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HEeLEN L. HENRY received her Ph.D. in 1970 from
Washington University, St. Louis, and did postdoc-
toral work in animal reproduction at Ohio State
University. Following further postdoctoral work at
the University of California, Riverside, she joined the
faculty and is currently a professor of biochemistry.
From 1990 to 1996, she served as Associate Dean of
Biological Sciences in the College of Natural and
Agricultural Sciences.

Dr. Henry’s laboratory has made major contri-
butions to the understanding of vitamin D metab-
olism, particularly regulation of the production of the
active vitamin D hormone by the kidney. She
pioneered the use of cell culture systems to study
renal vitamin D metabolism. A related area of
research focus is the regulation of gene expression
in the kidney by 1,25-dihydroxyvitamin Dj3. In
addition to peer-reviewed research articles, Dr.
Henry has authored chapters for the books Vitamin
D and Handbook of Physiology, as well as the article
“Vitamin D Metabolism” for this encyclopedia.

Dr. Henry was awarded a National Institutes of
Health (NIH) Research Career Development Award in
1977. She received the Fuller Albright Award from the
American Society for Bone and Mineral Research in
1984 and has served this society as a member of the
council and on several scientific program committees.
Dr. Henry has been a member of the NIH General
Medicine B Study Section (1989-1993) and the
National Science Foundation Panel on Integrative
Biology (1994-1996). She has served on the editorial
boards of several scientific journals, including Endo-
crinology, American Journal of Physiology, and
Journal of Bone and Mineral Research. She is currently
a member of the Endocrine Society, the American
Society of Biochemistry and Molecular Biology, the
American Society for Bone and Mineral Research, and
the American Institute of Nutritional Sciences.

ANTHONY W. NORMAN
University of California, Riverside

ANTHONY W. NORMAN received an A.B. from Oberlin
College in 1959, and an M.S. and Ph.D. in
biochemistry in 1961 and 1963, respectively, from
the University of Wisconsin, Madison. Following

postdoctoral work in Paul D. Boyer’s group at UCLA,
in 1964 he joined the Department of Biochemistry at
the University of California, Riverside, as an assistant
professor. From 1976 to 1981, he served as chair of
the department and currently holds a Presidential
Chair and is a Distinguished Professor of Biochem-
istry and Biomedical Sciences. Dr. Norman has also
been active for some 25 years in medical education on
the UC Riverside campus and at UCLA through
participation in the UC Riverside/UCLA Program in
Biomedical Sciences, of which he was Dean and
Director from 1986 to 1991.

Dr. Norman’s biomedical research career has
focused on the mechanism of action of the vitamin
D family of steroids. His chief contributions to these
areas of cellular and molecular endocrinology have
played a pivotal role in defining the boundaries of this
research domain via discoveries that have opened
new areas of investigation. The first of these was the
discovery in 1968, and chemical characterization in
1971, of the hormonally active form of vitamin D,
10,25(OH);,-vitamin Dj. Subsequent achievements
include the discovery and characterization of the
nuclear receptor for 1a,25(OH),D3, the clinical
evaluation of 1¢,25(OH);,D3 in renal osteodystrophy,
articulation of the concept of the vitamin D
endocrine system, the importance of 1,25(0OH),D;
to insulin secretion, and the discovery of a new
rapid, nongenomic, signal transduction process for
1a,25(0OH),Ds.

Dr. Norman has been the recipient of awards that
include a Fulbright Fellowship, 1970; Public Health
Service Career Development Award, 1970; Mead
Johnson Award, American Institute of Nutrition,
1977; Ernst Oppenheimer Award, Endocrine Society,
1977; Visiting Lecturer, Australian Society of Endo-
crinology, 1978; Visiting Faculty Member, Mayo
Clinic, 1981; Prix Andre Lichtwitz (INSERM, Paris,
France), 1981; Faculty Research Lecturer, UC River-
side, 1982; MERIT Award from National Institutes of
Health, 1986; David Curnow Plenary Lecturer,
Australian Society for Clinical Biochemistry, 1989;
Osborne and Mendel Award, American Institute of
Nutrition, 1990; Visiting Professor, Catholic Univer-
sity of Leuven, Belgium, 1992; William F. Neuman
Award, American Society for Bone and Mineral
Research, 1995; Fellow of American Association for
the Advancement of Science, 1995; and Visiting
Professor, Department of Biochemistry, UC San
Francisco/Presidential Chair in Biochemistry, UC
Riverside, 1999.



ANTONY W. BURGESS
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Australia

ANTONY W. BURGESS has had an interest in protein
chemistry since his early studies on the conformation-
al determinants of peptides and proteins. He received
a Ph.D. at the University of Melbourne; after
postdoctoral studies at Cornell University and the
Weizmann Institute between 1972 and 1974,
Dr. Burgess returned to Australia, to the Walter and
Eliza Hall Institute, to study the growth factors that
stimulate blood cell formation. He and his colleagues
purified the first colony-stimulating factor (CSF) and
discovered growth and differentiation factors con-
trolling the development of blood cells. This work led
to the molecular cloning of a CSF and the initial
clinical studies with recombinant forms of these
factors.

Dr. Burgess was involved in the detection and
biology of the cell surface receptors for the CSFs
before taking up studies on the epidermal growth
factor (EGF)/receptor system. These studies have
contributed to the understanding of the three-
dimensional structure of EGF and its receptor, as
well as the mechanisms associated with signal
transduction from the different EGF receptor com-
plexes. At present, Dr. Burgess is attempting to
develop improved approaches to cancer therapy
through the use of EGF receptor inhibitors. He has
an active research program on the molecular basis of
colon cancer, in particular the biology and molecular
biology of the apc protein.

Presently on staff at the Ludwig Institute for
Cancer Research in Melbourne, Dr. Burgess is a
committee member of the ARC Selection Committee
for Centres of Excellence, a past president of the
Australian Society for Biochemistry and Molecular
Biology, a former chairperson of the Board of the
Biomolecular Research Institute, a former board
member of the International Society of Differen-
tiation, and a former World Committee member
of the Society for Research into Comparative
Leukemic and Associated Diseases. He has been
awarded honors that include the Australian Acad-
emy of Science Gottschalk Medal, 1981; Australian
Academy of Science Fellow, 1993; the Amgen Prize,
1996; Companion of the Order of Australia, 1998;
and the MOG/AMRAD Cancer Achievement
Award, 1999.

P. MicHAEL CONN
Oregon National Primate Research Center,
Beaverton, Oregon

P. MicHAEL CONN is Associate Director and Senior
Scientist of the Oregon National Primate Research
Center and Special Assistant to the President and
Professor of Physiology and Pharmacology at Oregon
Health and Science University. After receiving a B.S.
and teaching certification from the University of
Michigan in 1971, an M.S. from North Carolina
State University in 1973, and a Ph.D. from Baylor
College of Medicine in 1976, Dr. Conn did a
fellowship at the NIH/National Institute of Child
Health and Human Development. He then joined the
faculty in the Department of Pharmacology at Duke
University Medical Center, where he was promoted to
Associate Professor in 1982. In 1984, he became
Professor and Head of Pharmacology at University of
Iowa College of Medicine, a position he held for 11
years.

Dr. Conn is presently Editor-in-Chief of Endo-
crine, Methods, Contemporary Endocrinology, and
Contemporary Drug Therapy; prior Editor-in-Chief
of Endocrinology, Molecular and Cellular Neuro-
sciences, Methods in Neuroscience, and Recent
Progress in Hormone Research; and prior Editor of
Journal of Clinical Endocrinology and Metabolism.
He has edited texts in the fields of pharmacology
(Essentials of Pharmacology), neuroscience (Neuro-
science in Medicine), neuroendocrinology (Neuro-
endocrinology in Physiology and Medicine),
endocrinology (Endocrinology: Basic and Clinical
Principles), and molecular endocrinology (Principles
of Molecular Regulation), as well as more than 100
volumes in endocrinology and neuroscience.

Best known for his research in the area of
neuroendocrinology, Dr. Conn has focused on the
cellular basis of action of gonadotropin-releasing
hormone action in the pituitary and central nervous
system. He has authored or coauthored nearly 300
publications in this area. The work of his laboratory
has been recognized with the MERIT Award from the
NIH, the J.J. Abel Award of the American Society for
Pharmacology and Experimental Therapeutics, the
Weitzman and Oppenheimer awards of the Endocrine
Society, the National Science Medal of Mexico
(the Miguel Aleman Prize), and the Stevenson Award
of Canada. Dr. Conn has served on the National
Board of Medical Examiners, including two years as



Chairman of the Reproduction and Endocrinology
Committee, and is a previous member of council
for the American Society for Cell Biology and a
past president of the Endocrine Society. Conn is a
member of the Mexican Institute of Medicine and an
honorary investigator of the Mexican Institute of
Social Security.

GEORGE H. GREELEY, JR.
University of Texas Medical Branch, Galveston,
Texas

GEORGE H. GREELEY, Jr. earned his Ph.D. in endocrin-
ology at the Medical College of Georgia in 1974 and
was recently recognized by the school as alumni of the
year. Dr. Greeley did postdoctoral training in neuro-
endocrinology at the University of North Carolina in
Chapel Hill. Presently, he directs an internationally
recognized research program in physiology of gastro-
intestinal hormones in the Department of Surgery at
the University of Texas Medical Branch in Galveston.

Dr. Greeley has authored or coauthored more than
190 peer-reviewed journal articles and serves on the
editorial boards of Endocrinology, American Journal
of Physiology, and Regulatory Peptides. His primary
areas of research include feedback mechanisms
underlying regulation of gut hormone secretion, a
new stomach hormone called ghrelin, and luminal
regulation of cholecystokinin (CCK) secretion.
Honors awarded Dr. Greeley include the NATO
Collaborative Research Grant, 1989 to present;
Invited Participant, Second Galveston International
Symposium, Galveston, Texas, 1989; Invited Partici-
pant, International Conference of Gut Hormones,
Shizuoka, Japan, 1993; Mentor in the APS-NIDDK
Travel Fellowship Program for minority students,
Experimental Biology Meetings, 1995, 1996; and
Mentor, American Gastroenterological Association,
Endocrine Society, Summer Student Research Fellow-
ship Recipients, 1995-1998.

MARTIN J. KELLY
Oregon Health and Science University, Portland,
Oregon

MARTIN J. KELLY is a professor of physiology and
pharmacology at Oregon Health and Sciences Uni-
versity (OHSU). He obtained his Ph.D. in 1976
from the University of Texas Southwestern Medical
School in Dallas and did his postdoctoral training at

the Max Planck Institute for Biophysical Chemistry
(1976-1979). In 1980, Dr. Kelly joined the Depart-
ment of Physiology at the University of Pittsburgh
School of Medicine and moved to OHSU in 1982. His
area of research is the cellular neurophysiology and
neuropharmacology of hypothalamic neurons that
control neuroendocrine functions, motivation, and
reward in the female. Dr. Kelly has been the recipient
of two research scientist development awards from
the NIH, the Research Career Development Award
from the National Institute of Child Health and
Human Development (1987-1992), and the
Research Scientist Development Award from the
National Institute on Drug Abuse (1994-1999).

Dr. Kelly was the first to demonstrate rapid
signaling of estrogen in the central nervous system
and to show how it alters reproductive function in the
female. In particular, he found that 17B-estradiol can
directly alter the excitability of gonadotropin hor-
mone-releasing hormone (GnRH) neurons, which are
critical for the control of female reproduction. He also
found that the rapid activation by estrogens of protein
kinase activity in hypothalamic opioid and dopamine
neurons alters the coupling of neurotransmitter
receptors to their effector systems (e.g., channels) in
the female. These results have significant ramifications
in terms of stress responses, appetite control, fluid
balance, and motivated behaviors, and may explain
many of the gender differences in these functions.

Dr. Kelly and colleagues are also interested in
characterizing the membrane properties of proopio-
melanocortin (POMC), dopamine, and GnRH neur-
ons in males and females, and the effects of
neurotransmitters on these neurons. Using guinea
pigs and transgenic mice as models, they are trying to
identify the phosphorylated target proteins that are
altered by neurotransmitters and steroids in hypo-
thalamic neurons that are critical for the control of
neuroendocrine functions, motivation, and reward in
the female. Dr. Kelly’s recent manuscripts include
“Rapid Actions of Plasma Membrane Estrogen
Receptors” with E. R. Levin in Trends in Endocrin-
ology and Metabolism and “Rapid Membrane Effects
of Estrogen in the CNS” with O. K. Rennekleiv in the
Academic Press book Hormones, Brain and Behavior.
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PAUL B. LARSEN received his Ph.D. from Purdue
University in 1994, did postdoctoral work at Cornell
University (1994-1997) and at the University of



Maryland (1997-2000), where he was also a U.S.
Department of Agriculture Fellow. Dr. Larsen is
presently an assistant professor of biochemistry in
the College of Natural and Agricultural Sciences at
the University of California, Riverside.

Dr. Larsen’s laboratory focuses on two topics of
plant biology. The first deals with the elucidation of
the mechanism responsible for the signal transduction
of ethylene, a plant hormone that regulates many
physiological processes throughout plant growth and
developement. Using Arabidopsis thaliana as a model
genetic system, he has been responsible for identifi-
cation of novel components of the ethylene signaling
pathway, an approach that may ultimately give the
means to better control such ethylene-regulated
processes as fruit ripening, tissue senescence, and
induction of pathogen defenses. Additionally, Dr.
Larsen’s group is exploring the mechanisms that
plants utilize to cope with abiotic stress, particularly
that of aluminum toxicity in acid soil. Aluminum
toxicity in acid soils is a global problem limiting crop
productivity for more than 30% of agriculturally
available land. As for ethylene signaling, Dr. Larsen is
also using Arabidopsis as a model system for
identification of genes that are required for plant
growth in aluminum toxic environments.

Dr. Larsen has presented papers in his areas of
expertise at prestigious seminars at Cambridge
University and at the American Society of Plant
Physiologists and has authored or coauthored a
number of articles published in scientific journals
such as Plant Physiology, Plant Molecular Biology,
and the Proceedings of the National Academy of
Science. He also authored the article, “Ethylene” in
this Encyclopedia of Hormones.

WARREN J. LEONARD
National Institutes of Health, Bethesda, Maryland

WARREN J. LEONARD is Chief, Laboratory of Molecu-
lar Immunology, at the National Heart, Lung, and
Blood Institute of the National Institutes of Health.
Dr. Leonard was a pioneer in the interleukin-2 field,
having cloned the IL-2 receptor « chain in 1983. Dr.
Leonard has published more than 200 articles and
reviews, most of which are related to the IL-2 family
of cytokines. His main research focus relates to IL-2
and other cytokines with receptors that contain the
common cytokine receptor 7y chain, yc, which Dr.
Leonard’s group demonstrated is the protein that is
mutated in X-linked severe combined immunodefi-
ciency. He demonstrated that this is a disease of

defective cytokine signaling and that mutations in the
Janus family tyrosine kinase, Jak3, which associates
with yc, cause a similar clinical phenotype. Most of
his research focuses on signal transduction and gene
regulation related to yc-dependent cytokines.

Dr. Leonard is currently Vice President and
President-elect of the International Cytokine Society,
a member of the American Association of Immunol-
ogists, American Society for Clinical Investigation,
and the American Association of Physicians, and a
fellow of the American Association for the Advance-
ment of Science. He is a current or past member of
major editorial boards, including Immunity, Journal
of Immunology, Journal of Biological Chemistry, and
Cytokine. He has helped organize major international
meetings in the cytokine field, including a Keystone
Symposium and an annual meeting of the Inter-
national Cytokine Society. Dr. Leonard has received
a number of major awards, including the Outstanding
Investigator Award of the American Federa-
tion for Clinical Research Foundation. (Note that
Dr. Leonard’s contributions to this book were per-
formed in his private capacity, and the contents of this
book do not necessarily reflect the views of NIH.)

GERALD LITWACK
Thomas Jefferson University College of Medicine,
Philadelphia, Pennsylvania

GERALD LITWACK obtained his Ph.D. in biochemistry
from the University of Wisconsin in 1953. After a
postdoctoral year at the Biochemical Laboratories of
the Sorbonne in Paris, he spent the early part of his
academic career at Rutgers University and the
University of Pennsylvania, where he was the
recipient of a National Institutes of Health Career
Development award. In 1964, Dr. Litwack became
Professor of Biochemistry at the Fels Institute for
Cancer Research and Molecular Biology at Temple
University School of Medicine. In the 1980s, he
became Deputy Director of the Institute and Laura H.
Carnell Professor of Biochemistry and received the
Faculty Research Award of Temple University.

In 1991, Dr. Litwack moved to the Jefferson
Medical College as Chairman of the Department of
Pharmacology and Deputy Director of the Jefferson
Cancer Institute (now the Kimmel Cancer Institute),
an appointment he continued when, in 1996, he
became Chair of the newly fused Department of
Biochemistry and Molecular Pharmacology and
Associate Dean for Scientific Affairs. In 2000, he
was appointed Vice Dean for Research.



Dr. Litwack’s research has centered on regulation,
particularly by hormones, and, during the past 15
years, the mechanism and regulation of apoptosis.
The Litwack laboratory group characterized the
mammalian glucocorticoid receptor and co-discov-
ered “ligandin,” subsequently found to be the
glutathione S-transferase family of enzymes. Dr.
Litwack has published more than 300 papers in
these areas and is a co-discoverer on several patents
covering many of the caspases in the apoptotic
cascade. His service includes participation on scien-
tific advisory boards (the Diabetes Center of the
University of Pennsylvania) and on grant review
panels of the National Science Foundation, National
Institutes of Health, U.S. Army, Israel Cancer
Research Fund, and American Cancer Society. His
editorial board service includes Endocrinology, Can-
cer Research, Anticancer Research, Oncology
Research, Proceedings of Experimental Biology and
Medicine, Journal of Nutrition, Growth and Cancer,
ISI Atlas of Science, Cancer Communications,
Chemtracts, Oncology Reports, Critical Reviews in
Eukaryotic Gene Expression, and Apoptosis.

The books and publications Dr. Litwack has
authored, coauthored, or edited include Experimen-
tal Biochemistry (1960, John Wiley & Sons),
Biochemical Actions of Hormones (1970-1987,
Academic Press, a serial in 14 volumes), Actions
of Hormones on Molecular Processes (1964, Aca-
demic Press), Receptor Purification (1989-1990,
Humana Press), Receptor (renamed Receptors &
Signal Transduction; 1990-1998, a journal founded
by G. Litwack and Editor-in-Chief, Humana Press),
Hormones (1987, 1997, Academic Press), and Vita-
mins and Hormones (Academic Press, the publisher’s
longest running serial).

ALEXANDER S. RAIKHEL
University of California, Riverside

ALEXANDER S. RAIKHEL is Professor at the University
of California, Riverside. He received his Ph.D. in
1975 from the Zoological Institute of the Academy of
Science in St. Petersburg, Russia. Dr. Raikhel is the
leading authority in molecular endocrinology of
insects. His research focuses on endocrine control of
insect reproduction. In particular, he and his collab-
orators have elucidated a complex network of nuclear
receptors that mediate the action of a steroid
hormone ecdysone in gene activation and repression
during egg maturation in mosquitoes.

Dr. Raikhel is the author of more than 100
research papers and reviews on molecular aspects of
insect reproduction. He has served as a member of the
World Health Organization Advisory Committee and
has organized several symposia on the topic of insect
reproduction and endocrinology, including several
Keystone Symposia in Molecular Insect Science. He is
the recipient of numerous awards for his research
achievements. Dr. Raikhel is Editor-in-Chief of
Insect Biochemistry and Molecular Biology and is a
member of the editorial board of Annual Reviews of
Entomology.

R. PAuL ROBERTSON
University of Washington, Seattle, Washington

R. PAUL ROBERTSON, M.D. is President, Scientific
Director, and CEO of the Pacific Northwest Research
Institute. He became Professor of Medicine and
Pharmacology at the University of Washington in
1980, where he received most of his postgraduate
training. He has been elected into membership of the
American Society for Clinical Investigation and the
Association of American Physicians.

Dr. Robertson has been Editor-in-Chief of Dia-
betes, the research journal of the American Diabetes
Association, and is currently on the editorial board of
the Journal of Biological Chemistry. Honors received
by Dr. Robertson include the endowed Pennock Chair
for Diabetes Research at the University of Minnesota,
Banting and Best Lecturer at the Joslin Clinic, the
Moses Barron Award of the Minnesota Affiliate of the
American Diabetes Association, and the Albert
Renold Award of the American Diabetes Association.
He has published more than 260 manuscripts with
primary emphasis on beta cell function in humans,
animals, and clonal cell lines. His most recent research
activities are centered on studies of glucose toxicity of
the beta cell as seen in type 2 diabetic patients. He is
also very active in studies of the metabolic conse-
quences of successful pancreas and islet transplan-
tation in patients with type 1 diabetes mellitus.

CHARLES EUGENE ROSELLI
Oregon Health and Science University, Portland,
Oregon

CHARLES EUGENE ROSELLI is a professor in the
Department of Physiology and Pharmacology at the
Oregon Health and Science University, where he has



been on the faculty since 1985. He received his Ph.D.
in 1981 from Hahnemann University in Philadelphia,
Pennsylvania, and did his postdoctoral training at the
Oregon Regional Primate Research Center (1981-
1984). Dr. Roselli’s research focuses on the neuro-
biological activity of androgens. His work has
contributed to an integrated understanding of the
subcellular signaling pathways, the steroid-sensitive
brain circuitry, and the neurochemical mechanisms
that are responsible for the behavioral and neuro-
endocrine actions of androgens.

A major emphasis of Dr. Roselli’s research has
been directed at the characterization of the aromatase
(CYP19, or estrogen synthetase) signaling pathway in
neural tissue, characterizing the distribution and
regulation of CYP19, and defining its role in neural
development, adult reproductive behavior, and gon-
adotropin secretion. Dr. Roselli and his colleague Dr.
Resko were the first to demonstrate that androgens
regulate their own efficacy in the mammalian brain
through androgen receptor-dependent positive feed-
back of the aromatization pathway. His research also
demonstrated for the first time that gender differences
in neural responsiveness to androgens are expressed
at the subcellular level through the differential
expression of androgen receptors and aromatase.
Dr. Roselli and collaborators recently identified a
sexually dimorphic preoptic nucleus in the ovine
brain and found that the volume of this nucleus
correlates with sexual partner preference in rams.
They are currently studying the neuroendocrine and
neuroanatomical basis of naturally occurring vari-
ations in sexual partner preference.

EvanN R. SimPsoN
Prince Henry’s Institute of Medical Research,
Clayton, Australia

EvaN R. SIMPSON began his career in 1964 and is
presently Director of Prince Henry’s Institute of
Medical Research of Monash University, Australia.
Historically, Dr. Simpson’s research has been in three
major fields: the regulation of steroid hormone
biosynthesis in the adrenal cortex and in the ovary,
the role of lipoprotein cholesterol as precursor for
steroid hormone biosynthesis, and the study of
estrogen biosynthesis, in particular the regulation of
biosynthesis of the enzyme aromatase, responsible for
the biosynthesis of estrogens. Most recently, Dr.
Simpson’s research group developed the aromatase
knockout mouse as a model of estrogen insufficiency.

This has provided insights into the role of estrogens in
the physiology and pathophysiology of both males
and females, revealing many unexpected and non-
sexually dimorphic roles for estrogens unrelated to
sexual differentiation or reproduction.

Dr. Simpson has authored more than 300 peer-
reviewed articles and some 70 book chapters and
nonreviewed publications. He has been a featured
speaker at events ranging from closed workshops
such as the Wyeth Ayerst sponsored symposium on
Frontiers in Estrogen Action to international and
national society meetings. Currently, he is Chairman
of the International Organizing Committee of the
International Congress of Hormonal Steroids and
Hormones and Cancer, and until last year was
Chairman of the International Aromatase Confer-
ence. In 1998, he was Chairman of the Program
Organizing Committee of the U.S. Endocrine Society
Annual Meeting. He is a member of the council of the
Endocrine Society of Australia, Editor-in-Chief of the
Journal of Molecular Endocrinology, and Associate
Editor of Endocrine Reviews.

Dr. Simpson’s honors and awards include the
Transatlantic Medal Lecturer for the U.K. Society for
Endocrinology in 1990, and in 2003 he is the society’s
Asia and Oceania Medal Lecturer; he received the
President’s Scientific Achievement Award from the
Society for Gynecological Investigation (United
States). He has been a guest lecturer at several
institutions, including the University of Western
Ontario, the University of Kansas, and Johns
Hopkins University, and at Princess Takematsu’s
Annual Symposium on Breast Cancer in Tokyo.

GUuIDO VERHOEVEN
Catholic University of Leuven, Leuven, Belgium

GUIDO VERHOEVEN was born in Antwerpen, Belgium,
on March 26, 1945. In 1970, he completed medical
studies at the Catholic University of Leuven, Belgium,
and in 1974 obtained a Ph.D. from the same
institution. He is a Registered Specialist in Clinical
Chemistry with authorization for nuclear medicine
in vitro. In 1974, he received a Biomedical Fellowship
of the Population Council in New York and worked
for one year in the laboratory of Professor Jean
D. Wilson at the University of Texas Southwestern
Medical School in Dallas on the problem of androgen
insensitivity syndromes. Professor Verhoeven
received several postdoctoral fellowships from the
National Fund for Scientific Research from Belgium



and became Full Professor at the Catholic University
of Leuven in 1986, where he teaches pathophysiology
and general medicine both at the Medical School and
at the School for Pharmacy.

Professor Verhoeven has been Chairman of the
Department of Developmental Biology for 14 years.
He is Full Member of the Belgian Royal Academy of
Medicine and has served in a variety of capacities
within the scientific community. These include
Secretary of the Belgian Contact Group on Steroid
Hormones and Secretary and Vice President of the
Belgian Society for Endocrinology. He is a member of
the Endocrine Society, an academician of the Euro-
pean Academy of Andrology, and a member of the
Permanent Scientific Committee of the European
Testis Workshops. In 1984, he organized the 8th
European Workshop on the molecular and cellular
endocrinology of the testis in De Panne, Belgium.
Professor Verhoeven’s main research interests are
cell-cell interactions and androgen action in the
testis, and androgens and the control of proliferation
and differentiation in the normal prostate and in
prostate tumor cells. In recent years, his research has
increasingly focused on prostate cancer. Professor
Verhoeven has published nearly 200 papers in inter-
national peer-reviewed journals.

NanNcy L. WEIGEL
Baylor College of Medicine, Houston, Texas

NANCY L. WEIGEL earned undergraduate degrees at
Cornell University and a Ph.D. from Johns Hopkins
University. Dr. Weigel was named a National
Institutes of Health Postdoctoral Fellow (1979-
1981) and a Searle Scholar (1983-1986). Following
postdoctoral work in steroid receptors, she joined the
faculty of Baylor College of Medicine, where she is
presently a professor in the Department of Molecular
and Cellular Biology.

Dr. Weigel is engaged in a variety of research
projects, including the regulation of human steroid
receptors by phosphorylation, the role of androgen
receptors in prostate cancer, and the effects of vitamin
D on both bone loss and prostate cancer. She has
authored or coauthored more than 100 scientific
journal publications. Her manuscripts are also
included in a number of books: Gene Regulation by
Steroid Hormones (1982, Springer-Verlag), Mechan-
isms of Steroid Action (1981, Macmillan Press Ltd.),

Methods in Enzymology (1982, Academic Press),
Steroid Hormone Receptors, Structure and Function
(1983, Elsevier), Laboratory Methods Manual for
Hormone Action and Molecular Endocrinology,
(1989, Houston Biological Associates), Receptor
Purification (1990, Humana Press), Endocrinology,
4th Edition (2000, Saunders Company), and
Encyclopedia of Molecular Medicine (2002, Wiley
and Sons).

Dr. Weigel has served on a number of review
panels and editorial boards and has participated in
many invited lectures around the United States and
Europe, most recently for the fifth consecutive year at
Frontiers in Reproduction in Woods Hole, Massa-
chusetts. She has chaired the American Cancer
Society Tumor Biochemistry and Endocrinology
Study Section, is an editorial board member for
Steroids, Endocrinology, and Journal of Biological
Chemistry, and is a member of the Endocrine
Society, the American Association for Cancer
Research, Women in Cancer Research, the American
Society for Bone and Mineral Research, the
American Society for Biochemistry and Molecular
Biology, the American Association for the Advance-
ment of Science, and Women in Endocrino-
logy, serving as Secretary—Treasurer from 1998
until 2001.

Roy E. WE1ss
University of Chicago, Chicago, Illinois

Roy E. WEIss is Professor of Medicine at the
University of Chicago and is Associate Director of
the Clinical Research Center. Since the mid-1980s,
Dr. Weiss has been involved in efforts to understand
the molecular basis of thyroid hormone action. As an
active clinician, educator, and molecular biologist, he
has studied the clinical and physiological abnormal-
ities in patients with the syndrome of resistance to
thyroid hormone, to understand mutant thyroid
hormone receptor isoform and cofactor interaction.
Dr. Weiss was the first to demonstrate that this
syndrome could be diagnosed at birth and the effect
of treatment on outcome. Dr. Weiss has also demon-
strated the importance of nuclear coactivators in
thyroid hormone action in vivo. Currently, he is
working on understanding the basis for resistance to
thyroid hormone in patients with normal thyroid
hormone receptors.



FOREWORD

The discipline of endocrinology was born with the
discovery of hormones, but the concept of endocrin-
ology has been substantially expanded by the more
recent discovery of paracrine and autocrine regula-
tors. The field of hormone action was formed to
understand the molecular mechanisms by which
hormones act in cells, and continues to expand
explosively. In the late 1960s, the prevailing view of
hormone action ranged from effects on membrane
transport of nutrients and precursors for RNA and
protein synthesis to effects on the translation of
mRNA at the level of ribosomes. Nevertheless, a
cadre of voices predicted a possible nuclear action on
mRNA synthesis. These voices were correct in that
steroid hormones, acting via their receptors, indeed
were proved to regulate gene transcription. To the
best of my knowledge, the first paper to be presented
at the national endocrine meetings in a new field of
hormone action was in 1967, and it dealt with
hormonal stimulation of oviductal protein synthesis.
It was about this time that a small group of scientists
interested in hormone effects in cells attended a
Gordon Conference in New Hampshire; this was one
of the first conferences to focus an entire program on
hormone action and mechanisms. The attendees were
primarily involved in aspects of steroid hormone and
thyroid hormone actions; peptide hormone action
was yet to experience its own birth and a similar
expansive growth. Only a short time previously,
Elwood Jensen had discovered the estrogen-binding
protein that eventually became the “estrogen recep-
tor,” thus it was logical that the conference dealt
mainly with steroid receptors; there were also a few
papers presenting data that steroid hormones could
induce specific enzyme/protein synthesis in target
cells. The mechanisms of these effects were the subject
of great debate at this first conference on steroid
hormone action, a meeting that persists to this day in
New England each summer.

Following the monumental discovery of peptide
immunoassays, workers in the peptide field were
immersed in the work of measuring hormones,
ranging from insulin, to luteinizing hormone, to
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follicle-stimulating hormone, to thrytropin-releasing
hormone, to growth hormone, to name a few. For
over a decade, little attention was given to the more
difficult task of understanding the functions of their
receptors and intracellular signaling pathways.
Nevertheless, the advent of this assay methodology,
including the ability to synthesize radiolabeled pep-
tide hormones, eventually allowed the identification
and quantification of cell surface receptors for
peptide and amine-containing hormones. The time
of this application was about 1970. Researchers
demonstrated that cAMP levels were induced in
concert with ligand occupation of certain membrane
receptors, and the second messenger cAMP was
postulated to initiate intracellular phosphorylation
of unknown targets. At this point, the field of peptide
hormone action also was born.

The two distinct but related fields, steroid
hormone action and peptide hormone action, devel-
oped together for much of the next decade. Hormone
action conferences invariably contained talks on both
types of receptors and progress was rapid and in
concert with the development of molecular biology.
In the steroid field, progress was more rapid initially,
but by the mid 1980s, the peptide field attained equal
mechanistic status.

Investigators of steroid hormone action concen-
trated on first understanding the “pathway of action”
for their hormones. Scientists looked for model
systems showing large responses to steroids. One
approach was to assess changes in enzyme levels in
cultured cells. The intact chicken oviduct was another
of the more notable systems, in that regard because of
the ability of sex steroids (estrogen, progesterone) to
induce large increases both in certain egg-white
proteins and in their respective mRNAs. Viral proteins
also were shown to be induced by glucocorticoids. The
finding that purified steroid receptors could bind to
DNA directly led to a new understanding of the
pathway of steroid, to intracellular receptor, to DNA,
to mRNA, to protein, and to function. Still, many
complexities remained to be sorted out when the
receptor cDNAs were cloned in the 1980s.
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Our concept of hormones expanded considerably
with the advent of growth factors and cytokines.
Arguably, the myriads of growth factors only
represent an additional list of peptidelike hormones
that often act within the tissue of their origin; they
have a strong predilection for growth and cell cycle
control. Cytokines have both local and distal actions
and are particularly oriented to processes such as
smooth muscle function and inflammation and
apoptosis.

For a decade, it seems as if the peptide action
researchers were unduly fixated on cAMP induction
and protein kinase A activation. The complexity of
signaling pathways emanating from membrane recep-
tors increased logarithmically with the discovery of
the numerous protein kinases that phosphorylated
serine and tyrosine, the kinase-kinases, the phospha-
tases, the calcium and diacylgycerol regulators, and
the regulators of all of the phosphorylation inter-
mediates. The types of receptors that proliferated
ranged from seven membrane (protein kinase A),
growth factors (tyrosine kinase, protein kinase C),
cytokine, and eventually even chemokine in nature.
The appreciation of G-proteins as upstream targets of
the cAMP pathway was key to eventual solutions of
the signaling cascade. The discoveries of the ras/raf
pathway for mediating the effects of mitogens, and
the JAK/Stat pathway as mediator for cytokines and
certain peptide hormone effects, were also important
milestones in unraveling signal transduction in
eukaryotic cells. The realization that CREB and Stat
proteins were regulatable transcription factors that
eventually acted on DNA united the steroid—peptide
fields, in part, at the level of the nucleus. That order
was made out of apparent chaos is a striking tribute
to the intellectual prowess and perseverance of the
workers in this field. Most importantly, the signaling
pathways emanating from the membrane have
brought new insights to pathologies such as cancer,
and have led to an explosive development of new
pharmaceutical stimulators and inhibitors, with good
promise for therapies of neuropsychiatric disorders,
cancer, and other human disorders.

After a consolidation period in the 1970s, the
steroid action field heated up again with the cloning of
the steroid, thyroid, vitamin D, and retinoic receptors.
Certain unpredictable events occurred. Investigators
began to clone (by cross-screening) numerous mol-
ecules that were similar to steroid receptors, but that
were not known to be activated by an existing ligand.
The term “orphan receptors” was born and the
deduction was made that the steroid receptors were
part of a giant superfamily of nuclear receptor
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transcription factors, numbering 48 in humans. The
availability of cloned ¢cDNAs and other reagents
allowed mutational analyses of receptors, followed by
their reintroduction into cells to monitor effects on
synthetic reporter genes; structure—function relation-
ships proved the existence of receptor domains for
transcriptional activation, nuclear translocation, and
DNA binding. Now at a frenetic pace, information on
dimeric DNA binding and heterodimeric partners
(retinoic acid X receptor), receptor crosstalk with
peptide pathways, ligand-independent receptor acti-
vation, and receptor phosphorylation was accumu-
lated. More definitive appreciation of the biology of
classical and orphan receptors was accomplished by
the emerging transgenic technologies and gene knock-
out strategies. The ability to screen for new ligands for
orphan receptors extended the range of hormones to
lipids (peroxisome proliferator-activated receptors)
and other previously unsuspected metabolic regula-
tors. The yearly stream of publications on the
physiology of orphan receptors and their novel
ligands continued to bring excitement and more
expansion to the field. Pharmaceutical companies
salivated at the possibilities of new drugs acting at the
nuclear level. The tamoxifen paradox (it acts in one
tissue as an agonist and in another as an antagonist)
provided encouragement for the generation of a
successful search for selective receptor modulators
that contain tissue- and function-specific profiles.

Still, the field clamored for a greater molecular
understanding of how the nuclear receptors worked
at the level of DNA. The discovery of receptor-
associated regulatory proteins provided this missing
link and changed the field of hormone action
further. We moved from a situation wherein many
believed that intracellular receptors carried out the
transcriptional regulation inherent to the actions of
steroid/thyroid hormones and vitamins, to an under-
standing that the receptor-associated “coregulators”
are the primary mediators of this genetic response.
We now know that the receptor co-activators act
as powerful transducers of hormone action, either
through inherent enzyme activities or by serving as a
scaffold for recruitment of additional co-activator
proteins. The coregulators can be divided loosely into
two camps: co-activators and co-repressors. Taken
together, these molecules mediate the two main
tasks of receptors: stimulation and repression of
gene expression.

It is perhaps fitting that a burst of recent attention
has focused again on the membrane, where both
steroids and their receptors have been postulated to
have biologically important effects. Actions of nuclear
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receptors, and also of free hormones binding to
traditional membrane receptors or ion channels, are
likely to be of increasing future interest to workers
investigating hormonal function. In this respect,
we have traveled full circle. I have no doubt that
the future will see many additional examples of
membrane reinforcement of nuclear gene regulation,
of important ligand-independent activities of recep-
tors initiated at the membrane, and of pathway
crosstalk among the varieties of hormones and their
intracellular pathways.

These volumes of the Encyclopedia of Hormones
represent one of the most ambitious projects com-
pleted to date in the field of hormones and their
actions. The Editors have assembled articles that
address a full spectrum of the biology and cellular
physiology of numerous hormones and their actions
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in many species. This effort allows the reader the
opportunity to survey the state of both membrane
receptor-initiated signaling and nuclear receptor-
initiated signaling from the viewpoints of a wide
variety of leading investigators. The history and
breadth of this field are evident within the articles of
these volumes. The ambitious project will stand
as a major reference source for the field, and
I predict that readers will have no problem
savoring the current rapid progress and heightened
excitement that exists in this vast field of molecular
endocrinology.

BERT W. O’MALLEY

Thompson Professor and Chair
Department of Molecular and Cellular Biology,
Baylor College of Medicine Houston, Texas



PREFACE

The publication of the Encyclopedia of Hormones is
intended to provide a comprehensive reference work
on all known hormones in vertebrate animals, insects,
and plants. The list of classical hormones that had been
discovered and characterized over the interval from
1914 to 1985 numbered approximately 55; however,
as a consequence of the application of modern
chemical characterization techniques and molecular
biology methodology, this list now exceeds 150 and is
still expanding. In fact, during the production interval
for the Encyclopedia, several new hormones were
discovered and new activities for existing hormones
were clearly defined. In addition, enormous strides
have been made in our understanding of the detailed
actions of hormones at the molecular and cellular
levels. There have been dramatic applications of this
new knowledge in the medical arena with respect to
both diagnosis and treatment of diseases; for the plant
and insect hormones, new applications have arisen in
the realms of agricultural biotechnology and biologi-
cal control.

Some comment is appropriate concerning the
definition of a hormone that has been utilized in
compiling entries in the Encyclopedia. Of course, the
classical definition of a hormone is that it is a chemical
messenger in the body: it is secreted by an endocrine
gland and is delivered through the circulatory system
to target cells that possess receptors specific for the
hormone. Occupancy of the receptor by its cognate
hormone leads to the initiation of signal transduction
processes that result in generation of specific biologi-
cal responses. But in this post-human-genome era, and
with the rich array of technologies used to study and
define at the cellular and molecular levels the
enormous array of signal transduction pathways
employed by cells, the Editors have adopted a broader
definition of hormone. Hormones can now be
considered to include not only chemical messengers
in the classical sense, but also local paracrine and
autocrine signals. Thus, the Encyclopedia includes
articles on many growth factors, interleukins, and
intracellular mediators of signal transduction.
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The Encyclopedia of Hormones is intended to
serve as a useful and comprehensive source of
information spanning all aspects of the general
subject of hormones. It consists of nearly 300 articles
that collectively describe hormones from several key
perspectives: (1) the cellular and subcellular sites of
functioning of the hormone, (2) the major physio-
logical system(s) in which it is operative (e.g.,
reproductive, immune, neuroendocrine, digestive,
and developmental), (3) the nature of the receptor
and signal transduction pathway(s) used by the
hormone (e.g., nuclear or membrane signal transduc-
tion), and (4) for the vertebrate hormones, the
important diseases of deficiency or excess or other
instances for which there is unusual molecular insight
available. We expect that the Encyclopedia of
Hormones will be as useful to the scientific expert
concerned with cutting-edge questions as it will be to
students and interested nonscientists.

Given the broad scope of such a major reference
work, it was essential to assemble a team of Associate
Editors. Each of these 14 individuals has dedicated his
or her professional career to researching scholarly
endeavors in a specific domain of hormones and, as a
consequence of the breadth and depth of achievement
in this area, is an acknowledged leader in their field.
These interests include the hormone domains of
adrenal cortex, calcium-regulating hormones, cyto-
kines, female reproduction, male reproduction, gas-
trointestinal hormones, growth factors, thyroid,
membrane signal transduction, neuroendocrinology,
nuclear signal transduction, pancreas, plant hor-
mones, and insect hormones.

The Encyclopedia was launched at a two-day
meeting of the Editors, Associate Editors, and
Elsevier—Academic Press representatives in La Jolla,
California, in April, 2001. Here the preliminary list of
article titles prepared by the Editors was refined and a
list of potential authors created. Each Associate
Editor was then responsible for the crucial process
of recruiting authors for the individual entries. As
the manuscripts were received by Academic Press,



lii

they were critically reviewed by the Associate Editors
and Editors, as well as by the editorial staff at
Academic Press. The final total of 296 articles entered
production in only 16 months.

All of the articles are formatted according to the
same blueprint and each is intended to be a self-
contained presentation. Each article begins with a
brief topical content outline that provides the reader
with a listing of the major topics presented in the
article. The article body begins with an introductory
paragraph that defines the topic under discussion and
summarizes the content of the article. Following the
article are reference citations to provide the reader
with access to further in-depth consideration of the
topic at hand and a cross-reference to related entries
in the Encyclopedia. A glossary list defines key terms
that may be unfamiliar to the reader and are
important to an understanding of the article. A
compilation of all glossary terms appearing in the
complete multivolume Encyclopedia is presented in
the final volume as a dictionary of subject matter
relevant to hormones.

PREFACE

If the Encyclopedia has merit, it is due largely to
the contributions of the authors of all the articles, and
as well to the dedication of the Associate Editors.
Shortcomings are, of course, the responsibility of the
Editors and we would appreciate having them
brought to our attention. The completion of this
large project in the relatively short time, from launch
meeting to the actual printing of the Encyclopedia
(only 23 months), is the result of much hard work and
dedication. Certainly the primary credit must go to
the some 500 authors who prepared their contri-
butions in a timely fashion. The board of Associate
Editors also provided exceptional leadership and
service. The Editors thank them all.

Finally, thanks are due to the staff of Elsevier—
Academic Press, including Tari Paschall, Judy Meyer,
Chris Morris, and Carolan Gladden, who each
provided skillful and friendly ongoing management
of the project.

HELEN L. HENRY
ANTHONY W. NORMAN
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The development of strategies that enable
growth without excessive consumption of
water was vital to the evolution of terrestrial
plants. It is now well established that phyto-
hormones, in particular, abscisic acid, regulate
plant water status.

[. INTRODUCTION

During the 1960s, two independent groups identified
a compound active in the initiation of bud dormancy
in sycamore and cotton boll abscission, naming it
dormin and abscisin II, respectively. Following its
purification from cotton fruits, the chemical structure
of this compound was determined in 1965 and it was
renamed abscisic acid (ABA). Shortly after this, it was
discovered that ABA levels increase considerably
when plants wilt and that ABA causes stomatal
closure. These two discoveries highlighted the import-
ance of ABA in mediating responses of vegetative
tissues to environmental stresses such as drought, high
salinity, and low temperature. ABA is also required for
the accumulation of seed nutrient reserves, the
acquisition of desiccation tolerance, and the arrest of
embryonic development during seed maturation.
Despite its name, ABA is not a major regulator of
absicission, which is primarily controlled by ethylene.

II. STRUCTURE AND OCCURRENCE

Like all hormones, ABA responses depend not only
on the sensitivity of the tissue to ABA, but also on
local ABA concentration. This is regulated by the

A

biosynthesis, degradation, inactivation, transport,
and subcellular compartmentation of the hormone.

A. Structure

The 15 carbon atoms of the sesquiterpene ABA
configure an aliphatic ring with one double bond,
three methyl groups, and an unsaturated chain
containing the carboxyl group (Fig. 1). The cis and
trans isomers differ in the orientation of the carboxyl
group, and the asymmetric carbon at the 1’ position
of the ring distinguishes between the S(+) and R(—)
enantiomers. The different forms of ABA occur in
different proportions in plants and can have different
activities. The S-cis form is the most abundant
naturally occurring form and is the active form in
fast responses such as stomatal closure. Both enan-
tiomers are active in long-term responses such as
changes in gene expression and protein synthesis. In
contrast to the cis-trans isomers, the S and R forms
cannot be interconverted in planta. The exact ABA
chemical structure is essential for its physiological
activity, and the loss of a carboxyl group, a tertiary
hydroxyl group, a 2-cis 4-trans-pentadienoic side
chain, a 4’-ketone, or a double bond in the
cyclohexane ring greatly reduces activity.

B. Occurrence

ABA is widespread in vascular plants, occurring in
mosses, ferns, liverworts (where a similar compound,
lunaric acid, plays a similar role), and all algal classes,
including photosynthetic prokaryotes such as cyano-
bacteria. Some pathogenic fungi make ABA, but the
biosynthetic pathway appears to be quite different
from that of higher plants. ABA is also reported to
occur in the mammalian brain, although its role there
is not known.

III. SYNTHESIS

The endogenous ABA concentration can rise and fall
dramatically in response to environmental or devel-
opmental cues. It appears that ABA is synthesized in
almost all cells containing chloroplasts or amylo-
plasts (i.e., plastids), but the regulatory controls
appear to differ between tissues. Not only do absolute
ABA concentrations increase dramatically during
embryogenesis, but the ABA content of leaves and
roots increases 10- to 50-fold when water potentials
fall below —1.0 MPa (approximately —10.0 bar).
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FIGURE 1 Chemical structures of the § and R forms of cis-ABA and the (S)-2-trans form of ABA.

The concentration of ABA in the xylem sap of well-
watered plants is 1.0-15.0 nM and can increase to
3.0 uM after water stress. The main rise in ABA
caused by water loss occurs some 2-3 h after the
onset of wilting. The ability of cycloheximide to
block this process indicates a requirement for de novo
protein synthesis and thus implicates an up-regu-
lation of ABA biosynthesis in stressed tissues.

The plant ABA biosynthetic pathway represents a
minor branch of the carotenoid pathway and begins
in plastids. In contrast with isoprene biosynthesis in
animal cells, the main precursor of ABA, isopentenyl
diphosphate (IPP), is generated by the methyl
erythritol phosphate pathway and not from mevalo-
nic acid. Eight IPP residues are combined to form
geranylgeranyl diphosphate, the precursor for the
biosynthesis of the C40 compound B-carotene. Both
rings of B-carotene are hydroxylated to form the
xanthophyll zeaxanthin, which can be regarded as the
first intermediate in ABA synthesis (Fig. 2). The role
of xanthophylls as intermediates in ABA biosynthesis
is supported by the reduced ABA content of maize vp
(viviparous) mutants that are blocked in early steps of
carotenoid synthesis. Zeaxanthin is then oxidized to
antheraxanthine and to all-frans-violaxanthin by
zeaxanthin epoxidase (ZEP), which is absent in the
Nicotiana plumbaginifolia aba2 mutant. ZEP con-
tains a putative N-terminal transit sequence for
targeting to chloroplasts. ABA2/ZEP expression is
detected in stems, leaves, roots, and seeds and it is
strongly induced by drought stress in roots but not
leaves.

The oxidative cleavage of the 9-cis-epoxycarote-
noid precursor generates the 15C skeleton of ABA.
The maize vp14 mutant is deficient in the chloroplas-
tic 9-cis-epoxycarotenoid dioxygenase (NCED)
responsible for the cleavage of the 9-cis-isomers, but
not the all-trans-isomers, to xanthoxin. Therefore,
the precise order of isomerization-type reactions
remains uncertain. The gene is expressed constitu-
tively in embryos and roots and in contrast with
ABA2/ZEP transcripts, NCED transcripts accumu-
late to high levels in water-stressed leaves. Thus, ABA
accumulation in wilted leaves is primarily regulated
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at the level of plastidic xanthoxin production, which
appears to be rate-limiting in ABA biosynthesis.
Transgenic experiments indicated that ZEP is primar-
ily involved in the regulation of ABA synthesis during
seed development.

The final steps are not yet completely defined.
Xanthoxin is converted to ABA in the cytosol via
either AB-aldehyde or xanthoxic acid. Genetic
evidence suggests that xanthoxin is first oxidized to
AB-aldehyde, although the involvement of xanthoxic
acid as a precursor has not been completely elimi-
nated. Arabidopsis thaliana aba3 and tomato flacca
and sitiens mutants are defective in the last oxidation
step and are thus unable to oxidize AB-aldehyde to
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FIGURE 2 The ABA biosynthetic pathway. The metabolic
blocks in various ABA-deficient mutants are indicated in italics.
Adapted from Taylor et al. (2000).
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ABA. This last step involves an enzyme that requires
a molybdenum cofactor. Arabidopsis aba3 and
N. plumbaginifolia abal mutants cannot produce
the functional molybdate cofactor required by AB-
aldehyde oxidase (AO). This last enzyme of ABA
synthesis is not highly substrate-specific and interest-
ingly, AO can also catalyze synthesis of another plant
growth regulator, the auxin indole-3-acetic acid. In
Arabidopsis, a multigene family comprising at least
four members encodes AO, only one of which
appears to act specifically in ABA synthesis.

A. Alternative Pathways

Although ABA2 is a single-copy gene, the ABA content
of the N. plumbaginifolia aba2 null mutant is
23-48% that of the wildtype (WT). Moreover, ABA
is present in tomato flacca and sitiens mutants that
lack an effective AO. These results suggest either that
there is more than one biosynthetic pathway or that
there is some redundancy in part of the primary
biosynthetic pathway. The 2-trans-ABA-alcohol accu-
mulated during water stress in flacca and sitiens
mutants could be formed via a P450 mono-oxygenase
able to add a second oxygen atom to the C1 position
and can be further slowly converted to ABA. This
reaction may also occur to a small extent in WT plants.
Unlike plants, fungi are able to synthesize ABA directly
from the 15C compound farnesyl pyrophosphate.

IV. DEGRADATION

After wilted leaves regain turgor, ABA can be
inactivated by oxidation to phaseic acid and dihy-
drophaseic acid or by conjugation to glucose to form
a glucose ester. In the first case, catabolic inactivation
proceeds via hydroxylation at the 8’ position to form
an unstable intermediate that subsequently forms
phaseic acid. The ABA-8'-hydroxylase considered as
the pivotal enzyme in ABA degradation is a mem-
brane-associated cytochrome P450 mono-oxygenase.
It is expressed at high levels in plant tissues recovering
from hyperosmotic stresses. Although phaseic acid is
still able to trigger stomatal closure in some species,
its activity is much weaker than that of ABA. In
contrast, dihydrophaseic acid, which is the reduced
form of phaseic acid, has no detectable activity.
Conjugation of ABA to glucose not only renders ABA
inactive but also changes its distribution in the cell.
Whereas free ABA is mainly cytosolic, ABA-B-D-
glycosyl ester accumulates in vacuoles and could be a
storage form of the hormone. Until now, neither the

enzymes involved in ABA catabolism nor the genes
that encode them have been isolated.

V. TRANSPORT

ABA is secreted by cells into the apoplast (i.e.,
intercellular space) and is easily transported in both
xylem and phloem sap to most plant parts, especially
stems, leaves, roots, and ripening fruits. Since roots
are the primary sites of perception of water deficit,
ABA synthesized in roots can be transported to shoot
tissues via the transpiration stream, where it triggers
stomatal closure to reduce water loss from leaves.

Within leaves, ABA is redistributed as a function of
pH. In a well-watered plant, the xylem sap is more
acidic (approximately pH 6.3) and ABA occurs in
its protonated form (ABAH). During drought stress,
the sap becomes slightly alkaline (approximately
pH 7.2), favoring the deprotonation of ABAH to
ABA. As a result, less ABA is taken up by mesophyll
cells and more is diverted to guard cells. Therefore,
even though absolute ABA levels may not change, the
pH-dependent redistribution of root-derived ABA to
guard cells can induce stomatal closure.

A similar redistribution may exist within cells.
When photosynthesis is active, the pH of the
chloroplast stroma increases as protons are pumped
into the thylakoid lumen. A prevalence of deproto-
nated ABA limits its ability to cross the chloroplast
membrane, causing the accumulation of ABA in the
stroma. During drought stress, photosynthetic rates
decrease. The resulting drop in stromal pH increases
levels of ABAH, which can traverse membranes and
be released for transport to guard cells.

VI. ROLES OF ABA

ABA is unquestionably involved in a plant’s response
to stress and in the initiation and maintenance of seed
dormancy. However, it also influences many other
aspects of plant physiology, often by interacting
synergistically/antagonistically with hormones such
as ethylene, gibberellins, cytokinins, auxin, jasmonic
acid, and brassinosteroids or by modulating meta-
bolic sensing pathways such as those monitoring
cellular sugar status.

A. ABA Triggers Stomatal Closure During
Water Stress

Stomata are pores, found on the aerial surfaces of
plants, that allow CO; uptake for photosynthesis and



at the same time the loss of water, which drives the
transpiration stream. Stomatal pore diameter is
regulated by turgor changes of the two surrounding
guard cells. Unlike most other cells in higher-plant
tissues, the absence of plasmodesmata in mature
guard cells renders them independent of surrounding
cells and enables them to respond autonomously
to stimuli such as CO,, water status, temperature,
red/blue light, and plant pathogens. Applied ABA
inhibits the opening and promotes the closure of
stomata. The increased transpiration rates observed
in ABA-biosynthetic mutants and the accumulation
of ABA in stressed leaves with reduced transpiration
are consistent with the view that endogenous ABA
normally plays an important role in the reduction of
water loss by transpiration. Expression of an anti-
ABA antibody in transgenic tobacco plants retained
ABA in the endoplasmic reticulum and caused leaves
to wilt by impairing stomatal closure.

The molecular mechanism by which ABA induces
stomatal closure has been studied using genetic,
biochemical, single-cell, and electrophysiological
approaches. Opening and closing of stomata is
thought to provoke turgor and volume changes in
guard cells. During water stress, the increase in cellular
ABA or in apoplastic ABA at guard cell surfaces
mediates guard cell closure by triggering a net efflux of
K* and Cl™ from the vacuole to the cytoplasm and
from the cytoplasm to the apoplast. Additionally,
sucrose and malate are metabolized to osmotically
inactive starch, all of which function to reduce the
osmolarity in the guard cells. During stomatal open-
ing, guard cells swell following the accumulation of
K™, anions, and sucrose. The resulting out-bowing of
the guard cell pair increases pore aperture and allows
reestablishment of transpiration.

B. ABA Promotes Seed Maturation and
Dormancy

One of the clearest effects of ABA is to prepare
the seed for desiccation and to impose embryo
dormancy to prevent premature germination. Seeds
of ABA-deficient mutants or transgenic plants
depleted of endogenous ABA by expression of an
ABA-specific antibody fail to mature fully and
acquire dormancy.

Seed development can be divided into two phases
of equal duration. The first includes growth and
development of the embryo and the endosperm. The
second phase begins with the arrest of cell division
and the accumulation of storage reserves and is
followed by preparation for desiccation, which
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occurs in the last stages of seed maturation. Seeds
prepare for desiccation by accumulating nutritive
reserves and proteins that allow the cell to survive the
ensuing loss of up to 90% of its water content. As a
consequence of dehydration, seeds become dormant.
The ABA content of seeds increases during the first
half of seed development and decreases during the
second phase involving seed maturation.

ABA strongly induces genes that encode abun-
dantly expressed seed storage proteins (e.g., zein,
conglycinin, and lectin proteins) as well as proteins
involved in desiccation tolerance. The highly con-
served water-soluble and basic late-embryogenesis
abundant (LEA) proteins are rich in glycine/lysine
and low in hydrophobic residues and are thought to
stabilize other proteins when the cell is dehydrated.
They are related to members of the DHN (dehydrin)
and RAB (Responsive to ABA) protein families.

C. ABA Inhibits Germination and Seedling
Growth

Seed germination can be defined as the resumption of
growth of the embryo following dormancy. As
possibly the most critical developmental transition
in the plant life cycle, germination is contingent on
suitable environmental conditions. However, dor-
mant seeds will not germinate even under normally
permissive conditions of temperature or water, light,
and oxygen availability. Seed dormancy introduces a
delay in germination that provides additional time for
geographical dispersal and also maximizes seedling
survival by preventing germination under adverse
conditions.

ABA appears to be the most important mediator
of seed dormancy. The ability of exogenous ABA to
prevent seed germination in many species has been
used to isolate several abi (ABA-insensitive) Arabi-
dopsis mutants (Table 1). Exogenous ABA can also
inhibit the precocious germination of immature
embryos in culture. ABA-deficient Arabidopsis (aba)
mutants are nondormant at maturity, and embryos of
maize vp mutants germinate directly on the cob while
still attached to the mother plant. This precocious
germination, named vivipary, suggests that ABA
normally constrains developing embryos in an early
developmental stage. In contrast with maize, ABA
deficiency in Arabidopsis does not cause vivipary
because the rigid seed coat prevents embryo growth
while the seed is in the seed pod. Nevertheless,
vivipary occurs when Arabidopsis abi3 mutant
embryos are dissected out of the seed coat before
complete desiccation.



ABSCISIC ACID

TABLE 1 Mutations Affecting ABA Biosynthesis and Signal Transduction Pathway in Plants
Plant species Mutations” Gene product/function
ABA-deficient mutants
Zea mays vp2,5,7-9 Carotenoid biosynthesis
Z. mays vpl4 9-cis-Epoxycarotenoid dioxygenase
Chlamydomnas reinhardtii MS526 ABA xanthophyll biosynthesis
Arabidopsis thaliana abal Zeaxanthin epoxidase
A. thaliana aba? Xanthoxin oxidase
A. thaliana aba3 Molybdenum cofactor biosynthesis
A. thaliana aao3 Aldehyde oxidase
Nicotiana plumbaginifolia aba?2 Zeaxanthin epoxidase
N. plumbaginifolia abal/ckrl Molybdenum cofactor biosynthesis
N. plumbaginifolia aba?2 ABA xanthophyll biosynthesis
N. plumbaginifolia cnxA Molybdenum cofactor biosynthesis
Lycopersicum esculentum notabilis 9-cis-Epoxycarotenoid dioxygenase
L. esculentum flacca Molybdenum cofactor biosynthesis
L. esculentum sitiens Aldehyde oxidase
Solanum phureja droopy Aldehyde oxidase
Hordeum vulgare nar2a Molybdenum cofactor biosynthesis
Pisum sativum wilty ND
ABA-insensitive mutants
A. thaliana abil (SD) Type 2C protein phosphatase
A. thaliana abi2 (SD) Type 2C protein phosphatase
A. thaliana abi3 Seed-specific putative transcription factor
A. thaliana abi4 Transcription factor
A. thaliana abis bZIP transcription factor
A. thaliana axr2 (D) Auxin response factor (allelic to the auxin mutant iaa7)
A. thaliana gcal-8 ND
A. thaliana gpal Heterotrimeric G-protein a-subunit
Z. mays vpl Seed-specific bZIP transcription factor
Z. mays rea ND
Hordeum vulgare cool (ND) ND
Craterostigma plantagineum cdt-1 (D) Regulatory RNA or short peptide
ABA-hypersensitive mutants
A. thaliana abh1 Subunit of a nuclear RNA cap-binding complex
A. thaliana bril Steroid receptor kinase
A. thaliana eral Farnesyltransferase B-subunit
A. thaliana era2 ND
A. thaliana era3 Novel transmembrane protein (allelic to the ethylene mutant
ein2)
A. thaliana fieryl Inositol polyphosphate 1-phosphate
A. thaliana jarl ND
A. thaliana jin4 ND
A. thaliana hyl1 Double-stranded RNA-binding protein
A. thaliana sax ND

“Unless indicated, all mutations are recessive (SD, semidominant; D, dominant; ND, not determined).

Germination is regulated by an antagonism
between ABA, which promotes dormancy, and
gibberellic acid (GA), which counteracts the effects
of ABA by promoting growth and the mobilization of
storage reserves. An elegant demonstration of this
antagonism is the recovery of mutants defective in
ABA synthesis in a screen for revertants of GA-
deficient mutants.

D. ABA Controls Root and Shoot Growth

ABA shows different effects on root and shoot
growth depending on plant water status. Under
water stress, ABA depresses both shoot and root
growth, but the overall effect is a dramatic increase in
the root:shoot ratio, which facilitates water conser-
vation.



E. ABA Mediates Wound Responses

After mechanical wounding, a specific set of defense-
related proteins, such as protease inhibitors I and II,
cathepsin D inhibitor, and threonine deaminase,
accumulate both at the site of injury and systemically
throughout the plant. ABA, together with jasmonic
acid, appears to play a role in the induction of these
genes.

VII. THE ABA SIGNAL TRANSDUCTION
PATHWAY

Clues as to how the ABA signal is transduced to
mediate its physiological and developmental pro-
cesses are now beginning to emerge. It should be
emphasized that although many individual com-
ponents have been identified mainly by molecular
genetic approaches, the complete network has not yet
been elucidated.

A. Receptor(s)

ABA is thought to initiate its effects by binding to a
receptor(s) that triggers the signal transduction
cascade. Currently, the identity of the receptor(s) is
unknown. Cells may possess at least two sites of ABA
perception, one of which is located at the plasma
membrane and is triggered by extracellular ABA.
Biophysical studies indicate that ABA effects in
stomatal guard cells also involve intracellular recep-
tors accessible to the protonated form, ABAH, which
readily permeates membranes.

B. Downstream Signaling Events

Recently, considerable insights have been gained into
the identities of molecular components of the com-
plex signaling network that mediates the actions of
ABA. In particular, ion channels and fairly ubiquitous
small second messengers have been implicated in
ABA action.

1. Ion Channels Regulated by ABA Control

Stomatal Aperiure
Electrophysiological studies, either by whole cell
impalement or by patch clamping of the plasma
membrane of guard cell protoplasts or isolated
vacuoles, have identified a number of membrane ion
channels. The sequence of events in ABA-induced
stomatal closure is thought to be the following: (1)
ABA induces release of Ca>" into the cytosol from an
internal store, e.g., the vacuole. (2) The resultant
increase in cytosolic Ca®" inhibits plasma membrane
H* pumps and inward K (K}) channels, but
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activates two types of plasma membrane anion-efflux
channels. One of these shows voltage-dependent slow
activation (S-type), whereas the other shows rapid
transient activation (R-type). The two types may
reflect different states of a single channel. (3) The
conjugate actions of these channels lead to a transient
or sustained depolarization and the alkalinization of
the guard cell cytoplasm, which (4) deactivates (K;")
channels and also contributes to the opening of
voltage-gated K, channels. The ensuing long-term
efflux of both anions and K* from guard cells
contributes to loss of turgor and to stomatal closure.

2. Ca** Channels
Considerable evidence indicates that ABA produces
repetitive, transient increases or oscillations in
intracellular Ca®* levels. These encode information
required for stomatal closure. Ca**-induced [Ca*"].
oscillations include a repetitive Ca*" influx across the
plasma membrane coupled to Ca®" release from an
intracellular compartment. Stomatal closure is abol-
ished in guard cells when a nonoscillating Ca**
plateau is imposed experimentally. Many other
stimuli responsible for stomatal closure (cold shock,
oxidative stress, and increases in CO,) also cause
[Czlz“L]Cyt elevations. Anion channel regulation and
stomatal movement phenotypes of Arabidopsis
abil-1 or abi2-1 mutants are suppressed by exper-
imentally elevating [Ca**].y..

The mechanisms by which ABA activates guard
cell plasma membrane Ca®' channels remain
unknown. In Arabidopsis guard cells, ABA causes a
rapid increase of reactive oxygen species (ROS) that
activate hyperpolarization-activated Ca**-permeable
channels. ROS-induced stomatal closure and Ca*"
activation are abolished in the ABA-insensitive
mutant gca2. The origin of the Ca’*' required to
elevate [Calz“L]Cyt in response to ABA is unclear, but is
probably mediated by inositol 1,4,5-trisphosphate
(InsP3) and/or cyclic ADP-ribose (cADPR). RAB18
expression in Arabidopsis suspension culture cells
requires rapid ABA-induced Ca®" influx and S-type
anion channel activation. ABA-induced membrane
depolarization in radish seedlings and tobacco
epidermal and mesophyll cells indicates that these
mechanisms are of general importance for ABA
signaling in different cell types. A Ca**-independent
pathway also appears to exist.

3. H' Channels
Inhibition of the plasma membrane H*-ATPase
mediated by both cytosolic alkalinization and the
increase in cytosolic Ca?* may also contribute to
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membrane depolarization. The origin of ABA-
induced cytosolic alkalinization is unknown.

4. Cyclic Nucleotides (cAMP, CGMP, CADPR)
Cyclic ADP-ribose (cADPR) plays a central role in
ABA responses. Microinjection of hypocotyl cells of
the tomato aurea mutant with both potential
intermediates in the ABA signaling cascade and
fusions of the Arabidopsis RD29A and KIN2
promoters to a reporter gene suggested that ABA
triggers a transient accumulation of cADPR, which
induces a release of Ca** from internal stores such as
vacuoles and the endoplasmic reticulum. Microinjec-
tion of mutant abil-1 protein inhibited ABA-,
cADPR-, and Ca”"-induced gene expression, and
these effects were reversed by an excess of WT ABI1
protein.

Other cyclic nucleotides may also act in a Ca**-
dependent stomatal opening pathway. For example,
cAMP or the membrane-permeable cyclic GMP
analog 8-Br-cGMP stimulates stomatal opening.
c¢GMP-induced stomatal opening is inhibited by
chelation of external Ca?" or by inhibitors of
intracellular Ca®" release.

5. Lipid-Derived Second Messengers
Various lines of evidence suggest that ABA stimulates
phosphoinositide metabolism. ABA-treated guard cell
protoplasts showed a slight increase in InsP3;. The
release of caged InsP; into the cytosol of guard cells
caused [Caz“L]Cyt increases, inhibition of K" channels,
and stomatal closure. The Arabidopsis fryl ( fieryl)
mutant, which is defective in an inositol polyphos-
phate 1-phosphatase, accumulates more InsP; than
WT plants after ABA treatment and is hypersensitive
to ABA in germination and gene expression assays.
Similarly, overexpression of a different InsP3 phos-
phatase blocked the inhibition of germination and
seedling growth in Arabidopsis. Overexpression of a
stress- and ABA-inducible phosphatidylinositol-
specific phospholipase C (PI-PLC) in Arabidopsis
suggests that although increased InsP; levels are
necessary for maximal ABA-induced gene expression
in vegetative tissues, the AtPLC1 isoform is normally
latent and probably participates in secondary ABA
responses. A reduction in InsP3 levels in transgenic
lines expressing antisense AtPLC1 correlated with
their insensitivity to ABA in germination and seedling
growth assays.

ABA also stimulates production of myo-inositol-
hexakisphosphate (InsPg4) in guard cells to a greater
extent than InsP;. InsPg inhibits K channels in a
Ca”"-dependent manner with greater efficiency than

InsP;. Whether InsP¢ causes [Calz“L]Cyt elevations and
whether both messengers function in the same or
separate signaling branches is unknown.

Phosphatidic acid (PtdOH) generated from phos-
pholipase D (PLD) increases transiently following
ABA treatment of Vicia faba guard cells. PtdOH
promotes stomatal closure and inactivates K;" chan-
nel currents but does not elicit a [Caz+]Cyt increase,
suggesting that PLD acts either in a parallel Ca®'-
independent pathway or downstream of Ca®" release.
Both U-73122 (a PI-PLC inhibitor) and 1-butanol (a
PLD inhibitor) only partially inhibit ABA-dependent
stomatal closure, and simultaneous application of
both inhibitors does not have additive effects. Thus,
PLC and PLD appear to act in the same pathway that
requires the cooperation of an additional pathway(s)
to attain the complete effects of ABA. This may be
mediated by cADPR, since simultaneous application
of 1-butanol with the cADPR antagonist nicotina-
mide increases the extent to which ABA-induced
stomatal closure is reduced.

Sphingosine-1-phosphate (S1P) is another lipid-
derived Ca®"-mobilizing agent capable of inducing
stomatal closure. An increase in S1P levels occurs in
leaves following drought stress, but disruption of S1P
production causes only partial inhibition of ABA-
induced stomatal closure.

6. Protein Kinases and Protein Phosphatases
Phosphorylation/dephosphorylation events are cen-
tral mediators in ABA signaling. In guard cells, the
Ca”" signal is possibly relayed by specific protein
kinases and phosphatases. Protein kinase inhibitors
abolish the activation of S-type anion channels and
thus block ABA-induced stomatal closure. Recipro-
cally, the protein phosphatase inhibitor okadaic acid
(OKA) maintains guard cell S-type channels in the
active state. In-gel phosphorylation assays demon-
strated that ABA rapidly activates a Ca®"-indepen-
dent 48 kDa Ser/Thr protein kinase in V. faba guard
cells. ABA fails to activate anion channels or induce
stomatal closure in guard cells that express a
dominant loss-of-function allele of this kinase.

Several stress- and ABA-inducible protein kinases
have been identified. In epidermal peels of Pisum
sativum, the ABA-induced accumulation of a DHN
transcript was reduced by K-252a (an inhibitor of
Ser/Thr protein kinases) and also by OKA or
cyclosporin A (an inhibitor of Ser/Thr protein
phosphatases type 2B). In barley aleurone proto-
plasts, the stimulation of a MAP kinase activity
appeared to be correlated with the induction of
RABI16 transcript. OKA inhibited the induction



of HVA1 and RABI16 transcripts by ABA, and
phenylarsine oxide (an inhibitor of Tyr protein
phosphatases) blocked RAB16 induction.

The analysis of abil and abi2 has shed new light
on the involvement of phosphorylation events in ABA
signaling. These two dominant ABA-insensitive
mutants, originally isolated in a screen for mutants
able to germinate and grow in nonpermissive ABA
concentrations, have phenotypes reminiscent of ABA
deficiency viz. reduced seed dormancy, improper
regulation of stomatal aperture, and decreased
expression of various ABA-inducible genes. ABI1
and ABI2 encode Ser/Thr protein phosphatases type
2C (PP2C). The dominant mutant alleles abi1-1 and
abi2-1 have point mutations that substitute a
conserved Gly with Asp, probably disrupting the
conformation of a site required for Mg*"-binding or
phosphatase activity. Several downstream responses
to ABA are impaired in abil-1 and abi2-1, including
K¢, and K channel regulation, anion channel
activation, and increases in [Ca“]cyt. Because the
mutations are dominant, it remains unclear whether
the ABI1 and ABI2 are positive or negative regulators
of ABA signaling or, indeed, whether they affect ABA
signaling at all in WT plants. However, because
intragenic revertants of abil-1 and abi2-1 have
reduced or no phosphatase activity in vitro and a
double mutant of both revertants is hypersensitive to
ABA, ABI1 and ABI2 are probably negative regula-
tors of ABA signaling. Accordingly, overexpression of
WT ABI1 in maize mesophyll protoplasts blocks ABA
regulation of gene expression. The precise roles of
kinases and phosphatases in ABA signaling and the
identities of their protein substrates have not been
clearly established.

7. Farnesylation
Although researchers have focused mainly on posi-
tively acting components of the ABA signaling
pathway, inactivation of negative regulators of ABA
signaling should result in an enhanced response to
ABA. An Arabidopsis mutant eral (enhanced
response to A BA) was isolated based on its inability
to germinate in the presence of low concentrations of
ABA (0.3 uM) that do not inhibit germination of WT
seeds. The eral mutation markedly increases seed
dormancy and ABA hypersensitive activation of
S-type anion currents in this mutant increases
stomatal closure, reducing water loss during drought.
The ERAT gene encodes the B-subunit of a hetero-
dimeric farnesyltransferase. Farnesyltransferases cat-
alyze the attachment of a 15-carbon farnesyl lipid to
C-terminal target sequences, which localizes specific

ABSCISIC ACID

soluble signaling proteins to membranes. In addition
to enhancing ABA signaling, loss of ERA1 function
affects several other signaling pathways and develop-
mental programs, including meristem development.
Thus, although ERAT targets are not restricted to
ABA action, a factor that normally suppresses ABA
responses requires farnesylation. The exact relation-
ship between ERA1 and the ABI loci remains
unknown.

8. RNA Binding and ABA

Arabidopsis abb1 mutants are hypersensitive to ABA-
mediated inhibition of germination as well as
induction of stomatal closure and increases in
[Ca“]cyt. ABHI1 is expressed in stomata and encodes
a nuclear transcript cap-binding protein that appar-
ently functions in a heterodimeric complex. ABH1,
by analogy to yeast and mammalian RNA cap-
binding proteins, is proposed to regulate the strength
of ABA signaling by transcript modification of early
signaling components.

9. Heterotrimeric G-Protein Action
Heterotrimeric G-proteins are central to many
signaling processes. Arabidopsis contains only a
single gene (GPA1) encoding a prototypic Ga
subunit. ABA-mediated inhibition of stomatal open-
ing, but not ABA-controlled promotion of stomatal
closure, is impaired in gpal null mutants. GPA1 is
required for negative regulation of K" channels and
the pH-independent activation of anion channels.

10. Role of the Actin Cytoskeleton in Stomatal

Movements
A reorganization of the actin cytoskeleton of guard
cells has been observed after ABA treatment. Cyto-
chalasin D (an actin filament-depolymerizing agent)
activates K channels, while phalloidin (an actin
filament stabilizer) inhibits K channel currents. ABA
treatments reorganize actin cytoskeleton architecture
from a radial arrangement to a randomly oriented
and fragmented pattern. A small Arabidopsis GTP-
binding protein, AtRacl, is a negative regulator in
ABA-induced actin reorganization. The inactivation
of AtRac1 by ABA is impaired in abil-1.

C. Regulation of Gene Expression by ABA

ABA regulates the expression of numerous genes
during embryogenesis and seed maturation as well as
under stress conditions such as heat shock, low
temperature, drought, and high salinity.
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1. ABA-Inducible Genes

The use of ABA-deficient and ABA-insensitive
mutants has demonstrated that ABA contributes to
the regulation of numerous genes involved in seed
maturation and/or the response of vegetative tissues to
hyperosmotic stress. Characterization of the promo-
ters of ABA-responsive genes has enabled identifi-
cation of the cis- and trans-acting elements that act at
the termini of branches in the ABA signaling cascade.
Considerable evidence indicates the existence of
ABA-independent dehydration and cold-induced sig-
naling pathways.

2. Cis-Acting Elements
Gene activation is mediated by the binding of
transcription factors to ABA-responsive elements
(ABREs) located in the promoters of ABA-induced
genes. To date, more than 20 functional ABREs have
been found in ABA-inducible genes that are abun-
dantly expressed in desiccating seeds and/or are
responsive to drought stress and ABA in vegetative
tissues.

The first type of ABRE defined was a sequence of
8-10 bp that shares a conserved ACGT core motif,
named the G-box. The sequence flanking the ACGT
core is important for in vivo and in vitro function.
Some ACGT elements confer developmental and
tissue-specific expression on a minimal promoter. In
a natural promoter context, an ABRE functions with
a coupling element (CE). ABA-responsive complexes
comprising an ABRE and a CE can confer ABA-
inducible transcription upon a minimal promoter.
The sph element, first identified in the promoter of the
C1 gene involved in anthocyanin synthesis in maize
endosperm, is a second category of cis-acting element
distinct from the G-box.

3. Trans-Acting Factors
Yeast one-hybrid assays to identify ABRE-binding
proteins (AREBs) have enabled cloning of several
homologous transcription factors of the basic leucine
zipper (bZIP) family. ABA-regulated transcription
factors of the homeodomain leucine zipper, basic
helix-loop-helix leucine zipper, and MYB classes have
also been identified. AREBS are capable of activating
reporter genes fused to ABREs and their induction by
ABA at the transcript level frequently precedes the
induction of other ABA-responsive genes. Arabidopsis
ABIS, the only bZIP AREB recovered in a genetic
screen, is also subject to posttranscriptional modifi-
cation by ABA. Maize VP1 and Arabidopsis ABI3
appear to be orthologous seed-specific transcriptional

activators, the loss of which affects several aspects of
seed maturation, including the expression of storage
proteins and LEA genes. VP1/ABI3-like proteins
appear to activate transcription by distinct mechan-
isms depending on the target cis elements. VP1
interacts directly with the sph element of the C1
promoter and acts on ABREs via association with a
distinct #rans-acting factor(s).

D. Novel Genetic Screens

Quantitative and mechanistic characterization of new
signaling mutants is necessary for a complete
molecular understanding of the ABA signaling
cascade. Several mutants have been isolated in screens
for deregulated ABA control of ABREs fused to
reporter genes. Eight gca (growth control by ABA)
mutants are characterized by reduced sensitivity to
the inhibition of seedling growth by exogenous ABA
and aberrant stomatal regulation. An elegant screen
that uses small differences in leaf temperature to
distinguish transpiration rates in mutants and WT
plants is likely to identify new elements which
mediate ABA action in guard cells. Screens for
enhancer or suppressor mutations offer one approach
to identify genes which interact genetically with
known participants in ABA signaling.

VIII. BIOTECHNOLOGICAL FEATURES

Fresh water scarcity is currently one of the principal
threats to global food security. Plants account for
approximately 65% of global fresh water use. Losses
in agricultural yields resulting from the desiccation of
crops and horticultural plants during periods of
drought have severe social and economic repercus-
sions. Unfortunately, because of the high cost of
synthesis and its instability in UV light, there are no
practical uses of ABA. However, synthetic ABA
analogs such as the acetyleneacetal-type compounds
LAB 173 711 and LAB 144143 reduce crop water use
and increase cold-hardiness. Engineering the ABA
signal transduction network in guard cells to control
CO, intake and water loss could contribute substan-
tially to more sustainable water use under adverse
environmental conditions. The manipulation of seed
maturation and dormancy in certain species by
modification of ABA-regulated developmental pro-
grams may also be of considerable agricultural
significance.
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IX. CONCLUSIONS

Recent advances have filled in many gaps concerning
the biochemistry and subcellular localization of ABA
synthesis as well as demonstrating the unquestionable
involvement of ion channels, cytosolic pH, protein
(de)phosphorylation, and cADPR- and phosphoinosi-
tide-mediated increases in [Ca”]Cyt in transducing
the ABA signal. Substantial progress has been made in
characterization of the terminal signaling elements
involved in ABA-mediated transcriptional regulation.
Nonetheless, the mechanism(s) of ABA perception
and early signaling events that result in cADPR
synthesis or InsP; release remain to be resolved.
Considering the multitude of physiological responses
modulated by ABA, it will be interesting to assess the
extent of overlap in the signaling events involved in
well-characterized ABA effects such as the regulation
of stomatal closure, the inhibition of seed germina-
tion, and the induction of stress-responsive gene
expression. The striking degree of phenotypic pleio-
tropy observed in many mutants recovered in screens
for altered sensitivity to ABA indicates extensive
overlap between ABA action and other signaling
pathways. Better insight into the regulation