly improved. Finally, an entirely
new body of code, the Cluster Analysis functions, has
been developed for database analysis (see below).
Jim Garrels, who developed most of the original soft-
ware package, has been primarily focused on this
stage of the upgrade.

The second stage of software upgrade has pro-
ceeded simultaneously. Jerry Latter and Pat Monardo
have taken the converted software and reimple-
mented it as small independent modules that commu-
nicate in a distributed (networked) environment. This
structure ensures that the software can be easily
maintained because each module is independent of
the others, and this design is efficient because all
users can take advantage of data and processing
power anywhere on their network. Jerry, Pat, and Jim
Kos further enhance the software by adding data
management tools, utility functions, and, most of all,
a standardized user interface. Finally, they develop
the documentation and training materials that all
users will require. The design and much of the coding
of the final system were completed in 1990. The new



system is targeted for release to off-site users by Au-
gust, 1991.

The REF52 Database Analyzed
by Cluster Analysis

J1. Garrels, R Franza, C. Chang, G. Latter

The REF52 database contains a wealth of information
about the patterns of protein synthesis and modifica-
tion in the REF52 rat cell line as it responds to
growth regulators and transforming agents. This large
body of data consists of 12 major experiments, each
containing 6-10 different gels, each of which has
been quantitatively analyzed at the level of 1600

protein spots. Finding the biologically important pat-
terns in this data set has been both rewarding and
challenging. During 1990, we implemented a new
tool, Cluster Analysis, in the QUEST system in order
to find the patterns of coordinate regulation more
easily.

Figure 1 presents one of the REF52 gel images,
and the inset shows an enlarged region containing
two proteins of interest. The expression profiles of
these two proteins, caldesmon and a nuclear protein
of 85 kD, are elaborated in Figure 2. For this experi-
ment, cells were labeled at various times after plat-
ing, and some cultures were refed with fresh medium
and serum before labeling. The expression profile for
85K is typical of proteins that are repressed at con-
fluence (day 6) and at quiescence (day 12) and that

Ready r{

FIGURE 1 A two-dimensional gel, displayed on the Sun workstation, is shown as a whole-gel image in the large window,
and the region in the box is enlarged in the smaller window. The expression profiles for two spots of interest, caldesmon
and "85K," are shown. Each bar of the graphs shows the relative protein intensity from one sample, and the samples are

identified in Fig. 2
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are induced to higher rates of synthesis as confluent
cells re-enter S phase. The expression profile for
caldcsmon is typical of proteins that are induced as
cells reach confluence and that have repressed rates
of synthesis after refeeding.

Cluster analysis is a method uscd to find proteins
with similar expression profiles in a given experi-
ment. The algorithm compares the expression profile
of every protein to that of every other protein, gener-
ating a matrix of similarity scores. Clustering is then
the process of grouping the spots with high similarity
scores. In the QUEST system, cluster analysis can be
used either to find those proteins with expression pro-
files most similar to a given protein or to find all of
the inherent expression profiles (clusters) ranked by
the number of proteins they contain. The latter meth-
od was used to analyze the experiment depicted in
Figure 2, and the most common expression profiles
are shown in Figure 3.

= L

bwin_,2 3 4 6 6 12 12 12
Hrs after r r r
reteeding — 15 5 15

1 CALDESMON

FIGURE 2 These expression profiles are taken from an ex-
periment in the REF52 database. This experiment is design-
ed to reveal changes in the relative rates of protein
synthesis as REF52 cells proliferate, reach quiescence, and
respond to refeeding. Each bar represents quantitation of
one protein from one gel, and the vertical axis is normalized
1o the highest bar. The labels in the center apply to both
graphs. These graphs show some of the highly character-
istic protein expression profiles that exist in the database.
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PCNA-LIKE 23% Nuclear
1% Glycoproteins

(PCNA, "85K", Lamin-B)
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CONSTANT 14% Nuclear

0% Glycoproteins
(B-F1-ATPase, TMS, calpactin Il)
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HIGH AT 14% Nuclear
QUIESCENCE 2% Glycoproteins

81 Total
DOWN AT 20% Nuclear
QUIESCENCE 1% Glycoproteins
(Actin, Vimentin, TM4)
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GROWTH- 10% Nuclear
REGULATED 23% Glycoprotsins
(Caldesmon, TM1, TM6)
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STIMULATED Mostly minor
proteins
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FIGURE 3 Cluster analysis of the protein expression pro-
files. The eight-sample experiment described in Fig. 2 was
fully analyzed by cluster analysis. as described in the text.
Each cluster is a group of proteins with similar expression
profiles, and the graphs shown are the average expression
profiles for the proteins in each cluster. Some known mem-
bers and some biological properties of each cluster are
given. Each cluster is discussed further in the text.

The largest cluster in Figure 3 is called "PCNA-
like" because it has an expression profile similar to
that of PCNA. The 85K protein is a member of this
cluster, as was PCNA and lamin-B. The rate of
synthesis of proteins in this cluster correlates well
with the number of cells in S phase, and interestingly,
this cluster has a high content of nuclear proteins.
The next largest cluster (116 proteins) is the set with
constant expression. The synthesis of these proteins,
which comprise about 13% of all proteins analyzed,
was not significantly regulated as REF52 cells enter-
ed quiescence and after cells were stimulated by
refeeding.

The next two clusters shown in Figure 3 are char-
acterized by high or low expression in confluent (day



12) cells, but with little change noted during growth
to confluence. These patterns of expression, which
were not recognized before the application of cluster
analysis, show that many protcins are specifically in-
duced or repressed as REF52 cells enter the Gy state,
and that these changes are not ially reversed
at 5 or 15 hours after refeeding. The “growth-
regulated” cluster has the caldesmon-like pattern, and
it includes several of the tropomyosin isoforms.
These proteins are synthesized at clevated rates in
both confluent (day 6) and quiescent (day 12) cells,
and their synthesis is rapidly reduced after refeeding.
Glycoprotcins make up 23% of the proteins in this
cluster, in contrast to a glycoprotein content of only
1-2% in other clusters.

The final cluster in Figure 3 contains 26 proteins
that are induced early (5 hr) but not late (15 hr) after
refeeding. Many of these proteins are undetectable in
nonstimulated cells, and therefore could not be casily
scored as nuclear or cytoplasmic. They arc not sig-
nificantly growth-rcgulated (during days 2-6), but
appear to belong specifically to the carly response to
growth factors.

The application of cluster analysis to this relative-
ly simple experiment has led to the identification of
six fundamental patterns of regulation for the proteins
of REF52 cells. The other key experiments in the
REF52 database have likewise been subjected to
cluster analysis, and the results are published else-
where (Garrels ct al., Electrophoresis 11: 1114
[1990]). Cluster analysis is now applied as a standard
method in the QUEST system to recognize the major
patterns of coordinate regulation in any quantitative
experiment.

Mouse Embryo Database

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

The mouse embryo database is a quantitative study of
synchronized embryos labeled every 3 hours from
fertilization through the blastocyst stage. Additional
samples from 6.5- and 7.5-day embryos separated
into germ layers are now being processed. This
baseline study of normal embryos serves as the con-
tro] against which other studies are being compared.
The database of normal development through the
four-cell stage has been completed and analyzed
using cluster analysis. The number of changes that

occur during cither the one-cell stage or the two-cell
stage is much greater than the number of differences
(quantitative and qualitative) that were found be-
tween proliferating and quiescent REFS2 cells.

The clusters for the two-cell stage are most
revealing. A large cluster of proteins was discovered
for which the expression profile shows a steady rise
in rate of synthesis between 6 and 18 hours of the
two-cell stage. Many of these proteins were not
detected at carlier times. On average, these proteins
are induced by fivefold, although for proteins not
detected at carly times, this number reflects only the
induction above the level of sensitivity. Members of
this cluster correspond to the proteins encoded by
embryonic mRNA, which is known to be first
synthesized during the two-cell stage.

The next two clusters, in order of size, have ex-
pression profiles that decrease rapidly between 3 and
6 hours into the two-cell stage. One cluster (20% of
all proteins analyzed) continues to decrease through-
out the two-cell stage. The other cluster (16% of
proteins analyzed) decreases sharply (fivefold) be-
tween 3 and 6 hours, but then returns to somewhat
higher rates of synthesis by the end of the two-cell
stage. The members of these two clusters are thought
to be proteins encoded by maternal mRNAs that are
inactivated or degraded in the two-cell stage. Some of
these proteins are apparently not encoded bv em-
bryonic mRNA, whereas the synthesis of others is
probably restored by the activation of embryonic
transcription.

Two other clusters of proteins reveal transient
changes peaking at 6-9 hours into the two-cell stage.
Six percent of the proteins analyzed have sharply
elevated levels of synthesis (tenfold on average) at 9
hours relative to 0 hour, but by the end of the two-
cell stage, these proteins have fallen fivefold on aver-
age from their peak rate of synthesis. Conversely, 4%
of the proteins have sharply lower rates of synthesis
(sixfold on average) at 6 hours relative to O hour. The
meaning of these two clusters is not clear, but it is in-
teresting that many transient events occur coincident
with embryonic gene activation.

To summarize the findings from the two-cell
stage, 37% of the proteins belong to the cluster of in-
duced proteins, 36% of the proteins belong to the two
clusters of repressed proteins, and 10% of proteins
show coordinate but transient changes. No cluster of
proteins with constant synthesis during the two-cell
stage was found. At the four-cell stage, in contrast,
the largest cluster (63% of proteins analyzed) has a
constant expression profile, and the other clusters
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show inductions or repressions of twofold or less.

Further experiments are in progress to analyze the
protein patterns of androgenones and gynogenones,
which are embryos possessing either two male or two
female pronuclei, respectively. The two-dimensional
gel patterns reveal a block in the progression of
changes in protein synthesis of androgenones that ac-
companies an observed morphological block. Other
experiments in progress include the analysis of em-
bryos exposed to protein kinase (PK-A and PK-C) in-
hibitors that are known to interferc with develop-
ment.

Regulatory Protein Database

B.R. Franza

Proteins involved in regulation of cell growth and
cell division are being studied in human cells. A vari-
ety of techniques have been used to identify, clone,
and characterize these genes and their protein prod-
ucts (see Cellular trans-Activators of Gene Expres-
sion). The maps of these regulatory proteins, their ex-
pression profiles, and their patterns of modification

sion as a resource facility. A few of the these projects
are summarized here. Studies of the human HOS cell
line and several transformed derivatives were carried
out with Dr. C. Kumar from Schering Research.
HOS, K-HOS (Ki-ras-transformed), MNNG-HOS
(containing the met oncogene), and HOS 312 (K-
HOS revertant) were analyzed at days 2, 4, 7, and 11
after plating. We had known that transformation
shuts off the synthesis of a myosin light-chain
isoform, but it was important to understand the
regulation of this protein in normal and transformed
HOS cells at all stages of proliferation and at con-
fluence. Contrary to our expectation, we found that in
normal cells, this cytoskeletal protein is synthesized
most rapidly in proliferating cells and is repressed at
confluence. Knowing the stage of maximum expres-
sion helped us to cvaluate meaningfully the altered
patterns of expression in transformed cells (Kumar ct
al., EMBO J. [1991] submitted).

Another study of human cells was carried out by
Dr. J. Quigley and S. Nielson of SUNY, Stony
Brook. They have examined HEp3 cpidermoid car-
cinoma cells that can be reversibly cycled between
and nonr states depending on
growth conditions. Protein differences between
ic and nonmetastatic cells have been identi-

are important contributions to the lian, and
especially human, databases that now exist and to
those that are planned for the future.

In recent work, the ElA-associated protein
p60/cyclin A was shown to be associated with
p34°4c2 The p60/cyclin A complex also appears in
immunoprecipitates complexed with significant
amounts of the major protein kinase C substrate,
MARCKS. In another line of research, it was shown
that the DNA-binding protein, HIVEN86A, originally
discovered using the DNA precipitation assay
(DNAP,) followed by two-dimensional gel analysis, is
actually the product of the c-rel proto-oncogene.
Thesc and other regulatory protcins have been char-
acterized on two-dimensional gels with respect to
their patterns of induction, modification, and associa-
tion with other regulatory proteins in several different
human cell lines.

Service Projects

C. Chang, P. Myers, G. Latter, J Garrels

During 1990, the QUEST center has engaged in 11
collaborative and service projects as part of its mis-
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fied with the QUEST system. More detailed studies
arc in progress to determine the timing of these
changes and the cellular fractions in which they oc-
cur, prior 1o biochemical analysis of the most inter-
esting proteins.

A mouse project, which interfaces with the mouse
embryo database base (see above), is a study of
normal, androgenetic, and gynogenetic ES cell lines.
This study is carried out with Dr. Colin Stewart of the
Roche Institute and Dr. K. Latham of the Wistar In-
stitute. Although the developmental potential of these
cell lines is markedly different, the protcin synthesis
differences are subtle. No qualitative differences
were found, but about 20 proteins were found to ex-
hibit quantitative differences of 1.5-2-fold. These
studies may help to locate differences in regulatory
pathways in stem cells that ultimately affect the
course of development.
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GENETICS

“The most interesting proteins are not found by biochemistry: Genetics is a much
more powerful approach.” "Genetics without biochemistry is sterile.* This discus-
sion occurs in many guises. The protagonists are those on one side who ap-
proach a biological problem by grinding up a celi or tissue and taking the result-
ing extract to the cold room, and on the other are those who begin by exposing a
living cell to a mutagen. Curiously, each side now chases its own tail. Having
identified a mutant phenotype of interest, the geneticist hopes to isolate the
relevant gene, obtain its nucleotide sequence, and express its protein product in
a suitable host for biochemical investigation. The biochemist goes the other way.
Having purified a factor or enzyme, a small amount of protein sequence is ob-
tained and used to design an oligonucleotide to isolate the respective gene. The
biochemist becomes a geneticist and vice versa. This will not stop the argument
that is as much about temperament as it is about scientific method. This section

describes the work of those researches with a primarily genetic outlook.

EUKARYOTIC CELL CYCLE CONTROL

D. Beach S.Allan S. Davey C. Jessus L. Moiz
J. Bischoff U. Deuschle D. Lombardi B. Nefsky
M. Caligiuri H. Feilotter K. Lundgren A. Tesoro
D. Casso K. Galaktionov ~ T.Matsumoto  N. Walworth
T. Connolly |. Garkavtsev T. Mizukami Y. Xiong
G. Cottarel C. Gawel

1988 and 1989 were extraordinary years for the cell
cycle field and for our laboratory in particular. A
group consisting primarily of Robert Booher,
Leonardo Brizeula, Giulio Draetta, and David Beach
(with outside collaborators, especially John Newport
and Joan Ruderman) uncovered the connection be-
tween the cdc2 protein kinase and a class of proteins
called cyclins. Each cyclin was found to act as a sub-
unit of the protein kinase resulting in a family of en-
zymes, each of which has a particular role in regulat-
ing progression through the cell division cycle. This
discovery has triggered an explosive growth in the
field, as more cyclins are discovered and efforts are
made to piece each new cell cycle kinase into the
overall picture.

In 1990, this work continued apace in our
laboratory (two new classes of cyclin are described
below). We were most fortunate in having our cfforts
recognized by the Howard Hughes Medical Institute
of which David Beach is now an Investigator. This
has allowed our work to branch out in new directions,

some of which are described below. During the
course of the year, Suzie Dembski left to take a posi-
tion with Ed Harlow in Boston, and Joanne Lamonica
entered medical school. We were joined by Catherine
Jessus (visiting scientist), Adricnne Tesoro (lab man-
ager), Craig Gawel (technician), Susan Allan (tech-
nician), David Casso (graduate student), Dianne
Lombardi (computer programmer), and scveral post-
doctoral fellows, Maureen Caligiuri, Harriet Feilotter,
Igor Garavtsev, Toru Mizukami, Brad Nefsky, Nancy
Walworth, and Yue Xiong.

Human D-type Cyclin

Y. Xiong. T Connolly, D. Beach
[in collaboration with B. Futcher, Cold
Spring Harbor Laboratory]

Two classes of cyclins, A type and B type, have been
previously identified from various eukaryotic species.
The B-type cyclin has been shown to act in mitosis
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by serving as an integral subunit of the cdc2 protein
kinase. The A-type cyclin also independently associa-
tes with the cdc2 kinase, forming an enzyme that ap-
pears to act carlier in the division cycle than mitosis.
A third class of cyclin, named CLN type, was identi-
fied in budding yeast and was shown to be essential
for progression through the G,/S phase transition of
the cell cycle. In Saccharomyces cerevisiae, there are
three Cln proteins. Disruption of any one CLN gene
function alone has little effect on growth; however, if
all three genes are disrupted, the cells arrest in G.

To pursue our continuing study of the mammalian
cell cycle, a general strategy was developed to isolate
previously unidentified human cyclin genes. A yeast
strain was constructed that contained insertional
mutations in the CLNI and CLN2 genes to render
them inactive. The remaining CLN3 gene was further
altered to allow for conditional expression from a
glucose repressible promoter GALI. A cDNA library
prepared from a human glioblastoma cell line was
then introduced into the budding yeast strain. A pre-
viously unidentified human cyclin gene was rescued
that we have termed cyclin D1. Compared to the
other three classes, CYCDI encodes the shortest
cyclin (34 kD). A comprehensive amino acid se-
quence comparison of 17 cyclin genes was carried
out to construct an evolutionary tree of the cyclin
family. This analysis established that human CYCD/
represents a new class of cyclin. The expression of
both the cyclin D1 gene transcript and its 34-kD pro-
duct appears to be present at very low levels in
scveral cell lines examined, but they are both
abundant in a glioblastoma cell line. The role of
cyclin D in the cell cycle of human cells is presently
being investigated.

A New Fission Yeast Cyclin

L. Molz, D. Beach

In fission yeast, the cdc2 protein kinase is required in
G,, prior to DNA synthesis, and in G,, prior to
mitosis. Recessive mutations that abolish cdc2 gene
function result in cell-cycle-arrest cells at either the
G, or the G, control points. There exist dominant al-
leles of cdc2 (the so-called wee alleles) that shorten
G, and result in a small cell size. The combination of
a particular wee allele of cdc2 (cdc2-3w) and a loss of
function allele of the weel gene (a mitotic inhibitor)
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results in cells that divide at a very small cell size and
undergo aberrant cellular and nuclear divisions, lead-
ing to cell death. This phenotype has been termed
mitotic catastrophe.

To identify new genes interacting with the cdc2
protein kinase, we have isolated extragenic mutations
that suppress mitotic catastrophe (mcs mutations:
mitotic catastrophe suppressors). Subscquent genetic
analysis revealed that two of the mcs mutations
(mecs2-75 and mcs6-13) interacted in an allele-
specific manner with the various wee alleles of cdc2.
This suggests that the mcs2 or mes6 genes may be
substrates or subunits of the cdc2 protein kinase. Two
genes were cloned by complementation of the mcs2-
75 defect. One was demonstrated by linkage analysis
to be the authentic mcs2 gene, whereas the second
was a high-copy suppressor of the mcs2-75 defect.
The mcs2 gene was shown to encode a 37.5-kD
protein that displays limited homology with cyclins
(known subunits of the cdc2 protein kinase). The
high-copy suppressor of the mcs2-75 mutation was
shown to encode a putative 34.5-kD serine/threonine
protein kinase. Null alleles of these genes created by
gene disruption display a mid-mitotic arrest. In par-
ticular, the mes2 gene disruption was demonstrated to
arrest with compact nuclei and condensed chro-
mosomes. We are currently raising antibodies against
these proteins for a molecular analysis of their gene
products.

cdc2 Tyrosine Kinase
K. Lundgren, S. Dembski, N. Walworth, D. Beach

cdc2 activity is required for the entry of cells into
mitosis. Dephosphorylation of the Tyr-15 residue of
the protein kinase is at least one step that is required
for activation of the enzyme. Genetic analysis has
shown that the weel protein kinase acts antagonisti-
cally to a mitotic inducer, ¢dc25, in the regulation of
cdc2 activity. cdc25 is required for entry into mitosis
and has been shown to be involved in the tyrosine
dephosphorylation of cdc2. weel acts as a mitotic in-
hibitor, yet its substrate has previously been obscure.
In a genetic screen designed to isolate inhibitors
of mitosis, we identified mik/, a new protein kinase
that is closely related to weel itself. The loss of mik/
function does not confer a phenotype, but a mutant in
which mik1 and weel functions are both lost is lethal.



Microscopic examination of the cells reveals a great
range of mitotic abnormalities (Fig. 1). The cells are
literally dividing themselves to death.

We have found that not only do miklweel cells
enter mitosis prematurely, but, in doing so, they can
bypass the normal requirements for "START," S-
phase, and the cde25 function. In addition, we have
found that cdc2 is tyrosine-dephosphorylated in these
cells (Fig. 2)

We have shown that mik] acts redundantly with
weel in the negative regulation of cdc2. The simplest
hypothesis is that weel and mikl comprise the in-
hibitory cdc2 tyrosine kinase. This model is now
being tested.

mikl::ura® wee 1-50 36°C

FIGURE 1 Lethal mitosis in the mik7 wee? double mutant
(Top) Viability plot of wild-type (circles) and miki.ura*
wee1-50 (triangles) strains after intervals of incubation at
36°C. Viability was assayed by the ability to form colonies at
25°C. (Middie) DAPI-stained wee-1-50 mik1..ura4* strain at
25°C. (Bottom) DAPI-stained cells 3 hr after transfer to 36°C
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FIGURE 2 Phosphotyrasine content of cdc2. Lysates from
wild-type (top). mik1::ura* wee1-50 (middle), and cdc25-22
mik1:urat wee1-50 (bottom) cells, transferred from 25°C to
36°C for the indicated times, were immunoprecipitated with
anti-cdc2 (G8) antibody, separated on SDS-PAGE gels,
transferred to nitrocellulose, and probed with either anti-
cdcZ2 or antiphosphotyrosine antibadies

Involvement of a Novel GTPase
in Cell Cycle Dependency

T. Matsumoto, D. Beach

In fission yeast, abnormalities of nuclear morphology
are readily detectable under a fluorescence micro-
scope. To find new mutants defective in cell cycle
regulators, we constructed a temperature-sensitive
mutant library that consists of more than 700 individ-
ual mutants and then screened each mutant micro-
scopically. We have concentrated on one particular
mutant pim/. piml mutants display hyper-condensed
chromosomes under restrictive conditions. Even
when cells prearrested at the G;/S boundary by hy-
droxyurea, they show hyper-condensed chromo-
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somes. The phenotype suggests that piml mutants
can bypass DNA synthesis and enter mitosis directly.

We cloned the pimI* gene and a multicopy sup-
pressor gene (spil*) by complementation. Sequence
analysis of piml* revealed that the gene product has
significant homology with human Recl. Mammalian
cells deficient in Rccl have a phenotype very similar
to that of the fission yeast pim/ mutants. Interesting-
ly, the spil* gene product has 80% amino acid
identity with the human TC4 gene. TC4 and spil
comprise the only presently known members of a
new class of GTPase signaling protein. These results
suggest that a GTPase is involved in maintaining a
coordinated cell cycle.

Control of Meiosis in Fission Yeast

S. Davey, D. Beach

Fission yeast respond to starvation by leaving the
mitotic cell cycle and undergoing meiosis and
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sporulation. We are currently investigating the
molecular controls that constitute the switch from the
mitotic cell cycle to the meiotic cell cycle.

A number of genes involved in the control path-
way are known, and of primary importance to our
current work are the meiotic inhibitor ran! and the
meiotic activators mei2 and mei3. The ran] gene pro-
duct (p52721) is a protein kinase that is required for
maintenance of the mitotic cell cycle; loss of ranl
function causes cells to enter meiosis immediately.
Starvation initiates a molecular cascade that leads to
the production of the mei3 gene product, which binds
and inactivates p52™°!. The role of mei2 is not un-
derstood, but it is required for the switch from the
mitotic to the meiotic cell cycle.

Research is proceeding on two fronts. We are cur-
rently undertaking genetic screens to identify novel
suppressors of ranl and mei2. In addition, we are
screening mammalian expression libraries for genes
that can functionally replace the meiotic control
genes in Schizosaccharomyces pombe. This work will
further our understanding of meiotic control in fission

~ Thiamine

Time(hours}

FIGURE 3 Expression of human p53 in S. pombe inhibits growth. (A) Western blat of wild-type (wt)
P53, p53 with an arginine to histidine mutation at amino acid residue 273 (His-273), and p53 with an
arginine to histidine mutation at aminc acig residue 175 (His-175). (8) Immunofiucrescence of S.
pombe. (1) Control strain; (2) strain expressing wild-type p53; (3) strain expressing His-273; (4)
strain expressing His-175 (arrow denotes extracellular staining). (C) Strains expressing wild-type
p53, His-273, and His-175 struck on plates containing thiamine (no p53 expression) and plates with
no thiamine (p53 expression) Growth curve of wt p53 (circies), His-273 (triangles), and His-175
(squares) in the presence (open symbois) or absence of (closed symbois) thiamine
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yeast and determine whether a similar cascade opera-
tes in mammalian cells.

A Yeast System to Study
Human p53

J. Bischoff, D. Casso, D. Beach

pS3 is a tumor suppressor gene that is involved in
many types of human cancer. It is thought that p53
may normally act as a negative regulator of cell divi-
sion. To investigate the possible role of pS3 in the
cell cycle, we have introduced human p53 into S.
pombe. The overexpression of human wild-type pS3
inhibits growth in S. pombe as it does in mammalian
cells. Two mutant alleles of p53 also inhibit growth,
but less severely (Fig. 3). Using a strain in which
wild-type human p53 is integrated into the genome of
S. pombe, we have identified a mutant allele of p53.
It is a point mutation at amino acid residue 175, a
mutation frequently found in tumor biopsies. This is
direct cvidence for a dominant mutant allele of a
tumor suppressor gene. This implies that certain point
mutations in a single allele of pS3 could inactivate
the wild-type allele, which could be important in the
process of celtular transformation.

We are now using two approaches to identify
genes that might interact with p53. One approach is
to transform the p53-expressing S. pombe strain with
cDNA libraries and ook for cDNAs that relieve the
negative effect of p53 on growth. Such ¢cDNAs have
been found and are being investigated. The other ap-
proach is to mutagenize chemically the p53-express-
ing strain to isolate cxtragenic suppressors of p53.
We hope that by identifying genes that interact with
p53, we will be able to understand the mechanism of
action of this protein.

Fission Yeast Genome Mapping

1. Garkavisev, T. Mizukami, D. Lombardi, D. Beach
fin collaboration with T. Marr, Cold Spring
Harbor Laboratory].

A stage has been reached in the genetic analysis of
model organisms such as the fission yeast that it is
now appropriate to undertake a comprehensive ap-

proach toward the genome. Ideally, one would
determine the nucleotide scquence of the entire
genome, and efforts could then refocus on trying to
understand what genes are doing, rather than analyz-
ing their structure.

In an effort that aims toward this eventual goal,
we have begun to make a systematic high-resolution
map of the fission yeast genome. This involves creat-
ing an ordered set of cosmid clones that can then be
used to map the genomic location of any gene of in-
terest very rapidly. The genome mapping work also
involves development of computational tools for
record keeping and display of the many clones used
in mapping.
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PRE-wvRNA PROCESSING AND snNRNA SYNTHESIS IN
SCHIZOSACCHAROMYCES POMBE

D. Frendewey D. Kim
M. Gillespie
M. Ghee

Our research interests are split between two related
areas: the processing of messenger RNA precursors
(pre-mRNAs) and the synthesis of small nuclear
RNAs (snRNAs). These two lines of research over-
lap, in general, by the fact that snRNAs participate in
the catalysis of a wide variety of RNA-processing
reactions. Most notably, the U1, U2, U4, US, and U6
RNAs are required for pre-mRNA splicing and are
components of the spliccosome, the large ribo-
nucleoprotein structure that catalyzes the splicing of
pre-mRNAs. The system in which we investigate
these phenomena is the fission yeast Schizosaccharo-
myces pombe. Pre-mRNA splicing and snRNA
synthesis are even more closely associated in S.
pombe than in most other organisms, because the fis-
sion yeast U6 RNA is produced by the splicing of a
precursor (pre-U6 RNA) that contains an intron
whose structure is typical of those found in pre-
mRNAs. This peculiarity of the fission yeast system
presents some novel and interesting problems in
snRNA synthesis and pre-mRNA splicing and, in ad-
dition, affords certain analytical advantages that will
be explained below.

Four years ago, we began a three-stage approach
to the study of pre-mRNA splicing in S. pombe that
also led us into an investigation of snRNA synthesis.
The first step was to identify genes required for pre-
mRNA splicing or snRNA synthesis by isolating
mutants that are defective in these processes. The iso-
lation and characterization of our original pre-mRNA
splicing and snRNA synthesis mutants were de-
scribed in previous Annual Reports. These projects
arc an ongoing part of our rescarch. Some new
mutants isolated in the last year will be described in
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this report. Our second objective was to isolate and
characterize the genes effected in the mutants by
cloning and sequencing them. Progress on the clon-
ing of three genes is presented below. Finally, our
long-term goal is to dissect the biochemical mechan-
isms of pre-mRNA splicing and snRNA synthesis
and to determine the functions of individual gene
products in these processes. In this year’s report, we
summarize our efforts to biochemically characterize
pre-mRNA splicing components and analyze directly
U6 RNA transcription in S. pombe.

Pre-mRNA Splicing Mutants

D. Kim, D. Frendewey

The isolation of our first three pre-mRNA splicing
mutants, prpl, prp2, and prp3 (Potashkin et al.,
EMBO J. 8: 551 [1989]), was accomplished by
screening a bank of temperature-sensitive (157) S.
pombe strains for mutants that accumulate unspliced
pre-mRNAs. This procedure involved the isolation of
whole-cell RNA from each s~ mutant, fractionation
of the RNA by gel electrophoresis, blotting to nylon
membranes, and probing with oligodeoxynucleotides
(oligos) directed against a pre-mRNA intron. Besides
being slow and laborious, there are several draw-
backs to this method of screening. mRNAs, and espe-
cially pre-mRNAs, are very susceptible to nucle-
olytic degradation during isolation, and most mRNAs
are not very abundant, making detection of pre-
mRNAs by Northern blotting of whole-cell RNA dif-



ficult. Since pre-mRNAs are large, they must be frac-
tionated on formaldehyde agarose gels, which run
slowly and have poor resolution, and subsequently
blotted by diffusion, usually requiring 12-16 hours.

To overcome these difficultics, we have taken ad-
vantage of our obscrvation (Potashkin and Fren-
dewey, Nucleic Acids Res. 17: 7821 [1989]) that
splicing of pre-U6 RNA is impaired in the prp-
mutants. We produced approximately 200 new s~
strains and screened them by the Northern assay for
accumulation of pre-U6 RNA. Since pre-U6 RNA is
small (150 nucleotides), the whole-cell RNA was
rapidly electrophoresed on short polyacrylamide gels
and transferred to nylon membranes by electroblot-
ting, which can be completed in 4 hours. The
abundance and stability of thc U6 RNA made detec-
tion of the precursor very much simpler and im-
proved the scnsitivity.

Six new splicing mutants were identified in a
screen of 180 ts~ strains (Fig. 1). Three different
molccular phenotypes were observed among the new
mutants: (1) four mutants (ts363, ts377, 1s426, and
ts481) accumulated pre-U6 RNA at 37°C (restrictive)
but not 23°C (permissive); (2) one mutant (ts370) ex-
hibited an equal accumulation of pre-U6 RNA at both
37°C and 23°C; and (3) one mutant (1s369) accumu-
lated pre-U6 RNA and two other intron-containing
U6 RNAs at 37°C but not at 23°C. The latter two
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phenotypes were not observed in our previous search-
cs for pre-mRNA splicing mutants. As expected from
our previous results with prpl, prp2, and prp3, all of
thc new mutants also accumulate B-tubulin pre-
mRNA at 37°C; ts370 shows a pre-mRNA splicing
defect at 23°C as well. The pre-mRNA signal on
Northern blots of ts369 RNA appeared to be a smear
of poorly resolved bands, some running siower than
pre-mRNA by comparison with the other mutants.
This result could be evidence for the accumulation of
other intron-containing RNAs as was seen for the
pre-U6 RNA analysis. Thus, the pre-U6 RNA and
pre-mRNA splicing defects arc equivalent in the six
new mutants.

The ts369 mutant is particularly interesting be-
cause it is the first S. pombe mutant that accumulates
possible intermediates of the splicing reaction. In ad-
dition to pre-U6 RNA, two other RNAs of about 120
and 50 nucleotides are detected on Northern blots of
ts369 RNA when probed with two different U6 intron
probes (Fig. 2). The 120-nucleotide RNA hybridizes
to probes against the intron and exon 2, whereas the
50-nucleotide RNA is recognized by intron probes
but not those to exon 2. Both RNAs exhibit slightly
retarded mobilities relative to the pre-U6 and mature
U6 RNAs on higher percentage acrylamide gels.
These results suggest that the 120-nucleotide RNA is
the intron-exon 2 lariat intermediate product and the
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FIGURE 1 Northern blot analysis of pre-U6 RNA splicing in the wild-type (wt) and
six s~ mutants (indicated by their numbers above the lanes). RNA was prepared
from wild-type and mutant cells grown to mid-log stage at 23°C and after a shift to
37°C for 5 hr The RNA was fractionated by polyacrylamide gel electrophoresis
and electroblotted to a nylon membrane The blot was probed with an oligo-
nucleotide that hybridizes to the intron of the pre-U6 RNA. The position of the pre-
U6 RNA is indicated on the right (precursor). The asterisk and plus symbols identi-
fy intron-containing RNAs that accumulate in ts368. Lane M contains pBR322
Mspl fragments (sizes in nucleotides given at left).
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50-nucleotide RNA is the intron lariat final product
(theoretical size = 50 nucleotides). Further analysis is
required to confirm these assignments.

In vitro studies in the human and Saccharomyces
cerevisiae systems have shown that after the comple-
tion of a normal splicing reaction, the spliceosome
disassembles, releasing the mature RNA product. The
intron is relcased as a short-lived complex with some
of the spliceosomal components that include the U2,
US, and U6 RNAs. When this association breaks up,
the free intron is lincarized by a debranching cnzyme
and degraded. The mutation in ts369 might affect the
disassociation of the spliccosome and release of the
spliced products required for the recycling of the
spliccosome. In many enzymatic reactions, a block in
the relcase of products reduces the overall rate of
catalysis. Such a mechanism could explain the ac-
cumulation of the intermediate and the precursor sub-
strate in 1s369. We are continuing our analysis of the
splicing defect in ts369 by investigating the splicing
of pre-mRNAs in this mutant in greater detail.

Genetic characterization of the new mutants is un-
der way and is nearly complete for ts426 and 15481.
Linkage analysis indicatcs that 15426 is an allele of
prp3, and we have tentatively assigned it the name
prp3-2. (The original prp3 allcie will be prp3-1.) Ex-

periments supporting this result are prescnted below.
ts481 is not linked to prpl, prp2, or prp3 or to a new
mutant, prp4, isolated in Norbert Kéufer’s laboratory
at Drexel University. We have therefore given 1s481
the formal name prp5. When the genetic analysis is
I we will to clone the wild-type
genes that are affected in one or more of the mutants
by complementation with an S. pombe genomic DNA
library.

cC

Cloning of the prp3+ Gene

D. Frendewey

Our original splicing mutants, prpl, prp2, and prp3,
were isolated by Judy Potashkin, a former postdoc-
toral fellow in the laboratory. Judy started her own
laboratory at the Chicago Medical School in January
1990, where she plans to characterize the prpl* and
prp2* genes. This ycar, 1 attempted to clone the
prp3* gene. The prp3 mutant accumulates pre-
mRNA at 37°C, but unlike prpl and prp2, it produces
some mRNA at the restrictive temperature. Con-
sistent with this molecular phenotype, prp3 continues
to grow slowly at 37°C. However, the differcnce be-
tween the growth rate of prp3 and that of the wild
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FIGURE 2 Northern blot analysis of U6 RNA transcripts that accumulate at 37°Cin
15369 RNA from 37°C cultures of wild type, 1363, and 1s369 was prepared, frac-
tionated, and blotted as described in Fig. 1. The same blot was sequentially
hybridized with two ditferent intron probes (I-1 and 1-2) and one exon 2 probe (E2-1).
as indicated above the lane groupings. The position of spliced U6 RNA (mature) is
shown to the right of the E2-1 panel. All other symbols and designations are the

same as those in Fig. 1.
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type at 37°C is sufficient to enable cloning of the
prp3* gene by complementation of the s~ growth
phenotype.

The prp3 mutant was transformed with an S.
pombe genomic DNA library (a gift from Paul
Young, Queens University, Canada), and rapidly
growing transformants (¢s*) were selected at 37°C.
Of the 14 ts* transformants obtained, six grew con-
sistently well after a second challenge at 37°C and
were dependent on the transforming plasmid for
growth at the restrictive temperature. Plasmid DNA
was isolated from the six ts* yeast clones and used to
transform Escherichia coli. Bacterial transformants
were obtained for four of the six #s* clones. All of the
plasmids recovered from the bacterial transformants
had an identical 8.7-kilobase-pair (kb) HindIII insert.
One of these plasmids was characterized further.

The plasmid clone was reintroduced into prp3 to
confirm that it cures the ts~ growth defect. Three
fragments of the 8.7-kb clone were subcloned into
yeast vectors and used to transform prp3. None of
these subclones cured the ts~ defect, indicating that
the fragments tested did not contain the complete
gene. [ am currently constructing new overlapping
subclones, which will be tested in prp3. As men-
tioned in the previous section, one of our new
mutants, ts426, appears to be an allele of prp3 (prp3-
2). Consistent with this result, the prp3* clone is able
to cure the ts~ growth defect in prp3-2. The prp3-2
mutation causes a more severe impairment to growth
and splicing than the original prp3-7 mutation. In the
future, in addition to characterizing the prp3* gene,
we would like to sequence the prp3~ genes of prp3-1
and prp3-2 to determine the mutations in these al-
leles. This information may give us an insight into
the function of the prp* gene product.

A Mutant Defective in mRNA
3’-end Formation

D. Frendewey [in collaboration with T. Humphrey
and N. Proudfoot, Oxford University]

All mRNAs, with the exception of certain histone
mRNAs of higher eukaryotes, have a stretch of
adenosines at their 3’ends that is essential for the
stability of the mRNAs and may be a signal for trans-
port out of the nucleus. The polyadenosine (poly[A])
tract is not encoded in the DNA but is added post-
transcriptionally. In mammals, the mechanism of
mRNA 3’ -end formation has been described with a

fair degree of biochemical detail. Although the con-
nection between 3’ processing and termination of
transcription is poorly understood, it is clear that the
nascent pre-mRNA (perhaps still tethered to the tran-
scription complex) is cleaved a short distance
downstrcam from a nearly invariant AAUAAA signal
and immediately polyadenylated. The AAUAAA is
essential for both cleavage and polyadenylation. A
second conserved feature in mammalian pre-mRNAs
is a stretch of RNA rich in G and U immediately
downstream from the poly(A) site. The GU stretch is
not required for 3'-end formation in vitro but im-
proves efficiency in vivo. A factor that binds to the
AAUAAA and functions in both cleavage and
polyadenylation has been identified. Additional
proteins that participate in the cleavage reaction and
the poly(A) polymerase itself have been purified
from mammalian nuclear extracts. Although the Ul11
snRNP has been implicated in mRNA 3’ -end forma-
tion, solid evidence in support of sSnRNP involvement
has not yet been obtained.

Very little is known about mRNA 3’ -¢nd forma-
tion in yeast. Poly(A) tails are found on the 3" ends
of Saccharomyces cerevisiae and S. pombe mRNAs,
but the mechanism by which this polyadenylation is
achieved is poorly understood. Sequences required
for mRNA 3’ -end formation have been identified for
some S. cerevisiae pre-mRNAs; however, no clear
signal is apparent. If conserved primary sequence ele-
ments are involved in the polyadenylation of yeast
pre-mRNAs, then their features are much more
degenerate than those of mammals. The AAUAAA
sequence is often found near the 3’ends of yeast
mRNAs, but there is no evidence that it is required
for polyadcnylation. Essentially nothing is known
about the cellular factors that participate in mRNA
3 maturation in yeast.

Our interest in mRNA 3’-end formation orig-
inates with an observation we made while screening
for pre-mRNA splicing mutants. One of the strains in
our ts~ collection (ts39) produced an apparently
normal B-tubulin mRNA at the restrictive tempera-
ture, but it also accumulated a (-tubulin ‘transcript
that was larger than the unspliced pre-mRNA
(Potashkin et al., EMBO J. 8: 551 [1989]). The ts39
mutant showed no pre-mRNA splicing defect, so the
aberrant transcript was probably extended at either its
5'end or its 3’cend. In collaboration with Tim
Humphrey, a student in Nick Proudfoot’s laboratory
at Oxford, we have recently begun to reinvestigate
ts39. To confirm the original observation, a Northern
blot analysis was performed for the ura4* mRNA.
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This RNA is transcribed from an introniess gene. As
we observed for B-tubulin mRNA, an aberrantly large
ura4* transcript was scen at 37°C; only normal size
urad* mRNA was detected at 23°C. A closer analysis
of the 3’cnd of the ura4* mRNA in 1539 indicated
that RNA with the correct 3’end was formed at
37°C, but there was a significant accumulation of
RNA that was cxtended beyond the normal poly(A)
site. We are currently attempting to map the precise
3’end of the aberrant ura4* transcript produced in
1s39. Primer cxtension cxperiments reveal no dif-
ference in the 5’cnd of the ura4* mRNA between
23°C and 37°C. These results strongly suggest that
1539 suffers from a partial impairment in mRNA 3’ -
end formation at 37°C. This is the first mutant of this
type in S. pombe. Scveral mutants that exhibit defects
in mRNA 3’-end formation have been described for
S. cerevisiae, but their characterization is not yet
complete.

We have transformed ts39 with an S. pombe
genomic library and selected transformants that grow
at 37°C. We isolated six ts* transformants that were
dependent on the transforming plasmid for growth at
the restrictive temperature. So far, we have been able
to recover plasmid in E. coli from one of the s*
transformants. This plasmid has a 5.8-kb inscrt and is
able to cure the s~ defect upon reintroduction into
ts39. Since none of the factors identified as part of
the pre-mRNA cleavage and polyadenylation appara-
tus have been completely characterized, the cloning
and sequencing of the gene effected in ts39 would be
an important advance in our understanding of the
types of gene products that arc required for mRNA
3’-end formation.

S. Pombe snRNP Proteins

M Ghee. D Frendewey [in collaboration with
D Spector and A. Krainer, Cold Spring
Harbor Laboratory]

One of our long-term goals is the biochemical char-
acterization of the cellular components involved in
pre-mRNA splicing in fission yeast. In the absence of
a homologous in vitro pre-mRNA splicing system for
S. pombe, we have resorted to the genetic strategy de-
scribed in the previous sections to identify and char-
acterize gene products essential for pre-mRNA splic-
ing. However, one set of known splicing factors is
available for direct biochemical analysis: the small
nuclear ribonuclcoprotein particles (snRNPs). The
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Ul, U2, U4/6, and U5 snRNPs arc constituents of the
spliccosome and are required for pre-mRNA splicing.
Each snRNP consists of an snRNA (two in the casc
of the U4/6 snRNP) complexed with a set of proteins.
Six core proteins arc common to all of the splice-
osomal snRNPs, and, in addition, one or more
proteins specific to each of the individual snRNPs
have been identified. Due to their great abundance in
vertebrate nuclei and the availability of powerful im-
munochemical reagents, a large amount of informa-
tion has been gathered about vertebrate snRNP
proteins. The snRNPs have been purified, and their
protein components have been cataloged. The gencs
for several of the snRNP proteins have been cloned
and sequenced, and a crystal structure for one has
been determined.

In contrast, very little is known about snRNP
proteins and snRNP structure in yeast. The major
snRNAs have been identified and scquenced, but
only a few snRNP-specific proteins have been char-
acterized. Yeast homologs of the core snRNP
proteins have not yet been found. The main impedi-
ment has been that in S. cerevisiae (the yeast in
which pre-mRNA splicing has been most thoroughly
studied), the snRNPs arc more than 1000-fold less
abundant than in higher eukaryotic cells. An addi-
tional technical difficulty has been that most of the
antibodies that were used so effectively for the study
of vertebrate snRNPs do not react with the S.
cerevisiae counterparts. Both of these drawbacks are
partially overcome in the fission yeast system. First,
the cellular snRNP concentration in S. pombe is
10-100 times higher than that in S. cerevisiae. Sec-
ond, some of the common human snRNP antisera ef-
ficiently sclect the homologous snRNPs in S. pombe.
We have therefore begun a biochemical investigation
of the snRNP proteins in fission yeast.

Patients suffering from connective tissue diseases
often produce antibodies to snRNPs. One of the most
common of thesc antisera, anti-Sm, reacts with
epitopes on the core snRNP proteins; thus, anti-Sm
antibodics recognize all of the spliceosomal snRNPs.
We obtained a potent anti-Sm serum from E.
DeRobertis (University of California, Los Angeles)
and used it to immunoprecipitate snRNPs from S.
pombe whole-cell cxtracts. The protein was removed
from the immunoprecipitates, and the RNA was frac-
tionated on an acrylamide gel and blotted to a nylon
membrane. The Northern blot was then probed with
oligonucleotides complementary to  the major
snRNAs. This experiment showed that the human
anti-Sm antibodies recognized the U1, U2, U4/6, and



US snRNPs from S. pombe. No signals were ob-
served with probes for U3 RNA, a nucleolar snRNA
whose snRNP does not have the Sm-reactive core
proteins, or K RNA, the RNA subunit of the
nucleoplasmic tRNA processing enzyme RNase P.
Judy Potashkin and David Spector (Molecular
Genetics of Eukaryotic Cells Section) had previously
obtained cvidence by immunoclectron microscopy
that another patient antisera known as anti-A protein
recognizes snRNPs in S. pombe nuclei. Anti-A
protein sera react with the Ul snRNP-specific A
protein and usually also recognize the closely related
B protein of the U2 snRNP. In collaboration with
David Spector, we performed an immunoprecipita-
tion experiment with a number of anti-A protein sera.
Most of these sera efficiently selected the S. pombe
Ul snRNP and one also reacted weakly with the U2
snRNP. The U3, U4, US, U6, and K RNAs were not
detected on the blot of the anti-A protein im-
munoprecipitate. The results of the immunoprecipita-
tion with the anti-Sm and anti-A protcin sera indicate
that S. pombe has homologs of the core proteins and
the Ul A protein or the U2 B’ protein that are
antigenically similar to their vertebrate counterparts.
We may now be able to use the human antisera to
characterize further the structure and function of the
S. pombe snRNPs and to eventually clone the genes
that encode these proteins in fission yeast.

All of the U snRNAs, with the exception of U6,
have an unusual and characteristic trimethyl-
guanosine (m3G) 5'"cap.” Adrian Krainer (Tumor
Viruses Section) has produced a monoclonal anti-
body against this cap structure, which we previously
showed could select the Ul, U2, U3, U4/6, and US
snRNPs from S. pombe. To look more directly at the
fission yeast snRNP proteins, we immunoselected
snRNPs from an S. pombe whole-cell extract with the
anti-m3G antibody. For comparison, the selection
was also performed on an equivalent amount of S.
cerevisiae whole-cell extract and a small amount of
HeLa nuclear extract. The proteins that bound to the
antibody were analyzed by SDS-polyacrylamide gel
electrophoresis, followed by silver staining. We ob-
tained a simple pattern of 10-15 protein bands for S.
pombe that was remarkably like the human snRNP
protein set. For example, bands similar in size to the
human D, E, F, and G core proteins were seen in S.
pombe. We have preliminary evidence from Western
blotting experiments that a single protein from an S.
pombe whole-cell extract reacts with anti-A protein
antibodies. This protein is slightly larger than the hu-
man A protein control on the same blot and may cor-

respond to a prominent band at the same position in
the S. pombe sample from the anti-m;G immunosel-
ection cxperiment. We have not absolutely identificd
any of the S. pombe proteins selected by the anti-m;G
antibody, but the resemblance to the human pattern
and Western blotting results are encouraging. To il-
lustrate the advantage of fission yeast for this type of
investigation, the immunosclection of the S. cer-
evisiae snRNPs produced a protein pattern that was
too faint to be interpreted.

As mentioned above, the U6 RNA does not have
an m;G cap. Its 5'end has a simple methyles-
terification of the gamma phosphate on the 5 - termi-
nal guanosine triphosphate residue (McGTP). Ram
Reddy’s group at the Baylor Coliege of Medicine has
generated an antibody against the MeGTP cap and
sent it to us to determine if S. pombe U6 RNA has the
same 5'terminus. The anti-MeGTP antibody im-
munoprecipitated only a small percentage of the total
U6 RNA in an S. pombe whole-cell extract. The
antibody is equally incffective against mammalian
nuclear extracts. The reason for this poor per-
formance could be the antibody’s low titer or the
MeGTP cap might be masked in the U4/6 snRNP.
Our results indicate that the latter explanation may
account, at least in part, for the low immunoprecipita-
tion efficiency. When anti-MeGTP immunoprecipi-
tates from S. pombe extracts were assayed by North-
ern blotting, we observed a weak U6 signal, but, sur-
prisingly, U6’s snRNP partner, U4 RNA, was not
detected. An even more unexpected result was that
U2 RNA was immunoprecipitated by anti-MeGTP in
amounts approximately equal to that seen for U6
RNA. Alan Weiner's group at Yale has recently
demonstrated a basc-paired interaction between the
57end of U2 and the 3’end of U6 in HeLa nuclear
extracts. If our immunoprecipitations detected such
an interaction in S. pombe extracts, then the MeGTP
cap must be more accessible to the antibody in the
U2/U6 complex than in the U4/6 snRNP. At the com-
pletion of the pre-mRNA splicing reaction, the intron
lariat is released in an RNP with the U2, U6, and US
RNAs. The U2/U6 interaction may be a remnant of
this complex and represent an intermediate in splice-
osome recycling. )

Cloning of the snm1+ Gene

M. Gillespie, D. Frendewey

In previous Annual Reports, we described the isola-
tion and characterization of an interesting ts~ mutant,
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which we named snm/ because it expresses a defect
in snRNA smaintcnance. A single recessive mutation
in snml causes a two- to tenfold reduction in the
steady-state levels of the Ul, U2, U4, US, and U6
snRNAs and the RNase P RNA subunit. In addition,
3’-extended U2 and U4 RNAs and unspliced U6
RNA accumulate at the restrictive temperature. This
mutant phenotype implics that the shmi1* gene pro-
duct plays a central role in the correct and efficient
synthesis of a family of snRNAs. In last year’s An-
nual Report, we bricfly described our initial attempts
to clonc the snmI* gene. This project has continued
to be a major part of our effort, and our progress in
the last year is outlined below.

The snml mutant exhibits a "leaky" 15~ growth
phenotype; it continues to grow at about one half the
wild-type rate after a shift from 23°C to 37°C. For
this rcason, when we transformed smm! with an S.
pombe genomic library and selected for growth at
37°C, many transformants appcared on the plates;
200 transformants were transferred to a fresh plate
and immediately challenged again at 37°C. Of these
200, 2 grew after this second selection. To confirm
these results, snm/ was transformed with the
genomic library again in a second independent exper-
iment. This time, 4 ts* clones out of 200 original
transformants were obtained after the sccond selec-
tion. The six ¢s* transformants all required the trans-
forming plasmid for growth at 37°C. Plasmids were
isolated from the yeast clones and recovered in E.
coli.

Five classes of bacterial clones were obtained,
having yeast DNA inserts ranging in size from 3.6 kb
to 10.3 kb. One class appeared to represent a rcar-
rangement of the plasmid in that the intact vector was
not scen. Four of the five classes of clones (including
the rearranged plasmids) contained 3.2- and 0.4-kb
Hindlll fragments, suggesting that the snm/* gene
was on one or both of thesc pieces of DNA. Two of
the classes of clones that contained the common frag-
ments were used to transform snm! and were shown
to cure the 15~ defect. Subsequently, a 4.3-kb Ps/]
fragment from onc of the larger clones was shown to
complement the snm/~ mutation. The Psi] subclone
contains a 3.2-kb HindIIl fragment. Further analysis
has demonstrated that a 2.2-kb Hind111-Ndel subclone
is sufficient to transform snm/ to rapid growth at
37°C. The sequencing of this clone is nearly com-
plete, but we have not yet assigned an open reading
frame. Genetic and molecular cxamination of this
clone is continuing in order to confirm that it does
contain the snml* gene.
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U6 RNA Transcription in
S. pombe

M. Gillespie, D. Frendewey

In last year’s Annual Report, we presented the results
of our analysis of the U6 RNA genes from the three
known species of Schizosaccharomyces and their
variants (Frendewey et al., Nucleic Acids Res. 18:
2025 [1990]). All of the fission yeast U6 genes were
found to have introns. The sequences of the introns
were different in each of the species, except for the
bases at the 5’and 3’ splice sites and putative bran-
chpoints. However, we also noticed an unexpected
region of sequence conservation just upstream of the
expected branchpoint. The 11 conserved bases fit the
consensus for the B-box RNA polymerase 111 (pol
11T) promoter element found in tRNA genes. This sur-
prising result suggested that conventional pol 111
promoter elements might serve as transcription sig-
nals for U6 RNA synthesis in fission yeast. It is now
known that transcription of the S. cerevisiae U6 RNA
requires a B box at an unusual position in the 3’ flank
(Brow and Guthrie, Genes Dev. 4: 1345 [1990]).
During the past year, we have begun experiments to
define the sequences required for U6 transcription in
S. pombe and, specifically, to test whether the con-
served B-box similarity is essential.

Our initial strategy to investigate U6 transcription
was to create a series of deletions in the U6 gene and
then to test their expression in vivo and in vitro. To
facilitate identification in vivo, each construct was
"marked"” with a short stretch of foreign DNA placed
in the middle of exon 2. This was accomplished by
amplifying two fragments of the S. pombe U6 gence
by the polymerase chain reaction (PCR) and then
cloning them into the pBSM13 vector in such a way
that the sequences between the BamHI and Sacl sites
of the plasmid’s polylinker interrupted exon 2. One
of the U6 fragments included 102 bp of 5'flank
(-102), exon 1, the intron, and about half of exon 2;
the second consisted of the 3 half of exon 2 and 155
bp of 3" flank. This marked U6 genc (SpU6FL+) was
subcloned into a yeast vector and used to transform
wild-type S. pombe. Primer extension analysis of
RNA from the transformants showed that SpU6FL+
was cfficiently expressed, with transcription initiating
at the wild-type start site. Both pre-U6 RNA and
spliced product were detected in an apparently wild-
type ratio. These results demonstrate that as little as
102 bp of 5 flank is sufficient for accurate and effi-
cient expression of the U6 gene in vivo. We have also



made a marked wild-type U6 gene (SpU6-2+) having
1500 bp of 5’ flank (a gift from T. Tani and Y. Oh-
shima, Kyushu University, Japan). However, we have
based our mutant constructs on SpU6FL+, We made
a series of five deletions from -102 in the 5’ flank to
position 22 in exon 1. We also deleted the intron
from SpU6FL+ and from some of the 5'delction
mutants. The structures of the mutant genes were
confirmed by sequencing.

We first tested the U6 deletion mutations in vitro.
Since our attempts to make an S. pombe extract that
accurately and efficiently transcribes pol Il genes
were unsuccessful, we resorted to two heterologous
pol III systems. It had been reported that the S.
pombe U6 gene is transcribed in an extract from
HeLa cells (Kleinschmidt et al., J. Mol. Biol. 211: 7
[1990]). However, when we tested SpU6-2+ and
SpU6FL+ in a HeLa nuclear extract (a gift from S.
Lobo and N. Hernandez, Cold Spring Harbor
Laboratory), our results indicated that transcription
initiated incorrectly at several sites greater than 50 bp
upstream of the normal starting point. We therefore
swilched to an S. cerevisiae whole-cell extract (a gift
from I. Willis, Albert Einstein College of Medicine).
Both SpU6-2+ and SpU6FL+ were accurately tran-
scribed in this extract. We then assayed the transcrip-
tion of cach of the mutant U6 constructs. A deletion
that left 78 bp of 5’ flank was transcribed as efficient-
ly as SpU6-2+ and SpU6FL+ (1500 bp and 102 bp of
5'flank, respectively). The transcription efficiency
for a mutant that retains 52 bp of 5 flank was slight-
ly lower than for SpU6-2+ and SpU6FL+. However,
when the presumptive TATA box at -25 was re-
placed with the vector sequence, transcription ef-
ficiency was reduced and a new start sitc was
detected a few bases upstream of the true initiation
point. Deletion/replacement of the complete 5 flank
(SpU6A4+) reduced the amount of transcription fur-
ther but appeared to restore the normal start site. A
deletion of the 5 flank and the first 21 bp of exon 1
(SpU6AS+) abolished transcription.

The in vivo expression of the A1+ and A2+ con-
structs (78 and 52 bp of 5’flank, respectively)
mimicked the in vitro results. However, deletion of
the TATA box (A3+, 21 bp of 5’ flank) was more
deleterious in vivo than in vitro, The A3+ mutant pro-
duced only a very small amount of incorrectly in-
itiated transcript in vivo. The A4+ and A5+ deletions
were not expressed at all in S. pombe cells. The
SpU6AS+ deletion/replacement creates three point
mutations in a sequence of 11 bases that matches the
consensus for the A-box pol Il promoter clement. If

these same three base changes are introduced into
SpUGFL+, they have as severe an effect on transcrip-
tion as the SpU6AS+ deletion. This result implicates
the A box as an essential promoter element in the S.
pombe U6 gene. Removal of the intron from
SpUGFL+ resulted in a severe reduction in transcrip-
tion efficiency; a very small amount of correctly in-
itiated transcript was detected. This result is con-
sistent with the hypothesis that the intron contains a
B-box promoter clement. However, a point mutation
in the B box has little or no effect on transcription ef-
ficiency in vitro. The same mutation in the B box of a
tRNA gene prevents transcription.

We have subcloned our U6 mutants into a yeast
vector and tested their expression in vivo following
transformation of a wild-type S. pombe strain. As
stated above, SpUGFL+ (102 bp of 5’ flank) was very
efficiently expressed in vivo. Removal of the intron
and the point mutation in the B box, in contrast to the
in vitro results, had a similarly negative effect in
vivo: both of these mutant templates produced barely
detectable amounts of U6 transcript.

Our experiments with the U6 gene deletions have
pointed to a requircment for sequences in the 57
flank, the first exon, and the intron for accurate and
efficient transcription. The results to date allow us to
make the following preliminary conclusions: (1) 78
bp of 5 flank is sufficient for accurate and efficient
transcription; (2) an elcment between -78 and =52 is
required for optimal expression; (3) the TATA box at
-25 appears to be important for precisc initiation; (4)
the A-box similarity in exon 1 appears to be cssential;
and (5) the intron contains a sequence, most likely
the B-box similarity, that is required for transcription.
These results indicate that U6 RNA transcription in S.
pombe is significantly different from the situation in
vertebrates, where transcription is controlled by ele-
ments that lie solely in the 5 * -flanking sequence.
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PLANT GENETICS
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R. Martienssen P. Athma E. Grotewold
T. Peterson J.Colasanti  C.-D. Han

Identification of Transposition
Factors of the Robertson’s
Mutator System

Z.-Y Zhao,V Sundaresan

The family of transposable clements known as the
Mu transposable clements constitute the Robertson’s
Mutator system, an unusually active transposon sys-
tem in maize that generates new mutations at fre-
quencies of 50-fold over background. The mechan-
ism of transposition of these elements is believed to
be replicative, but the elements or genes encoding the
transcription factors or transposase are presently un-
known. We have identified specific binding sites for
maize nuclear proteins on the termini of the Mul cle-
ment. One of the binding proteins is positively corre-
lated with Mu activity, and the other is at the same
level in both active and inactive lines. In the latter
case, the binding site is a hexamer sequence motif
(CGGT/GAA) that is also repeated in the essential
subterminal region of elements of the Ac/Ds family.
These binding proteins arc candidates for transposi-
tion factors required for Mu transposition: The first
factor is Mu-specific and the other factor is a more
general host factor that may be involved in the
transposition of other clements as well. Recently, evi-
dence that the same factor also binds to the ends of
the Ac clement has been obtained in Dr. Starlinger’s
laboratory at Koln (P. Starlinger, pers. comm.). Noth-
ing is known about host factors that are required for
transposition of plant transposons, and our identifica-
tion of such factors in nuclear protein extracts should
lead to their eventual cloning and characterization.

Splicing of the Mu7 Transposable
Element Generates a Functional
Bronze Gene with a Novel Intron

V. Sundaresan, A. Doseff

We have previously isolated several “"changes in
state" of a Mul insertion at the Bronze (Bz) locus

168

A. Jahrsdoerfer
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(CSHL Annual Report 1989). Changes in state (orig-
inally observed by Dr. B. McClintock) are heritable
changes in patterns of ex-pression of a transposable
element at a locus. The Mul insertion at Bronze that
we have used in our studies is called bzMum9 and
was originally isolated by Robertson. This insertion
results in kernels that are colored bronze, with purple
spots. The background bronze color is due to in-
activation of the Bz gene by the Mul element, and the
purple spots are duc to excisions of the Mul clement
that restore Bz function. Onc of the changes in state
that we have isolated leads to normal phenotypic ex-
pression of the Bz gene, i.e., kernels that are com-
pletely purple in color. We have found that this
change in state is associated with the deletion of half
of the Mul element. Analysis of the RNA from these
kernels shows that the remainder of the Mul clement
is spliced out from the Bz transcript using donor and
acceptor sites that are present within Mul. Therefore,
this change in state results in a functional Bz gene
with a novel intron. Interestingly, the Mul element it-
self is not normally transcribed at detectabie levels,
so that the intron is probably not utilized unless in-
scrted into a gene. Thus, the Mul transposable cle-
ment acts as a portable intron that participates in the
cvolution of the transcription units of the maize
genome, in this case by generating a new Bz gene
with two introns.

Somatic Excision Activity of the
Mu1 Element

A Doseff, V Sundaresan

Mu elements differ from other transposons in that
there is no apparent correlation between excision and
forward transposition, i.c., the rate of new integra-
tions is very high, whereas germinal excision events
arc very rare. It is presumed that unlike other plant
transposons, Mu elements transpose replicatively. Al-
though the rates of germinal excision of the Mu ele-
ments is very low, the rates of somatic excision are



quite high. It is therefore of interest to see if the
empty sites left by excision of Mu somatically resem-
ble that of the animal transposable clements such as
the P elements or Tcl, whose genetic behavior is
closer to that of Mu. We have studied the somatic ex-
cision of a Mu/ element at Bz by analyzing DNA
from somatic tissues and sectors and find that it
Icaves the same types of footprints that arc character-
istic of other plant transposons and not those of the
animal transposons. This result suggests that a com-
mon mechanism is involved in the excision of all
plant transposons. Interestingly, we also found that
the Mul clement also promotes intrachromosomal
recombination, i.e., crossovers and conversions of
short stretches of DNA ncar the excised site. Such
footprints have not been previously observed with
plant transposons, but we think that they might be
quite general. Interchromosomal gene conversion of
extensive stretches of DNA promoted by tran-
sposable clement excision has been observed with the
P clements of Drosophila (Engels et al., Cell 62:
515 [1990]), but intrachromosomal conversion cvents
were not examined in their study. It is possible that
the latter types of conversion events promoted by Mu
transposable elements might not be limited to the Mu
system, but might be of general importance to the
evolution of complex genomes.

Control of Cell Division in
Higher Plants

J. Colasanti. V. Sundaresan

This research is aimed toward clucidation of the me-
chanisms of cell division in plants. The control of cell
division in animals and ycasts has been shown to be
regulated by a complex of proteins, with the central
role played by a protein kinase that is a homolog of
the cdc2 gene of Schizosaccharomyces pombe (and
the cdc28 gene of Saccharomyces cerevisiae). We
have rccently cloned and characterized maize
homologs of the cdc2 kinase genes. We find, by the
isolation of two different but closely related cDNA
clones, cdc2ZmA and cdc2ZmB, that there arc at least
two cdc2 genes in maize. Southern blot hybridization
using maize DNA suggests the possibility that there
may be up to four maize cdc2 genes. The expression
of these genes in different tissues is correlated with
the state of proliferation of the tissue, as well as the

amount of cdc2-specific histone H1 kinase activity
measurcd using p13U<! beads. One of the maize cdc2
genes, when introduced into the ycast S. pombe,
caused severe inhibition in growth of the yeast cells,
suggesting that the maize cdc2 gene interacts im-
properly with some of the other cell-division proteins
in S. pombe (e.g., cyclins) and that there might be im-
portant differences in the plant cdc2 protein that are
responsible for this result (see below). At the amino
acid level, the maize cdc2 protein is 65% identical to
both yeast and animal proteins. We have becn able to
demonstrate functionality of the maize protein in S.
cerevisiae by its ability to complement a cdc28 muta-
tion in this yeast. We have also expressed the maize
gene in vitro and have shown that we can synthesize
a 34-kD protcin that interacts specifically with the
yeast suc/ protein. More recently, we have generated
antibodics specific to the maize cdc2 protein, and we
will use these 1o study the intracellular localization of
the kinase during cell division in mitotic and meiotic
cells.

Effects of the Maize cdc2 Protein
in Yeast Cells

J Cotasanti, V. Sundaresan

Definitive proof that a maize cdc2 ¢cDNA clone en-
codes a functional p34°9¢2 kinase lics in its ability to
complement cither the cdc2 mutation of S. pombe or
the cdc28 mutation of S. cerevisiae. Expression of the
maize cdc2ZmA clone under the control of the con-
stitutive ADH promoter of S. pombe vielded micro-
colonies that could not be propagated. Viable trans-
formants were obtained when the cdc2 gene was
cloned under the control of the inducible rhiA
promoter of S. pombe under conditions where expres-
sion was repressed. Expression of the maize cdc2
protein, however, resulted in cell death after approxi-
mately six cell doublings. Lethality of maize cdc2 ex-
pression could be partially alleviated in S. pombe
cells in which the endogenous cdc2 protein was over-
expressed. This suggests that the maize p34cdc2
kinase may interfere specifically with the yeast cell
cycle machinery, possibly by interacting and se-
questering other components required for cell divi-
sion.

Expression of maize cdc2 protein was not lethal
in S. cerevisiae. In three cdc28 alleles tested, only
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onc, 28-1N, was complemented by expression of the
maize cdc2 protein. This allele is defective at the
G,/M transition of the cell cycle, whereas the others
arc defective at the G,/S transition referred to as
"START." These preliminary results suggest that the
maize protein encoded by cdc2ZmA can interact suc-
cessfully with the cell cycle components required for
the initiation of mitosis, but not for traversion of the
"START" point of the cell cycle. One possibility is
that the latter function may be provided by a scparate
maize cdc2 gene. Experiments are under way to char-
acterize this phenomenon further.

Transposon Tagging of Gibberellin
Biosynthesis Genes in Maize

J Colasant. V. Sundaresan

The gibberellins are plant growth substances that
mediate various aspects of plant growth and develop-
ment. Mutants of maize that are defective at different
points in the gibberellin biosynthesis pathway are
characterized by short stature (dwarfs) and aberrant
floral development. We have taken advantage of the
well-characterized transposable element system of
maize to tag GA biosynthesis genes to facilitate their
cventual cloning and characterization.

We reported last year the isolation of a new Mu-
induced suppressible dwarf allelc. In this case, a Mu
transposable clement appears to have inscrted itself
into a gene that catalyzes synthesis of gibberellic acid
(GA), resulting in a dwarf phenotype. This allcle is
unique, however, in that the appcarance of the dwarf
phenotype is correlated with the activity of the Mu
clement: ie.. when Mu is "active,” the plants are
dwarf and when M is inactive, the plants appear to
be wild type. Activity of Mu is corrclated with the
state of methylation as determined by Hinfl digest-
ion. This typc of suppressible Mu-induced phenotype
was first reported for the /icf106 gene by Martienssen
ct al. (EMBO J. 8 1633 [1989]). Plants that arc
homozygous for the Mu-induced lesion all appear as
dwarfs initially; however, as they grow, some attain
larger stature and cventually appear normal, whereas
others remain as dwarfs or are intermediate in height.
We interpret this observation to be the result of
somatic inactivation of the Mu clement during plant
development. This would result in sectors of plant tis-
sue in which the cells are able to produce the wild-
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type enzyme and therefore synthesize the diffusible
GA that would mediatec normal growth. Plants that
have large somatic scctors, duc to Mu inactivation
carly in development, would produce more GA and
appear ncarly wild type in height and flower develop-
ment, whereas plants with very small sectors of GA-
producing tissues will remain as dwarfs. We are fur-
ther characterizing this allele with the aim of cvent-
ually isolating the gene tagged by Mu.

The anther ear (an?) allele is GA-defective muta-
tion in maize that is characterized by aberrant floral
devclopment, i.c., male anthers appear on the female
flower (the ear) of the plant. In addition, the plants
arc secmi-dwarf and grow to approximately 50% of
normal height. The lesion has been characterized
biochemically as a defect early in thc GA bio-
synthesis pathway. The Anl gene is closely linked to
the Bz2 gene; the latter is required for anthocyanin
pigment production in the aleurone of the kernel and
the plant. An allele of Bz2, bz2-m2, contains a Ds cle-
ment, a defective form of the Activator (Ac) element
first characterized by Barbara McClintock. In the
presence of Ac, the Ds element is able to transpose
from its location in the Bz2 gene and move clsewhere
in the genome. This transposition results in a mutable
phenotype characterized by purple spots on the
kernels and occasional fully purple revertant kernels.
The Ac/Ds elements have a predisposition to move to
linked sites in the genome, therefore increasing the
chances of the Ds element at Bz2 inserting into the
Anl gene. We have taken advantage of this proximity
to isolate a new anl mutation that resulted from the
insertion of the Ds element into the An/ gene, thus
facilitating the eventual isolation of this gene by
transposon tagging.

Molecular Analysis of Nuclear
Mutations Affecting
Chloroplast Development

R Martienssen, C -D Han, A Jahrsdoerfer

Chloroplast biogenesis is a complex process in higher
plants, requiring the coordination of plastid and cel-
lular differentiation during leaf devclopment. Al-
though structural genes have been characterized for
many of the more abundant chloroplast proteins (both
nucleus- and plastid-encoded), genes that regulate
chloroplast development have not been widely



studied at the molecular level. We are taking a genet-
ic approach to understanding the role of nuciear
genes in chloroplast and leaf development by study-
ing the maize mutants hcf106 and iojap.

HCF106: A MUTATION AFFECTING
CHLOROPLAST MEMBRANE ORGANIZATION
The thylakoid membrane system is one of the best-
studied morphological featurcs of the mature chlor-
oplast. This intcrnal membrane system has a highly
organized structure comprising stacked and un-
stacked lamellae, with each accommodating a charac-
teristic set of membrane proteins. However, the me-
chanisms by which these membranes are organized
and the protein complexes assembled are poorly un-
derstood, particularly in higher plants. As we de-
scribed in last ycar’s Annual Report, the nonphoto-
synthetic, secdling lethal mutant of maize, hcf106,
has a recessive nuclcar mutation that prevents the
normal assembly of photosynthetic clectron transport
complexes and causes aberrant thylakoid membrance
organization. Conscquent reductions in chloroplast
pigment levels result in pale green leaves that
fluoresce under UV illumination in the dark (high
chlorophyll fluorescence). This mutation arose in a
Robertson’s Mutator line, and a molecular clone of
the locus was obtained using the transposon Mul as a
tag. A 1.2-kb transcript that hybridized to the cloned
locus was identified on Northern blots, and genetic
analysis showed that it encoded the hcf106 gene pro-
duct (Marticnssen ct al., EMBO J. 8: 1633 [1989)).
We have now cloned and sequenced full-length
cDNA clones of this transcript, and a 243-amino-acid
open reading frame corresponding to the Acf106 gene
product has been identified. This encodes a protein
without giobal homology with any protein sequence
from the Genbank database, but the sequence does
contain a putative ATP-binding motif, a potential
chloroplast transit peptide, and a membrane spanning
domain. We have expressed TrpE::hcfl06 fusion
proteins in Escherichia coli, and antibodies have
been raised. In preliminary experiments, these anti-
bodies have been used on Western blots of Ilcaf
protcins from membrane and soluble fractions. A
membrane protein of approximately 30 kD is detec-
ted with our antibody in wild-type leaves, but not in
mutant leaves. We are currently trying to obtain
higher-affinity antibodies for immunocytochemistry.
The 1.2-kb hcf106 transcript accumulates in the
light to levels five- to tenfold higher than in the dark,

reaching a peak at around 6 hours after light ex-
posure. However, it is also found at low levels in the
root and cob, so that the hefl06 gene product may
have a general role in the biogenesis of both
amyloplasts and chloroplasts. The RACE protocol for
the rapid amplification of ¢cDNA ends was used to
isolate full-length cDNA cloncs, but additional clones
made by conventional methods were also obtained
from A. Barkan (University of California, Berkeley).
These clones include a sccond, distantly related se-
quence that appears to be the product of a low-
stringency cognate gene. We have found that the
hef106 mutation is nonlethal in some inbred back-
grounds of maize, and sequences specific to the cog-
nate gene appear to cosegregate with the nonlethality
factor. It is thus possible that some allcies of the cog-
nate gene can provide a level of duplicate function in
hcf106 mutants. Recombinant inbred lines have been
used to map the kcf106 gene to chromosome 2, close
to the endosperm marker floury. This marker will be
used to follow the mutant Acf706 allele for sub-
sequent genetic analysis.

IOJAP: A VARIEGATED MUTANT OF MAIZE

Maize plants homozygous for the recessive mutation
iojap have varicgated leaves and transmit defective
plastids through their female gametes. Since the work
of Jenkins (J. Hered. 25: 467 [1924]) and of Rhoades
(Proc. Nail. Acad. Sci. 29: 327 [1943]), the iojap
gene has been thought to have a fundamental role in
the interaction of nuclear and plastid compartments
during the development of the maize leaf. In particu-
lar, the pattern of leaf variegation in mutant plants
suggests that defective plastids may have failed to
respond to positional signals that coordinate cellular
and plastid development in the leaf. Embryos with
maternally inherited defective plastids also arisc at
specific positions on the car, rather than in clonal
groups.

A transposon-tagged allelc of iojap was obtained
by C.-D. Han and E.H. Coc at the University of Mis-
souri using the transposable element Robertson’s
Mutator, and a Mul element was found to coseg-
regate with the new ij-muml allcle (Han and Coe,
Maize Newsletter 64: 46 [1990]). In collaboration
with Coe, we have now obtained a molecular clone of
this Mul clement. DNA flanking the Mul clement
hybridizes to a 1.3-kb transcript found in wild-type
scedlings, but reduced in abundance and altered in
mobility in seedlings homozygous for the original
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iojap allcle. Two rare germinal revertants of this al-
lcle, isolated by Coe, have suffered genomic rear-
rangements that can be detected by Southern
hybridization using this probe. We conclude that this
clone is likely to be a part of the iojap locus. In the
coming year, we hope to characterize the molecular
rolc of the iojap genc product in coordinating
chloroplast biogenesis with leaf development.

Suppression of Mu-induced
Mutations

R. Martienssen, A Jahrsdoerfer

As we reported last year, the hcfI06 mutation is
phenotypically suppressed when Mu transposons in
the genome lose activity; i.c., hcfl06 homozygotes
adopt a wild-type phenotype despite the continued
presence of the Mul transposon at the locus. Loss of
Mu activity and phenotypic suppression of hcf106 are
both reversible and arc associated with DNA
methylation of the Mu transposon family. Phenotypic
suppression of hcfI06, then, provides a marker for
DNA modification of Mu transposable eclements.
Suppression of the mutant phenotype is accompanicd
by accumulation of mRNA transcripts from the
hcf106 locus, despite the insertion of a Mul element
info the untranslated lcader of the hcf106 gene, close
to the start of transcription. In contrast, mutant see-
dlings have no detectable transcript (Martienssen ct
al. 1989). In collaboration with A. Barkan (Univer-
sity of California at Berkeley), we showed that sup-
pression of the hcf106 phenotype is mediated by an
outward reading promoter near the ¢nd of Mu/ that
substitutes for the normal hcf106 promoter when Mu
is inactive (A. Barkan and R. Marticnssen, Proc.
Natl. Acad. Sci. [1991] in press). In the last vear, the
phenotypes caused by several other Mul-induced
mutations have been shown to respond to Mu activity
in a similar fashion. Those that have becn cloned
have a Mul element close to the start of transcription,
as is the case with hcf106 (P. Chomet, S. Hake, D.
McCarty, pers. comm.).

In somc families, iicf106 homozygotes were ob-
scrved that had large, phenotypically wild-type sec-
tors superimposcd on pale green, mutant leaves.
DNA isolated from these sectors contained modified
Mul elements, including the one at the kcf7106 tocus
(Marticnssen et al.,, Genes Dev. 4: 331 [1990]). The
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pattern of stripes suggested that clonal switching
events associated with DNA modification had oc-
curred in cells near the tip of the apical meristem, so
that more, and larger, sectors were observed in suc-
cessive Icaves until, in the upper Icaves, the entire
plant was phenotypically wild type. This resulted in a
gradient of transposon inactivity (and methylation)
up the plant. We have now shown that a sccond sup-
pressible mutation, a dominant Lesion-mimic, is coor-
dinately regulated in these sectors; i.c., plants that are
doubly mutant have sectors that are suppressed for
both phenotypes together. This suggests that a factor
influencing suppression must operate in 7rans to sup-
press both unlinked mutations. In crosses between
scctored and unsectored plants, the "sectored"
phenotype appears to scgregate among the progeny,
so that a single dominant factor may be responsible
for this somatic variegation. In collaboration with V.
Sundaresan (Cold Spring Harbor Laboratory), we are
pursuing the hypothesis that this factor might encode
a protein that binds Mu termini (Z.-Y. Zhao and V.
Sundaresan, CSHL Annual Report 1990). We are
also in the process of constructing double and triple
mutants for seedling, plant, and kernel markers
whose phenotypes depend on Mu  activity. This
should help to reveal the developmental and genetic
basis of the sectored patterns observed.

Molecular and Genetic Analysis
of the Maize P Locus

S. Allan, P. Athma, E. Grotewold, T. Peterson

Our research concerns the question of how gene ex-
pression is controlled during development in higher
eukaryotes. Toward this end, we are continuing our
analysis of thc maize P gene, which is required for
flavonoid pigmentation of specific floral parts in
maize. The P gene is an excellent model system for
this study, in part because of its potential for incisive
genetic analysis. We have madc significant progress
in the past year in defining the structure and function
of P.

ELUCIDATING THE COMPLEX
TRANSCRIPTIONAL PATTERN OF P

Since one major aim of our work is to understand
how P cxpression is controlled, we necded exact in-



formation on the gene structure, especially the loca-
tion of the 5’ start sites. Previous attempts to isolate
full-length cDNA clones from conventional cDNA Ii-
braries were unsuccessful, probably due to a region
of strong secondary structure in the P message that
inhibited the progression of reverse transcriptase.
Therefore, we analyzed the P gene transcripts by
primer extension, RNase protection, and S1 mapping
experiments, as well as conventional and polymerase
chain reaction (PCR)-derived cDNA cloning. The
results showed that P produces at lcast two alterna-
tively spliced messages and that all of the messages
are initiated at the same point (Fig. 1) (Grotewold et
al., Proc. Natl. Acad. Sci. [1991] in press).

REGULATORY FUNCTION OF THE P GENE

The sequence of the P transcripts showed an amino-
terminal region that has significant homology (40%)
with the DNA-binding domain of the vertebrate Myb
oncoprotein. Myb is a DNA-binding protein that can
activate transcription from promoters containing the
Myb-binding site. In mammalian celis, Myb is a
regulator of cell growth and differentiation, primarily
in hematopoietic cells. Our results indicate that
studies of P function could provide an important
complement to rescarch on Myb in mammalian sys-
tems. One of the P transcripts encodes a protein with
a negatively charged domain that has the structural
features of a transcriptional activating domain. This
finding supports our previous hypothesis that P is a
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transcriptional regulator. A functional test of this
hypothesis came from Northern blot analysis of RNA
from structural genes in the pigment biosynthetic
pathway. RNA transcripts from the maize genes c2
and A, which cncode chalcone synthase and
flavonol/flavonoid reductase, respectively, are pres-
ent in tissues that have a functional P gene but absent
from plants in which P is deleted. Additionally, we
have isolated cDNA clones encoding maize chalcone
isomerase, which catalyzes another step in pigment
biosynthesis. Like C2 and Al, the chalcone isomerase
message is also dependent on a functional P allele.
Thus, the hypothesis that P is a transcriptional reg-
ulator is supported not only by sequence homology,
but also by direct measurement of transcript ac-
cumulation from three target genes.

ANALYSIS OF THE CHANGE IN STATE ALLELE

pP-ovOV

The P-ovov allele, which produces orange variegated
pericarp and cob glumes, resulted from a short-range
transposition of Ac to a new site in the P locus. it has
been suspected for some time that new aileles of
genes carrying transposon insertions could arise from
intragenic transpositions, but this is the first pub-
lished example confirmed at the molecular level. This
paper was published recently in Genetics (Peterson
1990). Since the Ac element preferentially transposes
to nearby sites, the P-ovov allele has been an ex-
cellent source of new mutant alleles carrying Ac at
diverse sites in the P locus.
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FIGURE 1 Structure of P gene transcripts. (Top) Map of the P locus. with restric-
tions sites for EcoRl (E) and Safl (S) indicated. The cross-hatched boxes indicate
a 5.2-kb direct repeat, and the stippled boxes indicate a 1.2-kb direct repeat se-
quence. The triangle containing the arrow marks the site of insertion and transcrip-
tional orientation of the transposable element Ac in the P-ovov-1114 allele; in P-wv,
the Ac element is inserted 161 bp 3*of the site in P-ovov-1114, in the opposite

orientation.
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P-ovov

FIGURE 2 Structures of the P-ovov-1114 and P-ww-d alleles. The map at the top shows the
P-ovov-1114 genomic region with EcoRI sites. The two hatched boxes indicate the two 5.2-
kb direct repeats on either side of Ac; the smaller repeats are not shown. The map at the
bottom shows the structure of a typical P-ww-d allele with a 17-kb deletion, including 4.5 kb

of Ac and 12.5 kb of the Plocus.

DIRECT REPEAT RECOMBINATION INDUCED BY

THE TRANSPOSON AC

The P gene has the unusual feature that the tran-
scribed region is flanked by two long repeats of 5.2
kb (Fig. 1); the function of these repeats, if any, is
unknown. During the course of our genetic experi-
ments, we found that P alleles that carry the
transposable element Ac inserted between the repeat
sequences produce a high frequency of null alleles.
We analyzed the structure of 51 null alleles and
found that all but 4 carried a large common deletion
that removed the Ac element, the P transcribed
region, and one copy of the flanking direct repeat se-
quences (Fig. 2). Since P alleles that do not have Ac
inserted are very stable, we conclude that the Ac in-
sertion induces recombination between the repeats.
This represents a previously unknown activity of Ac
(Athma and Peterson, Genetics [1991] in press).

We thank Michael Persans for assistance in vari-
ous aspects of this work.
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G4 AND Gy CELL CYCLE CONTROL
IN SACCHAROMYCES CEREVISIAE

B. Futcher B. Elliott

I. Fitch

M. Linskens
N. Nash

G. Tokiwa
M. Tyers

Our main interest continues to be the regulation of

START in Saccharomyces cerevisiae. In particular,
we are interested in the mechanism that tethers divi-
sion to growth. To this end, we have studied two
mutations that provide a Wee phenotype and alter the
normal relationship between division and growth.
One of these mutations, WH/1-1, was in a cyclin-like
gene now known as CLN3. The encoded protein was
the first member of a growing set of cyclin-like
proteins that rcgulate the G/S transition. In the past
year, we have found that Cin3 has a very short half-
life, is somehow affected by a ubiquitin-conjugating
enzyme, and is associated with a protein kinase ac-
tivity. The other mutation, whi3, appears to be in a
gene encoding an RNA-binding protein of unknown
function.

Our interest in CLN3 has led us to examine in a
more general way the role of various cyclins. In the
last year, we have found four B-type mitotic cyclins
in S. cerevisiae and possibly an A-type cyclin. When
added to the three previously kmown G, cyclins
(CIn1, 2, and 3), this gives S. cerevisiae by far the
largest repertoire of known cyclins of any organism.
These different cyclins may confer different pro-
perties on their respective kinase complexes; work in
this area is continuing. There is preliminary evidence
that other organisms have a similarly wide array of
different cyclins doing different jobs.

Biochemistry of Cin3

M. Tyers, G Tokiwa, B. Futcher

The Clnl, CIn2, and Cin3 proteins of S. cerevisiae
help regulate START, the G,/S transition. Over-
expression or hyperactivation of these proteins ad-
vances START, shortening G| and decreasing cell
size, whereas deletion of one or two of the genes
delays START. Deletion of all threec genes causes a
lethal G, arrest (Richardson ct al., Cell 59: 1127
[1989]). These three proteins are related to cach other
and distantly related to the mitotic cyclins. We be-

lieve that Cinl, 2, and 3 are "G cyclins” and regulate
START by a mechanism similar to that by which the
mitotic cyclins regulate mitosis.

CLN3 mRNA has a very short half-lifc of just a
few minutes. The protein has a similar very short
half-life (Fig. 1). Whereas mitotic cyclins are com-
pletely destroyed at one point in the cell cycle, but
arc otherwise stable, the Cln3 protein appears to be
continuously turned over. The original WH/!-1 (also
known as CLN3-1) mutation identifying the genc is
dominant. The molecular lesion is a stop codon that
removes the last third of the protein; this third con-
tains PEST regions, which may be signals for
proteolysis. The truncated, Cln3-1 protein is relative-
ly abundant, and it turns over very slowly (Fig. 1),
suggesting that the indestructibility of this protein
causes the mutant phenotype.

If CLN3-1 is transcribed from the GALI pro-
moter, and then transcription (and, in fact, all Cin3-1
synthesis) is stopped by the addition of glucose, the
cell’s store of CIn3-1 protein is sufficient to drive it
through several cell cycles. In this situation, the
CIn3-1 protein is clearly not oscillating in abundance
through the cycle (it is still not clear whether the
abundance of the wild-type protein oscillates). Sur-
prisingly, a cell that is deleted for CLNT and CLN2,
and lives only because it contains the CLN3-] gene,
is reasonably healthy (although Wee and otherwise
abnormal). Thus, oscillation of a G, cyclin is not es-
sential for viability.

As expected for a cyclin-like molecule, Cln3 is
associated with a protein kinase activity (Fig. 2A).
The protein kinase activity will phosphorylate histone
H1, Cin3, and an unidentified protein of 45 kD that is
coprecipitated by anti-CIn3 antibodies. The Cdc28
polypeptide is present in anti-CIln3 immunoprecip-
itates, and thus we belicve that Cdc28 is responsible
for at least some of the kinase activity. However,
only an extremely tiny fraction of the Cdc28 protein
in the cell is Cln3-associated. CLN3-1 mutant cells
have 50-100 times as much Cln3-1-associated kinase
activity as do CLN3 cells.

If the Cin3-associated kinase complex is treated
with a phosphatase, and then the phosphatase is
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FIGURE 1 Induction and decay of CIn3. Cells containing a Lerner-epitope-tagged version'of
Cin3 or CIn3-1 expressed from the GAL 1 promoter were grown in YEP + raifinose and then
induced with galactose. The number of hours of galactose induction is shown above each
lane. To examine turnover, CIn3 or CIn3-1 expression was induced for 4 hr, glucose was
then added to 2% to stop transcription, and samples were harvested after 0.3, 0.7, or 1.3 hr.
Lysates from 2 x 109 cells were immunoprecipitated with 0.5 ul of 12CAS ascites fluid, elec-
trophoresed, and transferred 1o nitrocellulose. The filter was probed with a 1:2000 dilution of
12CA5 asciles fluid followed by '25l-labeled goat anti-mouse IgG. and then auto-
radiographed. CIn3 and CIn3-1 are indicated, as well as the IgG heavy (H) and light (L)
chains Molecular mass (kD) is shown to the right.

washed away, the kinase activity is destroyed. This is
also true of the CIn3-1-associated kinase. In contrast,
when the same cxperiment is done with the mitotic
(Clb-associated) form of the Cdc28 kinase, the kinase
activity is increased. We believe that some protein in
the Cln3 kinase complex must be phosphorylated for
the kinase to be active. We cannot tell whether the
relevant phosphate(s) is on Clin3, on Cdc28, or else-
where. CIn3 and CIn3-1 appcar to have only one
major phosphopeptide in common (containing phos-
phothreonine); this peptide is a good candidate for
the region where the regulatory phosphorylation oc-
curs.

Cln3 metabolism is dramatically affected by the
cdc34 mutation, cdc34 mutants are tecmperature-
sensitive lethal cdc mutants. At 36°C, they arrest with
buds (i.c., after START), but before initiation of
DNA synthesis. Cdc34 is a ubiquitin-conjugating en-
zyme, and so is presumably involved in protein
degradation. In a cdc34 mutant at the permissive
temperature, most of the Cln protein is in a highly
phosphorylated form, whercas only a few percent of
the ClIn3 protein in a CDC34 strain is in this form.
However, the total amount of CIn3 protein does not
change very much (perhaps twofold). Strikingly, the
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Cln3-associated kinase activity goes up 50-100-fold
in the cdc34 background at the permissive tempera-
ture (Fig. 2B). Therefore, we speculate that the
Cdc34 protein is somehow involved in degradation of
the phosphorylated form of CiIn3, and it is this
phosphorylated form that is the active form. Con-
sistent with this hypothesis, the cdc34 mutation does
not affect the kinase activity associated with the in-
destructible CIn3-1 mutant protein (Fig. 2B). The
results of phosphatase experiments discussed above
are also consistent with this hypothesis.

CLN3-] mutants are resistant to a-factor arrest.
We imagined that a-factor caused arrest by inducing
degradation of the wild-type protein but that the trun-
cated, mutant protein would be resistant to degrada-
tion. Surprisingly, we find that a-factor-arrested
wild-type cells stili contain normal levels of the Cln3
protein. Even more surprisingly, these arrested cells
still contain normal levels of CIn3-associated histone
H1 kinase activity. There is strong genetic evidence
that a-factor does somchow inactivate Cln3, but this
inactivation does not sccm to be caused by degrada-
tion or by destroying the kinase activity. Perhaps the
kinase activity in a-factor-arrested cells has been
qualitatively changed.
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FIGURE 2 CIn3 has an associated kinase aclivity. (A) Cells containing a Lerner-epilope-ltagged
version of CIn3 expressed from the GAL 7 promoter were grown in YEP + raffinose and then either in-
duced (1st, 3rd, and 4th lanes) or not induced (2nd lane, ‘raffinose’) with galactose. Material was
precipitated from cell lysates with protein-A beads alone (lane 1), or 12CAS ascites fluid (lane 2), or
12CAS ascites fluid plus an excess of a competing epilope peptide (lane 3), or 12CAS ascites fluid
(lane 4). Immunoprecipitates were incubated with histone H1 and [y-32P]JATP in kinase buffer, and
the reaction products were eleclrophoresed and autoradiographed. (B) cdc34 mutation increases
Cin3-associated kinase aclivity. In a cdc34 mutant strain at the permissive temperature, the Cin3-
associated kinase is about 50-fold more active than in a CDC34 wild-type strain (compare lanes 2
and 4). In contrast, the CIn3-1-associated kinase is about equally high in both cdc34 and CODC34

strains (compare lanes 6 and 8).

G, and Other Cyclins of
Schizosaccharomyces pombe
and Humans

T. Connolly, I. Fitch, M Caligiun, K Galactionov,
B. Futcher, D. Beach, Y. Xiong

Cyclin-like molecules functioning in G, phase have
so far been identified only in S. cerevisiae. However,
they may occur in other organisms as well. To find
such molecules, we have constructed a strain deleted
for cinl and cln2 and that has CLN3 transcribed from
the GALI promoter. This strain is viable in the
presence of galactose, but dead in the absence of
galactose or in the presence of glucose. L. Guarente
and co-workers and M. Wigler, J. Colicelli, and co-
workers have supplied us with Schizosaccharomyces

pombe and human cDNA cxpression libraries in S.
cerevisiae vectors. We have transformed the cinl
cln2 GALI-CLN3 strain with these librarics and have
selected for growth in the presence of glucose.
Several dozen transformants have been recovered. In
each case, the transforming vector contained a cyclin
homolog. From S. pombe, we obtained the cdel3*-
encoded B-type mitotic cyclin and two previously
unidentified cdcI3* homologs. In addition, we have
recovered a good homolog of S. cerevisiae CLN3,
and we hope that this may be an S. pombe G, cyclin.
From human cclls, we have recovered two B-type
mitotic cyclins, Bl and B2, and also an interesting
cyclin-like molecule that does not scem to be a mem-
ber of any of the previously defined classes of
cyclins. As yet, there is no evidence that these new
CLN homologs function in G; phase in S. pombe or
human cells.
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Identification of Four Mitotic
Cyclins of S. cerevisiae

1. Fitch, B. Fulcher [in coltaboration with U. Surana,
H Robitsch, C. Price, T Schuster, and
Kim Nasmyth, IMP, Vienna]

If CInl, CIn2, and Cln3 really represent a new class
of "G, cyclins” (as opposcd to being "misplaced”
mitotic cyclins), then S. cerevisiae should possess
onc or more mitotic cyclins as well as its G, cyclins.
We have therefore searched for mitotic cyclins by the
polymerasc chain reaction (PCR). Three such cyclin
homologs were identified, which we named CLBI,
CLB3, and CLB4 (for CycLin B-type). While the

PCR experiments were under way, our collaborators
in Vicnna identified seven different high-copy-
number suppressors of an exceptional allele of cdc28
called cdc28-IN. cdc28-IN is defective only in a
Gy/M function, whereas most allcles of cdc28 are
defective in both a G, function and a G,/M function.
Since it seemed possible that high-copy-number
mitotic cyclins might suppress cdc28-IN, the CLBI,
CLB3, and CLB4 PCR fragments were hybridized to
cach of the scven groups of high-copy-number sup-
pressors. CLBI and C1.B4 were found among the sup-
pressors. In addition, CLBI hybridized weakly to a
third suppressor. Sequencing showed that this third
suppressor was also a B-cyclin homolog, which we
now call CLB2 (Fig. 3).
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FIGURE 3 Alignment of the S. pombe cdc13*-encoded cyclin with the complete
amino acid sequence of CLB7 and CLB2, and part of CLB3 and CLB4. Residues
shown in bold are identical in two of three cyclins, or three of five cyctins, as ap-
propriate. Underlined residues distinguish the CLB1/CLB2 pair from the
CLB3/CLB4 pair. Also underlined is the “destruction box.' a region found in the
amino-terminal region of most cyclins, and thought to be a signai for ubiquitin-

mediated degradation.
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CLBI and CLB2 are a very closely related pair of
genes, and CLB3 and CLB4 form a sccond pair (Fig.
3). Disruptions of CLBI or CLB2 alone have very
little phenotype, but a double c/bl clb2 disruption is
lethal, and dies in mitosis (at a stage where spindles
have formed, but have not elongated) at about the
same stage as cdc28-IN mutants arrest. As yet, CLB3
and CLB4 have not been disrupted. CLBI and CLB2
transcription is cell-cycle-regulated and peaks in
G,/M (Fig. 4). Several lines of evidence suggest that
CLBI and CLB2 perform a qualitatively different
function than CLB3 and CLB4.

The whi3 Mutation
R Nash

Like CLN3-1, whi3 causes cells to divide at ab-
normally small sizes. Unlike CLN3-1, whi3 is rcces-
sive, suggesting that WHI3 inhibits or delays commit-
ment to division. The mutation was induced using a
G418R-marked Ty transposable element. The mutant
gene and flanking DNA were then cloned using the
G418R marker, and the wild-type gene was cloned
shortly thercafter. Sequencing showed that WHI3 has
an open reading framc of 661 amino acids. The pre-
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FIGURE 4 CLBT and CLB2 are transcription- =
ally cell-cycle-regulated. Cells were arrested in ° 20
G, with a-factor and then released, and &
samples were withdrawn at a 10-min interval.
Northern blots were analyzed with CLBT- and 0

CLB2-specific probes. The graph (bottom)
shows the percentage of cells with fully formed
mitotic spindles following release.

dicted protein includes a domain found in a family of
RNA-binding proteins. Some preliminary evidence
suggests that whi3 may affect expression of CLN3
posttranscriptionally. Sequencing also showed that
the original mutation was indced caused by insertion
of a Ty element into the open reading frame.

Targeted disruption of the WHI3 locus produced
the same Wee phenotype as the original Ty-induced
mutation. Integration of one copy of WHI3 at the
ura3 locus in a whi3 strain reverts the mutant
phenotype. Scveral copies of WHI3 appear to cause a
very large cell size and make the strain very sick.
Thus, as for CLN3, the effect of WHI3 on the critical
size for commitment may be dosc-dependent. In sum-
mary, we think that Whi3 is an RNA-binding protein
that acts at START to inhibit commitment to divi-
sion. It could do this by, for instance, down-reg-
ulating translation of Clnl, CIn2, and/or Cln3.

The Stress and Quiescence
Response of S. cerevisiae

B. Etliott

In S. cerevisiae, the RAS/cAMP pathway can regulate
the physiological state of the cell in response to nutri-
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tional cues. However, when the RAS/cAMP signaling
pathway is destroyed, cells still respond appropriately
to nutritional cues (Camcron ct al., Cell 53: 555
[1988]). Thus, there is at Icast one signaling pathway
in addition to the RAS/cAMP pathway. To identify
this pathway, we have used a strain lacking a
RAS/cAMP pathway and looked for mutations that
prevent appropriate nutritional responses. Several
such mutations have been found. Different mutations
affect different aspects of the normal nutritional
response. These genes are in the process of being
identified.

Effects of SV40 T-antigen
Expression in S. cerevisiae

M. Linskens

Eukaryotic cells have a control ensuring that DNA is
replicated once and once only. The mechanism of this
control is wholly unknown. However, the mechanism
can be overcome: In CV-1 monkey cells, SV40 T
antigen can cause multiple rounds of initiation of
DNA synthesis from an SV40 origin. We are inter-
ested in the mechanism of once and once-only con-
trol, and since yeast is a powerful model system, we
asked whether T antigen could cause SV40 origin
overreplication in yeast. o

Yeast were transformed with a 2-micron circle-
based plasmid carrying SV40 T antigen under the
control of the GAL! promoter, and an ARS centro-
mere plasmid carrying the SV40 origin. When the T
antigen was turned on, there was at best a very slight
increase in the copy number of the origin plasmid, so
it appears that overreplication did not occur. How-

ever, expression of T antigen caused some un-
expected but striking effects. A small proportion
(2-5%) of the cells in an expressing population
permanently arrested with extremely long buds.

Different cdc mutant strains were transiormed
with the T-antigen expression plasmid. cdc34 mutant
cells were very strongly affected even at the permis-
sive temperature. The T-antigen-induced phenotype
was seen in about 25% of the cells. Expression of the
protein was assayed using an anti-T-antigen antibody
provided by B. Stillman (Tumor Viruses Section).
Wild-type cells expressed only very small amounts of
T antigen, perhaps accounting for the low penetrance.
This T antigen appears to have a short half-life.
cdc34 cells at the permissive temperature contained
much larger amounts of T antigen. As noted above,
CDC34 encodes a ubiquitin-conjugating enzyme, and
so is presumably involved in protein turnover. We
have no idea why T antigen is toxic, but we belicve
that the Cdc34 protein participates in the degradation
of T antigen. When Cdc34 activity is reduced, T
antigen accumulates to toxic levels in a greater pro-
portion of the cells.
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TRANSCRIPTION AND CELL CYCLE REGULATION IN YEAST

K.T. Arndt  C. Devlin M.J. Fernandez-Sarabia
C.DiComo  F.Lin
A. Dosett M. Luke

In almost all aspects of basic cellular processes, the
yeast Saccharomyces cerevisiae has been found to be
very similar to higher eukaryotic cells. For this rea-
son, and the ease of manipulation and the powerful
genetic approaches available with yeast, we are using
yeast in our laboratory to study transcriptional regula-
tion and cell cycle control.
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Transcriptional Regulation
of the HIS4 Gene

C. Deviin

Our ultimate goal is to understand completely the
regulation of the yeast H/S4 gene and to use HIS4



regulation as a model for the transcriptional regula-
tion of other systems. The HIS4 gene is under com-
plex transcriptional control. Two independent sys-
tems activate HIS4 transcription: basal control and
genceral amino acid control. In general amino acid
control, starvation for any one or more amino acids
causes an increase in the levels of the GCN4 protein.
The GCN4 protein binds to the sequence TGACTC,
repeated five times in the H/S4 promoter, to activate
HIS4 transcription. GCN4 binds one of these HIS4
clements, repeat sequence C, much more tightly than
the others, and most (>80%) of the GCN4-dependent
activation of HIS4 transcription is due to repeat se-
quence C. We are using defective GCN4 derivatives
to obtain mutations in the general transcription ma-
chinery (see below).

The basal level control activates H/S4 transcrip-
tion in the absence of amino acid starvation. In addi-
tion, either phosphate or adenine starvation will cause
a further increase in the already high basal levels of
HIS4 transcription. Activation of the basal leve! tran-
scription of HIS4 requires two trans-acting proteins,
encoded by the BAST and BAS2 genes. Mutations in
BAS2 causc a phosphate requirement (BAS2 is the
same gene as PHO2), and mutations in cither BAS/
or BAS2 cause an adenine requirement. Thus, in
yeast, the phosphate, purine, and histidine pathways
are coregulated. Analysis of the metabolites in these
pathways shows the biological rational for the co-
regulation.

BASI contains an amino-terminal region similar
to that of Myb proteins, and BAS2 contains a homeo
box. The Myb domain is the DNA-binding domain
for BAS1, and the homco box region is the DNA-
binding domain for BAS2. The Myb motif was first
identified in the v-myb gene of avian myeloblastosis
virus. Cellular homologs of v-myb were then found in
all vertebrates. In addition, Myb-type proteins have

been found in Drosophila and corn (C1). The Myb
motif contains three repeats of a sequence whose
most striking feature is three regularly spaced tryp-
tophans. The binding sites of these factors to the
HIS4 promoter are shown in Figure 1.

Basel level transcription of the HIS4 gene re-
quires both BAS1 and BAS2. Either protein alone,
even when overexpressed, can only poorly activate
HIS4 transcription (at 1/100th the level of when both
BASI1 and BAS2 are present). Since BAS1 and BAS2
do not bind cooperatively to the H/S4 promoter, the
nature of the requirement for both BASI and BAS2
for basal level HIS4 transcription remains to be
determined. In addition to activation of HI/S4 tran-
scription, BAS2 is required to activate the transcrip-
tion of the secreted acid phosphatases (the major
secreted acid phosphatase is encoded by the PHOS
gene). However, BAS1 has no role in the activation
of the transcription of the secreted acid phosphatases.
In the next year, we would like to determine if BAS2
requires a second DNA-binding protein (to take the
place of BAS1) for activation of the secreted acid
phosphatases.

BASI, BAS2, and GCN4 are the three activation
proteins for HIS4 transcription. In strains deleted for
all three protcins, HIS4 transcription is extremely low
and the strains are His™. However, as measured by
gel-shift assays using total yeast extracts, these three
activator proteins represent only a very small fraction
of the binding activity to the HIS4 promoter. The
major HIS4 promoter-binding activity is due to the
RAPI protein, which binds to the HIS4 promoter as
shown in Figure 1. In the absence of GCN4, BASI,
and BAS2, YNFI1 is not able to activate H/S4 tran-
scription. In addition, the binding sites for YNF1 and
GCN4 overlap; GCN4 binds much tighter to the mid-
dle repeat clement than to the other four repeat cle-
ments, and most GCN4-dependent transcription oc-

FIGURE 1 The HIS4 promoter and its binding factors.
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curs through the middle repeat sequence. In vitro
DNA-binding studics show that GCN4 and YNFI
bind completely to their respective sitcs.

We have determined that YNF1 is the same
protein as RAP1. RAP1 (which is probably the same
as GRF1-TUF) is an abundant DNA-binding protein
in yeast that binds to silencers, telomeres, and the
promoters of many of the gencs encoding ribosomal
proteins and glycolytic enzymes. In addition, most of
the RAPI protein is found associated with the nuclear
matrix or scaffold. The binding of RAP1 to the HIS4
promoter is somewhat unexpected, since it was
belicved that RAPI by itself is a transcriptional ac-
tivation protein. In the context of the H/S4 promoter,
RAPI cannor activate transcription by itself, since a
strain lacking GCN4, BAS|, and BAS2 has extreme-
ly low levels of HIS4 transcription. We have prepared
a set of isogenic strains that differ only by point
mutations in the chromosomal F/S4 promoter. These
mutations climinate building of RAP1, GCN4, or
both proteins. Using these strains, we have found that
RAPI is required for BAS1/BAS2-dependent activa-
tion of HIS4 bascl level transcription. The RAP1-
binding sitc overlaps with the single high affinity
HIS4 GCN4-binding sitc. Even though RAPI and
GCN4 bind competitively, RAP1 is required for (1)
the normal stcady-state levels of GCN4-dependent
HIS4 transcription under nonstarvation conditions
and (2) the rapid increases in GCN4-dependent
steady-state H/S4 mRNA levels following amino acid
starvation. The presence of the RAP1-binding site in
the HIS4 promoter causes a dramatic incrcase in the
micrococcal nuclcase sensitivity of two adjacent
regions within H/S4 chromatin: one region contains
the high-affinity GCN4-binding site and the other
region contains the BAS1- and BAS2-binding sites.
These results suggest that RAP1 functions at HIS4 by
increasing the accessibility of GCN4, BASI, and
BAS2 to their respective binding sites when these
sites are present within chromatin.

A Genetic Selection for General
Transcription Factors

C. Deviin
When the levels of H/S4 transcription are quantitated
by assaying the levels of B-galactosidasc from a

HIS4-lacZ fusion, a wild-type strain gives about 400
units of activity, whereas a strain containing delctions
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of the GCN4, BAS1, and BAS2 genes gives less than
one unit of activity. As a result, a strain deleted for
the three activators of H/S4 transcription is His™. We
have reverted this strain to His* with the assumption
that mutations in genes encoding general transcrip-
tional factors could result in increased H/S4 tran-
scription. This reversion analysis has identificd five
suppressor genes that permit H/S4 transcription in the
absence of GCN4, BASI1, and BAS2. We have
termed these suppressors sir genes for suppressors of
initiation of rranscription. These suppressor genes en-
code factors that affect the transcription of many
diverse genes. Two of the suppressors, SIT/ and
SIT2, arc encoded by RPB1 and RPB2, the genes for
the two largest subunits of RNA polymerase 1. All
strains containing suppressor mutations in RPBJ and
RPB2 have reduced transcription of the /NOI gene
and an inositol requirement. Mutations in S/T3 or
high-copy-number S/T3 increase HIS4 transcription
in the absence of GCN4, BASI1, and BAS2. SIT3 is
the only suppressor that suppresses when the wild-
type gene is present in high copy number. The in-
crease in HIS4 transcription by high-copy-number
SIT3 or by sit3 alleles is largely independent of the
HIS4 TATA sequence. We sequenced the SIT3 gene
and found that it is identical to GCRI, a gence pre-
viously identified as being required for high-level
transcription of almost all glycolytic enzymes (whose
combined mRNAs constitute over 50% of the mRNA
in a yeast cell).

The SIT4 protein is over 50% identical to the
catalytic subunit of bovine type-2A protein phos-
phatase. The analysis of SIT4 is discussed below. We
have recently identified a new sir complementation
group that we call sit5. DNA sequence analysis of the
SITS clone and genetic analysis have shown that sit5
mutations are mutations in the histone H2A, gene.
Experiments with the sit5 mutations show the follow-
ing: (1) At permissive temperatures, the sit5 muta-
tions cause a slow growth defect (doubling time of
about 5 hr). This was surprising because deletion of
the histone H2A| gene causes only a slight to moder-
ate growth defect. (2) The sit5 mutations cause a
rapid (within 2 hr) and reversible temperature-
sensitive growth defect at 38.4°C. At the non-
permissive tempcrature, the cells arrest with about
50% large budded cells. Again, this result is surpris-
ing since deletion of the histone H2A, gene does not
result in temperature sensitivity. (3) Deletion or over-
production of the histone 2A-2B dimer does not pro-
mote HIS4 transcription in the absence of GCN4,
BASI, and BAS2. This lack of suppression of the ab-



sence of GCN4, BASI1, and BAS2 is in contrast to
the ability of altered histone 2A and 2B gene dosage
to suppress Ty eclement insertion into the HIS4
promoter. (4) That the sit5 mutants requirc RAP1 to
promote transcription of HIS4 suggests that H2A,
may interact with RAPL. In the future, we will
determine if sit5 mutations alter the nuclcosome
positioning at the HIS4 promoter and at other
chromosomal locations. We will also determine the
sequence alteration(s) in the two sit5 alleles to see if
both alleles alter a specific region of the H2A,
protein. This information may be useful for experi-
ments to investigate specific interactions between
RAPI and H2A .

Progression from G, to S Phase
Requires the SIT4 Protein
Phosphatase

A. Sutton

Regulation of the cell cycle, most importantly the de-
cision of whether or not to initiate a new cycle, is a
major determinant of cell proliferation. For the yeast
Saccharomyces, cells that are nutritionally starved
(such as by limiting an essential nutrient in the
growth medium) or cells in a saturated culture arrest
in G,. Celis that have arrested at this point in G are
in a physiological state distinct from G, cells in ac-
tively growing cultures. In general, cells initiate a
new cycle only when they will be able to complete
the entire cycle.

Much of what is known about regulation of the
cell cycle comes from strains containing conditional
mutations that arrest in G, at the nonpermissive
temperature. Strains containing cdcl9, cde25, or
cdc35 (adenylate cyclase) arrest in G, at what seems
to be close to the nutritional arrest point (unbudded
uninucleate G, cells with no spindle pole satellites).
Conditional mutations in the CDC28 gene, which en-
codes a protein kinase, cause arrest in G; as un-
budded uninucleate G, cells containing spindle poles
with a satellite structure. This G, arrest point i
cdc28 mutants has been operationally defined as
START. Supposedly, if a normal cell passes START,
it is committed to completion of the cycle.

The SIT4 protein phosphatase was originally
identified in S. cerevisiae by mutations (sit4) that re-
store transcription to the HIS4 gene in the absence of
GCN4, BAS1, and BAS2. GCN4, BAS1, and BAS2

are trans-acting DNA-binding factors that are
normally required for H/S4 transcription. These sit4
mutations cause alterations in the transcription of
many diverse genes in addition to HIS4. Strains con-
taining transcriptional suppressor sit4 mutations grow
very slowly, are temperature-sensitive for growth,
and do not grow on nonfermentable carbon sources.
The SIT4 gene encodes a predicted protein of 35.5
kD that is 55% identical to the catalytic subunit of
mammalian type-2A PPascs and 40% identical to the
catalytic subunit of mammalian type-1 PPascs.

When strains containing the sit4 mutations are
shifted to the nonpermissive temperature, 85-90% of
the cells give a first cycle arrest as large unbudded
uninucleate cells with a single microtubule organiz-
ing center. Arrested sit4 cells have a 1n DNA content
as determined by flow cytometry analysis. Electron
microscopic analysis of serial sections of these ar-
rested cells shows a single unduplicated spindie pole
body. Although we could not determine if the single
spindle pole body had formed a satellite structure,
reciprocal shift experiments showed that strains con-
taining temperature-sensitive mutations in sir4 arrest
late in G, at or very close to START.

SIT4 associates with two high-molecular-weight
phosphoproteins. For immunoprecipitation analysis,
the SIT4 protein was tagged with a nine-amino-acid
cpitope for which a high-affinity monoclonal
antibody is available (12CAS5). Two proteins, with
apparent molecular weights of 155,000 and 190,000,
specifically coimmunoprecipitate with SIT4. Im-
munoprecipitation of extracts prepared from cells
labeled with [32PJorthophosphate shows that both
p155 and p190 are phosphorylated in vivo. In con-
trast, SIT4 is not detectably phosphorylated in vivo.
Western analysis of extracts prepared from cells syn-
chronized by cither a-factor or centrifugal clutriation
shows that the stcady-state levels of SIT4 do not vary
in the cell cycle. In contrast, the association of SIT4
with p155 and p190 is regulated in the cell cycle. To
obtain uniformly labeled cells from different stages
of the cell cycle, yeast cells containing the epitope-
tagged SIT4 protein were grown in the presence of
[?5S]methionine and then subjected to centrifugal
elutriation. Extracts were prepared from fractions
containing cells at different stages of the cell cycle.
Immunoprecipitation of SIT4 from extracts prepared
from cells in the later stages of the cell cycle contain
both p155 and p190. In contrast, p155 and p190 are
not detectable when SIT4 is immunoprecipitated
from extracts prepared from G, cells. At about the
time of the G, to S phase transition, SIT4 abruptly as-
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sociates with p155 and p190. We are currently using
a varicty of genctic approaches to identify the genes
that encode p155 and p190 (sce below).

SSD1: A Polymorphic Gene That in
Some Forms Can Permit Strains with
a Deletion of SIT4 to Live

A Sutton

A deletion of the SIT4 gene in laboratory strain W303
is lethal, and it is in this strain background that our
analysis of the role of S/T4 in the cell cycle was
carried out. Surprisingly, we have found that a dele-
tion of SIT4 in about onc half of our laboratory
strains is not lethal, although the cells grow extreme-
ly slowly. Genetic analysis showed that the ability to
grow very slowly in the absence of S/T4 segregates
as a single genetic locus, unlinked to S/T4. We have
cloned the gene that allows life in the absence of
SIT4 and term this gene SSD1 (suppressor of SIT4
deletion). Although the function of SSDI is not cur-
rently known, a variety of data implicate SSD1 in G,
control. First, the SSD1 gene has been independently
isolated in two other laboratorics, onc as a suppressor
of mutations that result in increased kinase activity of
the RAS/cAMP pathway and another as a suppressor
of an as yet unidentified (not sit4) mutation that
causes a block in the G, to S transition. Second, we
have found that strains containing a delction of SSD/
have a Whi phenotype and are hypersensitive to caf-
feine. Intcrestingly, SSDJ has significant homology
with the S. pombe dis3 gene. Cold-sensitive muta-
tions in dis3 cause mitotic arrest and result in similar
phenotypes to mutations in dis2. The dis2 gene en-
codes a type-1 phosphatase. One model for the func-
tion of SSD1 is that it is a positive regulatory factor
for SIT4 or a rclated phosphatase that targets the
phosphatasc to its substrate at a precise point in the
cell cycle. The possibility that SSD1 coimmuno-
precipitates with SIT4 is currently under investiga-
ton,

Hopefully, these approaches will identify substrates
of SIT4 or regulators of SIT4 activity. One approach
to SIT4 function is to obtain second-site suppressors
of the temperature-sensitive-arrest phenotype of sit4
strains. This analysis has identified three different
complementation groups, which we call sts/ through
sts3. At permissive temperatures, sts] mutants (in a
wild-type SIT4 background) have an unusual mor-
phology; cells arc rod-shaped rather than round and
form multiple buds. Furthermore, like strains contain-
ing certain mutations in the RAS/CAMP pathway,
diploid strains containing the sts] mutation sporulate
on rich medium. Although the sts/ mutation results in
temperature resistance in sit4 strains, strains contain-
ing sts! in a wild-type SIT4 background are tem-
perature-sensitive. Like sts] mutants, strains contain-
ing sts2 mutations grow slowly; however, the mor-
phology of these cells appears to be normal. Inter-
estingly, the presence of the sts2 mutations results in
the failure to germinate. The STS! gene has recently
been cloned and scquence analysis is in progress.
Hopefully, the STS genes have identified important
G, control proteins that relate to SIT4 function. This
possibility will be determined by biochemical and ge-
netic analyses.

Serine/Threonine Protein
Phosphatases in S. cerevisiae

F.Lin

Recent studies have shown that protein phosphatases,
like protein kinases, play important and specific roles
in cellular regulation, including cell cycle control.
Four types of scrine/threonine protein phosphatases,
PP1, PP2A, PP2B, and PP2C, arc known from
biochemical analysis of mammalian cells. These
phosphatases were grouped into these classes by sub-
strate specificities, sensitivity to various inhibitors,
and cation requirements. The catalytic subunits of
PP1- and PP2A-type phosphatases arc highly similar
and share about 50% sequence identity. S. cerevisiae
has a single PPl phosphatase, two PP2A phos-
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Isolation and Characterization of
Suppressors of Mutations in SIT4

A. Sutton

We are also investigating the role of SIT4 in progres-
sion from G, into S phase using genctic approaches.
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p and the SIT4 phosphatase. Genetic analysis
shows that the two PP2A phosphatases have largely
overlapping functions. Deletion of either one of the
PP2A gencs is viable but deletion of both genes
causes lethality. In addition, the PP1 and SIT4
phosphatases each provides essential functions for
yeast. A number of experiments implicate PP1



phosphatase in mitosis and glycogen regulation, SIT4
in transcription and G,/S phase control, and PP2A in
regulation of activation of the CDC28/cdc2 kinase.
However, cach of these phosphatases probably has
many functions, some of which have yet to be identi-
fied.

Our focus is to investigate how thesc protein
phosphatases function in ccllular regulation, especial-
ly on cell cycle control. Immunoprecipitation analysis
shows that PP1 interacts with at least eight proteins.
Experiments using mammalian cells show that a
major active form of PP1 is particulate and that the
association of the catalytic subunit with different
targeting subunits determines the in vivo specificity
of PP1. It is possible that PP1 of S. cerevisiae has
similar characteristics. Several different approaches

are in progress to define those PP1-targeting subunits
that arc required for chromosome disjoining in
metaphase and regulation of glycogen synthesis.
Similar cxperiments are in progress with the two
ycast PP2A phosphatases. In addition, we arc prepar-
ing hybrid proteins among PP, SIT4, and PP2A
catalytic subunits to define which regions of each of
these very similar proteins confer uniquencss and
subunit association.
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ARABIDOPSIS SIGNAL TRANSDUCTION

AND FLOWER DEVELOPMENT

H. Ma H. Huang

A. Tagle

The research in our laboratory includes two areas of
plant biology, both of which are based on the work
that onc us (H.M.) did with Dr. Martin Yanofsky,
when both were postdoctoral fellows in Dr. Elliot
Meycrowitz’s laboratory at the California Institute of
Technology. The first arca of research is a study of G
protein functions in plant signal transduction, starting
with isolated gene(s) coding for G protein subunits.
The second area is an analysis of genes involved in
flower morphogenesis; specifically, genes potentially
encoding transcription factors were isolated, and their
functions are now being tested using different ap-
proaches.

Plant cclls respond to a large number of external
and internal stimuli, such as light. gravity, microbes,
and hormones. Little is known about the molecular
mechanisms of plant signal transduction pathways for
these responses. One approach to the understanding
of plant signaling processes is to study homologs of
proteins known to play important roles in signal
transduction in animals and simple cukaryotes, such
as G proteins. G proteins are members of a specific
family of guanine-nucleotide-binding regulatory pro-
teins that participate in a variety of eukaryotic signal-

ing processcs, from ycasts to humans. These hetero-
trimeric proteins (¢, B, and y subunits) are associated
with the cytoplasmic side of cell membranes and
transmit signals from transmembrane receptors to ef-
fector proteins. These cffector proteins in turn pro-
duce, often through a cascade of reactions, changes in
cellular metabolism. G protein a subunits bind
guanine nucleotides and have GTPasc activity.

We belicve that G proteins play important roles in
the signal transduction processes of plants, as they do
in other cukaryotic organisms. As a first step in test-
ing this hypothesis, we set out to isolate genes encod-
ing G proteins from Arabidopsis thaliana. To begin
with, we chose the genes coding for the a-subunits
because of their highly conserved short stretches of
amino acid sequences. Using polymerase chain reac-
tion (PCR) amplification and degenerate oligonucleo-
tides, a gene (GPAJ) was isolated from A. thaliana
that encodes a G protein o subunit (Ma ct al., Proc.
Natl. Acad. Sci. 87: 3821 [1990]). We are currently
characterizing GPA] in several ways, attempting to
establish association of GPA! with particular plant
signaling pathway(s). In addition, we are continuing
to look for other G protein genes in Arabidopsis.
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Expression of GPA1
Under Heterologous
Promoters

H Ma, A Tagle

Many G protein genes arc known to be expressed in
specific cell types. Although GPAT7 is expressed in
several organs, flowers, stems, and leaves, all of
these share common cell types, for example, photo-
synthetic cells. It is possible that GPA] expression is
not constitutive, but rather in a subsct of cells in these
organs. Although we will test this directly by per-
forming more detailed analysis of the GPAT expres-
sion pattern, we would also like to mis-express GPA/
under the control of heterologous promoters, c.g., the
cauliflower mosaic virus (CaMV) 35S and heat-
shock promoters (HSPs), to obtain clues about its
function. The constitutive CaMV 35S promoter will
direct incrcased GPA! expression in many cell types.
The clevated level of the GPAI genc product may
produce visible phenotypes. To achicve inducible ex-
pression, we would like to use HSPs. Constructs
fusing 35S and HSP to GPA! cDNA were made, and
they have been used in Agrobacterium-mediated
plant DNA transformations.

We arc in the process of generating transgenic
plants, which will then first be analyzed for visible
phenotypes.

Construction and Analysis of
Mutant Alleles of GPAT

H. Huang, H. Ma

To test the function of GPA/, it would be very useful
to obtain mutations in the GPAT gene. It is technical-
ly impractical to obtain chromosomal recessive muta-
tions in Arabidopsis, starting with a cloned gene.
However, for the G protein a-subunit, conserved
residues exist that can be altered and thus can lead to
dominant mutations. We have designed mutant
oligonucleotides and have generated four mutations
using PCR amplification and a GPA/ cDNA. These
mutant gpa! alleles have now been fused to 35S and
HSP and are in the process of being fused to the na-
tive GPAI promoter. We will soon introduce these
constructs into plants by transformation, and the
phenotypes of the transgenic plants will then be ex-
amined.
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In Search of New G Protein
Genes

H Huang, H Ma

We believe that Arabidopsis, like most other charac-
terized eukaryotes, has more than one gene coding
for the G protein a-subunit. We are using two ap-
proaches to isolate additional G protein genes. PCR
amplification was chosen as the main approach in or-
der to isolate as diverse a group of sequences as pos-
sible. We have performed a preliminary experiment,
and the sequences amplified include both GPA7 and
additional sequences