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FOREWORD
IIFE SCIENCES RESEARCH HAS A LONG HISTORY
fat LBL. Laboratory founder Ernest O. Lawrence in
vented the first modem particle accelerator, the cyclotron, in 1930. Within
10 years, he and his brother, John Lawrence, a physician, started using the
cyclotron to treat cancer patients. The tradition of nuclear medicine thus
begun continues today in LBL's Research Medicine and Radiation Biophys
ics Division. LBL's Chemical Biodynamics Division also has a long and
distinguished history: The Division is the outgrowth of a laboratory estab
lished in 1945 to conduct basic research on the dynamics of living cells and
the interaction of radiant energy with organic matter. Research in Chemical
Biodynamics has included Melvin Calvin's Nobel prize-winning elucidation
of the biochemical pathway of photosynthesis.
Through the 1970s, however, life sciences research remained a secondary
endeavor at LBL, and the Lab remained known primarily as an interna
tional leader in high-energy and nuclear physics. Today, fulfilling a vision
that began more than 10 years ago, LBL has emerged as a true multiprogram laboratory, where the life sciences are playing an ever-increasing
role. In 1988, the Cell and Molecular Biology Division was established to
further basic research in modern biology: The Division supports programs
in gene expression, molecular genetics, and the basis of radiation-induced
cellular damage.
The multidisciplinary spirit that has emerged at the Laboratory is well
illustrated by two major life sciences initiatives: the LBL Human Genome
Center and the Life Sciences Center at LBL's Advanced Light Source. The
Human Genome Center is part of a growing international effort to map, and
eventually to sequence, the human genome. The Center's achievements
will represent the efforts of not only the Cell and Molecular Biology and
Chemical Biodynamics Divisions, but also Engineering, Materials Sciences,
and Information and Computing Sciences. The Life Sciences Center to be
established at LBL's Advanced Light Source will fulfill the needs of bio
medical researchers for full experimental access to new synchrotron radia
MINAJ.BISSELL
tion facilities. In addition to beamlines and experimental end stations, the
Coordinator for Life Sciences
Life Sciences Center will provide supporting laboratories and office space
Director,
Cell timt Molecular
for scientists from across the U.S. Like the Genome Center, the Life Sciences
Biology Division
Center involves individuals from a variety of disciplines: To make the Life
Sciences Center a reality, researchers from all three life sciences divisions
THOMAS BUD1NGER
are working with engineers and physicists associated with the Advanced
Director, Research Metliciue mnl
Light Source project.
Radiation liioftln/sics Dil'ision
We look forward to continued collaboration among the life sciences divi
sions—and between these divisions and the rest of the Laboratory—to en
SUNG-HOU KIM
sure LBL's position at the forefront of biological and medical research
Director,
through the 1990s and beyond.
Ciiemical Biodi/namics Division

CELL AND MOLECULAR
BIOLOGY
The development of a
HE CELL AND MOLECULAR BIOLOGY DIVISION
I pursues multidisciplinary basic research in the broad
deeper understanding
areas of gene expression and molecular genetics. Its activities range from of gene expression is a
studies of macromolecular structure by electron crystallography to research
unifying research goal
on mechanisms of carcinogenesis (cancer development) and use of LBL's
in the Cell and
Bevalac accelerator to study basic radiation biology. In addition, the harm
Molecular Biology
ful and beneficial effects of many different types of radiation—ranging from
Division.
ion beams produced by the Bevalac to ultraviolet radiation from the sun—
are being studied at the chemical, molecular, cellular, tissue, and organ
levels of biological organization.
The development of a deeper understanding of gene expression is a uni
fying research goal: Programs are united by their ultimate focus on under
standing how an organism's genetic
program is expressed and regulated,
how it maintains itself, how it is affected
by radiation and toxic substances, and
how it goes wrong in tumor formation.
This includes elucidating the biological
effects of DNA-damaging agents and es
tablishing both the health risks associ
ated with DNA damage and the genetic
basis of protection against such damage.
Much of the work centers around the
nature of carcinogenic transformation
and the molecular mechanisms of DNA
repair.
The Cell and Molecular Biology Divi
sion is also the administrative home of
the Human Genome Center, one of three
centers designated by the Department of
Energy (DOE) for research aimed at ulti
mately mapping and sequencing the hu
man genome—all the genes that deter
mine the structure and function of the
human body. In line with the DOE's
strategy for developing advanced tools Mouse mammary epithelial cells grown on reconstituted basement
for the effort before undertaking large- membrane (left anil right) form structures resembling those of
scale mapping or sequencing projects, mammary glands during pregnancy and lactation, in contrast, cells
the Center is the focus of activities in grown on plastic (center) are randomly oriented. See "Cell-Cell and
several LBL divisions, including Engi Cell-Matrix Effects," )tage 10.
neering, Materials Sciences, and Information and Computing Sciences, as
well as the three life sciences divisions. The connection to Cell and Molecu
lar Biology is a natural one: Once the human genome project bears its
ultimate fruit, the real work can begin, namely, deciphering in detail the
intricate puzzle of gene expression.
1

RADIATION BIOLOGY
Studies in radiation biology serve as a firm link to the history of life sciences
research at LBL, as well as a bridge to the radiotherapy and radiosurgery
programs in the Research Medicine and Radiation Biophysics Division
(pages 46-48). At the same time, they are closely tied to our studies of
carcinogenesis and repair of DNA—the genetic material of living organ
isms. As it has for a decade and a half, much of the interest at LBL concerns
the effects of heavy ions (charged particles), which, compared with x-rays,
deposit large amounts of energy over very short distances at the end of their
paths. Investigations of the interactions of heavy ions with normal tissue
aim at defining tolerance limits and the risks of carcinogenesis associated
with exposure to these particles. Studies with tumor tissue are directed
toward determining optimal strategies for tumor treatment, including dose,
particle type, and treatment interval. Finally, fundamental radiobiological
research is focused on understanding and characterizing biological pro
cesses such as DNA damage and repair, as well as physical phenomena such
as thefragmentationof ions into particles of lower charge and mass.

Radiological Physics
We have developed a theoretical model that assesses DNA damage from
ion beams and other forms of ionizing radiation—that is, radiation that can
dissociate molecules to produce either charged particles or highly reactive
"free radicals" that can attack and damage DNA and other important com
pounds in living cells. One way that
ionizing radiation produces DNA dam
age starts with the splitting of a water
molecule to produce a hydrogen atom
and a hydroxyl radical. Attack by a hydroxyl radical is called an "indirect
mechanism" of DNA damage. Alterna
tively, the radiation can directly strike
and damage a DNA molecule. Our
model shows that most of the DNA
damage from energetic electrons and
other forms of low-LET radiation is via
the indirect mechanism. In contrast,
high-LET radiation, such as a beam of
neon ions, produces DNA breaks pri
marily by the direct effect. (Low-LET
and high-LET radiation are defined, re
spectively, by a low or high rate of en
ergy transfer as the radiation travels
through a medium.) This may have sig
Bitl Holley (left) and Aloke Chatlerjee have dei<eloped a theoretical
model that assesses DNA damage by ionizing radiation. On thenificant implications for radiotherapy,
computer screen is an image of a hydroxyl radical attacking thebecause indirect damage can be pre
sugar backbone of a DNA molecule, thereby inducing damage. vented by drugs that scavenge, or elimi2

nate, hydroxyl radicals. In addition, certain drugs can reverse damage by
the indirect mechanism before it becomes permanent.
In living ceils, DNA molecules consist of two strands of DNA bound
together to form a double helix. A break in just one strand is usually
rejoined quickly by repair enzymes. A double-strand break is much more
difficult for the cell to repair and is therefore more likely to be a precursor
of mutation, cancer, or cell death. Our computer model piedicts the yields
of both single- and double-strand breaks in DNA in its simple linear
double-helix form. We are now extending the model to study energy depo
sition in higher-order DNA structures and the mechanisms of activation of
cancer-causing oncogenes.
In a separate but related effort, we use statistical methods to simulate the
patterns of ion formation caused by the slowing down of charged particles
in liquid water and relate the size of ion clusters to "irreparable" and "re
pairable" damage to DNA. These ideas are incorporated into our theory of
lethal and potentially lethal lesions. This theory, which presently applied
only to cell killing, suggests (1) relationships between repair of sublethal
and potentially lethal damage and (2) reasons why various normal tissues
differ in their responses to the effects of radiation.
Radiation-Induced DNA Damage and Repair
In seeking to understand the effects of ionizing radiation on generic mate
rial, we have focused much of our effort in three areas: detection of radia
tion-induced DNA damage and repair, investigation of the LET-dependence of DNA breaks and rejoining, and evaluation of neon-ion-induced
rearrangements in a single human chromosome. We hope to uncover the
mechanistic basis for the well-established observation that the effectiveness
of radiation in killing cells depends greatly upon its LET value. If we
postulate that unrepaired or misrepaired DNA breaks are the only types of
damage that influence cell survival, we can perhaps unravel the LET de
pendence of cell killing by looking separately at the damage and repair
processes. This is made possible by a technique called premature chromo
some condensation, which allows us to halt cellular processes and examine
DNA breaks in individual cells. The results show that both the time course
and the extent of DNA-break rejoining depend on the LET of the radiation.
We plan to extend these studies to other types of cell damage, including
mutations (heritable changes in DNA).

Radiation-Induced Cell Mutation and Carcinogenic Transformation
Apart from cell death, genetic damage caused by ionizing radiation can
have a second and more insidious effect: cell mutation and cancerous pro
liferation. Our approach to studying this process has several facets. One
project focuses on the differences between radiation-induced mutations at
two human genes, TK and HPRT. Is the spectrum of DNA structural altera
tions seen in radiation-induced mutants dependent upon the density of
energy deposition? Will the placement of genes at different chromosomal
locations have an influence on the types of mutants recovered?

The DNA of all plants and
animals forms loops around
structures called
nucleosomes, which consist
of proteins. The top figure
shows a computergenerated image of the
DNA loops, but not the
proteins. Tlie bottom figure
shows a computergenerated end-on vieiv of
DNA spiraling around
nucleosomes. LBL
researchers have found that
nucleosomes tend to protect
DNA from damage.

In recent work using TK6 lymphoblasts (a human male-derived cell line),
we have found a dramatic gene specificity for the effects of x-rays, as well
as accelerated heavy ions produced by the Laboratory's Bevalac accelerator.
For all types of radiation studied to
date, mutations are produced more
readily in the TK gene than in the
larger HPRT gene. This surprising
finding may be associated with the
chromosomal context in which these
two genes are located: TK is located
on chromosome 17, two copies of
which are normally present in human
cells, whereas HPRT is located on the
single X chromosome. It is possible
that HPRT is linked along the chromo
some to genes essential to cell survival,
which means that extensive radiation
damage—such as that associated with
heavy ions—would be more likely to
cause cell death than a heritable muta
tion. In addition, the mechanisms
used to process initial radiation dam
age to the final product, namely heri
table alterations in DNA, may be more
numerous when two copies of the gene
are present.
Research associate Polly Chang (left) and Amy Kronenberg prepare
to irradiate TK6 cells in a imitation experiment in the biology beam
line at the Bevalac. They have found a dramatic gene specificity for
the effects of x-rays and accelerated heavy ions.

Pursuit of this work, directed espe
cially toward an explanation for the
observed gene specificity, promises a
deeper understanding of the mecha
nisms of cell mutation and carcino
genesis induced by ionizing radiation.
A second effort centers around some of the events that accompany car
cinogenic transformation, including chromosomal alterations in the vicinity
of known proto-oncogenes (genes that can become cancer-causing onco
genes) and changes in gene expression, as measured by changes in RNA
levels. An early result is the finding that cell transformation occurs when
ionizing radiation causes two DNA strand breaks as a result of energy
deposition or attack by radicals at DNA sites within 80 A of one another
(one A equals one ten-billionth of a meter).
We are also looking at tumor development in several systems, including
the Harderian gland, which is found in most vertebrates (although not in
human beings) and functions in lubrication of the globe of the eye. Using
the mouse Harderian gland, we are examining the long-term biological
response of normal tissue to high-LET radiation. This work will contribute
to the determination of the carcinogenic risk associated with high-LET ra
diation at low doses and will be particularly valuable in understanding the
risk from environmental radiation such as plutonium alpha particles, fis
sion neutrons, and high-energy particles from outer space.
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Our strategy is to compare the tumor-induction effectiveness of cobalt-60
gamma rays (a form of low-LET radiation) to that of several high-LET par
ticle beams from the Bevalac helium, carbon, neon, argon, iron, and nio
bium. We have demonstrated that, unlike cob-nlt-60 gamma rays, high-LET
radiation causes an increase in the number of Harderian tumors even at
very low doses.
Using the Harderian gland as a model system, we have gone far in
establishing the relationship between energy deposition and cancer induc
tion. In fut'ire experiments, we will study the relationship between cancer
risk and effects per particle by looking at tumor induction as a function of
particle traversal per cell nucleus.
CHEMICAL- AND UV-INDUCED DNA DAMAGE
AND REPAIR
The release of a normal mammalian cell from the restraint of differentiation,
controlled cell division, and a finite life span produces a cancer cell. The
succession of steps that produces this transformation from a normal to a
cancerous cell is not veil understood, but research efforts in many areas of
cell and molecular biology, including the studies in radiation biology
outlined above, suggest a requirement for repair of DNA damage if carcino
genesis is to be prevented. Unrepaired point mutations, for example, arc
among several mechanisms apparently capable of "turning on" oncogenes,
and individuals with genetic-repair-deficiency diseases are extremely cancer
prone. Our activities in the area of DNA damage and repair include
cloning ofhumn:: DNA repair genes by complementation of the defect in
human repair-deficient cells, research on how structural constraints and
organization of the cell's genome affect repair processes, studies of inducible
responses to DNA damage, and cell culture studies of replication of dam
aged DNA templates.

RNA Polymerase and DNA Repair
Previous work in the Cell and Molecular Biology Division established that
the efficiency of DNA repair varies according to whether or not the dam
aged gene is actively being transcribed into RNA—a prerequisite step to
protein synthesis. Repair of damage induced by either ultraviolet (UV)
light or aflatoxin Bl (a mold toxin) was found to be more rapid in three
transcribed human genes than in the genome overall. Repair rates for UVinduced damage in a nontranscribed gene and in a pseudogene (which is
never transcribed) were about the same as the average rate for the entire
genome; the rates for repair of aflatoxin-induced damage in these genes
were lower than the average rate. Inducing higher levels of transcription
increased repair efficiency in the transcribed genes but had no effect on the
nontranscribed ones. Thus, repair efficiency appears to depend on both the
type of damage introduced into a DNA sequence and the transcriptional
state of the gene.

Tony Leadon has shown
that repair of DNA damage
in the transcribed strand of
a gene is more efficient than
repair in the iwntranscrilvd
strand.

In more recent work, we have extended these findings by measuring
repair in the transcribed and nontranscribed DNA strands of genes. We
have found a significant (threefold) increase in the efficiency of repair in the
transcribed strand, compared with the nontranscribed strand. Repair on
the nontranscribed strand of an active gene, on both strands of an inactive
gene, and on both strands of an active gene's regulatory region was compa
rable to that of the genome overall. Also, inducing higher levels of tran
scription selectively increased repair efficiency only on the transcribed
strand. When cell cultures were treated with an inhibitor of the enzyme
that catalyzes RNA synthesis, preferential repair on the transcribed strand
was eliminated, and conditions that had previously induced transcription
were found to have no effect on repair efficiency. Taken together, these
recent observations suggest that initiation of repair on the transcribed
strand of a gene is independent of repair on the nontranscribed strand and
that repair may directly involve the transcriptional complex—the multiprotein assembly that carries out transcription.
Ongoing work is aimed at further elucidating the mechanisms respon
sible for this preferential repair. Possibilities include the association of
repair enzymes with the transcriptional complex. Alternatively, arrest of
transcription at the site of DNA damage might serve as a repair-initiating
signal. The results of our work will be important not only for an under
standing of the mechanism and biological consequences of preferential re
pair in active genes, but also because unrepaired damage in "silent" but
potentially active genes, including proto-oncogenes, has significant implica
tions for human health.

YEAST STUDIES
Significant effort centers around research with yeast: We are studying
recombination (exchange of genetic material bctioeen chromosomes) in
Saccharomyces cerevisiae, both during cell division and as a DNA repair
mechanism, and we are using yeast to clone human genes. We also main
tain a unique yeast stock center as an international resource, and we
regularly update our widely used compilation of yeast genetic mapping
data.
Protein Essentia! for Genetic Repair
Recombination is a significant means by which potentially oncogenic chro
mosomal damage is repaired: One chromosome, in effect, uses its homolog
(a chromosome containing the same genes as another) as a template. In
addition, a specialized form of recombination is required for the normal
development of the immune system. The goals of recombination studies in
model systems are to characterize the molecular mechanisms of chromoso
mal recombination and to identify the major recombination genes, together
with their protein products. If sufficient similarity can be shown to exist
between human cells and model systems such as yeast, the models can be
used to extend our understanding of vital DNA repair processes in hu
mans.
In an effort to illuminate this critical process of recombination, we have
isolated and characterized three temperature-sensitive, recombination-defi
cient mutants of the yeast Saccharomyces ccrevisiae. Each embodies a defi
ciency in a single recombination gene; REC1, REC3, or REC4. Of particular
interest, the REC1 gene encodes a protein essential for DNA strand transfer
between homologous DNA molecules—the key step in chromosomal re
combination. We have demonstrated that the thermosensitive version of
this protein is active ai temperatures that would permit genetic recombina
tion in a living organism, and inactive at temperatures that would inhibit
genetic recombination.
24°C
2

3

36°C
4

42°C
5

6

7

The KEC\ DNA strandtransfer protein is required
in yeast for recombination
and for repair of x-rayinduced DNA damage. The
roto labeled ''joint" shozvs
recombinant DNA, i.e.,
DNA in which strand
transfer has occurred. In
lane 1, no strand-transfer
protein has been added,
lanes 2,4 and 6 shozo
strand transfer by the
normal REC1 protein.
Lanes 3 , 5 , and 7 show that
a mutant form of this
protein is active at 24°C
and 36 C, but inactive at
42°C. The mutant protein
is thermosensitive in living
cells, as uvll as in the
extracts used in this type of
experiment. ISSC = singlestranded circular viral
DNA. Linear = doublestranded linear DNA.)
C

Joint
Urwar
SSC
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Human cells contain an analogous DNA strand-transfer protein, and
studies are in progress to determine whether a plasmid (a circular piece of
DNA used to introduce foreign genes into a host cell) containing this analog
can restore recombination competence to mutant yeast. Similarity between
the human and yeast systems would open the door to studies that might
better define the process of chromosomal repair in human cells.
Cloning of Mui!ifunct'.onal Human Genes in Yeast Cells
We have cloned three multifunctional human genes in yeast cells by using
human genes to compensate for mutations in the corresponding yeast
genes. The human genes came from a cDNA library constructed by col
laborators at Chiron Corporation in Emeryville, California. (cDNA, used in
cloning, contains only DNA segments that actually code for proteins.) This
is the first time a human cDNA library has been constructed in a yeast
plasmid.
All three genes are involved in syn
thesis of the purine DNA bases, adenine
and guanine. One of these genes, the
GART gene, is particularly important be
cause it is located in the region of chro
mosome 21 associated with Down's syn
drome and may even be responsible for
some of the symptoms of this disease.
Genes involved in purine synthesis are
also of medical interest because chemotherapeutic drugs used to treat cancer
block synthesis of the DNA bases. Clon
ing of the purine synthesis genes may
therefore lead to a better understanding
of how chemotherapeutic agents wcrk.
In evolution, there has been a ten
dency toward combining the functions
of purine-synthesis genes, In. bacteria,
each of the three "GART" steps in purine
synthesis is carried out by a different en
zyme that has its own gene. Yeast cells,
in contrast, have two enzymes for the
GART functions—one bifunctional and
one unifunctional—and two correspond
ing genes; human cells, which have just
one GART gene, have one GART protein
with three different enzymatic activities.
CMB researcher David Schild examines a yeast culture. In ytast
Cloning and sequencing of multifunc
cells, he has cloned three multifunctional human genes, one of
tional human genes may aid in the study
which may be associated with Down's syndrome.
of protein evolution.

DIFFERENTIATION AND CARCINOGENESIS
One of the steepest mysteries of gene expression is how cells with identical
genetic programs differentiate during the maturation of complex organisms
to become, for example, such diverse tissues as muscle, nerve, and the
epithelium that covers body surfaces and lines organs. Accordingly, the
generation of tissue specificity—and its loss during malignancy—are
among the pivotal reser.rcli themes in modern biology. In our own research
in this broad area, we are taking several approaches. One of the most
important has been to culture human and rodent mammary epithelial cells
as systems for the study of normal growth, differentiation, and carcinogenic
transformation. In particular, we are interested in the role of cell-cell and
cell-matrix interactions in gene expression and differentiation in these
systems. Since the development of mammary glands is subject to hormonal
regulation, we are also interested in determining the relative importance of
hormones versus cell-cell and cell-matrix interactions, as well as hoxo the
interplay among hormones and various cellular factors dictates mammary
gene expression. Another approach to the same broad issue of differentia
tion and carcinogenesis is to use avian virus systems to study critical
features of oncogene expression and the influence of environmental factors.
And finally, we are intensively studying the process of hematopoiesis—the
differentiation of blood cells from a multipotential stem cell—as a model for
the processes that take place during embryogenesis.

Biology of Human Mammary Epithelial Cells
The central goal—and primary achievement—of our research on human
mammary epithelial cells has been to establish a well-defined culture sys
tem that can be used for widespread investigations of epithelial cell devel
opment. Indeed, we have established a normal cell population which is
capable of long-term growth but has the characteristics of a stem cell popu
lation: Its characteristics can be modulated in culture by age, medium
components, and the nature of the surface to which the cells are attached.
With this common resource now available, significant new findings are
emerging from a number of laboratories, including insights into the normal
mechanisms that control cell proliferation and differentiation, as well as
how these normal processes are altered in immortal cell lines and in the
process of malignant transformation.
In our own labs during the past year, work has focused on the role of
growth factors and proto-oncogenes in cell proliferation and on the interac
tion of epithelial cells with the carcinogen benzolalpyrene (BaP). We previ
ously showed that human mammary epithelial cells readily convert BaP to
its ultimate carcinogenic fcrai, BPDE, whereas mammary fibroblasts (cells
that give riue to connective tissue) are much less capable of this reaction.
More recently, we identified a previously uncharacterized BaP metabolite

in mammary epithelial cells and found that it is an extremely potent and
selective inhibitor of the key step in the generation of BPDE, It thus ap
pears that the activation of BaP to its carcinogenic form in these cells is selflimited through a novel feedback inhibition mechanism.
Cell-Cell and Cell-Matrix Effects
Almost all organs are composed of at least two tissue components: ep
ithelial parenchyma (the essential and distinctive tissue of the organ) and
mesenchymal stroma (the supporting framework of connective tissue). In
teraction between these two components is crucial to proper development,
to the formation of tissues and, organs, and to maintenance of the differenti
ated state. Any disturbance to this interaction can lead to uncontrolled
growth, aberrant tissue behavior, and carcinogenesis.
Using mammary gland cello from the mouse, we have explored the role
in cell differentiation of the extracellular matrix (ECM), which consists of
material secreted by both epithelial and stromal cells. Among our findings,
we showed that the ECM shares with hormones the responsibility for regu
lating tissue formation and gene expression. We also demonstrated a dra
matic effect of the ECM on the architecture of epithelial cells in culture: On
reconstituted basement membranes (a type of ECM), separated cells will
form alveoluslike structures remarkably similar to mammary glands during
pregnancy and lactation. Our latest findings indicate possible response
elements to ECM in the promoter regions (the sites where transcription of
the genetic message begins) of the genes for milk proteins. In the future, we
will explore the nature of these gene sequences and how ECM ultimately
regulates gene expression in normal and malignant cells.

Hormonal Effects
The female steroid sex hormones, estrogen and progesterone, are important
for the development and differentiation of normal mammary epithelial
cells. It has been known for more than a century that these hormones are
also involved in the growth of human mammary carcinomas. Many of the
effects of steroid hormones in their target tissues require the action of intracellullar steroid-specific receptor proteins that modulate the expression
of a network of genes whose actions culminate in the tissue's characteristic
response to the hormones.
Alterations in the synthesis and function of estrogen and progesterone
receptors can cause disruption of the mechanisms responsible for maintain
ing a stable state of mammary epithelial cell proliferation. This can ulti
mately lead to cancer. Using the mouse mammary gland as a model sys
tem, we are therefore seeking to identify the fundamental processes under
lying the synthesis and function of estrogen and progesterone receptors.
An important finding to emerge from our studies is that, while normal
mammary development and differentiation are under the regulation of es
trogen and progesterone, the actions of these hormones are themselves sub
ject to modulation by the developmental state of the mammary epithelial
cell. For example, the estrogen-regulated synthesis of progesterone recep10

tors is impeded during terminal differentiation of mammary glands. Thus,
it appears that cell-specific factors associated with terminal differentiation
may alter the ability of estrogen receptors to trigger expression of the pro
gesterone receptor gene. To determine the identity of these factors and to
facilitate the study of how estrogen and a cell's developmental stage affect
expression of the progesterone receptor gene, we have recently cloned, se
quenced and expressed the cDNA that encodes the mouse progesterone
receptor.
Viral Carcinogenesis
Our knowledge of the genetics and molecular structure of RNA tumor vi
ruses is not matched by our understanding of viral carcinogenesis.
Whereas cell lines and tissue culture models have been very fruitful in
addressing aspects of viral transformation, the ultimate answer to how vi
ruses cause cancer must come from studies irv living organisms. We are
therefore using a replication-defective avian Rous sarcoma virus (which
carries an oncogene) to study expression and inhibition of tumor formation
in chick embryos. One dramatic result is the finding that the embryonic
environment of the chick suppresses the oncogenic potential of the viral
gene. After four-day-old chick embryos are microinjected with the virus,
we readily detect evidence of viral integration and replication, as well as
expression of the active oncogene; nonetheless, embryonic development
proceeds normally. In the embryos, only vascular endothelial cells are
susceptible to the action of the oncogene. We are now investigating the
reasons for this susceptibility, as well as the reasons why other tissues are
refractory.
In related studies with newborn chicks, we have also found that wound
ing plays a role as a cocarcinogen in tumor formation following injection
with the Rous sarcoma virus. Chick hatchlings infected with this virus

Cro:-s-section through a
chicken tumor induced by
the wound-associated
protein TGF-p
(transforming growth
factor beta) in the presence
of Rous sarcoma virus. The
white grains (radiotracer
probes) in the micrograph
indicate the xvidespread
presence of Rous sarcoma
virus mRNA.

U

rapidly form tumors at the site of ex
perimental wounds. We found that a
small protein, transforming growth
factor beta (TGF-P), known to be in
volved in growth regulation in many
tissues, was produced at the wounds
before tumor formation. Further,
when a pure preparation of this mole
cule was administered to virus-in
fected chickens, it effectively mimicked
wounding and produced tumors at the
site of application. Other growth fac
tors either are ineffective or need to be
administered at much higher levels.
Thus TGF-p appears to be a central me
diator in the tumor-promoting effects
of wounding.
Besides shedding light on a long
standing problem, this finding has im
portant implications for our under
standing of tumor progression in gen
eral. Levels of active growth factors
such as TGF-p in a given tissue may
CMB Division Director Mina Bissell and Michael Sieweke have well determine whether an initiated tu
shown that TGF-f} is a central mediator in the tumor-promoting mor cell can develop its full cancerous
effects of wounding.
potential.
Gene Expression in Normal and Cancerous Cell Lines
Identification of gene products—that is, proteins—that play a central role
in the progression of epithelial cancer is an important initial step in deci
phering the biochemistry of the disease. In an effort to understand better
the processes whereby normal mammary epithelial cells become malignant,
we have begun a search for specific genes whose expression might be rele
vant to these processes. Such genes would include those directly altered by
a carcinogenic event, those involved in carcinogen-altered metabolic path
ways, and those that normally present obstacles to tumor development.
One method of identifying such gene products is by comparison of cells
from normal tissue with those from precancerous or cancerous tissue. The
approach has been to identify genes that are not actively being transcribed
into mRNA (messenger RNA). This is done by hybridizing single-stranded
cDNA from one cell type with an excess of mRNA from a second cell type,
then looking for cDNA that remains unpaired. Since each mRNA molecule
directs the synthesis of a specific protein, unpaired cDNA must code for
proteins that are not currently being produced in the second cell type.
So far, we have identified three proteins present in normal mammary
epithelial cells but largely absent in malignant cells lines: (1) fibronectin, (2)
keratin, and (3) vimentin. We have also found in normal cells an mRNA
molecule, designated NB-1, whose protein product has not been character
ized. NB-1 production decreased more than 50-fold in mammary cells after
12

carcinogenic transformation in culture. The cDNA encoding NB-1 bore no
similarity to genes of known sequence.
Tumor-Cell Detection Using Monoclonal Antibodies
Efforts are directed toward characterizing cell-membrane glycoproteins
(proteins with carbohydrate components) of breast epithelial cells and
breast tumor cells. One of the techniques that we are using is that of
generating monoclonal antibodies (which recognize and bind to just one
type of target molecule) against cell membranes. These antibodies are use
ful for basic studies of membrane biochemistry but also may have value as
diagnostic tools for the detection of tumor cells. Additionally, some surface
proteins of breast tumor cells are shed from tumors and appear in the blood
serum of breast cancer patients. Monoclonal antibodies can be used to
detect these proteins and consequently to predict the existence of latent
tumors or monitor the success of surgical efforts to remove tumors.
Over the past few years we have generated several monoclonal antibod
ies that react with human breast tumor cells and have used them to study
various aspects of tumor biology. We have also entered into a collaborative
project with scienl ists at Triton Biosciences of Alameda, California, to exam
ine the value of these antibodies as tools to monitor tumor-derived
glycoproteins in the serum of breast cancer patients. Screening of approxi
mately 50 cancer patients demonstrated that the monoclonal antibodies did
indeed detect shed tumor glycoproteins in the serum. Ongoing experi
ments are directed toward determining the sensitivity of these antibodies
and assessing whether they offer advantages over monoclonal antibodies
that have been generated at other laboratories.
Carcinogenic Potency
For several years we have been developing the Carcinogenic Potency Data
base, a standardized database of the published results of animal carcino
genesis tests. The database currently includes results of about 4,000 experi
ments on 1,000 different chemicals. To describe carcinogenic potency in an
animal experiment, we estimate TD —the chronic dose rate (in milligrams
per kilogram of body weight per day) that would induce tumors in 50
percent of test animals by the end of a standard lifetime. We have found
that T D values of rodent carcinogens vary more than 10 millionfold.
About half of the chemicals tested are carcinogenic in rats, mice, or both.
Of 392 chemicals tested in both species, 76 percent of the rat carcinogens are
positive in mice, and 70 percent of the mouse carcinogens are positive in
rats. Prediction of carcino-genicity in one species based on that in the other
is more reliable for mutagens than for nonmutagens and for substances that
are toxic at low, as well as high, doses. An analysis of the predictive value
of carcinogenicity at the 10 r ^ s t common tumor sites indicates that most
sites are good predictors of carcinogenicity at some site in the other species.
We have found that the carcinogenicity of synthetic pesticides is similar
to that of pesticides that plants make naturally to protect themselves from
insects and microorganisms. Also similar are the proportions of natural
and synthetic chemicals that are positive when tested in rats and mice.
W
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We conclude that prolonged elevation of the rate of mitosis, or cell divi
sion, increases mutagenesis—&nd therefore carcinogenesis. Stimulation of
mitosis is likely to be a dominant factor in studies of carcinogenicity that
are conducted at high doses.
Hematopoiesis
Hematopoiesis (the development of blood cells) is a model for the prolifera
tion and differentiation of multipotential stem cells, and thus a natural
theme for research into the regulation of gene expression. Blood-cell pre
cursors give rise in the bone marrow to erythrocytes (red blood cells),
thrombocytes (blood platelets), and a variety of leukocytes (white blood
cells). This process of differentiation and its many ramifications constitute
a significant focus of our activities. Specific projects include the study of
the hormonal control of erythropoiesis (development of red blood cells), the
cloning and molecular characterization of red-cell membrane proteins,
studies on the regulation of platelet production, research on the immuno
logic regulation of hematopoiesis, and the use of transgenic mouse systems
to study hemoglobin disorders such as sickle cell anemia.
The work with transgenic mice has borne especially notable results. In
particular, we have created the first transgenic organism to carry the hu
man sickle cell gene—a crucial step toward the development of an animal
model for sickle cell anemia. Ovum nuclei are injected with a cloned frag
ment of human DNA that contains the hemoglobin-S gene, which codes for
the protein that causes sickle cell anemia. Fertilized eggs that survive a
night in culture and divide into two-cell embryos are then implanted into a
surrogate mother. Newborn mice are screened for human DNA, and those

Transgenic-mouse red blood
cells containing human
sickling hemoglobin. The
cells shown in (a) and (b)
are deoxygenated; those in
(c) and id) are oxygenated.
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containing human DNA sequences are then tagged for study. About one
out of every 100 eggs injected becomes a transgenic mouse, and about half
of the offspring of these mice are also transgenics.
These transgenic mice produce hemoglobin-S, but there is no sickling
when their blood cells are oxygenated. All hemoglobin molecules consist of
an alpha chain and a beta chain. The interaction between a mutated beta
chain and a normal alpha chain leads to pathological polymerization, or
linking, of hemoglobin molecules in humans. In mice, however, human
beta-5 chains interact with normal alpha mouse chains to form functional
hemoglobin molecules. Two approaches are being taken to correct this
problem. One is to introduce genes that will express human alpha, as well
as beta-S, hemoglobin chains in the mouse. The second approach is to
genetically engineer a human hemoglobin beta chain that will polymerize
more readily than beta-S.
We are also studying protein 4.1, one of the main proteins in the mem
brane skeleton responsible for maintaining the structural integrity of red
blood cells. Protein 4.1 gives the membrane skeleton its great flexibility,
allowing a cell about eight microns (millionths of a meter) in diameter to
move through capillaries whose diameters are barely three microns. Dur
ing the past year, we discovered two molecular "switches" that cause struc
tural—and presumably functional—changes in protein 4.1 during erythropoiesis. Also, we are learning how mutations in protein 4.1 cause blood
disorders.

Hematopoiesis research
group niemlters lottn
Conboy (left), Mohandas
Narla, and Joel Clmsis
discuss data from their
studies of the development
and proliferation of blood
cells. They are learning
hoxo mutations in blood-cell
proteins cause blood
disorders.
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MACROMOLECULAR STRUCTURE
An understanding of molecular structure and even cellular architecture is
an integral part of any complete picture of how a cell's genetic program is
regulated and expressed. Accordingly, we arc actively pursuing an en
hanced structural picture of selected cellular components, emphasizing in
particular the use of electron crystallography. One subject of special
interest is a family of membrane proteins involved in the selective transport
of ions across the cell membrane. For the study of such proteins, electron
crystallography lias unique appeal, since, unlike x-rays, electrons can be
easily focused to produce a high-resolution image, in addition to yielding
electron diffraction data. This method also offers a unique opportunity to
study membrane proteins in their natural state. We are also using videoenhanced light microscopy and (with members of the Chemical Biodynamics
Division) light microscopy with linearly or circularly polarized light.
Among applications of the former technique are studies of intracellular
transport, where organelles (subcellular structures) can be seen as they
move along individual microtubules—minute cylindrical structures found
in cells. Our new intermediate voltage electron microscope, which allows
viewing of much thicker specimens than can be examined with conventional
electron microscopes, is enabling us to study complex structure, including
how networks of microtubules and other subcellular components arc
organized to direct intracellular transport.
Electron Crystallography
Electron crystallography achieved a landmark recently with the determina
tion of an atomic model for the structure of a membrane protein, bacterio
rhodopsin, from electron diffraction data and high-resolution electron mi
croscope images. This was the first time that the three-dimensional struc
ture of a protein had been determined at the atomic level from electron
microscope data. The success of this work—a collaboration of LBL, the
Medical Research Council in Cambridge, England, and the Fritz-Haber In
stitute in Berlin—was greatly aided by use of a computer-controlled spotscan imaging technique developed at LBL. By reducing blurring, this tech
nique provides a very important improvement in the quality of high-resolu
tion images. The new model for bacteriorhodopsin provides insight into
the mechanism by which this protein uses light energy to pump protons
across a bacterial cell membrane.
The outer membrane of Gram-negative bacteria, such as E. coli, contain a
high density of pore-forming proteins, which are often called porins. We
are also using electron crystallography to study the structure of one of
these, PhoE, a porin that is produced under conditions of phosphate starva
tion and helps transport phosphate-containing compounds and negatively
charged molecules into the cell. A three-dimensional structure map has
been calculated at a resolution of about 3.5 A, and we can now gain some
idea of the basis of the selectivity and gating of the channel. The channel
consists of a cylinder with a wall made up of a p-sheet (an array of amino
16
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(Left) Schematic drawing of bacteriorhodopsin, a protein that uses
light energy io pump protons across a bacterial cell membrane. The
cylinders labeled A through G represent helical regions of the
protein. The structure labeled R is the retinal molecule that absorbs
light. (Below) Cross-section through a 3.5A map of
bacteriorhodopsin. The map, which is based on electron microscope
data, shcaos the density contours of the protein. The retinal
molecule appears as a very dense ring.

/

acids that contributes to a protein's three-dimensional shape), with a com
plex structure inside the cylinder. The cylinders occur in groups of three.
We are now beginning to interpret the map to determine the path of the
amino-acid chain constituting the protein, so that the protein's functional
mechanism can be understood in detail.

3.5,4 projection image of
PhoE fiorin, an important
pore-forming protein found
in bacterial membranes.
This image was obtained
from tii'o-dimcnsional
crystals by means of
electron crystallography.
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Procedures for isolation and purification of the cytochrome be, protein
complex from nonphotosynthetic plant tissues have been fully developed,
and cytochrome bc from beef heart has been crystallized in a form suitable
for x-ray crystallographic study. This protein complex is a link in the elec
tron-transport chain essential to cellular respiration; determination of its
structure will provide important information about electron transport in
cells.
t

Manipulation of * Single DNA Molecule
We have invented and constructed a micro-electrophoresis device to ma
nipulate single DNA molecules. The device consists of a network of elec
trodes with dimensions on the size scale of the length of a single DNA
molecule. It uses inhomogeneous electrical fields to enable the placement
of different sections of a molecule in specific positions in the electrode net.
In studies of the motion of DNA molecules in the gels used for DNA
sequencing, we have observed a number of unexpected effects that may
help to explain the anomalous behavior of some DNAs in gels. The accel
eration and deceleration of a molecule as it moves around obstacles can be
followed and analyzed using computer software which is still under devel
opment. We have observed that both the length of the molecule and its
velocity vary exponentially with time, and that DNA is apparently much
more elastic than had previously been expected.

Marcos Maeslre has
developed a nao technique
that allows him to observe
single DNA molecules in
motion. On the screen are
videotaped images of DNA
molecules moving through
an electrically charged
solution.
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HUMAN GENOME CENTER
Since early 19S6, the human genome project has emerged from relative
obscurity to a place of unique prominence in the minds of both scientists
and laypersons. The goal of the project is to determine the sequence of the
three billion nucleotide building blocks of the 46 chromosomes found in
human cells. The project lias gained a widespread scientific commitment
unprecedented in the life sciences community, and with its promise of new
knowledge about ourselves, it has also captured the public imagination.
Coordinated effort on the human genome project began in earnest in 19SS,
when the U.S. Department of Energy (DOE) designated LBL and the Los
Alamos National Laboratory as Human Genome Initiative research centers
and provided funding for multidisciplinanj research. Activities at LBL's
Human Genome Center involve the coordinated efforts of five LBL research
divisions: Cell and Molecular Biology, Chemical Biodynamics, Engineer
ing, Information and Computing Sciences, and Materials Sciences—as well
as several University of California campuses. A Human Genome Labora
tory has been proposed to provide not only the physical space for our
growing human genome effort but also the fertile, interactive environment
essential to productive multidisciplinary research. This integration of
molecular genetics, engineering, and computer science into a critical
research mass is a key ingredient of the Human Genome Center—and of the
DOE's strategy for resource and technology development. Tlw new build
ing, which would provide lab and office space for about 60 professional and
support personnel who are noxo dispersed in sei'eral buildings, would also
provide a core facility for the common use of expensive instrumentation and
technologies. It -would thus serve as an important user facility for the
biomedical scientific community committed to this DOE-inspired national
project.

An architect's rendering of
tlw proposed Human
Genome Laboratory. This
32,000-squarc-foot building
at LBL would provide the
lab and office space needed
for the anticipated increase
in effort at the Human
Genome Center. It would
also serve as a user facility
for the biomedical scientific
community.
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The Human Genome Project: A Short Overview
One can imagine understanding the human genome at several levels of
detail. At the coarsest level, we might seek to determine the whereabouts
of the most important human genes—at least to the point that we could
assign each to a specific chromosome. This kind of low-resolution mapping
has, in fact, now been done for more than a thousand genes. At the next
level, the goal might reasonably be to map the genome at some higher
resolution—perhaps to establish for every human gene a chromosomal lo
cation that is accurate to within a million nucleotides. In this area, we have
made the barest start. At a still deeper level lies the "Holy Grail" of biol
ogy, the dream of sequencing the human genome. The result would be a
string of three billion characters, representing the sequence of nucleotides
that defines our species. Included, of course, would be the sequence for
every gene, as well as the sequences for the much greater lengths of DNA
that have no known function. Should anyone undertake to print it all out,
the results would fill 200 volumes the size of the Manhattan phone book.
In a sense, though, even a complete genome sequence is only the begin
ning of understanding. The deepest mystery is how the potential of 100,000
genes is regulated and controlled, how blood cells and brain cells are able
to perform their separate functions with the same apparent genetic pro
gram, and how these and countless other cell types arise in the first place
from an undifferentiated human embryo. A first step toward solving these
subtle mysteries, though, is a more complete physical picture of the master
molecules that lie at the heart of it all.
Work at LBL is only part of a broad international effort that will dramati
cally enhance our understanding of human molecular genetics before the
end of this century. In this country, the bulk of the effort will be carried out
under the auspices of the DOE and the National Institutes of Health, but
significant contributions have already been made both by nonprofit private
foundations and by private corporations. The crucial role of the DOE will
be to exploit its unique experience in managing large projects and to coordi
nate multidisciplinary research at its national laboratories—repositories of
expertise in physics, engineering, and computer science, as well as the life
sciences. The tools and techniques the human genome project will ulti
mately rely on are thus likely to be developed at laboratories like LBL.

Philouphy of the Human Genome Center
We feel that "data-producing" efforts and technology innovation should
proceed hand in hand, and that both must be tied to specific, interesting
biological problems. For example, chromosome mapping targets are cho
sen because of the potential for finding particular genes, such as the genes
for Down's syndrome and familial Alzheimer's on chromosome 21, or for
elucidating chromosome function, such as the functions associated with
telomeres—the very ends of chromosomes. Large mapping or sequencing
efforts that do not allow for technology evolution are almost certain to be
obsolete before they are finished, and technology innovation in a vacuum
inevitably fails to provide optimal methods for solving biological problems.
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Mapping and sequencing methods will undoubtedly continue to evolve
rapidly, and ultimately most of the genome will likely be sequenced by
methods not in existence today. We must therefore be extremely careful
not to invest large amounts of effort, such as would be required for devel
opment of commercial-quality software or highly refined hardware, in
strategies or tactics that will soon become obsolete. A continual planning
process is needed to reevaluate our methods and replace or abandon them
as technological advances emerge.
The Human Genome Center both draws on and augments the San Fran
cisco Bay Area's strength in basic biology and human genome research.
The concentration of genome project activity in the Bay Area is unequalled
at any other U.S. location: Biotechnology companies such as Genentech,
Applied Biosystems, and Cetus are conducting genome research, as are
Lawrence Livermore National Laboratory, Stanford University, and the
University of California's Berkeley and San Francisco campuses. LBL's
Genome Center is a significant part of this dynamic research community.
Mapping
A major goal at the Center has been to map human chromosome 21. In a
sense, this effort was the Center's central project, serving not only as a goal
in itself but also as a focus for efforts to improve the tools of the trade and
to develop new ones.
The basic strategy we are using to map chromosome 21 is to determine
the order of large DNA fragments generated by digestion of the chromo
some with the restriction enzyme Not 1. The average fragment is about one
million nucleotides in length (because DNA occurs as a double-stranded
helix, a fragment would actually contain twice this many nucleotides). The
smallest fragments are about 50 thousand nucleotides long. The frequency
of the interspersed, highly repeated alu sequence (named for the enzyme
that cuts it out of a DNA strand) in the human genome is so high that the
probability of a 50-thousand-nucleotide DNA fragment being free of alu is
less than one percent. Since the average-sized Not I fragment is much
larger than this, it is highly likely that almost all such fragments contain alu
and can therefore be detected by hybridization with alu. In fact, alu detects
37 different-sized Not I DNA "bands" from chromosome 21 when the frag
ments are separated by size using pulsed-field gel (PFG) electrophoresis (a
technique in which an electric field is used to separate DNA fragments on a
two-dimensional gel). Several of these bands contain more than one par
ticular Not I fragment, but by combining our results with those of our Japa
nese collaborators, we can now identify 45 of the 48 DNA fragments esti
mated to be the minimum constitution of the chromosome. This accounts
for 45 million nucleotides, or over 80 percent of the minimum actual length
of chromosome 21.
We have also accomplished the key step needed to demonstrate the fea
sibility of a new strategy for ordering a yeast-artificial-chromosome (YAC)
library for chromosome 21. A library is a mechanism for packaging DNA
for cloning—that is, replication in large quantities. YACs are replicated in
yeast cells, but contain mostly human or other foreign DNA. Because YACs

Assignment of a yeast
artificial chromosome
(YAC) to a specific region of
iiumar, chromosome 21.
Two DNA fragments from
a human chromosomc-21
YAC (33F6) were labeled
with a radioisotope and
hybridized to DNA from a
series of hybrid cell lines
that contain all or parts of
human chromosome 21.
Positive hybridization
results occur when the YAC
DNA is also present in the
cell line. The parts of
human chromosome 21
found in the various cell
lines areshozvn pickiinlly
below the hybridization
results, which indicate that
YAC 33F6 is derived from
chromosome-21 band q22.3.
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are created randomly, a method is needed for locating ones containing
particular genes of interest. Current strategies are slow and inefficient. The
new strategy is based on polymerase-chain-reaction probes made from PFG
bands. We have demonstrated use of a polymerase chain reaction tc am
plify only selected human DNA in a slice of PFG-separated Not I fragments
from a human/rodent hybrid cell line. (The hybrid cells are more efficient
in work with than human cells, because the only human chromosome they
contain is chromosome 21.) We now plan to use the amplified human DNA
as a probe to identify the corresponding YACs. Once these YACs are
found, their order will be determined; this process can proceed even before
the Not I map is finished. Indeed, some of the YACs will prove to contain
internal sections of Not-1 fragments, and these will aid in completion of the
map.

Instrumentation and Automation

We have developed two new methods for detecting DNA in very low con
centrations in electrophoresis gels. Both methods rely on laser scanning
microscopy for rapid examination of a small volume of fluorescently la
beled DNA. The scanning speed and light intensity are adjusted to maxi-
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mize the signal from the fluorescent dyes. In one approach, end-labeled
DNA fragments run on sequencing gels can be detected at 10 percent of the
minimum concentration detected by standard commercial instruments.
This potentially provides a tenfold increase in sequencing rate by allowing
use of either shorter gels or thinner lanes (the gel columns in which DNA
fragments separate into bands). In the second approach, ethidium
homodimer is used instead of ethidium to stain a gel. Because the dissocia
tion rate of this dye from DNA is negligible under typical electrophoresis
conditions, the DNA can be stained before electrophoresis, eliminating
many tedious staining and destaining steps normally done after electro
phoresis. The sensitivity of this method for detecting DNA is at least 100
times greater than that of the older ethidium-staining method. This will be
a powerful tool in many DNA analytical procedures.
A Hewlett-Packard computerdriven prototype chemical robot was
made available to LBL in 1989. The
robot consists of an active arm capable
of remarkably accurate and precise
movement, seven pumps for dis
pensing and sampling very small vol
umes of material, and a spectro
photometer for color analysis of the
samples. We have demonstrated use
of the robot to duplicate arrayed clone
libraries in a sterile environment. Ar
rayed clone libraries, which consist of
dozens of clones lined up in rows on a
filter, are a major tool in genome map
ping because they facilitate screening
for clones of interest. However, for
such arrays to be effective, they must
Heivlett-Packard, Inc., has provided the Human Genome Center
be replicated accurately and trans
with a computer-driven robot for handling and processing biological
ferred to filters at high density. Cur
samples. Application of robotics to speed repetitive tasks in human
rently, at most locations in the world, genome research requires interaction among researchers in a variety
this extremely tedious work is done of disciplines, including molecular biology, computer science, and
manually. The robot'has been trained
engineering. Biologist Jeff Gingrich is shoivn with the robot.
to perform the necessary manipulation
of arrayed libraries and is now being
tested in a production mode, duplicating two large arrays of interest: a
chromosome-21 cosmid library (a library in a bacterial virus, or phage)
obtained from Lawrence Livermore National Laboratory and a YAC library
from Washington University in St. Louis, Missouri.
Design and construction have been completed for a power supply that
allows operation of up to 64 gel boxes with a single IBM PC computer. The
system has a 24-electrode array in which individual electrode voltages are
selected by the computer, which also determines the timing of changes in
the electric-field profiles across the gels. Software has been developed for
calculating electrode voltage distributions, given a desired homogeneous or
inhomogeneous field profile. A significant advantage of being able to con
trol many gels at once is the ability to establish several experimental plans,
which are then automatically documented and recorded as the gels are run.

Information Handling and Computing
A semiprivate database is being constructed for the community of scientists
ANGEL is a program that working on chromosome 21. It is actually a generic physical mapping
database: There is nothing that restricts it to chromosome 21. It is designed
UHis developed at LBL to
as a shared database for a small, interacting community and therefore im
analyze data from
electrophoresis separation of poses different challenges than would a large, public, fully interactive
physical mapping database. The interface that allows a user to interact
DNA fragments. The
with the database is currently implemented in Supercard on a Macintosh II
program automatically
identifies DNA lanes (wide computer. The actual database is being implemented in Sybase on a Sun
vertical lines in lozvcr right Workstation. The database is accessible to remote users at Keio University
in Tokyo and the Eleanor Roosevelt Cancer Center in Denver—two other
window) and centers of
major chromosome-21 mapping sites—and it can communicate with exter
bands for particular
nal
public databases such as the Human Gene Mapping Library (HGML) in
fragments (short horizontal
New Haven, the National Library of Medicine (NLM), and Genbank. It also
lines). The lower middle
window shows the bands in will eventually be able to communicate directly with private databases such
as electronic laboratory notebooks or the files used by robots in clone array
a single lane after digital
ing.
filtering to remove noise.
Electrophoresis is an
essential step in DNA
sequencing.
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One of the greatest limitations in much DNA analysis is the need to
store, interpret, and compare large numbers of photographic images, typi
cally micrographs or pictures of gels. Because the task of cataloguing these
images is formidable, we have constructed an image database that allows
the pictures to be stored and searched with relatively simple queries and
displayed in whatever combinations are needed. Tools also are available
for image enhancement, including background smoothing, intensity analy
sis, and semiautomatic DNA size determination by comparison with stan
dard samples. Eventually, the database will be provided with a more pow
erful query structure and with additional image-analysis tools. The image
query database will be able to communicate with the chromosome-21 data
base described above and with electronic laboratory notebooks that fully
document the experiments used to create each imagt.
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RESEARCH MEDICINE
AND RADIATION
BIOPHYSICS
DIRECT LINE CAN BE DRAWN BETWEEN THE EARLIEST The long tradition of
I biomedical experiments at the Radiation Laboratory on the Research Medicine
the Berkeley campus and the work now under way in the Research Medi and Radiation
cine and Radiation Biophysics Division. Though 50 years of intellectual and
technological evolution have led to new research directions, the focus of the Biophysics Division is
Division continues to be the investigation of human physiology and disease, founded on the
using the tools of nuclear physics. The early use of radionuclides as thera application of advanced
peutic agents is reflected today in their application as tracers used in con technology to the
junction with advanced diagnostic imaging systems; the earliest use of cy service of medicine.
clotron-produced particles for cancer therapy finds its parallel in ongoing
cancer therapy trials with heavy ions at LBL's Bevalac accelerator. In addi
tion, a major effort is now under way to understand the genetic risk factors
at work in atherosclerosis—a logical extension, in fact, of the first Donner
Laboratory studies of lipoproteins and heart disease more than 40 years ago.
In looking to the future,
we can anticipate continu
ing evolution and growth
in each of these areas. In
addition, the first steps
have been taken in a
wholly new direction: the
exploitation of coherent
soft x-rays from the Ad
vanced Light Source (ALS)
for a new generation of
imaging experiments in
the life sciences. A pro
posed Life Sciences Center
would provide synchro
tron radiation beamlines
and experimental facilities
for protein crystallogra
phy, x-ray microimaging
and microholography, and
x-ray spectroscopy. The Radioisotopes were first used to treat human disease by John Lawrence (top)
Center would also provide brother of LBL founder Ernest O. Lawrence (bottom), who received the Nobel Prize
a full complement of labo in 1939 for inventing the cyclotron.
ratory facilities for local
and visiting scientists. The ALS will thus serve a well-established commu
nity of crystallographers with high-energy x-rays, but its most exciting at
tribute is the laserlike synchrotron light it will produce in the ultraviolet and
soft x-ray regions of the spectrum. At these longer wavelengths, the coher
ent properties of the light offer us the unprecedented opportunity to look
into living cells at resolutions approaching 10 billionths of a meter.
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STUDIES OF BRAIN FUNCTION AND DISEASE
Thv long tradition of the Research Medicine and Radiation Biophysics
Division is founded on the application of advanced technology to the service
of medicine. This convergence of technological development and medical
research is especially evident in our broad program of research on brain and
heart function and disease. In particular, our efforts focus on the use of
positron-emission tomography (PET) and nuclear magnetic resonance
(NMR, sometimes called magnetic resonance imaging or MRI). The PET
program centers on the continuing use of the Douner 600-Crystal
Tomograph, the world's highest-resolution instrument, for studies of
Z'arious physiological processes. In several of the pliysiological studies,
NMR serves as a complementary imaging technique. In addition, we
continue to exploit classical radiotracer techniques in metabolic studies of
schizophrenia, emotional disorders, and other neurological diseases.
RMRB Division Director
Thomas Budinger (left) and
Peter Valk study highresolution brain images
produced at the Donner
600-Crystal Positron
Emission Tomograph, the
world's highest resolution
instrument for positronemission tomography.

PET and NMR Studies
Positron-emission tomography is based on the use of metabolic tracers that
contain a radioactive isotope that emits positrons (the electron's antiparticle). Each positron emitted by the isotope immediately annihilates with a
nearby electron to produce two photons (particles of light). The simultane
ous detection of these photons, traveling in opposite directions, pinpoints
the position of the annihilation. Different tracers can be chosen, or synthe
sized, to investigate different kinds of metabolic activity, and time-depen40

PET scan of normal heart
shows how heart muscle
absorbs rttbidium-82 during
and after exercise.

dent studies can be carried out to assess the rates of metabolic processes.
Many patient studies, for example, are done with fluorine-18-labeled
fluorodeoxyglucose (FDG), an analog of the sugar glucose; like glucose, the
analog is taken up by actively metabolizing tissue. The highest-resolution
instrument now available for such studies is the Donner 600-Crystal Posi
tron-Emission Tomograph, commissioned in 1986 for studies of brain me
tabolism. The resolution of this system is at least twice as good as that of
any other instrument.
One particularly active area of research involving PET imaging has been
the study of cerebral blood flow in Alzheimer's disease. Recent work has
exploited a newly developed radiopharmaceutical labeled with iodine-122.
This drug has a short half-life (210 seconds) that makes repeated measure
ments possible during one patient sitting. Thus, we can measure unstimu
lated blood flow values, then, following some stimulus, record the stimu
lated flow.
One such stimulus we have studied is CO, inhalation, which typically
causes a significant increase in cerebral blood flow. Sixteen healthy adults,
ranging in age from 27 to 78, and five Alzheimer's patients were subjected
to PET scans before and after breathing CO, for 10 to 15 minutes. This
physiological testing procedure is safe and well accepted, but these studies
were the first ever done with PET. All control subjects showed consistent
baseline patterns of cerebral blood flow, which then increased after CO,
inhalation. This vascular system "reactivity," however, was less pro
nounced in the older subjects than in the younger ones. In the Alzheimer's
patients, baseline blood flow rates were reduced in the temporal cortex (the
lobes of the brain associated with hearing); however, vascular reactivity did
not differ from that of the control subjects. Aging thus appears to diminish
the ability of the cerebral vascular system to respond to challenge, but this
impairment is not heightened by Alzheimer's disease. The abnormal blood
flow patterns seen in Alzheimer's patients are probably not a cause of the
disease, but rather a result of diminished glucose utilization.
In other studies, PET and NMR are used in concert to reveal changes in
brain anatomy and physiology. Whereas PET is a probe of metabolism,
normal proton-NMR yields high-resolution anatomical maps based on vari
ations in the distribution and tissue environment of water in the body. In
one investigation, the two techniques were used to follow changes in brain
tissue in patients exposed to heavy-ion radiation for treatment of arterio
venous malformations (abnormal clusters of blood vessels that are prone to
bleeding). An understanding of such changes is important in the context of
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the heavy-ion therapy programs described on page 45. Together, the use of
PET and NMR have allowed us to follow changes in glucose metabolism in
the brain, changes in the permeability of the blood-brain barrier, and brain
tissue edema and abnormal extracellular fluid characteristics that arise fol
lowing radiation damage.
Tracer Studies of Schizophrenia
A third type of study relies on neither PET nor NMR, but uses instead
classical tracer techniques. In our work on schizophrenia and emotional
disorders, for example, we looked at
metabolism of methyl (-CH,) carbon by
injecting a carbon-11 or carbon-14-labeled substance, then measuring the ac
tivity of expired C O Our findings
showed that unmedicated schizophren
ics metabolize methyl carbon much less
efficiently than do normal patients, sug
gesting that they may suffer an enzyme
deficit in the pathway for metabolism of
methyl carbon. This could affect the ac
tivity of neurotransmitters, as well as
other physiological processes. To pur
sue this investigation further, we plan to
search the sequence of methyl-metabo
lism products for an enzymatic "bottle
neck."
To detect extremely low levels of
tracer, we have proposed a new type of
mass spectrometer, in conjunction with
the Nuclear Science and Physics Divi
sions. This "cyclotrino" would detect
individual carbon-14 atoms, thus en
hancing detection sensitivity by a thou
RMRB researchers Taslta Kusubov, Tony Sargent, and Scott Taylor
sand. Such an instrument would also
have conducted tests which show that schizophrenics metabolize have utility in studies of other metabolic
methyl carbon much less efficiently than do normal patients. They
diseases, of which more than 3,000 are
next plan to try to determine where the metabolic process is beingknown, and in studies of the metabo
blocked.
lism of drugs and toxic agents.
r

PET Imaging of Vascular Lesions
The 600-Crystal Tomograph, designed for brain scans of human subjects,
can also be used for whole-body imaging of small animals. We have thus
been able to undertake high-resolution studies to detect vascular lesions in
large blood vessels of rabbits. To do this, blood platelets were labeled with
gallium-68. The labeled platelets were then injected intravenously into rab
bits in which a major artery had been scraped by a balloon catheter. The
scraping was done to simulate disease-induced arterial lesions. Platelet
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I
localization at the site of injury could be clearly seen in the high-resolution
PET images, suggesting the possible use of the 600-Crystal Tomograph and
gallium-labeled platelets for imaging vascular lesions in the carotid arteries
of human subjects. Efforts are also underway to determine whether radia
tion-induced damage to smaller vessels might be detected with radiola
beled substances.

MEDICAL IMAGING TECHNOLOGY
Over the past decade, technological improvements have elevated NMR and
PET imaging to the level of routine procedures in the diagnosis of many
diseases. Continuing research, however, points toward even xoidcr applica
tions for these techniques and, especially, toward higher image resolution.
For example, our NMR group has completed theoretical studies that
provide a solid foundation for eventually conducting NMR -with high
magnetic fields, -which promises higher resolution and higher sigual-tonoise ratios in diagnostic images. The key to better PET images, on the
other hand, is smaller detector crystals, which, because of their size, are
belter able to localize the source of a detected pair of photons. One require
ment of smaller detectors is a more suitable scintillator than the bismuth
germauate currently used. We recently described a promising candidate
material, lead carbonate. We also synthesized a new scries ofbenzamides as
tracers for PET studies.

NMR Methods

I
Research applications of NMR spectroscopy in living organisms are wide
ranging, including studies of aging, atherosclerosis, heart disease, and can
cer. Many such investigations, however, are limited by the signal-to-noise
ratios and by the image resolution that can be achieved with techniques
currently available.
The way NMR imaging works is that certain nuclei absorb radio waves
of characteristic frequency in a magnetic field. These "resonances" provide
signals that are used to construct an image. Improvements in resolution are
possible by operating at higher magnetic fields, but higher fields typically
require the application of radio-frequency (rO pulses of impractically high
peak power. This is a consequence of the usual way of conducting NMR
experiments: rf pulses of short duration (about 10 millionths of a second)
are applied to the subject, followed by long relaxation times (about 1 sec
ond) during which data are collected.
We have recently confirmed the feasibility of a technique known as sto
chastic excitation, which circumvents the high-peak-powcr requirements of
conventional pulsed NMR. Stochastic NMR uses a noiselike rf excitation
signal that is on almost continuously. The result is a reduction by several
orders of magnitude in the peak-power requirement.

Tritium NMR Studies of Metabolism
During the past year, we have utilized tritium NMR to study dynamic
changes in cellular metabolism. A heavy isotope of hydrogen, tritium pro
vides two unique advantages as a label for detection with NMR spectros
copy; It has the greatest NMR sensitivity of any nucleus and no back
ground signal. Using tritium-labeled glucose as a tracer in mammalian red
blood cells, we can observe metabolites from glycolysis and the pentose
shunt—two different metabolic pathways by which sugar is broken down
in the body.
To study the metabolism of deoxyglucose, an important compound used
as a tracer in PET studies, we used tritium-labeled glucose and dexoyglucose. The experiments demonstrated that deoxyglucose is metabolized via
the pentose shunt under anaerobic conditions and that the onset of this
metabolism is correlated with the initial glucose concentration. These find
ings may help explain anomolous PET studies of diseased cardiac tissue.
In an extension of this work, we have used cardiac muscle cells from the
newborn rat as a model to study metabolism in cardiac tissue. Taurine is an
amino acid found at high concentrations in the heart. We examined the
effect of taurine on glycolysis under anaerobic conditions (which occur in
the body when cardiac cells are deprived of blood flow, as during a heart
attack). Using tritium-labeled glucose, we observed that the rate of glycoly
sis doubled in the presence of taurine. It thus appears that at times of
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oxygen deprivation, taurine helps to keep cardiac cells viable. Studies are
presently underway to determine whether the effect on glycolysis is due to
a metabolic or an osmotic effect. This work represents the first time NMR
has been used to study metabolism of heart tissue in culture.
Developments in PET Technology
Two especially notable developments have characterized our recent efforts
to improve the state of current PET technology. The first was the finding
that lead carbonate (PbCO,) is an effective scintillator—that is, a substance
that glows when struck by radiation. In a positron-emission tomograph,
scintillators absorb the x-ray photons emitted during positron annihilation
and emit, in turn, visible photons to be detected by a standard phototube.
These scintillators embody three critical properties: high density, good
light output, and a short fluorescent decay lifetime (which enables high
photon count rates to be handled). Because lead carbonate appears promis
ing on all three counts, three U.S. commercial firms have begun research on
developing optical-quality crystals for use in PET devices, as well as in
detectors for high-energy physics.
The second development is the synthesis of a new series of fluorinecontaining benzamides (a class of benzene-ring molecules) as tracers for
PET studies. These compounds have high affinity, as well as selectivity, for
certain nerve-cell receptors that bind dopamine, a neurotransmitter. Stud
ies using these compounds may have broad clinical relevance: Changes in
nerve-cell receptor populations have been implicated in schizophrenia,
Parkinson's disease, and many other neurological disorders.

RADIOTHERAPY AND RADIOSURGERY WITH HEAVY IONS
In distinct contrast to x-rays, heavy ions and neutrons arc especially
effective in killing oxygen-deficient cancer cells. In addition, ions can
penetrate deeply into the body, then deposit their energy abruptly al the end
n( their path. Furthermore, this so-called Bragg peak of delivered dose can
be modulated in three dimensions, so that a well-defined volume of tissue is
irradiated. Asa consequence, the radiotherapy program at LBL's lievalac
accelerator has been able to demonstrate unecfuivocally that superior local
cancer control can be achici'cd with heavy ions for a number of different
tumors. Our programs in litis area are proceeding on course, with a central
aim being a continuing evaluation of different ion species with respect to
their effectiveness in treating different types of cancer. Nonclinical research
proceeds in parallel, aimed mainly at understanding the physical and
biological characteristics of lieavy-iou beams and their effects in the brain.

Radiotre^apy
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Radiotherapy used alone or in combina
tion with surgery is an effective treat
ment for many forms of human cancer.
However, in approximately 25 to 35
percent of patients, conventional radio
therapy techniques are not sufficient for
control of resistant tumors, or tumors
adjacent to critical normal tissues. At
Lawrence Berkeley Laboratory, studies
with heavy charged particles have been
ongoing since the mid 1970s. We have
now treated over 1200 patients with he
lium and neon ion beams as part of a
clinical research program supported by
the Department of Energy and the Na
tional Cancer Institute.
For such tumors as chordoma or
chondrosarcoma at the base of the skull
or adjacent to the spinal cord, the local
ized deposition of radiation inherent in
charged-particle therapy has resulted in
approximate doubling of the rate of lo
cal tumor control over that achievable
with x-ray therapy (70 percent versus 35
percent), with follow-up ranging from
one to 11 years. Even more favorable results have been observed in irradia
tion of small melanomatous tumors in the eye: Tumor control has been
achieved in 97 percent of the over 300 patients treated. Eighty-five f rcent
of the patients have retained their eyes and about half have kept useful
post-treatment vision.
With heavier particles, such as neon ions, preliminary results in approxi
mately 250 patients demonstrate promising local control rates for tumors of
the salivary gland, prostate gland, and paranasal sinuses, as well as soft
tissue and bone tumors. In addition to the advantage of localized deposi
tion of radiation dose, heavier ions offer a greater biological effect on tumor
cells. They are particularly promising for tumors with cellular characteris
tics that make conventional irradiation ineffective—that is, tumors that are
composed of radioresistant oxygen-deficient cells or have a high capacity
for repair of conventional radiation damage.
During the next year, we will continue studies comparing heavy charged
particles such as neon to x-ray irradiation and helium-ion therapy. We also
will continue development of a new beam delivery system, called "dynamic
conformal-beam scanning," which will more precisely localize the highdose radiation zone to the three-dimensional shape of a tumor and there
fore spare an even greater amount of critical normal tissue. Physical, bio
logical, and clinical studies will be implemented over the next three years to
bring this exciting form of beam delivery into daily clinical use. Our goal in
this therapy is to reduce the national standard for radiotherapy local treat
ment failures from 30 percent to less than 10 percent. Combined with

multimodality therapy, sucli as surgery and chemotherapy, this should lead
to greater survival rates and improved quality of life for cancer patients.
Radiosurgery

Our stereotactic radiosurgery clinical-research program continues its stud
ies on the use of helium ions to treat life-threatening intracranial disorders
called arteriovenous malformations (AVMs). An AVM is a pathological
cluster of blood vessels that are prone to hemorrhaging; AVMs in the brain
are particularly dangerous. The ultimate goal of our work on AVMs is the
transfer of safe, reliable, and reproducible treatment strategies to facilities
based at community hospitals. Accordingly, our program is designed to
optimize the dose, treatment volume, ion type, beam delivery technique,
and treatment schedule for irradiation. For several years, we have concen
trated especially on deep-seated, surgically inaccessible intracranial AVMs.
At the end of 1990, the helium-ion radiosurgery program had treated
over 300 patients with inoperable AVMs, and we were in the process of
analyzing the conditions of all treated patients who had been followed for
three years or more. In a group of more than 100 patients for whom followup test results were available, results showed complete or partial cure in all
cases. In about 80 percent of patients, the AVM was completely obliterated.
We have demonstrated that with the heavy-ion radiosurgical method,
the radiation dose to normal brain structures both adjacent to and remote
from the AVM is relatively low, particularly when compared to x-ray and
other conventional irradiation techniques; this difference appears especially
marked in the treatment of larger AVMs. We consider the overall results
with our patients to be favorable: While providing satisfactory protection
of critical brain structures, the treatment is successfully obliterating a major-

Pliysician lacob Fabrikanl
check* tlw mask ami frame
that will hold a patient's
lu'tiii in place during
irradiation of an
arteriovenous ma"
(AVM) in the brain. In
ahml 80 percent of patient,
this treatment completely
obliterates the AVM.

ity of life-threatening inoperable AVMs, including many more large, irregu
larly shaped lesions than appear to be amenable to other irradiation tech
niques.
We are also pursuing a more extensive neuroradiologic follow-up by
using NMR and PET imaging to evaluate the time course of radiationinduced changes in AVMs and surrounding tissue. We are using several
different PET tracers to assess changes in glucose metabolism, regional
blood flow, and the integrity of the blood-brain barrier, and we are correlat
ing these changes with NMR data.
Basic Radiation Biophysics
Underlying the radiotherapy and radiosurgery programs are continuing
basic biophysical studies on the properties of the ion beams being used
medically. (Pertinent work is also carried out in the Cell and Molecular
Biology Division; see pages 2-5.) Prospects are encouraging that, as a result
of these studies, a more accurate ion-dose calculation method will soon be
available. We are also doing heavy-ion beam characterization and frag
mentation studies, comparisons of dose distributions obtained with differ
ent forms of radiation and different irradiation geometries, studies of braincell DNA damage and repair, and studies in animal and human models of
metabolic and physiologic changes induced by radiation.

LIPOPROTEINS AND ATHEROSCLEROSIS
A major program in the Research Medicine and Radiation Biophysics
Division focuses on the structure, metabolism, and genetic determinants of
lipoproteins—lipidlprotein particles that transport cholesterol and other
lipids (fat-related substances) in the bloodstream. The principal aim of the
studies is to better understand the relationship between lipoproteins and the
development of coronary artery disease. Haw do genetic and environmental
factors affect lipid transport and the development of atherosclerosis? To
find out, we are unraveling the processes that give rise to the major lipopro
tein classes. The program uses a multidisciplinary approach—including
human ami molecular genetics, cell biology, metabolism, biophysics, statis
tics, and mathematics—fu study atherosclerosis development.

Lipoprotein Claues
The major lipoprotein classes include high-density lipoproteins (HDL) and
low-density lipoproteins (LDL). A primary focus during the past year has
been investigation of pathways and mechanisms for the origins of both
large and small HDL particles. Increased levels of large HDL particles in
blood plasma are generally associated with increased plasma concentra
tions of HDL-cholesterol, In the U.S. population, high levels of HDL-cholesterol are, in turn, correlated with a decreased risk of coronary heart dis-
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Pattern A

Pattern B

ease. Interest in small HDL particles is based principally on their likely role
in initiating the transport of cholesterol from cells throughout the body to
the liver for excretion, a process called "reverse cholesterol transport."
In humans, the liver is a major site of HDL synthesis. To better under
stand the synthesis and secretion of HDL by the liver, we are studying the
metabolism of HDL secreted by a human liver-tumor-derived cell line.
Our studies suggest that HDL secreted by these cells is an excellent model
for elucidating the role of an enzyme called LCAT in lipoprotein metabo
lism. This enzyme, in conjunction with HDL, plays a key role in reverse
cholesterol transport. To examine the role of specific HDL subclasses in
reverse transport, we are testing the effects, on well-defined synthetic HDL
analogs, of enzymes and other proteins that are known participants in cho
lesterol metabolism. Studies are also underway to test whether specific
analogs containing apoAI (the primary protein component of HDL) can
stimulate cholesterol release from lipid-laden cells.
Our research programs are also concerned with the low-density lipopro
teins, several different subclasses of which have been identified. These
subclasses are characterized by differences in size, density, and lipid and
protein composition. Further, analyses of plasma LDL in large numbers of
human subjects have revealed considerable variability in the distribution
patterns of LDL subclasses. These patterns can be grouped into two dis
tinct categories, which we have designated LDL subclass patterns A and B.
Pattern A is found in 60 to 70 percent of normal subjects, pattern B in 30 to
40 percent; an intermediate pattern is observed in up to 10 percent of the
population.
Pattern B, which is produced by a dominant gene, is linked to increased
risk of premature cardiovascular disease. We have established that this
trait is fully expressed in men after the age of about 20 and in women after
menopause, indicating the importance of developmental and hormonal fac
tors in the production of this lipoprotein profile. We also showed that this

LDL subclass pattern A
shouts relatively high levels
pf large, buoyant LDLs (I
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levels of small, dense LDLs
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associated ivith increased
risk of heart disease, the
small, dense LDLs
predominate.

RMRB researcher Trudy
Forte (left) and instructor
Kim Snipes of Sierra
College in Rocklin.
California, examine a gel
stained for lipoproteins.
Forte has demonstrated the
existence of lipoprotein
dissociation complexes that
may be involved in the
removal of excess cholesterol
from the bloodstream.
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Electron microscope image
of dissociation complexes
formed bu the incubation of
VLDL,1DL, and LDL with
free fatty acids (FFA) and
apoAL The complexes,
which are precursors for
HDL, illustrate quantized
size transformation of
lipoprotein particles.

Precursor HDL
trait is strongly linked with reductions in plasma HDL levels and with
increases in levels of intermediate-density lipoproteins (IDL) and lipopro
teins rich in triglycerides (the major energy fats). These changes all tend to
increase atherosclerotic risk and, for this reason, the newly discovered gene
has been designated ALP (Atherogenic Lipoprotein Profile). The increased
risk of coronary disease predicted for individuals carrying this gene has
already been confirmed by a case-control study showing a two- to threefold
increased heart-attack risk for individuals with LDL subclass pattern B.
The biochemical basis for the differing LDL subclass patterns is, as yet,
not understood. One hypothesis suggests that pattern B is associated with
an altered carbohydrr'o synthetic pathway in the liver, which may in turn
be linked to variations in LDL metabolism in the liver. We tested this
hypothesis and demonstrated that the carbohydrate content of LDL protein
in pattern B is significantly reduced compared to that in pattern A. The
carbohydrate content of LDL lipid/carbohydrate molecules was also re
duced in pattern B. Reduction in carbohydrates may influence the subse
quent metabolism of the LDL and may play a major role in determining the
atherosclerotic risk associated with these particles.
LDL, as well as triglyceride-rich lipoproteins, may undergo "quantized"
size transformations as a result of dissociation of proteins and lipids from
the lipoprotein particles. Free fatty acids in pla-ma may promote such
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changes in the twsence of HDL or apoAI. We are presently investigating
this possibility
the past year, we have demonstrated quantized transfor
mation during incubation of LDL, IDL, and very low-density lipoprotein
(VLDL) with free fatty acids and apoAI. The resulting "dissociation com
plexes" appear as variously sized stacks of disks in electron micrographs.
The complexes, which contain apoAI, as well as surface lipids dissociated
from LDL (or IDL and VLDL), are precursors for HDL particles and may
play an important role in the removal of excess cholesterol.
Other studies are likewise aimed at ultimately understanding the rela
tionships of fatal coronary heart disease to lipoprotein subclasses and other
established risk factors. One such study involves 1,961 men and 423
women who were employed at the Lawrence Livermore National Labora
tory between 1954 and 1957. We intend to extend earlier investigations to
30 years of follow-up. Preliminary analyses suggest that strong relation
ships exist between lipoprotein subclass measurements and the subsequent
development of heart disease and stroke.
The Dairy Research Institute for Genetics and Nutr 'on
LBL's Dairy Research Institute for Genetics and Nutrition is a
multidisciplinary research unit funded by the National Dairy Promotion
and Research Board. In both human and animal studies, the Institute is
testing new approaches to understanding and modifying the effects of
dairy fat on heart disease.
In the past year, a major achievement at the Institute has been develop
ment of a very unique system to study the influence of apoAI on HDL
structure, distribution, and metabolism and the role of HDL in decreasing
the risk of cardiovascular disease: We have produced two independent
transgenic mouse lines that contain the human apoAI gene. The mouse
strain from which the transgenic lines were derived was selected because of
its susceptibility to atherosclerosis in response to dietary fat and cholesterol.
The transgenic mice produce twice the normal amount of apoAL about 95
percent of which is the human protein. Moreover, the mice produce the
two predominant forms of human HDL rather than the single type of HDL
particle characteristic of mice. The results demonstrate a dominant role of
apoAI in determining HDL structure. The transgenic mice are being used
to test whether increases in HDL levels can alter susceptibility to develop
ment of diet-induced atherosclerosis; they are providing the first direct evi
dence in a living organism that ApoAI has an immediate role in preventing
heart disease.
The Institute is conducting a second mouse genetic study with Jackson
Laboratory in Bar Harbor, Maine. The aim is to investigate the influence of
specific mouse genes on the relationship between diet composition and
atherosclerosis. Identifying the mouse genes which alter dietary suscepti
bility may help us to understand the effect of similar genes in humans.
Human diet studies at the Institute are exploring the influence of the two
genetic LDL subclass patterns nn response of individuals to dairy fats. Do
such fats have differing effects on susceptibility to heart disease in indi
viduals with these genetic traits? The effects of high-dairy-fat and lowdairy-fat diets in large families will allow studies of heritability of heart
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disease risk in offspring. The clinical portion of these studies will be con
ducted at the Cholesterol Research Center near Alta Bates Hospital in Ber
keley.
A second project involving human subjects is investigating the genes
that influence response to dairy fats. Using the DNA obtained from large
families, genes are being analyzed to determine which ones may possibly
influence the effects of dairy fats on lipoprotein production and metabo
lism. This work is being done in collaboration with Children's Hospital in
Oakland, California.
BIOELECTROMAGNETICS RESEARCH PROGRAM
Our bioelectromagnetics research program focuses on Hie effects of magnetic
fields and of radio-frequency and microwave radiation on molecular,
cellular, and tissue systems. The ultimate aim is twofold: (1) to address
health and safety issues related to technologies that rely on high-intensity
magnetic fields or on microwave and rf electromagnetic fields, and (2) to
explore possible biomedical applications of such fields.

Health Effects of Powerline-Frequency Magnetic Fields
Powerline-frequency (60-hertz) magnetic fields, also called extremely-lowfrequency (ELF) magnetic fields, are receiving increasing attention as an
environmental agent that may influence human health. Several epidemio
logical studies have suggested that human exposure to ELF electric and
magnetic fields is linked to the development of cancer, particularly leuke
mia. At this time, the increased risk appears to be about 20 percent for all
leukemias and about 45 percent for acute myeloid leukemia. Additional
large-scale epidemiological studies are now in progress.
LBL has one of several laboratories in the country that are studying the
basic interaction of electric and magnetic fields with cellular systems. Since
ELF fields are not energetic enough to damage DNA directly, our goal has
been to identify ELF-induced alterations in cell-membrane functions that
are critical to cell proliferation and division. This means examining cellular
communication processes, such as calcium transport across the cell mem
brane.
Binding of hormones or other messenger molecules to the cell membrane
of a lymphocyte (a type of white blood cell) causes calcium to enter the cell.
Following the rise in intracellular calcium concentration, DNA synthesis in
the cell nucleus increases, and cellular proliferation and division can ensue.
We have recently tested the hypothesis that ELF magnetic fields can also
increase calcium transport. The model system we used was the rat thy
mocyte (a T lymphocyte produced by the thymus), which undergoes an
abrupt increase in calcium transport in response to Con A, a chemical that
induces mitosis, or cell division. We discovered that when thymocytes in
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culture were treated with ELF fields for only 60 minutes in the presence of
Con A, the resultant increase in calcium transport exceeded by up to two
fold the increase induced by Con A alone. Interestingly, the ELF field alone
had no effect. This means that in combination with Con A, an ELF field can
act to enhance events linked to mitosis. Currently, we are characterizing
this cellular response to identify thresholds for field intensities and for du
ration of field exposure.
If this finding is generalizable and ELF fields can act as coinducers of
mitosis for lymphocytes in the body, there might be therapeutic applica
tions for immunosuppressed patients and for geriatric patients with re
duced immune function. The coinduction response may also be relevant to
the development of cancer, since overstimulation of mitosis for a prolonged
period could lead to events associated with uncontrolled cell proliferation.
Use of Liposomes and Microwave Fields for Drug Delivery
We have found that liposomes—microscopic, membrane-bound vesicles
made in the laboratory—can be used to deliver therapeutic drugs on de
mand. Liposomes are made by mixing phospholipids (fat-related sub
stances containing phosphorus) dissolved in an organic solvent with a drug
dissolved in water. Vesicles form spontaneously, with a substantial portion
of the drug trapped inside.
In animal studies, we have shown that a microwave field can be used to
release the antibiotic drug Gentamicin from single or multiple liposome
injection sites, or "depots," in fat or muscle tissue. A single depot can act as
a resen oir for drug release with successive microwave treatments: When a
single depot was exposed to a microwave field at 24-hour intervals, Gen
tamicin was released into the bloodstream with each exposure. Treatment
of multiple depots with microwave fields resulted in additive release of
Gentamicin into the bloodstream.
The maximal effective dose of a drug can vary widely during the day
and night, according to the phase of the organism's biological clock. Thus,
pulsative, on-demand, drug delivery, such as that provided by the microwave/liposome technique, is the best way to deliver many drugs.
In tissue-culture studies, we have shown that microinjection of drugs
into target cells can be achieved using microwave fields and liposomes.
After the cells have been coated with liposomes containing a drug of inter
est, a microwave field is applied to trigger release of the drug directly into
the cells. We have accomplished this with various cell types—including
lymphocytes, macrophages, and several tumor cell lines.
When injected into a patient, liposomes with antibody molecules at
tached would bind to specific target cells (such as cancer cells). Once this
binding occurred, microwaves could be used to microinject the drug. This
approach would reduce the total amount of drug needed to treat the pa
tient—which would be especially desirable in the case of toxic drugs and
those with serious side effects.

Scientist Robert Liburdy
and graduate student
Cameron Sheeler check a
microwave exposure device
used to release therapeutic
drugs from liposome
vesicles.
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LUNG MICROIMAGING
The lung microimaging group is developing HOT electron microscope
imaging techniques and applying than to clinically important questions on
the structure and function of the king. We have developed a low-tempera
ture scanning electron microscope and are using it to study respiratory
distress syndrome, asthma, and the effects of cigarette smoke on the lung.

Neonatal respiratory distress syndrome affects between 40 and 50 thousand
premature babies per year in the United States. The lungs of these babies,
which have not matured, do not make the detergent-like surfactant that
normally coats the inside of adult, child, and mature infant lungs and keeps
the millions of tiny air sacs inflated. Without this surfactant, the lung
collapses and the premature babies develop life-threatening difficulty in
breathing. We aTe working to prove that surfactant floats on a thin, con
tinuous foundation of water. Physiologists who model the lung have hy
pothesized that such a water layer exists as millions of soap bubbles, but
this aqueous layer could not be demonstrated with early electron micro
scopes because such microscopes required samples to be dried prior to
viewing. Our low-temperature scanning electron microscope allows us to
look at the aqueous layer by keeping water in the lung preserved as ice.
We have developed techniques to prepare lung tissue for this microscope,
and we are now measuring the thickness, continuity, and extent of the
aqueous lining of the lung. Such studies will be important in improving
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treatment and understanding the
pathogenesis of respiratory distress
syndrome.
We are also studying the amount
and distribution of water in the air
ways of the lung and the role that this
water plays in the origin and develop
ment of asthma. Millions of Ameri
cans suffer from asthma—periodic at
tacks of breathing difficulty due to ob
struction of the flow of air in the air
ways. Inflammation, muscle contrac
tion, and altered secretions contribute
to this process; we are assessing the de
gree to which water causes the ob
struction. By examining the effects of
drugs and physiological mediators on
airway structure in the hydrated state,
we are working to better understand
the controlling mechanisms of asthma.
Cigarette smoking has been shown
to cause important chronic diseases of
the lung: emphysema, chronic bron
chitis, and cancer. We are concerned
with the earliest effects of smoke on
the lung and the lung's ability to de
fend itself against such inhaled irri
tants. The lungs might respond much
as our eyes do wlien exposed to an irri
Jacob Bastacky prepares to photograpli a specimen of human lung.
tant—by secreting a protective layer of
His studies of the aqueous lining of the lung are shedding light on
liquid. We hypothesize that one of the
respiratory distress syndrome, asthma, and the lung's response to
first things cigarette smoke does to the
cigarette smoke.
lung is to cause an increase in the
amount of water lining the air sacs.
We are using the low-temperature scanning electron microscope to measure
the amount of water in the lung at increasing intervals after exposure to
cigarette smoke. We expect that this water represents one of the body's first
attempts to counteract the deleterious effects of the many irritants present
in smoke.
In addition, we have been using the High-Voltage Electron Microscope
at LBL's National Center for Electron Microscopy to visualize the constitu
ents of the air-sac wall and to provide comparison data for the x-ray micro
scope images to be produced in future applications of the Advanced Light
Source. We have also begun feasibility studies for a high-resolution, lowtemperature scanning electron microscope to examine lung structure, and
we have been developing apparatus for freezing lungs and other organs as
rapidly as possible to produce specimens.
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ALS LIFE SCIENCES CENTER

Architectural model
showing the ALS Life
Sciences Center, where
synchrotron light will lw
used to obtain unprec
edented microscopic
views of cells and their
substructures. The Center
will include two insertion
devices (a wiggleraud an
undulator), together with
their hwulines and
experimental end stations,
and 11,100 square feet of
ftdly equipped laboratory
and office space.
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The Advanced Light Source (ALS), now under construction nl LliL, is Ihc
first of a third generation of synchrotron light sources—facilities that
produce intense radiation by constraining electrons to curved trajectories,
forcing them as a consequence to give up energy in the form of light. By
relying on special periodic magnetic arrays known as "wigglers" and
"undulators," and by keeping its circulating electrons -within the bounds of
a narrow pencil-like beam, the ALS will produce soft x-rays and ultraviolet
light of unprecedented intensity. For the life sciences, the ALS may open
the door to high-resolution dynamic imaging of biological events and to
practical microhologrnphy and x-ray microimaging, as well as providing a
slate-of-the-art facility for x-ray spectroscopy and crystallography. To
exploit this resource for biology, we have therefore proposed an ALS Life
Sciences Center, whose scope includes construction of an undulator
beamlinc equipped for microimaging and microholography, a wiggler
beamline equipped for spectroscopy and crystallography, and 11,100 square
feet of fully equipped support laboratory and office space. The estimated
cost of the project is $28.6 million; construction is scheduled to begin in
1992 and be completed in 1994.

Background of the Proposal
The most powerful sources of x-ray and ultraviolet radiation (collectively,
the XUV region of the electromagnetic spectrum) are synchrotron light
sources, where electrons circulating in an accelerator at relativistic velocities
emit light as a by-product of their motion. Missing so far has been XUV
light with many of the useful properties that are associated with visible and
infrared laser light.
In essence, the ALS, now under construction at the Lawrence Berkeley
Laboratory, will provide such light to the experimental scientist. Though
not a laser, the ALS will offer researchers laserlike radiation of unprece
dented brightness at ultraviolet and soft x-ray photon energies. Thus, bi
ologists can look forward to a host of new possibilities for the life sciences,
including unprecedented microscopic views of cells and their substructures
in a near natural state, insights into multimolecular aggregates of biological
macromolecules, and even views of physical and chemical dynamics at
high resolution. The ALS and other light sources of its generation are also
certain to bring established methods of structural investigation, such as
protein crystallography and x-ray spectroscopy, to new levels of technical
achievement.
Toward these objectives, we have proposed a Life Sciences Center at the
ALS. This Center will be a unique national resource for synchrotron-based
research in the life sciences, providing a capability for entirely new lines of
investigation. The Center will include next-generation synchrotron-based
experimental facilities for x-ray microscopy, holography, spectroscopy, and
crystallography, which will make possible the coordinated application of
these techniques to studies in the life sciences. In addition, and most im
portantly, the Center will make it possible to bring forefront technical de
velopments in physics and engineering to bear on basic and applied re
search problems in biology and medicine. The Center will also house cru
cial ancillary biological facilities necessary to make the ALS an effective
resource for broadly based life sciences research.
As a basis for discussion within the life sciences community, a prelimi
nary conceptual design proposal for the Life Sciences Center was prepared
in 1988. The response to this proposal was a consensus that the Center
should be part of a major structural biology facilities initiative proposed by
the DOE's Office of Health and Environmental Research. In February 1990,
a full conceptual design report for the Center was completed.
Research at the Life Sciences Center
Because the wavelength of x-rays is far shorter than that of visible light, far
smaller features can, in principle, be discerned: The sizes of the cellular
features we hope to resolve at the ALS Life Sciences Center are roughly
equivalent to the wavelength of the probing light. If this theoretical equiva
lence can indeed be approached in practice, using techniques currently
available and others foreseen for the future, x-rays offer a profound oppor
tunity to deepen our understanding of biological structure and structurefunction relationships.

In addition to the relationship between resolution and wavelength, xrays offer many features that make them particularly valuable as probes of
biological matter. Accordingly, the Center's scientific goals include (1) new
applications of x-ray methods already established and widely used, such as
protein crystallography; (2) full realization of the promise of newly emerg
ing synchrotron-based microimaging methods, such as x-ray microscopy
and holography; (3) assessing the feasibility of new technical approaches,
such as merging spectroscopy and spatially resolved x-ray microimaging;
and (4) the development of novel means of extending imaging resolution
toward theoretical limits.
An important new scientific opportunity for the life sciences at the ALS
will be afforded by the construction of x-ray microscopes and holographic
imaging devices of a character and degree of development not heretofore
possible. In conjunction with novel approaches for improved resolution,
the promise of high-resolution microscopic x-ray imaging appears to be
within reach. Even imaging techniques currently available at second-gen
eration synchrotron radiation sources permit examination of biological ma
terial in a near natural state at resolutions never before achieved, and reso
lution may approach 10 nanometers (billionths of a meter) by the time the
ALS is commissioned. Imaging with soft x-rays—x-rays with wavelengths
between roughly 1 and 5 nanometers—can be "natural" because such radia
tion can penetrate much thicker objects than visible light, and thus some
sectioning can be avoided. Also, the object can be viewed while suspended
in water at atmospheric pressure and body temperature. Water is transpar
ent to soft x-rays, whereas various elements normally present in biological
material, particularly carbon and nitrogen, absorb these photons. This al
lows for contrast based on variations in the concentrations of natural sub
stances, rather than by staining with foreign ones.
X-ray spectroscopy, which is based on absorption of x-rays of specific
wavelengths by elements of biological interest, has an excellent record of
achievement in several areas of biological, biochemical, and biophysical
research, and the ALS will offer exciting new opportunities in this area.
The extra capabilities that the ALS will bring to spectroscopic studies in
clude the investigation of very dilute materials and the analysis of material
that is spatially localized within some particular cellular region—a combi
nation of microimaging and spectroscopy. Elemental mapping by x-ray
spectroscopy will make it possible not only to measure quantitatively the
presence of particular elements in a spatially resolved fashion, but also
whether these elements are present in organic, or carbon-based, molecules;
This method has the potential to provide direct information regarding the
chemical form and reactive state of specific molecules within the cell.
The ALS will provide photons in two energy regions that will be at the
forefront of innovative biological spectroscopy. The first region is that from
2 to 4 kcV (thousand electron volts), which contains absorption peaks for
the elements phosphorus, sulfur, chlorine, potassium, and calcium, all of
great importance and interest in biology. The second energy region of
particular interest is between 0.3 and 1.2 keV, where one finds absorption
peaks for the first series of transition elements (scandium through zinc),
almost all of which are biologically important, as well as the peaks of im
portant light elements. It is in this range that the undulators planned for

Accumulation of calcium
phosphate may be a
contributing factor to the
death of heart tissue when
ceils tire deprived of oxygen
during a heart attack.
Element mapping based on
x-ray spectroscopy could
verify and describe this type
of pathological change.

the ALS offer the greatest promise for high brightness. The ability to carry
out spatially resolved spectroscopy for elements in this region would be of
significant value.
A final area of promise at the ALS is biological x-ray crystallography.
Most of the information that we have regarding the detailed structure of the
two central classes of biological macromolecules—nucleic acids and pro
teins—is derived from analyses of the diffraction patterns produced by
passing x-ray beams through crystalline arrays of these structures. In addi
tion, our modem ideas about the transmission of genetic information, as
well as our notions about the catalytic functions of enzymes, owe a great
deal to x-ray crystallographic studies of biological macromolecules. An
impressive example of x-ray diffraction work is the structure of the ms
oncogene protein, described on pages 77-78.
Despite being optimized for the production of soft x-rays, the ALS is
nonetheless well-suited for x-ray diffraction studies at the shorter wave
lengths required for the satisfactory resolution of macromolecules. Indeed,
careful comparisons have been carried out between the ALS Life Sciences
wiggler and two established crystallography sources: one at Cornell Uni
versity, the other at Stanford University. At a given photon energy, all
three of these sources produce essentially the same flux, or rate of photon
production; however, the brightness of the ALS source is significantly bet
ter (theoretically, as much as 100 times better) than the other two. Recently
commissioned sources at the other facilities are brighter than the older
sources, though still not as bright as the ALS wiggler is expected to be. For
some experiments, flux is the more important factor, but in others bright
ness can give the ALS a considerable advantage.
The use of undulator radiation for soft x-ray scattering studies also offers
great promise. The ability to match the wavelength of radiation in the soft
x-ray and far UV regions of the spectrum to the characteristic sizes of vari
ous biological objects provides a powerful new probe into the microstructure of living organisms on a size scale ranging from one to hundreds of
nanometers. In addition, the use of radiation with controlled polarization
provides a way to study the symmetry and response of important biological
systems.
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CHEMICAL
BIODYNAMICS
. , ^ ^ ^ 1 HE LABORATORY OF CHEMICAL BIODYNAMICS
* ^ - ? T B H ^ B B was established in 1945 to conduct basic research on the
dynamics of living cells and on the interaction of radiant energy with or
ganic matter. Now a Division of LBL, as well as an Organized Research
Unit of the Berkeley campus, LCB is making important advances in three
areas: photosynthesis, structural biology, and energy storage. The use of
biophysical techniques to study the molecular mechanisms of photosynthe
sis continues to be a central theme of the Division, as it has been throughout
its history. Our new efforts in this area are turning to the use of molecular
genetic and structural determination methods to probe questions of mo
lecular structure and function.
In a second area, both nuclear magnetic resonance (NMR) and x-ray
crystallographic techniques are being complemented by high-resolution
electron paramagnetic resonance (EPR) and x-ray absorption spectroscopy
to probe the structure of complex biomolecules. And the diverse tools of
modern molecular biology are being used to explore the broad questions
implied by the term structural biology. We are interested, for example, in
how the functional activity of genes is regulated by both the primary and
higher-order structure of normal and damaged DNA, as well as by interac
tions with proteins and other nucleic acids. In our work on catalytic anti
bodies, we have been able to tailor the structure of proteins so that the
molecules carry out selected chemical reactions.
A third area of effort encompasses the study of the fundamental chemis
try of electronically excited molecules, an area that underlies any under
standing of the energy storage processes in photosynthesis. We are work
ing not only toward the use of sophisticated chemistry to store the energy
of photons, but also toward the development of systems that actually mimic
the photosynthetic apparatus in the trapping and transfer of energy.
The Chemical Biodynamics Division is also the home of the National
Tritium Labeling Facility (NTLF). The NTLF was established in 1982, and it
continues to serve as one of the few facilities in the nation equipped to label
compounds to very high specific activities of tritium CH). It thus serves as
a laboratory where researchers from across the U.S. can carry out labeling
and radiopurification procedures that would be impossible at their home
institutions. The mandated functions of the NTLF are to engage in research
and development of advanced labeling techniques and to disseminate the
results, to promote collaborative research using labeled molecules, to pro
vide labeling services to the nation's scientists, and to train researchers in
labeling methodologies, One of the NTLF's most important activities is to
supply labeled biomolecules for tritium-NMR spectroscopy, a key tech
nique in our structural biology research.
r

The Chemical
Biodynamics Division
is making important
advances in three
areas: photosynthesis,
structural biology, and
energy storage.

ChemBio researcher jim
Bartholomew and Albany,
California, high school
science teacher Carroll
Coughlin look over an
auloradiograph showing
IxmdsofDNA. Coughlin
will incorporate ideas and
discoveries from the
frontiers of science into her
courses.
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Phil Williams (left) and
Hiromi Morimoto of LBL's
National Tritium Labeling
Facility oversee the work of
Ann Cross of Yale
University, who is carrying
out a tritium-labeling
operation inside a glove box.
At the NTLF, visiting
researchers can prepare and
purify their own tritiated
compounds.
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PHOTOSYNTHESIS AND BIOLOGICAL ENERGY
The Chemical Biodynamics Division traces its roots to early studies of
carbon metabolism in photosynthesis, and significant effort continues to Indirected toward an understanding of the dynamics of this process, perhaps
the most fundamental in the biosphere. Ongoing studies focus on the light
reactions of photosynthesis and on the organization of photosynthetically
active membranes. Complementary investigations take a molecular genetic
approach to understanding structural and functional aspects of photosyn
thesis; for example, we are seeking to sequence the genes responsible for
synthesis of the pholosynthetic apparatus and to elucidate the means by
which these genes are regidated. We are also exploring the activities of the
enzymes responsible for photosyuthetk pigment biosynthesis. Still other
studies aim at a broader understanding of plant biochemistry.

The Reactions of Photosynthesis
The conversion of sunlight to chemical energy in green plants is our princi
pal source of biological energy. In this process, carbon dioxide is "reduced"
to form sugar, anU water is "oxidized" to form molecular oxygen. Photo
synthesis begins with photon capture by chlorophyll molecules. These pho
tons cause electrons in chlorophyll to be raised to higher energy levels. The
excited electrons are then passed along a chain of acceptor molecules; ulti
mately, their energy is used to drive the oxidation/reduction reactions of
photosynthesis.
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To further our understanding of this critical natural process, we are us
ing spectroscopic and other biophysical approaches to investigate the
mechanisms of photon capture, excitation transfer, and energy trapping by
chlorophyll and other photosynthelic pigments. Our interests include the
earliest steps of electron transfer and the mechanism by which water is
oxidized to molecular oxygen. During the past year, we continued to study
fast reactions by means of optical and EPR spectroscopy, and we used EPR
and x-ray absorption spectroscopy to study the structural features of key
molecules in photosynthesis. We also looked at the higher-order structure
and composition of photosynthetic complexes and thylakoid membranes
(sites of photon capture in chloroplasts), using biochemical and molecular
genetic techniques. Finally, we investigated several model compounds ca
pable of the light-induced electron transfer that lies at the heart of photosynthetic energy conversion, and we looked at compounds that are candi
dates for storing electrons in the water-oxidation reaction.
As an example of this interrelated program of research, several signifi
cant findings have emerged from our studies of photosystem II, the greenplant enzyme that converts water to oxygen during photosynthesis. It is
known that photosystem 11 contains a molecular complex of four manga
nese (Mn) atoms that are involved in electron transfer when oxygen is
produced from water. To study this complex and the process of oxygen
evolution, we have pioneered the use of x-ray edge spectroscopy and a
technique called extended x-ray absorption fine structure (EXAFS), in con
junction with low-temperature EPR measurements. EXAFS studies, in fact,
were the first to indicate the presence of a bridged manganese structure in
the oxygen-evolving complex. We have now obtained EXAFS spectra for
spinach photosystem II particles stabilized in various oxidation states; these
spectra illuminate the structure of the manganese complex and the changes
that occur during the photosystem 11 enzymatic cycle. To our surprise, the
Mn atoms are not the only sites of electron storage in photosystem II. This
led us to postulate that a ligand to Mn, perhaps histidine (an amino acid) in
another protein associated with photosystem II, might also be an electron
storage site. Electron spin echo spectroscopy of photosystem II membranes
derived from the thermophilic cyanobacterium Synechococcus grown on
nitrogen-15 has provided us with the first direct evidence to support such a
hypothesis. Further, comparison of photosystem 11 complexes from spinach
and Stmechococcus, using EXAFS and EPR, show striking similarities. These
results suggest that the structure of the manganese complex has been
largely conserved throughout the full evolutionary history of oxygen-evolv
ing photosynthetic species.
Molecular Genetics of Photosynthesis
We are conducting molecular genetic studies on the photosynthetic bacte
rium fWiorfufaiffw caiKiilnlus. The genome of R. capsnlalus contains a single
region that codes for most of the proteins known to be essential to photo
synthesis. This includes reaction center proteins, a long-wavelength lightharvesting antenna, and the enzymes required for synthesis of bacteriochlorophyll and carotenoid pigments. Our aims in studying the genes in this
cluster are to determine the complete sequence of nucleotide building

blocks, to characterize the activities of the pigment-synthesis enzymes, and
to understand how the genes are regulated. R. capsulitis is an ideal organ
ism for such studies, because it has the unusual ability to switch from
respiratory metabolism to photosynthctic metabolism when oxygen be
comes scarce. This characteristic facilitates identification and propagation
of photosynthetic mutants.
One highlight of these studies has
been the sequencing of eight R. capsulatus genes that control the production of
carotenoids—yellowish to red pig
ments that provide protection against
the destructive effects of oxygen and
sunlight. Without carotenoids, the
powerful photochemical reactions in
volved in the photosynthetic process
would destroy a plant rather than sus
tain it. In addition, carotenoids in
crease the efficiency of photosynthesis
by absorbing wavelengths of light that
are not readily absorbed by chloro
phyll. Despite the crucial roles of these
pigments, no carotenoid gene from any
organism had previously been se
quenced, nor had the molecular
mechanisms regulating carotenoid
production been elucidated. After ob
taining the sequence, we were able to
identify a previously unknown gene.
We also identified possible promoters.
ChemBh scientist Marie Alberti prepares to load a sample of DNA
These are short strings of DNA that
into a gel electrophoresis system used for sequencing. Alberti, jolm
mark
the spot where transcription
Hearst, and Crcg Armstrong haiv identified and mapped the genes
(synthesis of RNA from a DNA tem
that control the production of carotenoids, the yellowish-red
plate) should begin, At least two of the
pigments that play a key role in the lives of plants and animals.
eight genes were preceded by promot
ers similar to those found in the bacterium £. coli. Finally, we found a pos
sible binding site for proteins that regulate the amount of RNA produced
by certain carotenoid genes.

Plant Biochemistry

We are exploring both structural and functional aspects of the plant pro
tein-pigment phytochrome, which controls all developmental aspects of
plant growth. Inactive phytochrome undergoes a photochemical interconversion to a new, active form; however, the structural features of this interconversion, as well as other aspects of phytochrome structure, remain un
known. Among our aims, then, are to determine the conformation of the
pigment-protein linkage in phytochrome and to determine the structural
changes in both pigment and protein that accompany the change from inac
tive to active form. Understanding the underlying mechanisms by which
phytochrome functions may allow us to control plant growth, flowering,
and fruiting.
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STRUCTURAL BIOLOGY
Modern structural biology lint come lo encompass far more than "classical"
high-resolution studies of biomolecular structure. The farther-reaching
interest today is to relate structure to biological function to understand how
primary and higher-order molecular structure, as well as larger-scale
organizational structure, affect fundamental cellular processes such as
enzyme catalysis, mutagenesis, and DNA synthesis. Active research
programs in the Chemical Biodynamics Division u'dl reflect this broaden
ing scope of structural biology. The tools of these programs include NMR
and x-ray crystallography, as well as photochemical and molecular genetic
techniques. The subjects of study include both nucleic acids and proteins.
In addition, aptly symbolic of our aim to understand how biomolecules
work iu terms of their structure, toe are pursuing a goal of designing and
synthesizing catalytic antibodies that carry out specific, predetermined
reactions.
NMR Studies
To examine the relationships between structure and function, we have con
tinued our applications of NMR to complex biological molecules. In this
technique, nuclei with an unpaired proton or neutron absorb radio waves
of characteristic frequency in a magnetic field. Such nuclei have nonzero
angular momentum, or spin. Our NMR projects include analysis of pro
teins, as well as small DNA and RNA molecules. It has been possible to use
just proton NMR for some studies, but for others we have taken advantage
of better resolution with nuclei with other spins.
A special capability at LBL is tritium NMR, due to the presence of the
National Tritium Labeling Facility. We have taken advantage cf this to
examine how a bacterial protein called maltose-binding protein, or MBP,
binds to maltodextrins—the carbohydrates that it helps transport across the
cell membrane. Maltodextrins are chains of the simple sugar glucose; we
studied MBP binding to maltodextrins that contained two to six glucose
subunits and were labeled at one site each with tritium. The terminal
glucose subunit can have either of two structures, desginated alpha and
beta. When a maltodextrin has three or more subunits, MBP can attach
either to a central glucose or to the terminal glucose. As it turns out, MBP
preferentially binds an alpha terminal glucose; this is the tightest binding
mode, and with time all maltodextrins become trapped in this form. In the
case of beta maltodextrins, MBP preferentially binds a central glucose, and
when there arc four or more units in the chain, this binding is a dynamic
process in which the central glucose units slide through the binding site. In
addition to having intrinsic interest, this system serves as a prototype for
studying the details of how proteins and nucleic acids bind smaller mole
cules for a variety of purposes.
The first two levels of nucleic-acid structure are primary structure (se
quence of nucleotide building blocks) and secondary structure (regions
where "base pairing" occurs between the nucleotides). We have been using

NMR to study an autocatnlytic, or selfcleaving, RNA that belongs to a class
of catalytic molecules called hammer
MsNodwttrin M6P
heads because their proposed secon
al ^~-~^—•—'^oA Q2
dary structure resembles a hammer.
The autocatalytic reaction breaks down
a long chain of duplicate RNA se
I"
quences into messenger RNA mole
cules that are used in protein synthesis.
02
Through a series of small changes in
t
sequence, we made an RNA with a
very well-resolved imino proton (N-H)
P2
^MT-D
NMR spectrum. From this we have
shown that the proposed hammerhead
structure is basically correct, although
some of the base pairs are not stable in
this form under normal conditions.
We have also compared a normal
RNA, which had undergone the selfcleavage reaction, with two slowly
cleaving forms. The uncleaved mole
cules showed similar secondary struc
ture. Both the normal and slowly
Binding of maltose-binding protein (MBP) to maltodextrins,
cleaving forms gave similar NMR
carlwhydrates that consist of chains of the simple sugar glucose. spectral changes when titrated with
(Left) MBP preferentially binds an alpha (a) terminal glucose.
magnesium ions, which are required
When the terminal glucose has the beta IB) structure, MBP
for the cleavage reaction. In a related
preferentially binds a central glucose. (Right) Tritium spectra
study we showed that the introduction
showing binding of MBP to maltodextrins containing fino to six
of a single deoxyribose sugar at the
glucose units IC2 to C6). Binding to a central glucose is a dynamic cleavage site (instead of the normal riprocess in tvliicli the glucose units slide through the binding site. bose in RNA) completely stopped the
cleavage reaction. Studies arc under
way to further define the structural requirements for the self-cleavage reac
tion.
ExomMBP

Bound
I»a1
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Like proteins, RNA must fold correctly to interact with other molecules
and to perform its many biological functions. Hairpin loops are important
elements of the three-dimensional structure of large RNAs. We have Jetermined the structure of a very stable and very common RNA hairpin by
NMR spectroscopy. The sequence of nucleotides in the hairpin occurs very
often in a variety of RNAs and may serve both as on initiation site for RNA
folding and as a protein recognition site. By revealing interactions of
hydrogen atoms with each other and with phosphorus atoms, NMR spec
troscopy allowed a high-resolution structure for the hairpin to be derived.
Extensive base stacking and other structural features of the loop explain the
unusual hairpin stability and suggest why reverse transcriptase (the en
zyme that synthesizes DNA from an RNA template) cannot read through
the loop, although it can transcribe other kinds of secondary RNA struc
ture,
Another application of NMR spectroscopy is in studies of cellular me
tabolism in living organisms, l'hosphorus-31 NMR, for example, has
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evolved into an important means for determining concentrations of phosphorylated metabolites and is now moving into the clinical arena. Among
our early contributions to this field, we demonstrated the feasibility of implanting radio-frequency coils around the organs of laboratory animals to
permit the recording of NMR spectra over long periods of time. Using this
technique, we subsequently described phosphorus exchange reactions in
the rat heart and kidney and demonstrated that there are pools of metabolic
intermediates not directly visible in conventional high-resolution NMR
spectra.
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X-Ray Crystallographic Studies

A key crystallographic result recently provided an elegant illustration of the
aim of modern structural biology—to elucidate the intricacies of biological
function by probing biological structure. By determining the crystal struc
ture of a protein responsible for cancerous cell proliferation in a class of
human tumors, a reasonable explanation could be proposed for the func
tional difference between the oncogenic (cancer-causing) and normal forms.
The ras oncogene is one of the most commonly found oncogenes in hu
man cancer cells. A single point mutation (which results in production of a
protein with a single amino-acid substitution) is sufficient to convert the
normal protein encoded by the ras gene to an oncogenic form. In one such
mutant, the amino acid valine replaces glycine at position 12. The abnor
mal protein, when complexed with guanosine triphosphate (GTP), is
thought to sustain a signal cascade inside the cell that leads to cell prolifera
tion. The normal protein, on the other hand, converts GTP to GDP (guano
sine diphosphate) after only a brief time and thus turns the proliferation
signal off.

ChemBio researcher David
Wemmer has demonstrated
the binding states of
maltose-binding protein
(MBP), a bacterial protein
that helps transport
carbohydrates across the cell
membrane.

Computer-generated space
filling model (left) and
backbone structure (right)
of the human ras protein.
This protein acts as a
molecular switch signalling
cell growth and
differentiation. Damage to
the structure results in the
unregulated cell growth
associated with cancer. The
switching depends on the
state of a guanine
nucleotide (darkest area in
both figures).
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We have refined both the normal and the oncogenic ras protein struc
tures to a resolution of 2.2 A. These high-resolution pictures, which reveal
atomic details of three-dimensional structure, illustrate the structural differ
ences between the normal and cancerous forms of the protein. These stud
ies will provide the foundation for understanding how the ras protein func
tions and aid in the design of drugs that may suppress ras-mediatcd human
tumors.
Synthesis of Catalytic Antibodies
As well as having important biomedical applications, the ability to design
and synthesize enzymes that carry out specific, predetermined reactions
would represent a dramatic step toward the commercialization of many
chemical processes. Key to the design of such selective catalysts is the
generation of highly specific binding sites. It is now possible to generate
such binding sites, with enzymelike affinity and specificity, as parts of
monoclonal antibodies produced by living cells. A monoclonal antibody
recognizes and binds to just one type of molecule, or "antigen." For ex
ample, monoclonal antibodies have been produced against nucleic acids,
proteins, carbohydrates, steroids, and synthetic polymers.
Because an antibody binding site can be generated to virtually any mole
cule of interest, the development of general strategies for introducing cata-
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lytic activity into antibodies could pro
vide tailor-made catalysts for use in bi
ology, chemistry and medicine. Muta
tion of specific, selected gene sites is
being explored as a strategy for intro
ducing catalytic groups into antibody
binding sites. During the past year, we
have generated antibodies that contain
chemical groups capable of catalyzing
isomerization (rearrangement of atoms
within a molecule), carbon-carbon
bond formation, and hydrolytic cleav
age (splitting by addition of water) of
cabon-nitrogen bonds. We are also ex
ploring strategies for generating anti
bodies to catalyze selective cleavage of
the bonds that link the amino acids in
proteins. Finally, a new strategy is be
ing developed for antigen-antibody
recognition. The strategy involves at
taching small molecules with desired
antigenic properties to proteins.

Computer image of an antibody that catalyzes the cleavage of
chemical bonds in choline esters and carbohydrates by addition o
water. This is the first catalytic antibody characterized by Peter
Schultz's group in ChemBio. Photo by Art Olson, Script® Colleg

Understanding Structure and Function: Other Approaches
A number of other investigations are also under way, with the common
goal of understanding the structure and function of biological macromolecules. These studies include research on the mechanism of repair of DNA
damage, the structure of catalytically active RNA, the mechanisms by
which DNA synthesis is controlled in human cells, the structure of telo
meres (the ends of chromosomes), and the tertiary structure of RNA "pseudoknots." In addition to catalytic RNAs, our studies of RNA structure
cover ribosomal RNA (rRNA) and transfer RNA (tRNA)—molecules that
play crucial roles in protein synthesis. We have also developed a differen
tial polarization microscope that reveals chiral structures (which exhibit
right- or left-handedness) and ordered linear structures in single living
cells.
The studies of catalytic RNA illustrate particularly well the close rela
tionship between an understanding of structure and insights into biological
function. When first transcribed from DNA, many messenger RNA
(mRNA) molecules contain intervening nucleotide sequences called introns,
which must be removed before the message is translated into protein.
Whereas it was once thought that all catalytic activity in the cell depended
on proteins, it is now known that intron removal can be a self-catalyzed
reaction—that is, the RNA itself can serve as a catalyst. Furthermore, it is
now thought that the three-dimensional structure of the RNA is the key to
unerring recognition of the cutting sites,
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A cchematic illustration of
an RNA pseudoknol
structure. The two stents of
the pseudoknot stack atop
one another to form an
apparent single stem; the
psciidoknoi thus mimics
tRNA.

We are taking several approaches to determining the secondary struc
ture, as well as tertiary structure (three-dimensional folding), of catalytic
RNAs. One method is to photochemically crosslink the molecule with psor
alen. The RNA can then be digested and the crosslinked fragments identi
fied. The technique has already revealed several three-dimensional struc
tural features of Ml RNA, the essential catalytic component of the enzyme
RNase P (which occurs in living cells as an RNA/protein complex), and
work continues toward refining the structure further. A more theoretical
approach to structure determination is being taken to uncover the folding
pattern of 16S ribosomal RNA from £. coli. We are using available data, in
cluding proposed secondary structural features, in connection with an en
ergy-modeling computer program to determine the most energetically fa
vorable—that is, the most stable—conformations. In a preliminary study
using this approach, we determined the tertiary structure of a yeast tRNA.
Subsequent vray crystallography results confirmed our conclusion.
The many biological functions of RNA, including its enzymatic activities
and its regulatory roles in protein synthesis, are made possible by its terti
ary structure. However, whereas secondary structure can be predicted by
80

consideration of free-energy (energy made available by a chemical or struc
tural change), little is known about the tertiary structure of RNA—with the
exception of tRNA. We thus undertook a study of pseudoknots—a pro
posed tertiary structure on the ends of many plant viral RNAs. Pseudoknotting allows the virus to fold itself so that it looks like tRNA. During
the past year, using NMR and other techniques, we characterized the pseudoknot conformation. The deduced structure shows that the two stems of
the pseudoknot stack atop one another to form what appears to be one
continuous, longer stem. The stem has a standard double-helix structure,
explaining why the pseudoknot can fool enzymes that recognize tRNA,
which also has a double-helix structure.
Another study involves the dynamics of DNA in concentrated solutions.
This is of special biological importance because many cellular systems have
a very high concentration of nucleic acid. Fluorescent labeling was used to
study the diffusion of both isolated and clumped strands of entangled
phage (bacterial virus) DNA in concentrated solutions. It was found that as
concentration increases, the diffusion of isolated strands decreases, whereas
the diffusion of clumped strands increases. These data are in qualitative
agreement with a body of theoretical work and with results obtained in
recent light-scattering studies of concentrated DNA solutions.

CHEMISTRY OF ENERGY STORAGE
Photosynthesis is a natural process of great biochemical interest—and
potentially of great practical interest as well. To mimic photosynthesis
would allow ns to trap the energy of the sun in chemical form, where it
could he stored indefinitely. This remains a distant goal, but we are ever
mindful of it in our efforts to gain a fundamental understanding of elec
tronically excited molecules, and especially the ways in which photon
energy is stored in the form of high-energy chemical bonds. Our programs
include attempts to find suitable catalysts and photosensitizers (substances
that cause increased sensitivity to light) of the component reactions of
photosynthesis, as well as basic optical and infrared spectroscopic studies on
the use and storage of the sun's most abundant type of energy—red and
near infrared light.

Artificial Photosynthesis
The ultimate solution to the problem of dwindling fossil fuel supplies
would be ihe ability to convert solar energy directly into chemical fuels.
The natural model is photosynthesis. Photosynthetic organisms are able to
store the energy of captured photons as chemical potential by exploiting
both a phase boundary that allows for charge separation and a set of chemi
cal compounds that can use the separated charge to oxidize water and to
reduce an "acceptor" to fuel. An artificial photosynthetic system would
thus require both a suitable phase boundary and a proper combination of

catalysts and photosensitizers. We have focused on the second half of this
problem, in particular studying systems that could be used either to cata
lyze the oxidation of water or the reduction of carbon dioxide.
The oxidation of water to molecular oxygen in photosynthesis involves a
polynuclear manganese complex. We have therefore synthesized a variety
of manganese-amine large-ring complexes, including two of special inter
est. Both undergo reversible one-electron oxidations and quasi-reversible
one-electron reductions. In addition, both complexes interact with water
when they are oxidized and may serve as model systems for the multipleelectron oxidation of water.
We have also been studying amine-metal large-ring complexes as cata
lysts for the reduction of carbon dioxide. For example, we have used such
complexes as catalysts in aqueous photochemical systems that also contain
photosensitizers and an electron donor. Irradiation with blue light reduces
carbon dioxide to carbon monoxide and produces hydrogen gas as a by
product. The efficiency of photoreduction is a function of solution acidity
and temperature. It is obvious that the reduction is a complicated, mul
tiple-event reaction, and we are continuing our efforts to understand the
relationship between the conformations of these complexes and their cata
lytic selectivity and reactivity.
Basic Photochemistry
Chemical reactions that can be initiated by red and near infrared light are
crucial for substantial improvement of the use and storage of solar energy,
because 75 percent of solar radiation lies in this range. Identifying chemis
try that can be induced with these long wavelengths is one of the main
goals of our work. We focus our efforts on chemical reactions that suggest
new concepts for light-assisted synthesis of high-valued chemicals from
abundant ones, for photocatalysis, and for temporary chemical storage of
near infrared photons and conversion of their energy into electricity.
Chemistry initiated by long-wavelength light allows tight product control
and opens up opportunities for new product-specific chemical syntheses
whose significance goes beyond solar photochemistry.
Currently, oxidized hydrocarbons are made expensively or nenspecifically from petroleum. As a first step toward de< jjing a new, commer
cially useful technique for producing these compounds, we used red laser
light to demonstrate photooxidation of alkenes and alkynes (hydrocarbons
with double or triple bonds, respectively). Sufficiently long wavelengths of
red light resulted in the formation of specific chemical products. The ex
periments were done at 12 degrees Kelvin in a matrix of solid argon or
xenon. For photooxidation by red light to be commercially viable, the
technique must be developed for use at higher temperatures. We are now
trying to do the same experiments in a tutrix of solid carbon dioxide.
Ultimately, we plan to use a polymer matrix at room temperature.
Each hydrocarbon in the matrix was paired with a nitrogen dioxide
molecule. In the photooxidation reactions, an oxygen atom was transferred
from the nitrogen dioxide to the hydrocarbon. Nitrogen dioxide can be
regenerated in a susbsequent oxidation reaction involving molecular oxy-
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In a reaction induced by red
light, an oxygen atom is
transferred from nitrogen
dioxide (N0 ) to either of
too positions on a
cyclohexene molecule. A
series of intermediate
products forms via too
distinct stereochemical
pathways. The end result of
both pathways is a single
epoxide product.
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gen; thus, oxygen can serve as the "terminal oxidant." The wavelengths of
red light effective in generating a single product were much longer than the
threshold wavelength for dissociation of nitrogen dioxide to release free
oxygen atoms.
Infrared spectroscopy and laser-induced photolysis (initiation of a reac
tion by light) were used to demonstrate the step-by-step stereochemical, or
three-dimensional, pathways of the reactions. Photooxidation of alkenes
produ d epoxides, substances in which an oxygen atom forms a bridge
between two carbon atoms. Epoxides serve as building blocks for plastics
and other polymers. In the case of cyclohexene, we observed two distinct
intermediate products, although just one epoxide ultimately formed. Oxi
dation of alkynes produced ketenes (molecules in which an oxygen atom is
double-bonded to a carbon atom, which in turn is double-bonded to an
other carbon). When propyne, which has three carbon atoms, was oxi
dized, the first step was to add an oxygen atom to either the central or end
carbon to form a "ketocarbene." This is the first time ever that researchers
haved observed the structure of the first product of an alkyne oxidation.
Although two different ketocarbenes formed as intermediates, just one final
ketene product was generated.
We have demonstrated the feasibility of chemically storing the energy of
near infrared light and converting it into electrical energy. Infrared pho
tons were used to excite molecular oxygen to its singlet state. The singlet
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oxygen was then inserted into an acceptor molecule for storage; the energy
was retrieved by conversion to electricity at a silicon electrode. We are also
studying infrared-initiated oxidation/reduction reactions in aqueous and
colloidal semiconductor solutions. Crucial for progress here is the elucida
tion of the reaction steps and precise knowledge of the energetics and rate
of each of them. During the past year, we have investigated the steps of
photooxidation of iodine and bromine ions at titanium oxide and zinc oxide
colloidal particles. Using near infrared absorption spectroscopy, we have
established that the detailed mechanism involves formation of a surfaceadsorbed iodine or bromine atom that subsequently reacts with a com
pound of one of these elements from solution. The efficiency of the latter
step appears to be limited by the ability of the surface-adsorbed atom to
recapture an electron. This work illustrates another approach to temporary
storage of infrared photons and efficient conversion into useful energy.
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