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PREFACE
Molecular Nuclear Medicine is developing into a new research area
to improve the health and welfare of the public. Within the Department
of Energy, the Program in Molecular Nuclear Medicine will support novel
molecular approaches for diagnostic and therapeutic applications of
nuclear medicine. To exploit the opportunities presented by the
revolution in the biological sciences, the strategy is to integrate the
scientific and technical power of molecular biology with the existing
nuclear medicine program at the Department of Energy.
Research in molecular biology has provided significant Insight Into
the mechanisms of macromolecular Interactions underlying normal genetic,
cellular and physiological processes. Any Insult (arising from diet,
drug abuse, environmental exposure, Infection, etc.) that undermines
these natural mechanisms can disrupt macromoiecular interactions and
regulatory functions, leading to pathological states and disease.
Molecular technologies, when coupled with the range of Instrumentation
and techniques of nuclear medicine, have the potential to provide tools
of much higher sensitivity and precision for detecting, localizing and,
potentially for ameliorating, macromolecular, cellular and systemic
pathologies.
The Workshop represents the Department of Energy's commitment to
accelerate the integration of molecular biology and biotechnology with
nuclear medicine, and to develop an Innovative Molecular Nuclear
Medicine Research Program. The Nuclear Medicine Research Program has
contributed significantly to advances In the use of PET and SPECT for in
vivo quantitative estimates of perfusion, metabolism, and receptor
concentrations in living subjects. Building on the historic
achievements of the DOE program in the area of medical applications, the
Program will foster a new generation of novel techniques and
instruments. We hope that the present Workshop offers a beginning step
toward revolutionary advances in diagp©*TT"and treatment.

David J.
Associate!^rector for Health
and Environmental Research
Office of Energy Research
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EXECUTIVE SUMMARY
MOLECULAR NUCLEAR MEDICINE WORKSHOP
The Office of Health and Environmental Research (OHER) of the
Department of Energy (DOE) has increased the emphasis on research in
structural biology and molecular biology. The Department has increased
support substantially in the area of basic molecular and structural
biology research. To exploit the advances in these fields, OHER has
sought to apply those advances in their other areas of responsibility,
e.g., health effects research, environmental biology, and, in
particular, nuclear medicine.
The applications of biotechnology have contributed greatly to the
productive research efforts of molecular biology. These techniques
include gene manipulation for targeted gene delivery; characterization
of molecular probes for hormone, tumor, and neuroreceptors; the
receptor-agonist/antagonist binding interactions; studies of mechanisms
of cellular communication; and the development of in vitro diagnostics
such as molecular probes for studying the aging process and patients
with mental disorders, cancer, and atherosclerosis. The importance of
this work is the reasonable expectation that mainly, through an
appreciation of the molecular basis of disease, will the most effective
and rapid progress be made toward understanding, identifying, solving,
and preventing specific disease processes. Critical questions arising
before and during the Workshop are how the following technologies can be
applied in a practical clinical research or patient management setting:
the recombinant DNA methodology, the technology of engineered monoclonal
antibodies, the new methods for protein production and purification, and
the production of transgenic animals.
The clinical discipline of nuclear medicine has, for some time,
used many molecular and structural techniques, primarily in the research
directed toward biochemical and molecular substrate-specific
radiopharmaceutical drug design. However, the workers in molecular
biology and nuclear medicine are not familiar with the advances and
strengths, nor the limitations of the techniques of each other and, more
importantly, how evolving research in these two fields could benefit
from integrated approaches. To this latter end, OHER held the Molecular
Nuclear Medicine Workshop in Washington, D.C., on January 23 and 24,
1992. The invited speakers, from the disciplines of nuclear medicine,
structural biology, and molecular biology, were asked to make
presentations to stimulate discussion that would lead to new directions
and new opportunities for integrated research in these areas.
The speakers at the Workshop were: Dr. William Eckelman (Positron
Emission Tomography Department, National Institutes of Health, Bethesda,
Maryland); Dr. John Katzenellenbogen (Department of Chemistry,
University of Illinois, Urbana, Illinois); Dr. Henry N. Wagner, Jr.,
(Director, Division of Nuclear Medicine and Radiation Health Sciences,
Johns Hopkins Medical Institutions, Baltimore, Maryland); Dr. Rashmi
Hegde (Howard Hughes Medical Institute, New Haven, Connecticut);
Dr. Dagmar Ringe (Department of Biochemistry and Chemistry, Brandeis
University, Waltham, Massachusetts); Dr. Anthony Kossiakoff (Genentech,

Inc., South San Francisco, California); Dr. Craig Venter (National
Institute of Neurological Disorders and Stroke, National Institutes of
Health, Bethesda, Maryland); Dr. Claire Fraser (National Institute of
Alcohol Abuse and Alcoholism, National Institutes of Health, Rockville,
Maryland); and Dr. Michael Hogan (Center for Biotechnology, Baylor
College of Medicine, The Woodlands, Texas). The Workshop chairman was
Dr. Richard Reba (Department of Radiology, University of Chicago,
Chicago, Illinois).
From the Workshop, specific goals were identified. In order to
achieve those goals the following recommendations from the Molecular
Nuclear Medicine Workshop are presented:
1. To encourage the incorporation of molecular biology and structural
biology techniques into the design, synthesis, validation, and
application of a new generation of radiopharmaceuticals.
2. To support attempts to develop labeled probes based on specific
interactions with receptors, enzymes, and second messenger
molecules, or with specific transcription products.
3. To support efforts to promote programs to encourage nuclear
medicine researchers, structural biologists, molecular biologists,
and chemists to undertake interdisciplinary, cooperative,
integrated research programs.
4. To undertake efforts, through meetings and conferences, to
encourage molecular biologists to prioritize defined protein
translational products that would serve as useful probes for
specific targets for use in in vivo nuclear medicine.
5. To support educational initiatives and conferences to enhance
scientific interaction among nuclear medicine researchers and
researchers in molecular and structural biology.
6. To continue support for the ongoing research in nuclear medicine,
basic science, radiopharmaceutical chemistry, and instrumentation
development in the OHER Medical Applications Program which is
fundamental to the application of molecular biology to nuclear
medicine.
Because of the focused nature of the formal program, research in
related fields, such as the new and improved high resolution
instrumentation required for advanced molecular biology applications,
radiopharmaceutical drug design theory, synthesis necessary for the
development of new probes, and innovations in the analytical techniques
required for in vivo absolute quantification of emission tomography were
only peripherally discussed. However, there was unanimous agreement
that research in these areas is crucial to the ultimate appropriate
clinical application of the new nuclear medicine technology to be
developed as the result of this Workshop.

The individual presentations by the invited speakers are summarized
below. In the presentation, "Designing a Molecular Probe for Muscarinic
Acetylcholine Receptor (mAChR) Imaging," Dr. Eckeiman describad a
two-pronged approach to this task. First, the receptors were isolated
using the techniques of molecular biology. This enabled researchers to
study rrore precisely the interaction with the receptor when compared to
using whole cells. Second, the use of these probes enables researchers
to validate more completely in vivo what has been learned in vitro
through molecular biology. In this case, in particular, the
identification of subtypes of the receptor has facilitated the mapping
in vivo of the different subtypes of the mAChR based on manipulation of
the binding environment in vivo using high and low affinity reagents as
well as the cold reagent to block or enhance re-distribution of the
drug. In summary, this system offered refinements in the
radiopharmaceutical development based on information gleaned from
molecular biology experiments.
In the course of his talk, "Using Steroid Receptors for
Function-Based Imaging of Breast Tumors," Or. Katzenellenbogen gave a
summary of the way that radiopharmaceuticals had been developed over the
past 15 years. This theme was repeated throughout the Workshop. In
contrast to other receptor systems described in the Workshop, this is a
nuclear receptor which binds to the DNA in the cell. This fact presents
some opportunities for therapy as well as some strict limitations on the
compounds that can be used for imaging and therapy. The medicinal
chemists have developed a number of compounds that are known to be able
to bind to the steroid receptor systems, particularly the estrogen
receptor. Tamoxifen therapy is based on the blocking of the estrogen
receptor by an antagonist compound, thus arresting the growth of tumors
that are dependent on this hormone. While we are learning more about
these steroid receptors from structural and molecular biology, much of
this has been applied, to date, to compounds that were determined
empirically to bind to the receptor. The challenge will be to utilize
this information to synthesize the next generation of compounds that
bind to these receptors.
Dr. Wagner's talk, "Nuclear Medicine: From Genotype to Phenotype,"
focused on the end result of these developments in radiopharmaceuticals,
i.e., what and how will these compounds tell us about the patient. In
some cases, we have the ability to monitor quickly the effect of drugs
on the patient's status, be it a change in the metabolism of a region of
the brain, the change in the cell cycle of cancer cells undergoing
treatment, or to assess whether there has been a change in the receptor
population as a result of administering a drug. Echoing a point made by
Dr. Eckelman, Dr. Wagner stressed that we have the ability to measure
sub-nanomolar quantities of material in the body, far lower
concentrations than are achievable using x-ray or magnetic resonance
imaging. He made the point that even "when the map of the entire human
genome is Known, one will still have to characterize the biochemical
abnormalities." This characterization, which he calls "chemotyping" is
a major strength of nuclear medicine in th«s diagnosis of disease.

Dr. Rashmi Hegde spoke on the topic of "DNA-Protein Attractions."
In summary, she spoke about the crystal structure of a complex between
the DNA binding domain of the E2 protein from a papilloma virus and its
cognate response element against a backdrop of its biological
significance and the relevant structural features of protein-DNA
complexes. These viruses are involved in conditions ranging from warts
to cervical cancer. When the cell is infected with the virus, it has an
impact on the interaction of the E2 protein as well as other proteins
with the DNA. By gathering structural information about the interaction
of the virus in the DNA-protein binding, one can learn something about
the disease process as well as general DNA binding issues. The
mechanisms for DNA binding were summarized as: 1) direct hydrogen bonds
and electrostatic interactions between side chains and bases; 2) the
sequence-dependent deformation of DNA--where certain nucleic acid
sequences are more deformable than others, allowing them to conform to
the shape of the proteins they bind; 3) the currently controversial role
of water-mediated interactions that contribute to the specificity of
macromolecular interactions; and 4) amino acid side chain-phosphate
interactions which could be direct or water-mediated are also implicated
in protein-DNA complex formation.
"Drug Design: Crystallography and Computational Approaches" by
Dr. Dagmar Ringe, pointed out that the basic idea is to develop a very
highly specific molecule which will attack only one target and nothing
else. This is a goal which is shared by most scientists in
radiopharmaceutical design. Historically, this task involved trial and
error as the mechanism for drug screening. The obvious problem is that
it is very expensive and time consuming. The advances being made in
this area are to define the structure of a successful drug and to
enhance it somehow. Alterna- tively, one would like to know the
three-dimensional structure of the target so that a compound that binds
to that target could be synthesized based on its conformation. One
would like to do this prospectively, without actually synthesizing the
compound. So, the challenge is how does one represent a molecule
computationally? There are many groups working with a degree of success
on that problem. One could then also, at least in principle,
computationally determine what an interacting molecule must look lika.
There are a number of different ways of doing that. The problem here is
that the data on the structure comes from static images in
crystallography. In reality, these are mobile molecules. There are
cases where nature defies logic and binds molecules in ways that are not
predictable from theory. This effort is in its infancy and so one can
draw conclusions based only on anecdotal accounts. As more experience
is acquired, it is very likely that these systems will be useful for
predicting the effects of altering a molecule which is known to interact
with the target and eventually for predicting the structure of a
molecule simply by knowing the structure of the target. This would
reduce the need for biological testing, provided the structure for the
appropriate target molecule was available.
"Mechanism of Receptor Signaling: The Structure of the Growth
Hormone Receptor Complex" by Dr. Anthony Kossiakoff corrected earlier
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statements during the Workshop that the structure of the growth
receptors had not been determined, albeit the results were published the
week of the Workshop, In fact, the structure held some surprises in the
interaction of the growth hormone and its receptor. They found that
there was a 2:1 ratio of receptors to hormone. There were two different
parts of the growth hormone that bound to different parts of the
receptor molecules. As the interaction of the three molecules increased
and the distance among them closed, a secondary interaction between the
two receptors near the cell's surface was found to take place which had
a direct effect on signal transduction. Several interesting departures
from convention were demonstrated in this study. First, virtually
identical receptors bound different parts of an asymmetric molecule.
Second, they did this by changing conformation. Third, the "receptor"
has a projection that binds to a cavity in the hormone. Fourth, by
knowing the structure, this group was able to construct an antagonist
that would bind to only one receptor, thus preventing the signal
transduction.
"Diagnostic Potential of Newly Discovered Brain Gene Probes" by
Dr. J. Craig Venter illuminated several areas in genomic sequencing.
Traditionally, to study a new gene, the protein would be isolated first
and purified. After a protein is purified and a little bit of sequence
is obtained, degenerate probes are used to screen cDNA libraries in
order to clone specific cDNA clones. The technology that they are
currently using was developed over the last 5 years based on a technique
developed initially by Dr. Lee Hood and his co-workers at Cal Tech. By
adding fluorescent markers to the four different bases of DNA, it allows
them all to be run in a single lane on a sequencing gel. The dyes are
activated by a laser and detected by a photomultiplier tube, with the
output to a computer. There are six of these machines working per day
in the laboratory and providing on the order of 72 kilobases of sequence
per day. To give some perspective on the magnitude of the task, spread
throughout the 24 chromosomes are the 50,000 to 100,000 genes. If
100,000 genes were spread evenly throughout the chromosomes, there would
be one every 30 kilobases. An even more powerful technique is to use a
parallel processor to compare the cDNA libraries with other databases to
identify some homology. This has proven to be quite successful in the early
stages of this work. They have used their results to identify more
accurately some loci of genetic diseases that have been studied
extensively. The specificity and error in this technique is quite low
as they use a long enough sequence of bases to prevent these from occurring.
Dr. Claire Fraser covered some subjects in, "Structure and Function
Analysis of G-Protein Receptors and Potential Ligands," that were
complementary to those covered by Dr. Eckelman in the first talk since
the muscarinic receptor falls in this family of receptors. Currently,
there are no good examples of ligands that are highly selective for
single receptor subtypes. This situation is also true with the ion
channel receptors which are oligomeric complexes of five different
subunits. In the case of the GABA receptor, 15 different subunits have
been identified that can, in genetically engineered systems, assemble in
virtually all possible subunit combinations to form receptors with

distinct pharmacological properties. In any one of a number of
G-protein coupled receptors, some commonality of structure and function
has been demonstrated. The finding is encouraging because it suggests
that advances with any one receptor should have immediate implications
for understanding the properties of other receptors in this family.
In summary, Dr. Fraser said that the use of receptor gene
expression and site-directed mutagenesis has provided a starting point
for further exploration of these important receptor proteins. This
approach, coupled with the effort in many laboratories directed towards
obtaining the crystal structure of G protein-coupled receptors, suggests
that it may be possible in the not too distant future, to begin to use
the information on receptor structure in the rational design of better,
more selective ligands for diagnostic imaging and therapeutics.
Dr. Michael Hogan's talk on "Novel Oligonucleotide Probes for
In-Vivo Detection of Potential Disease/Disorder Genes," provided an
interesting summary of the meeting. Several points and studies he had
performed were germane to the topic of the Workshop. The first idea is
that in addition to being genetic material, oligonucleotides and their
derivatives can be used as pharmaceutical reagents. Chemistries have
been developed which allow for duplex or triplex formation while
affixing ligands to the phosphodiester linkage, or to the 2' position of
the sugar. It is also possible to alter and affix ligands to the bases,
for example, adding fluorescence groups, adcing radionuclides, and
adding reactive chemicals, for the purposes of altering cell uptake and
enhancing tissue distribution. The second finding is that messenger RNA
and segments on DNA themselves can be used as cellular receptors.
Oligonucleotides can be treated as ligands which are directed against
these intracellular targets. Thus defined, oligonucleotide therapeutics
can be seen to be formally similar to other areas of rational drug
design. During the course of his talk, Dr. Hogan presented some initial
studies on biodistribution of radiolabeled oligonucleotides in the
mouse. The data presented were encouraging in that localization of a
radiolabeled form does occur in a target tissue in vitro. It does not
localize as well as many currently used radiopharmaceuticals in vivo,
but this is a fruitful area for future research.
Many of the speakers noted that the problems and promise of their
individual disciplines did not translate directly to the other
disciplines. As an example, many of the advances in molecular biology
require the cells to be broken into their component parts, obviously not
useful for diagnostic tests in humans. Similarly, many of the advances
in genomic sequencing require the genetic material to be removed from
the cell for testing. The promise for using the results of the
achievements of molecular and structural biology in radiopharmaceutical
development is great, but the current state-of-the-art is not advanced
enough to anticipate major breakthroughs in the near term. This was
amply demonstrated in the last talk where the labeled oligonucleotides
do not have the specificity in vivo needed to be effective imaging agents.
The DOE and its predecessor agencies understood were the driving
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force that resulted in the transfer and application of the new knowledge
generated by the World War II nuclear weapons program to the peaceful
uses of atomic energy. The Atomic Energy Commission (AEC) net only
began these new programs during the 1950 decade, but its continued
support perpetuated and strengthened the use of nuclear energy and the
use of stable and radioactive tracers in nuclear medicine and in all
fields of life science research, such as nutrition, genetics,
pharmacology, drug development, molecular biology, structural biology,
environmental chemistry and measurements, geology, industrial
manufacturing, and materials science.
Although many medical disciplines will utilize the techniques of"
molecular and cellular biology, many investigators believe that nuclear
medicine will be one of the first groups capable of incorporating the
new methodologies into clinical research and clinical applications.
Nuclear medicine scientists and physicians seem well suited to:
(a) integrate molecular and cell biology techniques with clinical and
biochemical techniques to the analysis of genetic defects, (b) address
questions of the mechanism of drug transport and tumor response to
chemo- or radiotherapy, and (c) investigate questions of transmembrane
and intracellular signal transmission.

PROCEEDINGS

DR. WOOD. My name is Bob Wood from the Office of Health and
Environmental Research. It is my pleasure to welcome all of you here to
this Workshop on Molecular Nuclear Medicine. I want to thank each and
every one of you for taking time to come and join us for this Workshop.
We are very excited about this opportunity and delighted to have you
with us to share this excitement.
Just a few comments about the background of this meeting. As many
of you know, for several years the Office of Health and Environmental
Research has been giving increasing emphasis to research in modern
technology and molecular biology. Over the years, we have not only
increased our basic molecular biology research activities, but the human
genome program has been established. We are also giving increased
emphasis to structural biology research.
These activities are now being folded under a Federal interagency
effort, one of the cross-cutting activities: biotechnology. This is a
direction we have been moving toward, and we are certainly going to
continue to emphasize this area.
This activity is one component of the broader effort within the
Office of Health and Environmental Research to bring to bear on our
mission responsibilities the insights and technologies of molecular
biology. For example, we are now taking a molecular approach to health
effects research. Environmental biology is another area that we are
trying to address with molecular biology approaches. In particular,
molecular biology and nuclear medicine is why we are here today.
We have brought together selected individuals from the nuclear
medicine community, structural biology, and molecular biology to try to
stimulate discussions, provoke new thoughts, to brainstorm, and to come
up with ideas, new directions, and new exciting research opportunities.
I must say this has become an elite group we have here because I
have had many phone calls from folks who wanted to join us. We had to
take a pretty hard line. We wanted to keep the size of the group small
and keep it very sharply focused on what we want to do.
That is really all I want to say. Let me now introduce a couple of
people to you. First of all, we had Bob Simon who is the Principal
Deputy Director of the Office of Energy Research, who was here earlier.
I hope some of you had a chance to meet him during lunch.
Let me now introduce Dr. David Galas. He is the Associate Director
for Health and Environmental Research, my boss, and h?s been the
stimulus in the initial insight and ideas behind this particular
Workshop.

OR. GALAS: Thanks very much, Bob, I want to add my welcome to
Bob's and thank you very much for agreeing to come to this Workshop. !
hope it is as useful to you as I am sure it will be to us. I know that
most of you are as busy as all of us are and, really, you shoulJ
recognize that we do appreciate greatly the time and effort you take to
do this. I see a lot of friends here and a lot of people that I do not
know as well, it is delightful to have a group like this together.
Let me make just a few remarks, and then we will get on with the
real business of the Workshop. As you know, the DOE programs in medical
applications, of which nuclear medicine is certainly one in principle,
is an important part and has a long and respected history in DOE, going
back to the days of the AEC.
! am often accused whenever I mention going back to the days of the
AEC, that I am talking about the Pleistocene age or some other ancient
period. But, believs me, this history is important. That history turns
out to be a very important component of what DOE has to offer to the
U.S. scientific and medical community.
Let me say a few things about science. We all recognize that
things have changed in biology--changed absolutely and dramatically.
And in some ways, this is, in many ways, absolutely the most exciting
time for biology that has ever, ever occurred. And it is not going to
let up.
We are all, I feel, very fortunate to be active scientifically at
this time. What we now understand in terms of biological functioning
would have been unheard of 20 years ago. The important issue before us
is: How does this kind of dramatic and rapid change impact the medical
applications program that DOE has? How can we best take advantage of
what's happening in the rest of biology and medicine to make this a
vigorous and exciting program now? This is the brief summary of what
your wisdom will provide us.
My view is that the field of medical applications, in particular
our program, has not sufficiently shared in this excitement. In some
ways there are opportunities that have not yet been taken that can
benefit both the program, the medical community, and the individual
scientists, In that recognition, whether or not everyone agrees with
that, that is really the driving point behind this Workshop. Are we
missing something? What is it that we can do that will really press
home the advantage of being in this time and with the organization and
history that we have?
In some ways this area nwy be the most important next development
in medical applications. That is, we are beginning to understand the
details of the molecular functioning of the cell, beginning to
understand the functioning of the cell as a unit. The next step,
obviously, is to try to understand how an organ functions, which is,
indeed, a much more complex thing. And in some ways, although this is
not my area, the view that I have gathered from so many of you and your
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colleagues is that medical imaging, for example, can provide just that
sort of integrated view of the functioning of an organism at a level
where molecular biology ought to be able to join. It just seems that
the opportunities are absolutely spectacular, and1 I would like to hear
this debated, get the product of your wisdom. Yo : know this area better
than I.
Now, in doing
years in molecular
is possible that I
clear what my view

so, in emphasizing what has happened in the last 10
biology, for example, I certainly recognize that it
can be misunderstood. And so let me try to make
is.

I am very much open to the formation of a vibrant, forward-looking
and, I must add, growing program in nuclear medicine and medical
applications. It is just that things are changing so rapidly and the
opportunities are so many that anticipating, by even a very short time,
what are the most exciting things to happen in the field can give a
program a great deal of advantage. And it is very important to
occasionally have this sort of exercise where we step back and look to
see where things are going.
With regard to misunderstandings, it is very easy, sometimes it is
very destructive, to misunderstand a question or a statement, but it is
also very simple. It comes to mind something a friend of mine told me a
while ago, a story about a guy coming from Canada into the United
States. When he got to the border, the Customs official asked him in
his routine voice, "Do you have any firearms?" The guy looks at him and
says, "What do you need?" This is a case where, you know, please do not
misunderstand me.
Finally, I would like to simply thank a number of people: Dick
Reba for agreeing to chair this; and certainly Bob Wood, who has been a
tremendous asset to the program, to OHER for so many years, and has
recently agreed to take over the Medical Applications Division. And to
all of you. Dick will, I am sure, conduct a wise chairman-like rule of
this Workshop and pull it all together into a document and
recommendations of singular significance for all of us.
If we have a few moments, I would be happy to field any questions
that people have. Otherwise, we should get on with the show. Thank
you.
DR. WOOD: Thank you very much, Dave.
Just one minute for a few housekeeping things. All of the
arrangements, as you know, are being made by the Oak Ridge Associated
Universities' people. They are in the back in the corner. If you have
any travel issues, questions, anything like that, they are here to help
you.
We plan to have lunch today and tomorrow and then dinner tonight to
keep the group together. I think we will wait to decide whether we want
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to have a formal session after dinner tonight, or just play it relaxed
and informal.
We are, of course, taping these sessions to make sure we capture
all of the gems that come out, and t/s have as much information as we can
to distill into the report that Dick Reba will prepare for us. There is
a little microphone clip here. Make sure the speakers put this clip on
so that we get everything recorded. I think that's it.
Let me turn it. over then, to Dick Reba, the Chairman of our group.
CHAIRMAN REBA: Thank you, Bob.
It was interesting to read recently that there was something less
than 10 years after the x-ray was discovered by Roentgen that the second
Nobel Prize in medicine and physiology was given to recognize the first
successful application of molecular biology in clinical medicine; to
Emil Adolf von Behring for his discovery that diphtheria could be cured
by the injection of the serum of immunized horses. We are here almost
100 years later trying to integrate these fields somewhat more closely.
I would like to just say two or three things, not to amplify but to
give my view of the comments of both Bob Wood and Dave Galas I think
we should understand the purpose of this meeting in both the broad sense
that Dr. Galas expressed, but also that the immediate objective is to
produce a report that OHER intends to use for very specific purposes.
Therefore, for us to participate appropriately in that process, we
should try to understand exactly what it is our efforts will result in.
And if I am wrong, I hope someone from OHER will correct me.
There is a deliberate effort in OHER to couple in some way the work
of molecular biology, structural biology, and the genome project with
the work in nuclear medicine. One comment I have heard, or rather one
of the questions is: How will the advances in molecular biology be
utilized in patient care? And one serious answer is, through nuclear
medicine techniques and applications.
In one of the handouts that you received, it is explicitly stated
that OHER intends to--I am now going to read their wording--"develop a
major program solicitation." My interpretation of that is that they
will make funds available. It is not clear to me whether this will be
new funds or just a reorientation of medical applications funds. But
they will develop a major solicitation for a program that they will call
Molecular Nuclear Medicine.
The report that we are going to write is going to help them do
that. So although the comments have been made that I am going to
prepare this report, and I am happy to do it, I am as biased as anyone.
Unless you want my bias to be the only one expressed, you will help me a
lot. That is the purpose of the discussion periods.
The talks are listed as 40-minute talks or 45-minute talks, but, in
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fact, the program is intended to be similar to an NIH site visit. That
is, half of the time is for formal presentation, and the other half of
the time is meant to be for questions and discussion.
Because this is being recorded, I would ask when you make a
comment, to state your name for the record. Because we are a relatively
small group, most people know everyone, I am not going to give
introductions to the speakers. I will just call you by name.
If there are
they would prefer
interruption, and
during the formal
time.

any questions, I believe the speakers have agreed that
to give their entire presentation without
then we will have the questions afterwards. My role
part of the Workshop is simply to try to keep us on

DR. WAGNER: Is the discussion going to be in the report?
CHAIRMAN REBA: We will incorporate the discussion in the report.
The report, if I understand it correctly, is going to be used as a
planning tool by OHER and will be used as background material for their
Congressional testimony in defense of their FY 93 budget request which
will be heard within the next 2 or 3 months.
Like all reports, what the staffing people will focus on is the
Executive Summary. This is not going to be measured in bulk. The
"report" will consist of a brief statement equivalent to the Executive
Summary and the reports and Workshop summaries that we are familiar
with. It will consist of, I hope, focused, direct recommendations along
with its logical support.
DR. WAGNER: Not individual reports?
CHAIRMAN REBA: You do not have to submit a paper.
DR. WAGNER: We do not have to edit what gets written down? This
is not going to be transcribed?
CHAIRMAN REBA: This is going to be transcribed. It is my
understanding that the transcription will be available in approximately
a week. At least that is what I have been told. This transcript will
be available to make sure that people are quoted correctly.
We hope to have a draft. At least in terms of the recommendations
and overview, I hope before we leave tomorrow, and we will be able to
circulate it in a week to 10 days. The assumption will be if we do not
hear from you, you agree with what has been prepared.
These are the ground rules and my understanding of why we are here.
I think we will begin because, unfortunately, we are behind already.
Dr. Bill Eckelman will give the first presentation, "Designing a
Molecular Probe."
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"DESIGNING A MOLECULAR PROBE FOR
HUSCARINIC ACETYLCHOLINE RECEPTOR IMAGING"
DR. ECKELMAN: The purpose of this presentation is to illustrate
how molecular biology has been instrumental in the design of one
particular radiolabeled probe for the in vivo quantification in receptor
concentration as a function of disease. Molecular biology has been
instrumental at two levels. On a technical level, receptors isolated
using the techniques of molecular biology have led to a better
understanding of the selectivity of a radiolabeled probe in vitro. On
the second level, molecular nuclear medicine offers the opportunity to
validate in vivo what, has been learned in vitro through molecular
biology.
Of the various diagnostic procedures, nuclear medicine is unique in
its ability to monitor biochemical processes in vivo by external imaging
(Table 1). Unique is an overused word, but in the case of a
radiopharmaceutical that measures a biochemical process, especially in
those situations where the binding capacity is low, molecular nuclear
medicine is unique. Another important advantage of radiopharmaceuticals
is the capability to transfer what is learned with a biochemical proba
in a diagnostic sense to a therapeutic use. Paramagnetic contrast media
and nuclear magnetic resonance imaging (NMR or MRIj are expanding
rapidly and, in high capacity systems, probes are being developed to
define certain biochemical processes. But the tracer principle of
nuclear medicine, whereby picomoles of material are sufficient to
perform the in vivo measurement, is a major advantage compared to the
present need for 10-100 ^moles/Kg for paramagnetic contrast media and
100-1000 pmoles/Kg for iodinated contrast media.
Table i

The Use of Image Enhancing Chemicals
Anatomy

Perfusion

Biochemistry

Special
Cases

Yes

Yes

lodinated Contrast Media

Yes

No

No

Paramagnetic Contrast
Media

Yes

Future

Future

Ultrasound Contrast
Media

Yes

Future

No

Radiopharmaceuticals
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One example of the approach to use radiolabeled biochemical probes
to monitor changes in receptor concentration in vivo is the use of
3-quinuclidinyl 4-iodobenzilate (4-IQNB), a high affinity ligand for the
muscarinic acetylcholine receptor (mAChR). The development of this
particular radiopharmaceutical was started in the era of the medicinal
chemists where derivatives of an endogenous ligand were screened for
receptor binding using isolated tissue. More recently, subtypes of
receptors isolated using molecular biology techniques have been used to
define better the radiopharmaceutical.
Radiolabeled compounds have played an important part in the
development of the mACh receptor concept. The first hypothesis of a
receptor was based on physiologic response in a tissue. However,
tritium labeled compounds, were very important in identifying the
location of the receptors. Atropine, with a relatively low affinity
constant, was not very successful in defining the location of the mACh
receptor; whereas when higher affinity and higher specific-activity
compounds were developed, the distribution of the receptor using
isolated tissue was forthcoming. In summary, radiolabeled compounds
were instrumental in defining receptors in vitro, and this work became
the foundation for the development of radiopharmaceuticals for the
in vivo detection of changes in receptor concentration.
The structure of 4-IQNB and pertinent background information appear
in Figure 1. The purpose of developing this compound was to be able to
monitor the change in receptor concentration as a function of disease
in vivo using external imaging techniques. Although there were two to
three subtypes of the mAChR defined using classical pharmacology, there
are now five such receptor subtypes that have been defined by the
techniques of molecular biology. These have been characterized on a
molecular level, and they are being compared with the more traditional
pharmacological subtypes which were determined using selective
antagonists. The current "picture" of the mAChR has been published by
Venter and Fraser. The structure of the muscarinic subtypes has been
defined as homologous with the super family of seven transmembrane
receptors that are linked intracellularly to a G protein to produce the
biochemical effect. There is an aspartic acid binding site in the
second and third transmembrane structure which appears to be associated
with high affinity binding of muscarinic ligands.
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The Use of Muscarinic Cholinergic Receptor Binding
hadiotracers for the Detection of Changes in
Receptor Concentration as a Function of Disease
(Eckelman, Rzeszotarski, Gibson, Reba)

HO—C — C

3-Quinuclidinyl-4-lodo-Benzilate
• Prepared by the triazene reaction
• Shows stereoselective and displaceable binding in
the heart and brain in rats, rabbits and dogs
• Images of dog brain and heart with 123 I

Figure 1

In order to investigate which tissues contain which subtypes, the
technique of in situ hybridization has been used in vitro. A specific
probe for the mRNA of a specific subtype is used for this purpose.
Already, these probes are being used in vitro in pathology laboratories
to look at mRNA in various disease states. The hope is that such probes
could also be used in vivo either as diagnostic agents or as therapeutic
agents that block synthesis of an aberrant receptor.
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In the early development of 4-IQNB, the classical techniques of
pharmacology were used to identify the halogenated derivative that had
optimal properties for use in vivo. ' ' ' ' Since 4-IQNB has two chiral
centers, one at the quinuclidinyl carbon and one at the benzylic center,
there are four diastereomers which can have different binding affinities
for the mACh receptor. Comparing the properties of one such
diastereomer, R,R 4-IQNB, it is clear that this compound has a
selectivity for the ml versus the m2 of about 4 under equilibrium
conditions (Table 2) whereas QNB itself has about a two to one
selectivity for m2 over ml. Looking at the dissociation rate, which may
have more relevance in vivo, the off rate for m2 versus ml is much
larger for IQNB, whereas QNB shows very little difference.
Table 2

DISSOCIATION CONSTANTS
OK
R,R IQNB, R,S IQNB, AND QNB
Kdissoc

ml

R,R IQNB

0.0028

R,S IQNB

0.081

QNB

0.0038

m2

m3

0.104

0 .004

0 .056
0.0073

0 .00255

The usual procedure for proving that the compound is performing
in vivo as well as was indicated by its in vitro behavior is to:
(1) look for selectivity and saturability to show that you have a magic
bullet in vivo, (2) determine the sensitivity of the radiotracer to a
change in receptor concentration, and (3) to search for a disease state
with a measurable receptor concentration change. This third criterion
should lcgically be first, but, in practice this is usually sought once
the properties of the radioligand are defined.

17
To accomplish the first step, a high binding potential is needed
(which is defined as the product of the affinity constant and the
receptor concentration) to give selectivity and high specific activity
to avoid saturating the relatively few receptor sites. To accomplish
the second step, one needs to develop a radioligand and an analytical
procedure where the concentration of radioactivity in the target organ
is not a function of flow but a function of receptor concentration.
Flow is certainly a part of the delivery process, but it cannot be the
kinetically dominating part of the measured concentration.
It is a fine line between a compound that fulfills these principles
and one that does not. A lot of the early work dealt with adrenergic
receptor ligands and, although the receptor concentration and affinity
constant of these compounds were only slightly lower than those for the
mAChR system, radiolabeled adrenergic ligands did not reflect a change
in receptor concentration after intravenous injection in animals.
When [12S1] 4-IQNB is injected in rats, the distribution in the
corpus stratum is relatively constant over 4 hours. But in a separate
experiment, if a relatively large amount of nonradioactive ligand is
injected about 1 hour after the radioactive ligand, there is a rapid
displacement of the radioactivity. In the rat cerebellum, where there
are relatively few mAChR, the displacement with cold ligand does not
have nearly the effect that it does in the corpus stratum.
A more important proof is the behavior in vivo of the R,R 4-IQNB
and the S,S 4-IQNB. The former has a high affinity for the mAChR,
whereas the latter has a much lower affinity. In the corpus stratum,
the radioUbeled, high-specific-activity R,R 4-IQNB has a high and
constant binding. In the lungs, there is an even higher concentration
with slow clearance. If this biodistribution of the R,R diastereomer is
compared with that for the S,S IQNB the lung uptake is about the same,
but the corpus striatum is much lower initially than the R,R and clears
much quicker, indicating that the R,R compound is, indeed, involved in
receptor binding in the corpus striatum but is not involved ir« receptor
binding in the lungs. This is an important technique because both
compounds can be used at high specific activity and, therefore, low
toxicity and pharmacologic effect. The distribution of radiolabeled
4-IQNB in rats can also be demonstrated by autoradiography. As a
function of time, 4-IQNB seems to clear from the M2 receptors so that at
24 hours the distribution reflects the Ml receptor distribution.
Having accepted this as indirect evidence that indeed there is a
magic bullet involved, that is the 4-IQNB is binding in vivo to the
mAChR, the procedure is to move on to the proof that this probe is
capable of monitoring a change in receptor concentration as a function
of disease. There are a number of radioligands, especially very high
affinity ligands, that bind to a receptor, but do not show a sensitivity
to a change in receptor concentration. The ideal is for the radioconcentration to decrease to 50 percent when the receptor concentration
decreases to 50 percent. A number or models have been used to determine
this sensitivity, and they vary from relatively simple models where one
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looks at the blood flow and transport to more complicated models that
include nonspecific binding. In the more complicated models, there is
a relationship between the binding potential and the in vitro receptor
concentration which is taken as the "gold standard." The most
interesting data are that of Weinberger et al. They have shown a very
high sensitivity to the change in receptor concentration using the data
from a single late image acquired about 21 hours after injection of
[ 1 ] 4-IQNB. With the advent of machines that are more sensitive to
single photon emitting radionuclides, made so by collecting
radioactivity at 360 degrees, transaxial slices of the brain may be
obtained. In numerous studies in man, there have been various cases of
difference in distribution of radiotracers measuring perfusion, glucose
metabolism, and mACh receptor concentration. This has indicated in a
preliminary sense that 4-IQNB is a sensitive probe of mAChR
concentration and may be useful in detecting and monitoring diseases
related to change in this receptor system. This biochemical probe,
4-IQNB, is presently being used in a number of clinical studies, mainly
in patient populations with dementia.
Over the last; 5 years, the tremendous amount of information on the
molecular biology of the mAChR has led to two developments. One, we can
now develop a much more selective biochemical probe by using the
in vitro techniques of molecular biology to choose the appropriate
radiopharmaceutical for in vivo use. But, more importantly, we can
pursue the goals of molecular nuclear medicine, that is to translate the
in vitro findings of molecular biology to the in vivo study of man in
health and disease,
Thank you.
(Applause)
CHAIRMAN REBA: Are there any comments or questions to
Or. Eckelman about this presentation illustrating a single example of a
molecular probe? We'll hear about others in subsequent talks.
Are there any questions? I guess not, perhaps because the first
three papers are so coupled that most of the discussion will come
naturally at the end. Let us, then, move ahead.
John Katzenellenbogen will give us another example of a molecular
probe using steroid receptors.
"USING STEROID RECEPTORS FOR FUNCTION-BASED IMAGING
OF BREAST TUMORS"
DR. KATZENELLENBOGEN: The steroid receptor system is different
from most receptor systems people are familiar with, in that it is a
nuclear receptor system rather than a membrane receptor. It affords
very interesting opportunities for the development of radiopharmaceuticals. I will start with a general discussion about the nuclear
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receptor system, go on to its potential for diagnostic and therapeutic
applications in cancer, and then give you a historical outline of the
work we have done on developing fluorine-18, and now more recently,
technetium-labeled steroids for diagnostic imaging of receptor-positive
breast cancers.
The Nuclear Receptor System
Receptors for steroid hormones and other small molecule hormonal
agents, like thyroid hormone, retinoid acid, and vitamin D, are proteins
that interact at specific sites in chromatin. The effector ligand
(steroid) penetrates the cell membrane, enters the nucleus, and forms a
complex which associates tightly with specific sites in the chromatin.
This binding event causes a positive or negative change in the rate of
RNA transcription.
There are relatively few receptors per cell in this nuclear
receptor system—ten thousand sites per cell is a typical average, which
makes them one part per million of cellular proteins. The affinities
are on the subnanomolar to nanomolar range.
The cloning and sequencing of steroid receptors has revealed high
sequence homologies in two principal regions or domains of the receptor
systems. The function that maps to the first of these conserved
domains is DNA binding—it is about an 80 or 90 ami no acid stretch. A
second, larger domain of around 250 amino acids is also highly
conserved--its function is for binding of the hormone. These receptors
interact at the gene level upstream from the site of initiation of
transcription of a nuclear receptor-regulated gene, at a specific DNA
sequence called a response element. Such an element for the estrogen
receptor would be called a response element, or an ERE. It contains a
sequence of ca. 15 nucleotides that is palindromic or nearly palindromic
but may have some variable bases in the middle. The receptor forms a
dimer that interacts with this palindromic site so that the C-2 symmetry
of the receptor is reflected by the nucleic acid site with which it
interacts. The hormone binds to the receptor dimer associated with this
response element, and in some ways that are not well understood, this
whole complex regulates the rate of transcription of this gene.
The characteristic distribution of cysteine residues in the ONA
binding domain suggested that the structural element that might be
involved in DNA binding would be a zinc-stabilized DNA binding finger.
These have been recognized in various transcription factors from Zenopus
by studies done at Cambridge by Alan Klug. The first proposed structure
for the DNA binding domain of the hormone receptors involved two of
these fingers, but there were some differences in that these were
proposed to have four cysteines around zinc, rather than two cysteines
and two histidines. Studies by multidimensional NMR on the DNA binding
domain showed that the structure had a helical domain, a loop, and
another helical domain; this helix-loop-helix motif interacts with DNA
as one unit. Thus, the receptor dimer would present this recognition
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helix in adjacent major grooves of DNA, Recently, Paul Sigler from Yale
has reported crystal structures of the DNA binding domain with
oligonucleotide fragments of DNA which show this structure.*
Nuclear Receptors and Cancer: Receptor-Based Imaging Agents
It has long been recognized that tumors that arise in tissues that
are target tissues for steroid hormones will often retain responsiveness
to these hormones so that drugs based on hormone agonists or antagonists
can be useful in regulating the growth of the cancer. This is the case
with breast cancer and prostatic cancer.
About a third of breast cancer patients respond to hormonal
treatment, and it is useful to assay the content of estrogen receptor
and progesterone receptor in order to predict whether they will respond
to hormonal therapy. The correlation between receptor positivity and
response is not perfect, progesterone receptor being a somewhat more
reliable index. The therapy generally involves treating premenopausal
patients with anti-estrogens. In some cases, high doses of estrogens
and progestins can also be useful.
The situation with prostatic cancer is related: Androgen receptor
is found in tumors, though it is a less reliable predictor of hormone
responsiveness. In a significant, though not large, fraction of cancer
patients, hormonal therapy, which depletes the levels of androgens in
the prostate, is effective. This involves treatment with estrogens,
antagonists of androgens, or biosynthetic inhibitors of androgens are
affected.
In order to develop an imaging agent based on interaction with the
steroid receptor system, one has to fulfill various criteria. One
needs a radioniv/lide with an appropriate energy and adequate specific
activity. Chemically, a compound that is stable and can be prepared
rapidly and efficiently is required because one is often dealing with
short-lived isotopes. Biochemically, a compound which has high affinity
for receptor proteins is needed. This final compound needs to have
appropriate clearance characteristics so that during the lifetime of the
isotope, one can develop contrast between target and non-target tissues.
In Figure 1 it is summarized as a composite structure, steroidal
and non-steroidal estrogens, that we prepared with halogen substituents
at various positions. In each case it is shown the receptor affinity,
the non-specific binding and, in bold, the ratio which is the binding
selectivity index. When a large halogen, e.g., iodine or bromine is
placed at a chemically accessible position in the A ring of estradiol,
the affinity drops by one or two orders of magnitude and the nonspecific binding goes up, so that the selectivity index drops down to
very, very low numbers. The situation is somewhat better in the
hexestrol system, which is more flexible, but the non-specific binding
is very high, so iodo-hexestrol, which gave poor distribution, failed
due both to low receptor affinity and to elevated non-specific binding.
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BINDING SELECTIVITY INDICES
Estrodiol (100/1 «100)
I <0.l / 3.7 «<0,031
Br 1.2/2.7* 0;44 h
F 101 /1.2 * 81
J

Br 4.7/1.5*3.1
Cl F 40/0.7=57

I 130/2.2" 59
Br 139/1.5*91
Cl 100/1.3 «79
F 80/0,7 «110
•r <o.i/3.7»<0.03
Br 10/2.7 • 3,7
128/1.2 • 103
Hexestrol (300/2.9 * 104 )

I 60/4.5 = 92
Br 65/3.1 = 21
F 127/1.4 =89

'I 14/9.7 * 1.4
Br 19/7.2*2.6
S 240/3.3*73
"I 29/9.7 - 3
Br .F 180/3.3*55
Figure 1

I 172/2.6 * 67
Br 200/1.8*110
F 135/0.8 *I63
H 133/1.7 * 8 0
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Large halogens could be accommodated at particular sites. The 16a
position for example, has room for large lipophilic substituents, and
iodine and bromine actually increase affinity. They raise the nonspecific binding, but, the ratio is still very good for these.
Similarly, on the aliphatic chain of hexestrol, halogen substituents are
tolerated quite nicely. Fluorine, which is somewhere in size between
hydrogen and oxygen, is tolerated well in terms of binding affinity at
every site and causes relatively little elevation in the non-specific
binding.
In order to test whether all the predictions we made on the basis
of in vitro data bore out in terms of how selectively these compounds
would behave in vivo, we did a very simple validation study, injecting
six of these compounds into immature rats and looking at the
distribution of radioactivity after an hour. The uterus, which is the
principal target tissue, took up much more activity than a series of
non-target tissues. We could selectively displace activity from the
uterus but not from the other organs, The rank order of uptake in the
target tissue reflected the binding selectivity index. In fact, a loglog correlation between in vivo uptake selectivity (target to non-target
contrast) versus this selectivity index of receptor to non-receptor
binding affinities is linear.
Estrogens Labeled with Fluroine-18
We first worked with bromine and iodine-labeled compounds,7'9 but
the superior imaging characteristics of fluorine-18 convinced us that we
should focus on fluorine-18 labeled compounds. Figure 2 shows the route
we developed to label estradiol at the C-16 position.
The sequence
produces a precursor in which fluorine can be introduced by a rapid
displacement reaction and then a reduction, followed by an HPLC
purification. The displacement reaction works not only in the steroidal
systems but also in non-steroidal systems. The chemical manipulations
take on the order of an hour, purification another half-hour. It is
critical to have a synthesis that is rapid and efficient, and produces
products that can be purified by HPLC to high effective specific
activity, so that the radioactive peak elutes with no mass eluting at
the same retention time.
The first four fluorine-18 labeled estrogens, a and 3
fluoroestradiols, fluorohexestrol, and f1uorpnorhexestrol, showed very
good selectivity of uptake in immature rats. Uterus to blood ratios
reached almost 100 to 1 after 2 hours. We could effectively block the
uptake by a simultaneous injection of enough estradiol to block all the
receptors, indicating that we were dealing with a high affinity, limited
capacity uptake system with these agents in vivo.
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16a- AND 160- [1OF]FLUOROESTRADIOL
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Figure 2
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We have prepared a large number of analogs of fluorine-substituted
estrogens (Table 1), most of them with the fluorine label at the 15a
and 3 position, additional substituents at 113 or 17a. The 113 position
is a site tolerant of substituents. An aliphatic (ethyl) substituent
actually raises affinity considerably. A methoxy group at this position
lowers affinity somewhat, but it also lowers the non-specific binding,
so that one gets improved uptake characteristics. We have also placed
the fluorine on an ll(3-substituent, and we have put fluorines at various
positions on the hexestrol molecule as well.
While the correlation that we saw between receptor binding affinity
and non-specific binding ratio predicting uptake selectivity does not
hold in great detail, it does hold in a global sense. The compound that
appears to be most favorable in terms of the efficiency of uptake is
163-fluoro-113-methoxy-17a-ethynyl estradiol, which has pretty good
affinity, moderately low non-specific binding, but has by far the best
uptake by the uterus.
16a-fluoroestradio! has been synthesized and studied in human
patients by Mike Welch, my collaborator at Washington University,
St. Louis. It shows good images of receptor-positive primary and
metastatic human breast tumors. ' In a series of breast cancer
patients investigated by this technique, we found a good correlation
between the uptake in the primary tumor and the receptor content
determined in that tumor by subsequent assay after biopsy.
We have been able to use this agent to image receptor-positive
metastatic tumors. One patient came back with tumors in the skull
that imaged very nicely with 16a-fluoroestradiol. When the patient
subsequently went on tamoxifen treatment, we no longer saw selective
uptake in the receptor-positive regions because now the receptors in
these metastatic tumors were saturated by tamoxifen and its metabolites.
Here we are seeing how the successful course of ant.i-estrogen therapy
can be followed by a diminished uptake of 16a-fluoroestradiol.
Imaging Agents Based on Progesterone and Androgen Receptors
The breast responds to estrogens and progestins, and the
correlation of receptor positivity in breast tumors with response to
hormone therapy is better for the progesterone receptor than for the
estrogen receptor. An imaging agent based on the progesterone receptor
might be very useful, once a patient goes on antiestrogen hormonal
therapy, the estrogen receptors become occupied by the hormonal agent
(and would not be available for imaging), whereas the progesterone
receptor remains unoccupied. Most intriguing is the fact that
tamoxifen, which is a mixed agonist-antagonist, has a transient inducing
effect on progesterone receptors. Thus, one might actually be able to
monitor increased uptake of a progesterone receptor-based imaging agent
in response to initial phases of tamoxifen treatment that might give a
very early index of the success of hormonal treatment in breast cancer
patients.
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Table 1

TABLE 1. FLUORINE-SUBSTITUTED ESTROGENS

7a

25*
RBA

NSB

-

-

(100)

(1)

-

-

-

-

-

54

0.70

6.6

50

OMe

-

-

26

0.22

5.8

49

Ei

-

-

1630

1.62

12.J

17

-

CHCH

-

108

0.82

11.2

154

OMe

OCH

-

145

0.38

12.9

145

El

OCH

-

372

1.54

9.9

169

-

-

CH3

47

1.19

5.7

8.7

-

OCH

CH3

32

-

6.1

101

-

-

-

12

0.63

5.0

5.6

OMe

-

-

13

0.39

6.1

42

Et

-

-

253

1.60

5.6

52

-

GCH

-

28

1.04

7.5

17

OMe

C=CH

-

78

0.67

18.3

75

CsCH

-

461

2.43

8.2

34

-

-

CH3

49

0.97

4.4

11

-

CECH

CH3

56

-

3.3

39

16

IIP

E2

-

aF

PF

17a

lh (ut)
%ID/g

lh
Ut/Bl

26

,T u , ^ a v e L m a ? e a number of fluorine-substituted progestins
(Tab e 2), the best of which is a compound we M i l FENP, or fluoroethyl-norprogesterone.15 It has very high affinity for Veceptor and
shows good uptake in the uterus and a good ratio between uterus to
Sf!; •
St. Louis group ^ s done some trials with this compound in
oreast cancer patients and has seen weak images of receptor-positive
tumors, nothing like the clear images we have seen with the estrogens in
estrogen receptor (ER) positive tumors/ 6 Further development of these
progestins is underway.
Prostatic cancer often has androgen receptor associated with it
While androgen receptor is not a very good predictor of a response to
hormonal therapy, most of the hormonal treatments reduce the level of
endogenous ligand and increase the levels of unoccupied androaen
» 2 w r t S h The r e a l issUe 1 3 P r o s } a t i c «ncer is staging, determining
whether the cancer has spread locally into the lymph nodes or more
distantly, and whether surgery is warranted or not. It is possible that
an adequate imaging agent based on androgen receptor prostatic cancer
would be useful in making that decision.
Table 2
TABLE 2. PROGESTERONE RECEPTOR-BASED
IMAGING AGENTS

Pioqcsierone

(13/0.3/0.7)

ORG2058
(204/3.4/IS)

(100/3.7/261

FENP

21S-F-R5O2Q

<697/4.«/41)

(45/0.4/3.4)

R5O2O

(RBA/%JD«g /uterus 10 muscle)
R5O2O ° 100 ultras

21RF-R5O:o
A "Rotroprogestin'
9J5,10a
DU-31165

(145/7.0/60)

(11/0.14/1..S)
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Table 3 lists the fluorine-substituted androgens that we have
prepared and evaluated in an estrogen-treated rat model. We have made
16a, and 1613 substituted testosterone, dihydrotestosterone, which is the
in vivo reduction product of testosterone, mibolerone, which is
synthetic androgen modified by removing the 19-methyl group and adding
other methyl groups (as shown), which reduce metabolism. We have
labeled these steroids at the 16 position and at the 20 position.
Normibolerone turned out to have the highest affinity;
methyltrienolone is a very potent androgen as well. In each case the
fluorine substitution lowers the affinity somewhat, and, whereas in the
estrogen system the a-fluoro epimere binds better than the 3-fluoro
epimere, we find the opposite in the natural androgen, although the
difference is less in the synthetic androgens. The target to non-target
uptake ratios we see reach a maximum of around 10 or 13 for the best
compounds, somewhat lower than we had been able to achieve with the
estrogens.
Can Steriod Receptor Ligands be Labeled with Technitium-99m?
Technetium-99m is much more readily available to the nuclear
medicine community, through moiybdenum-99 generators, than is fluorine-18.
However, the process of labeling molecules with technetium involves a
chelator or adapter system that is very large, relative to the parent
compound. Labeling a steroid with fluorine 18 involves only a single
atom exchange for hydrogen to the steroid structure and, while the
interaction between the steroid and the receptor is quite detailed, this
single atom substitution can be done in a way that has very little
effect on the binding affinity of the ligand for the receptor. The
situation is quite different with a technetium chelate attached to a
steroid. Because the chelate system is almost of the same size as the
steroid, one has to be very careful in design of such agents.
We knew from studies done by the Roussel Company and other people
that the progesterone receptor tolerated large substituents in three
regions: above the C ring of the steroid, more or less in the IIP
position; below the D ring of the steroid, behind the 16 and 17 carbons,
off the 16 and 17a positions, and off the 21 substituent.
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Table 3

TABLE 3. FLUORINE-SUBSTITUTED ANDROGENS
(RBA/%ID/g prostate/Prostate:Muscle at 2 h)
IH

Testosterone (6/0.27/3.4)
16J5-F-T
(2/0.40/13)
16ct-F-T
(0.3/-/-)

Dihydrotestosterone (60/0.42/5.4)
16P-F-DHT
(43/0.42/13)
16a-F-DHT
(4/-/-)

PH

,....CH2Y

Mibolerone
16p-F-Mib
16a-F-Mib
20-F-Mib

(118/0.48/4.5)
(31/0.62/9.4)
(37/-/-)
(53/0.6/6.5)

R1881
(100/0.47/5.7)
20-F-R1881 (19/0.75/5.8)

MNT
(156/-/-)
16p-F-MNT (37/0.57/11.3)
16a-F-MNT (22/0.55/11.0)

29
We prepared four different systems to see whether a technetium N 2 S 2
chelate within these three regions would be tolerated (Figure 3).
Three of these have very low affinity for receptor, but the 11(3 linked
has high affinity. There are four possible diastereomers, because the
chelate system has two stereogenic centers, on the nitrogen and on the
metal. We can separate two of them pure and the other two as a mixture.
One of them has an affinity three times as high as that of progesterone.

Relative Biiulin|> Affinity ( K B A ) Tor Progesterone
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Conclusion
With a careful consideration of receptor and non-specific binding,
one can prepare fluorine-18 substituted estrogens, androgens, and
progestins with favorable characteristics for in vivo imaging of
receptor-positive tumors. This has already been done with 16afluoroestradiol in patients with breast cancer. Further refinement in
design may permit some steroid receptor ligands to be labeled with
technetium-99m.
Discussion
CHAIRMAN REBA: Are there any other questions for
Or. Katzenellenbogen before we go on? I'd like to include the next talk
before the break, but there is some time for questions or discussion
now.
DR. ECKELMAN: How does the interaction between the steroid and the
receptor affect the receptor DNA Interaction?
DR. KATZENELLENBOGEN: That is an interesting question, and the
answer depends on the steroid receptor system. With the sex steroids,
estrogens, androgens, and progestins, the unoccupied receptor appears to
be associated with DNA at the site of action, even in the absence of
steroid. The steroid binding seems to stabilize that interaction and
then also to initiate the transcriptional activation.
With glucocorticoid receptor and probably other receptors, in the
absence of ligand, the receptor is actually in the cytoplasm complexed
with heat shock proteins. The ligand disrupts that interaction, and the
complex between receptor and ligand then goes into the nucleus and
associates with the specific response elements.
DR. ADELSTEIN: Have you ever looked at the possibility of using
some of the irreversible inhibitors like tamoxifen or its derivatives?
Some years ago when we were thinking of using these compounds for
therapy, they clearly appeared to have an advantage over the reversible
steroids.
OR. KATZENELLENBOGEN: We have thought about it but not done
anything directly. One factor that works against this is the fact that
the biosynthetic turnover of steroid receptors is quite rapid; the
half-life is on the order of a couple of hours, but that's still long
compared to imaging times. I think that one would encounter, in
particular with the aziridine, some mixed modes of interaction, because
some of the metabolites of the aziridines are ring-opened. They still
have affinity for receptor. So I think one would probably not. get much
advantage in terms of uptake or selectivity, and one would just
complicate the issue by partial irreversible interaction.
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DR. PHELPS: My question could be directed to John and Bill. It is
n\y impression that, in the pharmaceutical drug industry, there is a
contest between the traditional chemical modification company
approaches, approaches of companies, and biologically oriented drug
design. Can you give us some better interpretation of the real
differences between the biologically oriented, the start-up drug
companies, the chemical modification companies, and what they offer to
us in changing design of drugs and probes?
OR. KATZENELLENBOGEN: This is a very complex issue, and I can't do
justice to it in a brief answer. I think that there are tremendous
possibilities for a combined approach and that what one sees as
competition is really the result of the fact that people come from
different directions of training, not that what they offer in any way is
really a conflict.
1 think that the molecular biotechnology approach has tremendous
potential for giving one, as biochemically defined targets, cloned pure
receptor subtypes. That provides an opportunity for standard drug
development with, perhaps, unprecedented selectivity. On the other
hand, the medicinal chemist knows that an inhibitor is not a drug and
that, if you want to give someone something as a pill, giving them a
peptide or oligonucleotide is probably a very poor choice. Yet,
molecular biology can identify biopolymer active agents that then can be
adapted to a non-peptidal or non-oligonucleotide basis for being more
appropriate as drugs. So I've seen this evolve in a sort of a conflicting situation. But it's not that the approaches conflict, it's just
that people in the two fields don't really communicate with one another
initially. I think that has changed a lot in the past few years.
CHAIRMAN REBA: Dr. Wagner will give his presentation before the
break. The title is, "From Genotype to Phenotype."
"NUCLEAR MEDICINE: FROM GENOTYPE TO PHENOTYPE11
DR. WAGNER: Both molecular biology and nuclear medicine developed
as a result of the Atoms for Peace Program, introduced by President
Eisenhower in the 1950's. We are entering a new era of nuclear
medicine, the era of molecular nuclear medicine, which provides new
images of human disease, not just new tests for old diagnoses.
Today we can characterize brain tumors by the fact that 40 percent
contain peripheral benzodiazapine receptors. Forty percent of breast
tumors are characterized by the fact that they contain somatostatin
receptors; many also contain estrogen receptors. Thus, a breast tumor
is not a breast tumor, since each has its individual character. They
can now be characterized biochemically. Cancer represents the most
immediate area in which the findings and principles of molecular biology
and genetics can be extended to include studies of in vivo chemistry,
which is the essence of the new nuclear medicine.
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Growth-promoting factors and growth suppressor factors, produced
under the direction of proto-oncogenes, oncogenes, or anti-oncogenes,
can be examined as they interact with membrane and intraceiiular
receptors in neoplasms as well as normal tissues. The new nuclear
medicine is molecular nuclear medicine, characterized by examination of
in vivo chemistry. Today, much medical practice involves examination of
blood or urine, the study of the concentration of substances in
extracellular fluid.
The new nuclear medicine has added examination of intercellular
recognition to the study of physiological processes. We have developed
stereospecific ligands that have the proper charge, shape, and
lipophilicity to permit their transit across cell membranes and the
blood brain barrier. We produce three-dimensional images of the
distribution of recognition sites and metabolic processes as a function
of time after the administration of high specific activity radioligands.
Nuclear medicine joins genotype to phenotype via chemotype.
An example is three specific radioligands, labeled with carbon-11,
fluorine-18, or iodine-123 (1-123), that are used to image the
distribution and availability of a single class of receptors, the
muscarinic cholinergic receptors. The dexetimide ligand exemplifies the
symbiotic relationship between the drug industry and nuclear medicine.
If the treatment is to be chemical, it is appropriate to characterize
patients biochemically, select homogeneous groups of patients, and then
plan and monitor treatment based on chemistry. Billions of dollars per
year are spent by the pharmaceutical industry to develop drugs that
either stimulate or block receptors. Dexetimide is one such drug
designed to inhibit the muscarinic acetylcholine receptor system. This
ligand has been labeled with carbon-11 and iodine-123, without losing
its affinity for receptors. In the case of LSD, which binds to
serotonin receptors, radio-iodination has an effect that was almost too
good to be true. It increased the affinity, and it removed the
pharmacologic activity, which is exactly what you want to have in a
radiolabeled tracer that could go through the body and find serotonin
receptors.
Incidentally, the price of 1-123 is a major impediment to the
further development of 1-123 compounds, a problem which the DOE might
help to alleviate. The concentration of receptors measured in vitro in
an equilibrium system with the 1-123 iododexetimide correlates well with
the in vivo measurements in human beings.
Nuclear medicine makes it possible to examine regional
bioenergetics in health and disease, as well as permit the examination
of intercellular communication sites. For example, one can use
fluorine-18 deoxyglucose to image the patterns of neuronal activation
patterns in the human brain during the performance of specific mental
functions. In patients suffering from amnesia, for example, certain
areas of the brain are inactive, as revealed by diminished glucose
metabolism. The specificity of these activity patterns and the response
to drug treatment is one current area of research.
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Not only is molecular nuclear medicine used in planning and
monitoring drug therapy, but also in surgery and radiation therapy.
Techniques such as magnetic resonance imaging (MRI) reveal the response
of the body to disease but not the disease itself as can be done by
metabolic imaging.
An example is a patient who complained of headaches and impotence,
and was found to have a pituitary tumor. After irradiation therapy
directed toward his pituitary gland, he continued to have symptoms. His
MRI study highlighted a peripheral cortical area that was interpreted as
spread of his tumor. An FDG study in this patient revealed that the
pituitary tumor was still hyperactive and the MRI scan revealed a
hypometabolic region of radiation necrosis, subsequently proven by
biopsy. Apparently, the initial radiation did not include the pituitary
gland. The combination of structural imaging with magnetic resonance
images and biochemical studies with PET or SPECT joins anatomy and
physiology/biochemistry.
At times, small anatomical lesions of the brain have resulted in
profound and extensive areas of hypometabolism, reflecting neuronal
inactivation.
Much experience has been obtained in the characterization of
pituitary tumors by examining their content of D2 dopamine receptors.
The identification of the presence of dopamine receptors on these tumors
leads to treatment with the dopamine agonist, bromocryptine. The D2
dopaminergic system is inhibitory. It inhibits prolactin-secreting
cells and can, therefore, shrink tumors without surgery in many cases.
Bromocriptine stimulates D-2 dopamine receptors and inhibits
prolactin-secreting cells. Within hours of beginning bromocryptine
treatment, based on quantifying the availability of dopamine receptors
on pituitary tumors, the effect of the drug treatment can be assessed by
examining its effect on either glucose metabolism, which is the case at
Hopkins, or with methionine incorporation, which is done routinely in
Uppsala, Sweden. Because receptors are present in picomolar or
femtomolar concentrations, they saturate easily, and it is easy to
produce an overdose. This can be avoided by administering just enough
drug to block the target organ. In many cases the side effects of the
drug are not due to the binding of the receptor, but to less specific
binding that occurs with higher concentrations of the drug. Because of
the small concentrations of receptors, they cannot be examined by the
technology of magnetic resonance imaging or magnetic resonance
spectroscopy. The sensitivity is too low by a factor of about 10
million.
Thus, we achieve clinical homology via chemistry. Patients are
characterized by biochemical abnormalities, which can then be affected
by drug treatment, and the response monitored biochemically as well as
phenotypically. Two principles of genetics make "chemotyping" helpful,
if not essential: pleiotropism and genetic heterogeneity, respectively,
a single gene abnormality can manifest itself in many ways clinically; a
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single disease can result from multiple genetic abnormalities. When the
map of the entire human genome is known, one will still have to
characterize the biochemical abnormalities.
For example, C-ll thymidine incorporation reflects cell division
in vivo and makes it possible to differentiate radiation necrosis from
dividing tumor cells. This information improves the selection of
radiation ports. The radiotherapist can restrict the radiation ports to
the lesion and not include other structures.
The use of SPECT as well as PET in the new nuclear medicine is
illustrated by the radiotracer, Qctreoscan-111, an eight-peptide analog
of somatostatin, a twelve amino acid peptide. Labeled with indium-Ill
by scientists at the University of Rotterdam working in association with
the Sandoz Company, who make therapeutic somatostatin, this agent has
been useful in characterizing neuroendocrine tumors, such as carcinoid
and glomus tumors. Furthermore, 40 percent of breast tumors also have
somatostatin receptors.
An example of the usefulness of receptor imaging is the case of
selecting patients with carcinoma of the breast for treatment with
estrogen receptor antagonists. There is increasing evidence that the
drug, tamoxifen, extends lives of women with carcinoma of the breast.
Instead of treating 11 patients with tamoxifen, one can select those
patients whose cancer has an elevated concentration of estrogen
receptors. This is an example of how high technology can contain,
rather than increase costs of medical care.
Thus, the new molecular nuclear medicine considers cancer not a
thing, but as a process. Genetic programming is translated through
growth factors or suppressor factor?, which can be examined directly in
living patients.
Not only cancer, but every other type of disease can be
characterized biochemically, if not by examination of blood and urine,
but by in vivo regional measurements. In Parkinson's disease, for
example, there is degeneration of dopaminergic presynaptic neurons.
Cocaine acts by blocking these re-uptake sites, which brings about an
increase in the concentration of dopamine in the synapse. A
radioligand, developed from a stable drug, can be used to examine
presynaptic dopaminergic neurons, and provide a marker of Parkinson's
disease.
In Parkinson's disease, as a result of degeneration of the
substantial nigra dopaminergic cells which lead to the caudate nucleus
in the corpus stratum, there is a decrease in dopamine concentration to
about 15 percent of normal values. As long as the dopamine
concentration is above 15 percent of normal, there will be no symptoms,
a big safety factor. Furthermore, if one produces experimental
Parkinson's disease with the neurotoxin MPTP, abnormalities are observed
only when the concentration of dopamine is down to 15 percent of normal.
The disease can be characterized biochemically before symptoms appear,
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so there is a possibility that the disease can be arrested.
Thus, in a patient with a movement abnormality, one can determine
if the neuronal activity is affected and whether there is a specific
abnormality of dopamine neurochemistry. Patients with variants of
Parkinson's disease, such as progressive supranuclear palsy, often
difficult to distinguish from Parkinson's disease, have not only
abnormality in the dopaminergic system, but also in the cortical glucose
metaboli sm as wel1.
Although the spatial resolution of the imaging devices in nuclear
medicine is limited to about 3 millimeters, much higher spatial
resolutions can be obtained biochemically. We can differentiate
presynaptic and postsynaptic neurons that are 20 microns apart by using
the proper tracer. In a baboon whose internal carotid artery has been
injected with the neurotoxin MPTP, carbon-11 methyl-spipirone can reveal
that postsynaptic receptors are only slightly affected while presynaptic
neurons, imaged with carbon-11 WIN-35-428, have been knocked out
completely.
For many studies, one does not even need a PET scanner. One can
detect a 50 percent decrease in activity using a very simple system such
as a two-probe coincidence counting system, which costs about $30,000,
rather than more than a million dollars for a PET scanner. I'm not
talking about replacing PET scanning. I'm talking about extending PET
scanning where spatial resolution is not needed.
An example of its usefulness is in monitoring the effect of a drug,
such as haldol, in blocking D2 dopamine receptors in schizophrenia.
This can be examined in mice or men, using the same probe device. The
probe detector systems are simple and inexpensive. They permit small
animal studies. Many members of the Society of Neuroscience are
potential customers of this device. In human studies, it requires about
1/200 of the radiation dose because one is not interested in a high
degree of spatial resolution. The lower dose permits multiple studies
and can be used when high spatial resolution is not needed.
The development of new radioligands labeled with carbon-11 has
occurred at a great rate. We live in a world of carbon, because the
tetrahedral structure of carbon-hydrogen bonds is extremely resistant to
degradation in the world of water in which we live.
Cyclotrons or accelerators will always be needed in nuclear
medicine, even though it is possible to extend the studies to even
greater numbers of patients using 1-123 and technetium-99m tracers. At
Hopkins, we have an extensive program for technetium-99m tracer
development.
The history of the living world can be summarized as elaboration of
evermore perfect eyes in a cosmos in which there is always something
more to be seen. We can see the atoms of the living human body when
they are radiolabeled. The time has come for the DOE to blend the
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molecular medicine and nuclear medicine components of their programs
with the programs of molecular biology and genetics, then go from
genotype to phenotype via chemotype, and back. Nuclear medicine was
developed by the AEC and was joined in its efforts by the NIH. A
partnership between the NIH and the DOE in molecular medicine is as
important as in the area of molecular biology, just as it has been in
the genome project.
I think also, particularly when you look at places like Los Alamos,
Lawrence Liyermore, Sandia, or eny National Lab, it's the high
technology in those National Laboratories which can, when added to these
techniques, wake us competitive with other countries. So I think this
is the right time for a new beginning for the Atoms for Peace Program.
DR. WAGNER: Thank you. Are there questions or comments?
DR. KAT2ENELLENBQGEN: You mentioned that iodination of LSD
increases affinity but removes activity. Is it an antagonist?
DR. WAGNER: No. LSD, as you know, is an agonist.
DR. KATZENELLENBOGEN: So it seems to me if you make a molecular
chain which increases affinity but removes activity, that you've created
an antagonist.
DR. WAGNER: Oh, I thought you were asking if the iodinated
compound is an antagonist.
DR. ROWLEY: I'd like to bring up the question of some of the new
things that have been identified so far as genetic changes within
malignant cells.
Following up both your talk and John's earlier talk on breast
cancer, as well as estrogen receptors, the work of Dennis Slamon and
others has highlighted a particular proto-oncogene called ERBB2 or
HER2/new as being important because it's amplified in certain patients
with breast cancer, but not only that, the amplification of that gene
has prognostic significance for the potential survival of women. Now,
this is information which has been around for a couple of years. Is
that something that is currently being followed up by individuals in the
nuclear medicine field or are there strategies to use that information?
ERBB2, again, is a receptor that falls within the EGF receptor
family. And so it might be susceptible to some of the kinds of
strategies that have been developed for the estrogen receptor.
DR. WAGNER: That strategy is definitely being used. As an
example, somatostatin is a growth suppressor of substance, as you know.
DR. ROWLEY: Right.
DR. WAGNER: Therefore, that's a good example. The tamoxifen
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story, on the other hand, although it's labeled tamoxifen, hasn't been
used. Looking at tamoxifen as being an important part of how you apply
this technology is being used. So I think that, in cancer, many normal
biochemical processes are still going on, which makes it possible to
characterize them biochemically. There is tremendous heterogeneity in
histologically similar tumors. Therefore, I believe that even if you
had access to a person's genome which you'd like to have, you'd still
need to examine its biochemical expression, the phenotype expression,
because it could be so variable from one person to another. Therefore,
the answer to your question is yes. I think that, particularly in the
area of nuclear oncology, these things are being looked at. So that, as
long as you have an enzymatic process linked to a gene abnormality
anywhere along the line, you could discover the abnormality.
Now, the other thing, I'd like to ask my chemist friends is whether
it may be easier to do the phenotypic studies. If you have a whole
series of enzymatic reactions that have multiple genes, all you have to
do is pick up one link in the biochemical process, and you can identify
that that link is abnormal. I gave an example of that with the
dopaminergic system. If there is an abnormality of dopamine synthesis,
you would have to determine where you have the translational abnormality
in the somatic genome. Somewhere along the line of that pathway there's
an abnormality, but we don't know where the pathway is. We simply know
that the postsynaptic neurons are okay. So it's some step preceding the
dopamine secretion stage.
So, again, the answer to your question, I think, is yes. It's
important to look at the genetic characterization of these diseases to
get an indication of where to look for the phenotypic abnormalities, but
it goes both ways.
OR. PHELPS: Genentech has produced an antibody to the HER2
oncogene, or at least a protein product of that. We have labeled this
protein with 1-123 and done some studies. But one thing an antibody
study does is shows you how good and how bad things work.
The antibody retains good selectivity to the protein product, but
it's torn up rapidly by the immune system. The radioactivity is spread
all over the body. It gives the traditional problem. So I think some
of these new approaches to retain the business end of an antibody, these
hybrids or approaches like that, getting rid of a lot of the immune
reactivity, has to occur.
DR. BUDINGER: My comments are related to a previous question and
your answer. It's very clear that the dopamine system is pretty heavily
represented in the middle of the brain where the structures are large,
but it's also very well represented in layers five and six in the
hippocampus and different parts of the human cortex. In these layers,
it exists in less than a millimeter thick strip.
If the dopamine system is reflective of some genetic aberration
related to mental disorders in a minor way and, in fact, it is affecting
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the cortical systems, then with our present technology in PET, supported
by DOE, how are we able to interpret the chemistry when we can't sec the
cortex with any reasonable quantitative capability?
DR. WAGNER: I think that everything that has been said about the
approach to disease via in vivo biochemistry is limited by the
sensitivity of the methods, the sensitivity of the chemistry, and the
sensitivity of the instruments. Our children and grandchildren will be
using even more sensitive techniques and will be able to quantify the
binding sites with femtomolar affinities (KjlO M ) , and the instruments
will let them detect small spatial differences which we couldn't pick up
with 2 1/2-millimeter spatial resolution. So everything is determined
by the spatial resolution limitations and the chemical limitations and
it would be very, very useful to improve both.
But there's a tremendous amount of useful information that can be
obtained with the technology that exists today, particularly when you
have very highly selective tracers that even if they're going to a very,
very small structure, the contrast is so great that, although th,e region
may look bigger and you won't have an idea of its shape, you will be
able to detect that there is a biochemical abnormality going on. And,
if it's hot enough, that is, if the concentration is great enough, no
matter how small the object is, you'll be able to make some measurements
of it. Your question, 1 assume, was directed toward whether we need
higher resolution instruments. And the answer is yes, but we can go a
long way in the solution of many biomedical and clinical problems with
the spatial resolution that we now have.
Did that get to what you wanted to say?
DR. BUOINGER: If the Chairman would allow, I will not give a
philosophy, but I would like to comment on a disagreement with your
second to last statement. The statement was: No matter how hot it is,
it could go
DR. WAGNER: No. I said if it's hot enough.
DR. BUDINGER:

If it's hot enough, we would be able to see it with..

DR. WAGNER: We would be able to measure it.
DR. BUDINGER: Measure it. All right. Not see it.
DR. WAGNER: You can't see it in the sense of knowing its fine
structure or size.
DR. BUDINGER: Henry, I really liked all three presentations, but I
think they all three suffer from the same disappointments. The clinical
disappointments are that we have not been able to find the method or
demonstrate the defects in mental disorders or in tracking cancer
sensitive to certain therapies. We haven't done that as well as we
hoped to.

39
I would like to propose that the fact we haven't understood or
haven't seen what we expected to see in many situations is based on the
fact that we do not have that sensitivity and resolution, just as you
said. But I would like to add something that's a little different than
your answer. And that is that, number one, the fact that we haven't
seen these great breakthroughs is not a reason to not go forward.
That's basically what you said.
DR. WAGNER:
breakthroughs.

I don't agree that there have not been major

DR. BUDINGER: In mental disorders?
DR. WAGNER: Yes, in mental disorders. It depends on what you
consider a major breakthrough. We can now monitor the effects of
neuroactive drugs on the brain and can determine whether the response to
treatment or the lack of response to treatment is related to whether the
drug is acting or not. Everybody has his own threshold for breakthroughs. My threshold has been exceeded innumerable times.
DR. BUDINGER: But I'm referring specifically to the theme of this
Workshop, that a discovery--the fact that we haven't discovered the
phenotype in terms of chemical manifestations of neural receptors
relative to genetic abnormality--is not a reason to say it won't be
discovered. That's basically what you have said.
DR. WAGNER: In my opinion, it is naive to think if you take a
person with a mental disorder, that somewhere in the brain, with a high
enough resolution, you will find some little switch that is not working,
and if you then just find that switch and throw that switch, that person
will become normal. That's a far-fetched concept of disease. If that's
what you mean by a major breakthrough, you're not going to find it.
In any disease process, there is a symphony of biochemical
reactions going on, any one of which, if you could measure it, might be
helpful to a patient. Certainly, there is more to Parkinson's disease
than an abnormality of dopaminergic neurons, but that's one chain in the
abnormal reaction that was useful to uncover because it led to the
development of L-dopa treatment.
In Alzheimer's disease, there are fairly characteristic biochemical
abnormalities. In cocaine addiction, it has been found that the
mechanism of craving involves the dopamine re-uptake site on presynaptic
neurons. These findings led to programs in Boston and in North Carolina
to try to develop drugs that will block the effect of cocaine.
DR. BUDINGER: Your symphony is playing a tune, as you just said,
but your frequency response is only to the timpani. What I'm saying is
that just because that happens to be your breakthrough of enjoying
listening to drum-beating does not mean that we do not have at our
hands, under DOE sponsorship, a capability of listening to the violins.
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OR. WAGNER: Tom, 1 don't mean to preach medical science to you,
but it's certainly a fundament of science that you never learn enough.
If you will read a book called "Living with Radiation," you will read
about the law of conservation of ignorance, which means that ignorance
never decreases. It just becomes more informed.
DR. ADELSTEIN: Henry, getting back to the title of your talk on
genotype to phenotype, talking a little bit about the sensitivity, let
me get very naive about this. I am assuming that we are not at the
stage where we could look at single copy genes, but we probably can look
at various aspects of gene product. You've told us that one gene
product you can look at is whatever this complex reaction is that takes
place in terms of producing receptors. Mike Phelps has told us a little
bit about one of the protein gene products that people are looking for
now.
Now, speculate about this. If we can't look at single copy genes,
what about such things as mRNAs? Do we have any technology capable of
doing that now? How are we going to bring our technology to bear upon
the genotype to phenotype cascade? What level do you think we can
detect with the sensitivities we have now?
DR. WAGNER: In the case of genetic abnormalities, such as
retinoblastoma, we search for biochemical phenotypic markers to
homogenize the patients and to help in planning and monitoring of the
treatment. If we can find a phenotypic biochemical abnormality that
makes it possible to achieve biochemical homology, it would be useful to
take that group of patients and look for genetic abnormalities. In
other words, try to homogenize the patients, not by clinical signs, but
by biochemical signs. There are two principles of genetics that
indicate that nuclear medicine might play an important role:
pleiotropism and genetic heterogeneity.
Chemicals cause diseases. Genes are
have the blueprints for a house, there is
about how that house is functioning. For
abnormalities occur in some patients with
pick out those 40 percent of patients and
those patients. That's an example of one

their blueprints. Even if I
a lot more that can be learned
example, somatostatin receptor
carcinoma of the breast. I'd
carry out genetic studies on
approach.

DR. ADELSTEIN: I guess one way is to look at the lymph node
proliferative disorders. They are now classified. The nosology of
these disorders is based upon changes in the molecular biology of the
cells. In some ways that's not even very useful at the present moment,
but sometimes it is. It's just a way of classifying. I suppose you can
tell the monoclonal from the polyclonal types.
I would like to do that diagnosis in vivo, non-invasively. That
would be ultimately the way instead of how we do it now.
DR. WAGNER: It may become possible to study the genome in vivo
directly, for example, by labeling mRNA. It is not yet possible to use
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nuclear medicine technology to look at the genome. This is under
development, but at this time we can use nuclear medicine technology to
look at the biochemical phenotypes and genotypes.
DR. MALMUD: Being more naive than either Dr. Wagner or
Dr. Budinger, I get disturbed, not by the affect of the interchange, but
by the science of the interchange between Budinger and Wagner.
Is there a grievance between the two of you that even after the
genome project is completed, if it ever is completed, that there will
still be phenotyping differences within the genome that will require
diagnostic modalities to differentiate those phenotypical differences?
I think Dr. Wagner agrees with that. Do you?
DR. WAGNER: There's an article written by Victor McCusick, who is
very active in the genome project. He believes that if you knew
everything you could possibly know about the genome, that you would know
everything you wanted to know about the patient. That concept is naive
and doesn't seem logical to me.
McCusick is saying when you know the genome, this will be all you
ever have to know about anything. That's like say'ag if you have the
blueprints for your house, keep them up to date, tnat's all you ever
want to know about your house.
So my answer to your question is very clear cut. It's important to
have the genome, but to think that that is all you want to know is
overly simplistic.
DR. BUDINGER: I don't agree. So there's a basic difference there.
I don't agree with your blueprint analogy at all. The genome does not
have the blueprint of the house. It is the blueprint.
DR. WAGNER: Machinery. It has the machinery.
DR. BUDINGER: It has the machinery, too, and the functionality and
the connection between one machine and another.
DR. WAGNER: But the enzymes do the work.
DR. BUDINGER: Well, then dictated by what? By the....
DR. WAGNER: It's supposed to be a metaphor, not literally correct.
The enzymes do the work. It's true that it's not just a blueprint.
It's also a machine for making enzymes. I just wanted to try to
stimulate your thought.
DR. MALMUD: That was one point. The second point that I thought
that you made is that the spatial resolution of the imaging modality is
not critical if the mass effect of the alteration that's going on, the
chemical interaction, if you will, can be visualized or can be
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appreciated in some fashion, even without identifying it at the micron
level.
Did I interpret that correctly?
DR. WAGNER: High spatial resolution is \iery, very important. It
improves quantification in that you see small structures that would not
otherwise be visible. It lets you have contrast when contrast would
otherwise not be present.
But it doesn't mean that you should do nothing to develop the use
of these wonderful chemicals only in the direction of very, very
sophisticated high resolution PET scanners. This is not negative.
When I sent a paper to the Journal of Nuclear Medicine, describing
the first probe studies, they sent it back, rejecting the paper, one of
the referees saying, "You don't need a simple system for that. All you
have to do is don't put the PET scanner in an imaging mode. Just add up
all the counts," totally missing the whole concept. Why would you use a
million and a half-dollar instrument when you can use a $30,000
instrument?
Using the simple probe system, we're studying the effect of sleep
and sleep deprivation on receptors. There are innumerable projects that
can be done if you simplify the technology, Tom. The thing that has
limited the application is the complexity of the technology. It's a
magnificent technology, but it's very complex.
And, therefore, one of the philosophies of scientific research for
me is that you should not be as rigorous as possible. You should be as
rigorous as necessary.
Since I was trained as a physician, I am very pragmatically
oriented. I want to make the simple measurement to solve the problem.
So, therefore, although I greatly admire your work in improving spatial
resolution, think also about using simple devices where you have enough
spatial resolution to solve the problem.
If, with our probe device, I could tell you whether a patient's
Haldol receptors are adequately blocked or not, every psychiatrist could
have available a simple technique to find out whether the patient's
receptors are blocked when the patient's been on a neuroleptic drug.
Many important clinical questions could then be readily addressed, such
as, if a patient with schizophrenia does not respond, should you
increase the drug dose? There is tremendous variability from one person
to another. Maybe John can comment on how much variability you get to
the tamoxifen response on the receptors.
In many of these illnesses, there is tremendous variability. So if
a person with schizophrenia is put on a neuroleptic and, unfortunately,
doesn't do well, you should switch to a Dl receptor blocker, rather than
increase the dose.
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Similarly, if the patient has side effects, which there are, for
example, in maltrexone therapy, maltrexone dosage, which blocks opiate
receptors, is recommended to be given every day, but we found that the
recommended dose blocks the receptors for a week.
There is also the question of noncompliance. We haven't proven
this yet. Everything I've said so far is proven. We don't know whether
the noncompliance is due to overdose.
A person at USC told me his wife had an overdose of bromocriptine
and it caused some transient abnormalities. If they had given just
enough bromocriptine to block the 02 receptors and stopped right there,
maybe she wouldn't have had an excessive reaction to the bromocriptine.
To me, these are major breakthroughs in medicine, I think.
CHAIRMAN RE8A: My interpretation of the point that Tom Budinger
was making--it may not have been the exact point he was driving at, but
my interpretation was that the three speakers we've heard have focused
on a single aspect of the science of nuclear medicine and that
simplified techniques, such as the probe techniques, are dependent on
the work that preceded them, which depend greatly on more quantitative
studies. The studies that were shown, simple images, which were all
qualitative...
DR. WAGNER: I think it was quantitative. I did show some graphs.
And we quantified the data. That's for the purpose of illustration.
You saw the concentration of the receptors in the amygdala shown in
numbers.
CHAIRMAN REBA: Yes. But I thought Dr. Budinger's point was that
the emphasis here has been the results of the chemistry and the imaging,
and that this has been possible because of other aspects of basic
research, which depend a great deal on continued DOE funding, such as on
the quantification, on the instrumentation, on pharmacokinetic modeling,
and on improving a whole number of aspects of related scientific
disciplines upon which these images and the simplifications will be
dependent.
Although this particular Workshop is focused on one aspect of the
relationship of applying molecular biology and structural biology
advances into clinical nuclear medicine images, it's not a simple
translation. It depends on a number of improvements in absolute
quantification. I don't know if that's the point Tom was making, but
that is my interpretation of at least part of what he said. There was a
c.jestion over here.
DR. VENTER: Being very naive on this technique, I wanted to get
some actual, maybe from Dr. Katzenellenbogen, some real quantification
of what are the lower limits. How many receptors can you detect? How
many cells? What are we talking about?
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OR. KATZENELLENBOGEN: I can't give you detailed numbers on this.
OR. VENTER: You haven't done the same technique on tissue that has
been biopsied that you've measured the receptor density on?
DR. KATZENELLENBOGEN: Well, in the human studies....
CHAIRMAN REBA: Excuse me. Do you mean by external detection?
DR. VENTER: Yes.
CHAIRMAN REBA: Are you asking, what is the lower limit of the
sensitivity of the nuclear medicine images?
DR. VENTER: Yes.
DR. KATZENELLENBOGEN: The ligand binding assay and the amino
assays, which are done on biopsy samples, are exquisitely sensitive.
They can detect three to five femtomoles with milligram protein. Those
lower levels would not be adequate for imaging using the
16ct-fluoro-estradiol that we studied.
Now, there is an interesting sort of optimization problem that one
has between sensitivity and the responsiveness to receptor concentration.
One of the problems we have in using the rat uterus as our model system
is that the receptor titers are very high and that the agents become
flow-limited. Bill Eckelman referred to the fact that when there's high
receptor concentration and the affinity of the ligand is high enough,
basically, whatever enters the tissue never comes out. So, beyond a
certain point, the uptake is no longer related to receptor
concentration.
We are in the early stages of evaluating similar compounds that
look like they may be more sensitive; that is, they have higher receptor
affinity, lower nonspecific binding, and might extend the imaging
technique to lower receptor titers in tumors. At the present time, we
can't really project that accurately from the animal data. That's part
of the problem. But the 163-fluoro, HR-methoxy, 17or-ethnyl final
compound is one that perhaps looks the most promising. That would be
the next one we would try to use in humans.
DR. VENTER: Well, in terms of the question about measuring mRNA, I
didn't really understand the answer to that because coming from the
receptor field and the human gene field, we can achieve any affinity in
terms of binding to mRNA that you can with any receptor ligand.
Certainly, in terms of the one in a million that you have with your
receptor and the same as exists for several others, the mRNA levels are
actually much higher in the cell. You mentioned one study that had been
done. It wasn't very clear what the answer was, whether that worked or
not, but I don't want to steal Mike Hogan's comment.
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DR. KATZENELLENBOGEN:

I can't comment on the RNA detection, but....

OR. VENTER: What is the limit?
DR. KATZENELLENBOGEN:

I cant give you a concrete answer.

DR. BUDINGER: Can we put it in terms of what a chemist would do?
I mean, can you detect picomolar concentrations?
DR. KATZENELLENBOGEN: Yes.
DR. BUDINGER: Whereas, I might point out that NMR is millimolar.
That's where nuclear medicine gets a big advantage.
DR. KATZENELLENBOGEN: We're obviously seeing selective
localization based on the titers of receptor that are typically found in
tumors and target tissues. And in a rich tissue, like the uterus, we
see 100 to 1 ratios between target and non-target tissues.
DR. WAGNER: If you detect picomolar, you should be able to detect
mRNA unless there are other limitations.
DR. KATZENELLENBOGEN: Well, I think the problem is that the probes
used for that are not well behaved in vivo.
DR. VENTER:

It's not sensitive in specificity.

DR. WAGNER: T'm talking about what has been done to date. To my
knowledge, nobody i ts done nuclear medicine studies; no tracer studies
in vivo of specific mRNA.
I'm not saying the technology wouldn't let it be done, but we have
been studying neuroreceptors, enzymes, and transport systems. There are
a few people, such as John Mackey, one individual who comes to mind, who
have studied mRNA, but apparently have not paid attention to the
specific mRNA. They, therefore, haven't found anything particularly
useful in looking nonspecifically at mRNA with tracer techniques.
DR. VENTER: Well, nonspecifically, I wouldn't expect it. I mean,
we can tell you which gene it is, that is, which receptor subtype it is
at the message level, where with most ligands you could never achieve
that. I mean, the specificity is absolute.
DR. WAGNER: I'm not talking about what has been done. That's one
of the things I think
DR. VENTER: Why hasn't it been done?
DR. KATZENELLENBOGEN: Going to the in vivo system presents
additional challenges.
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DR. WAGNER: In other words, a lot of this development in nuclear
medicine is based on ligands developed by the drug industry, and they're
not primarily designed for diagnosis. They're primarily designed for
treatment.
Therefore, what we constantly monitor is the pharmaceutical
literature, the pharmacology literature. And, as you saw, everything on
that list I showed with all those carbon-11's on it was derived from
drugs that were described either from basic neurosciences in the case of
the brain or from the drug industry. In our case, dexetimide,
carfentanil, spipirone--these are all compounds produced by the drug
industry, not all useful drugs now.
Don't get me wrong. They produce a
out--that was no pun intended, they just
compounds that they believe are agonists
agonists, or analogs of antagonists, and

lot of drugs. They just grind
turn out compounds after
or antagonists, or analogs of
you pick it.

For translation as a nuclear medicine practice, Mike Phelps'
colleague got up at a meeting and said, to study dopamine receptors, you
had to use fluorine-18 labeled haloperidol. In fact, they said it right
after I presented the work with carbon-11 methyl spipirone. They said
you had to have fluorine-18 haloperidol. That was one of your
colleagues.
DR. PHELPS: That was one of Mike Welch's colleagues.
DR. WAGNER: No, that was one of your colleagues. I said the only
thing I can speak from is my experience. You speak from your
experience. I speak from my experience.
So, therefore, for our field it's mainly the proper selection from
this mass of pharmacologic literature plus the chemists that have the
ability to label the compound. The affinity, the nonspecific binding,
the protein binding could be translated into a useful agent.
I'm sorry, Tom. I can only speak from my experience.
DR. BUDINGER: I want to learn from your experience, but I want to
learn how to do mRNA. So I would ask: How do you identify a particular
mRNA?
DR. VENTER: Ask me that tomorrow.
DR. PHELPS: Actually, it goes back to the question that I asked
John. A lot of our studies have focused on substrate utilization,
ligand-receptor interactions, enzyme assays, and so forth, a lot of
biochemistry. A lot of that, as Henry says, originated from the
pharmacology and the drug industry. But the drug industry is making a
change from the biotech, biology-oriented drug industry. Their
objective is to end up administering a compound that comes by one simple
route or another into the bloodstream, survive the immune system or

47
whatever other systems, get to the target site intact and have a limited
interaction in the modified biological process of disease. These new
startup companies have hired a lot of immunologists, virologists,
molecular and cellular biologists and protein chemists to try to bring
biology in vivo through probes that must be administered systemically.
And they have the same requirements as we have.
So the reason I asked the question is
biology or wherever we are led. Maybe one
new biology-oriented drug companies. They
they are a means by which we can take that
biology.

we go from biochemistry to
of the ways to lead is in the
are driven to do that. Maybe
step from biochemistry to

DR. VENTER: Does the new probe that you use have to go through the
FDA?
DR. WAGNER: If we were operating under the waiver that existed up
until about 15 years ago, there would be 30 more widely used compounds
in nuclear medicine today. The process is a huge pain in the neck.
CHAIRMAN REBA: There is a vocal view, a prevailing and perhaps a
majority opinion, defensible, within the nuclear medicine community,
that the FDA approval process for radiopharmaceuticals is excessively
tedious, complicated, burdensome, and expensive and has little or no
benefit to the public.
Before we take a break, Dr. Barnhart, did you want to say
something? I thought I saw you grimace when the genome project was
attacked.
DR. BARNHART: No. I don't think it was attacked, but it's so many
things to so many people. Apparently it's everything to some people. I
think it's necessary to say that the hope is that the genome project
will provide the scientific community with a reference genome.
The product of the genome research will serve as just that, a
reference. It will also provide us with the technologies, the concepts,
the capabilities to very quickly and very rapidly determine the
genotype, the DNA sequence of many genomes of many patients, and in
reference to that reference sequence, determine if there are changes in
the gene of interest.
If you're looking for a specific change, if we're looking for a
base pair change, for example, or a deletion, or whatever that we know
results in a phenotype in a disease or a disorder, then that can be
done, hopefully, very quickly and very easily and very cost-effectively.
And the physician can treat that symptom, then. Or perhaps it will
allow us to use a probe for a given change in a given gene, even before
that disease or disorder is even manifested in the individual. But the
hope is, the eventual hope is, that it will allow us to treat a patient
as an individual, rather than as a member of a large group of people who
have a certain disease or disorder. So the ultimate objectives are that
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it will give us this referenced DNA sequence or genotype and, secondly,
that it will give us the capabilities to handle this kind of information
and these capabilities on an individualized basis for each and every
patient that comes along. Thirdly, the hope is that it will give us the
information in databases such that it's readily available by anyone that
needs to acquire that information. That is, the DNA sequence and the
mapping information will be readily available to physicians through
their PC and to universities and libraries and so forth, just as you can
go now and pick a reference volume off the shelf.
CHAIRMAN REBA: Thank you. For those few of you who don't know
Dr. Ben Barnhart, he is the DOE liaison to the NIH for the genome
project. Dr. Rashmi Hegde will now discuss "DNA-Protein Attractions."
"DNA-PROTEIN ATTRACTIONS"
DR. HEGDE: I'll be talking today about the crystal structure of a
complex between the DNA binding domain of the E2 protein from
papillomavirus and its cognate response element against a backdrop of
its biological significance and the relevant structural features of
protein - DNA complexes. All the work I'm describing has been done in
the laboratory of Dr. Paul Sigler at Yale.
The papillomaviruses are involved in a wide variety of pathological
conditions ranging from rather benign warts of the squamous epithelium
to the more dangerous cervical carcinomas that afflict over 5,000 women
a year in the United States.
There are several viral proteins involved in the papillomavirus
induced path to carcinogenic transformation, in particular, the products
of the E6 and E7 genes which are the transforming proteins. The
products of the El and E2 genes are responsible for viral replication,
and the E2 protein is also a modulator of transcription. I will be
describing the structure of the E2 protein. The pathogenic
papillomaviruses are the HPV strains 16 and 18. However, a lot of the
genetic and biochemical work has been done in the bovine papillomavirus
system, which has served as an adequate prototype because most of the
proteins are analogous between the various papi11omaviruses.
The viral genome is circular and double-stranded. Highlighted in
blue are the particular proteins I will refer to in the next few slides.
They are: E6 and E7--the transforming proteins, El--which is involved
in viral replication, and E2--which is involved in both replication and
in the control of transcription.
The E2 open reading frame codes for numerous E2 related proteins.
There is the full-length protein, which is a modulator of transcription,
being both an activator and a repressor. It is functional as a dimer,
and binds to a very specific symmetric DNA sequence, which is shown on
this slide. In yellow are the specific nucleotides recognized by the
protein. The central 4 nucleotide spacing is required, however, the
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actual bases can vary.
The full-length E2 protein acts as an activator of transcription,
but the target of its activation is not known. It also acts as a
repressor of the promoters for E6 and E7.
There are two truncated forms of E2: the E2 transcriptional
repressor which includes the DNA binding region of the full-length E2
protein and the splice product of the E8 and E2 ORFs, which lacks the
activation domain of the E2 protein and also acts as a repressor.
A schematic representation of how E2 is believed to function is
shown in Figure 1. Under normal circumstances, it represses the
promoters for E6 and E7. However, on viral infection, when the viral
genome is integrated into the host chromosome, the ORF for E2 is
disrupted and, therefore, E2 is not produced anymore. Now, E6 and E7
are freely expressed and form complexes with p53 and pRB respectively.
p53 and pR8 are tumor suppressor proteins.
A complex of E6 and P53 is a substrate for ubiquitinylation and p53
is then degraded by the ubiquitin-dependent protease system. In an
analogous manner, a complex between E7 and the retinoblastoma protein is
also degraded, but the exact mechanism is not yet known. The net effect
of such degradation is "tumor desuppression" resulting in uncontrolled
cell growth and, hence, cancerous states.
The biological and structural questions that we hope to address
based on the structure of the E2 DNA binding domain complexed to DNA
are: 1) How does E2 recognize its DNA response element and do this with
very high fidelity as well as affinity? In previous studies on DNA
binding proteins and their nucleic acid targets, classical chemical
interactions like H-bonds and Van der Waals contacts have been indicated
in macromolecular recognition. We would like to investigate the nature
of the interactions recruited by the E2 protein in recognizing its
target DNA.
Secondly, what conformational effect does such protein binding have
on DNA? Why is this important? Because proteins such as E2 work on
response elements that may in turn control promoters that could be
hundreds of base pairs removed. How do molecular interactions occur at
such large distances? There have been various models postulated for how
this might happen, e.g., DNA looping. A recent structure of the complex
between the catabolic activator protein and its cognate DNA has, in
fact, shown that the DNA is bent by 90 degrees, possibly bringing the
RNA polymerase site closer to the CAP molecule. Ultimately, we would
like to understand how E2 activates and represses transcription.
The structural questions we pose are: Does the E2 bNA binding
motif resemble those of the standard categories that already exist? And
then, what are the steric determinants of DNA recognition, and what are
the chemical determinants of DNA recognition?
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Listed here are the familiar DNA binding structure motifs. There
are the helix-turn-helix proteins like the trp repressor which was
determined a few years ago in NPaul Sigler's laboratory. There is a
helix in the major groove of 0 A, These helices, or the recognition
helices, as, they are referred to, are flexible so that they can fit into
successive major grooves.
There are the zinc finger proteins, like the hormone receptor
proteins. These proteins require zinc for ONA binding. This is a
photograph of the glucocorticoid receptor-DNA complex courtesy of Ben
luisi, Weixin Zu, and Paul Sigler. A zinc atom nucleates the helix
which interacts with bases in the major groove of the DNA. Another zinc
atom is in the dimeruation region of the protein.
The leucine zipper class of proteins has a heptad repeat of
leucines in the ONA-binding domain. They are believed to form a coiled
coil-like dimerization region which places the recognition helices in
the major grooves of DNA. NHR data have corroborated the model for the
dimeruation motif, but the mode of ONA-binding is yet unknown.
Besides these principal classes are the dinucleotide fold
containing proteins and others like the Met-repressor which has a beta
strand interacting with the ONA. The DNA-binding motifs can be
identified by characteristic amino acid sequences. However, the E2
protein does not resemble proteins in any known structural category. At
an atomic level, there are several different kinds of stereochemical
interactions that contribute to protein-DNA binding.
1) Direct hydrogen bonds and electrostatic interactions between
side chains and bases fit the classical modes of enzyme-substrate, drugprotein and protein-ligand interactions. In fact, a lot of the
structures that have come out in the last few years have substantiated
the belief that such direct chemical interactions are, in fact,
necessary for specificity.
2) The sequence-deformation of DNA, where certain nucleic acid
sequences are more deformable than others, allow them to conform to the
shape of the proteins they interact with more readily than other
sequences.
3) Then ther« is the currently controversial role of watermediated interactions that contribute to the specificity of
macromolecular interactions. Several high resolution structures, like
the trp repressor and glutaminyl-tRNA synthetase, have crystallographically visualized water molecules, which form an integral part of the
interacting surfaces of macromolecules. These waters can be considered
as extensions of the functional groups and consequently, can interact
with other macromolecules.
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4) Amino acid side chain--phosphate interactions which could be
direct or water-mediated are also implicated in protein-DNA complexes
formation. While these may not contribute to specificity, they are
responsible for increased affinity of binding.
The structure I've been working on is the DNA binding domain of the
E2 protein complexed to DNA. The crystal belongs to space group R32 and
diffracts beyond 1.7A. The data were collected on a Hamlin area
detector with monochromatic radiation at 1.54A from a Rigaku generator.
The structure was solved using anomalous phases from the obligate
lanthanide ion in the native crystals and one derivative where a T in
the DNA was replaced by an iodo-uracil. The electron density map that
we got was clearly interpretable, and this slide gives you an indication
of map quality. A tyrosine side chain is identified.
In a typical x-ray crystallographic experiment, the intensity of
diffracted x-rays from a crystal are measured; however, the phase
information is lost. This is the major hurdle to the determination of a
crystal structure once crystals are available. If x-rays could be
focused, the x-ray diffraction experiment would be the equivalent of
using x-rays in a microscope. But, since they cannot be focused, we
have to resort to other techniques, like isomorphous replacement to
obtain estimates of phases. In our case we were fortunate to have a
lanthanide atom that has a significant anomalous component to its
diffraction. This allows a multi-wavelength study to be conducted—an
experiment which requires a synchrotron source that is very accurately
and reproducibly tunable. If one were routinely available, structures
such as this one could be determined from experimental phases to near
atomic resolution. This would take all structural bias or any
preconceptions that we might have about the structure away from the
actual interpretation of the electron density. Currently, however, the
agreement between the X-ray data and the model of the macromolecular
structure is maximized with stereochemical and other empirical
restraints imposed on the model.
The E2 protein is a (3 barrel and Figure 2 shows the basic
architecture. Anti-parallel 3 sheets form a barrel and provide a
scaffold for the recognition helices. The two recognition helices are
related by a crystallographic dyad. The 13 barrel is made up of four
strands from each subunit. This is a topology diagram (Figure 2). The
two subunits are depicted in black and white. This is the N-terminal
beta strand of the protein followed by the recognition helix. The next
beta strand forms part of the barrel and tight turn leads to another 3
strand. A couple of turns of helix, and an extended 3 strand lead to
the C-terminal (3 strand. If you were to picture this sheet of antiparallel (3 strands rolled to form a barrel with the two recognition
helices on either side, you would have the DNA-binding domain of the E2
protein.
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Figure 2

Now, what does the ONA do? It wraps around the barrel and places
its two major grooves in juxtaposition with the recognition helices
(Figure 3).

Figure 3
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The protein is remarkably rigid, lacking the flexible reading heads
that were seen in other helix-turn-helix proteins, like trp repressor.
These helices are held extremely tightly against the barrel. The DNA
has to bend significantly to conform to the protein. We are also trying
to determine the structure of the protein alone, but we would anticipate
no major structural difference between the protein alone and in complex
with the DNA. The next slide shows side chains and also represents the
two parts of the dimer in different colors, so that you have symmetrical
interactions of the helices going down the major grooves, and you see
the side chains that are interacting with bases that are responsible for
the base specificity.
On this slide I have listed the protein-DNA interactions that
account for the specificity. The first residue that is involved in a
base interaction is asparagine-11, which is at the beginning of the
recognition helix on either side of the barrel. It interacts with an N7
of A in the 6 position, as well as with the N4 of C-5.
Lysine 14 interacts with two successive G's down here in the
opposing strand. There is also a water-mediated interaction between
this lysine and C so that now we have all these bases specified. This
cystine-15 is oxidation-sensitive, in that if this protein were
oxidized, it does not retain DNA binding activity. Cys-15 interacts
with an N6 of the A in strand 1.
Arginine-17 has multiple phosphate contacts with several residues,
and arginine-19 interacts with N7 of G-6 as well as making multiple
phosphate contacts. At this point the helix exits the major groove,
turns around, then becomes another strand of the (3 barrel to form a
continuing scaffold holding this helix in place.
So in summary, the DNA binding architecture you have just seen is
novel. It comprises a 3 barrel holding the recognition helices in an
orientation suitable for DNA interactions. The eight-stranded antiparallel beta barrel is made up of four strands from each subunit.
While it is not unusual for continuous 3 sheets to be involved in dimer
association, we believe that this is the first occurrence of a 3 barrel
that is actually involved in dimerization.
The DNA bends around or wraps around the barrel to allow both the
helices to be accommodated in major grooves. Biologically we have
identified possible reasons for the base specificity of this protein at
a structural level. In addition, there are numerous water-mediated
interactions between ami no acid side chains and bases as well as
phosphates. The DNA is significantly deformed to match the shape of the
protein.
In continuing efforts in Paul's lab, we are currently determining
the structure of the protein alone. We are trying to crystallize the
HPV-16 E2 protein, which is the papillomavirus actually involved in
cervical cancer. It is not very different in terms of sequence, and we
expect the structure to be similar. As a long-term goal, Paul is
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interested in looking at complexes between E6 and p53, and E7 and pRB.
This is, at the moment, limited by a lack of material in pure enough
form and large enough quantities for our work.
Thank you.
CHAIRMAN REBA: Are there any questions or comments?
DR. SETLOW: Yes. Can you put a number on these when you say the
specificity? What's the binding affinity?
DR. HEGDE: The affinity is 10~9, the nanomolar range.
DR. HOGAN: Are there binding data available? You mentioned that
there is no explicit dependence on the sequence of the four or five base
region in between the two major groove domains, but as bend is being
introduced, there might be some generalized dependence in terms of the
deformability. Is there any factual evidence for this? It's sort of
analogous with other bacterial repressers where there's evidence for
bending. Is there any evidence in this instance that you can achieve
slightly higher affinity or lower affinity by manipulating the sequence
of the linker rejoin between the two recognition domains of the binding
site?
DR. HEGDE: There was preference for certain bases. There is some
preference for some nucleotides in the center, but they're not
necessarily for specificity. In fact, there are interesting
observations where you can have DNA binding activity with the mutated
forms of DNA binding protein actually bound to activation domains, like
PV-16, but you lack transactivation, even though the mutation is in the
DNA binding region and the DNA binding is intact. We believe that this
is because the DNA is not bent. If you remember the structure, there
was a piece that went over to the other side. There are interactions
between side chains over there and the phosphate, which is holding the
DNA by the scruff of the neck almost and pulling it up to bend, so that
if you were to mutate that one residue and left the rest the same, you
would still have DNA binding activity, but the DNA would not be bent
and, hence, no transactivation possibly. But, yes, there is preference
for certain nucleotides in the N4 region, but this is not a requirement
for DNA binding.
CHAIRMAN REBA: Any other questions?

If not, thank you.

We're fortunate that Dr. Ringe could overcome the bad environment
to be with us and will now present a specific approach to drug design
using computationally derived predictions of drug binding from
crystallographic analysis.
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"DRUG DESIGN: CRYSTALLOGRAPHY AND
COMPUTATIONAL APPROACHES"
DR. RINGE: I'll try to be as focused as possible. It's been a
trip getting here I wouldn't want to repeat. Anyway, in some way it
reminds me of the whole problem of drug design. It's sort of hope for
the best and maybe you'll get there.
CHAIRMAN REBA: It's called chaos.
DR. RINGE: Totally, totally.
What we have been working on is to try to develop some approaches
to what has been called variously rational drug design. I'll give you
just an overview, a little bit of what other people are doing, a little
bit of what we are doing so that you get a general idea of where the
field is, as opposed to only what we are doing because there are other
approaches. The basic idea is to develop a very highly specific
molecule which will attack only one target and nothing else. So that,
for instance, if you have identified the single molecule that 1s the
problem in some kind of a disease state, whatever it happens to be, what
you would like to do 1s to have a molecule that controls only that
target and nothing else.
Now, most drugs have side effects. That translates into the
molecule, whatever it happens to be, because it binds to secondary sites
as well and has other reactions than the one that you really want to
control. The approach historically has been basically blind. Somebody
comes up with a good idea, very often from folklore: oh, you know, the
so and so Indians in tha Amazon used this and they treat whatever it
happens to be, and it works. So you go from there or, more recently,
the drug companies have made this a little bit more refined. They make
lots of compounds, and they test them for practically everything. The
idea is that you make many, many compounds; you test many, many
compounds. In a sense it's very much a trial and effort approach. It
relies on chemistry to make many compounds. If you develop a lead
compound, something that looks like it may have an effect, but it's
weak, well, then you make a few derivatives or many derivatives, as the
case may be. And with a little luck, you'll get one that's better.
It's a very tried and true approach. I do not wish in any way to
indicate that it is not a successful approach. It is, but it is very
time consuming, and it is very consuming in terms of manpower and money.
One of the ways in which that approach is being streamlined is
called QSAR. It is an approach in which one attempts to quantify the
structural parts of the molecule^ with which you're dealing, and the
efficacy of those molecules in a particular test. One would like to be
able to pick out the portions of the molecule that are effective, remove
the ones that are not effective, and get a better targeted molecule. I
was involved in one of these exercises which involved the use of
marijuana, THC, tetrahydrocannabinol. Tetrahydrocannabinol is a very
interesting molecule besides its social use. It's a painkiller. It's a
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very good painkiller, in fact. THC is tested by what's called a rat
tail test, which many of you may even know. I didn't at the time. I
thought it was an absolutely fascinating test. You take a rat, put his
tail on a hot plate, turn up the heat. And eventually the rat will move
his tail because it's simply getting too hot for it. If you treat a rat
w th THC, he will leave his tail on the hot plate because he just
doesn't care. This is an interesting effect.
Now, if you think about the problems of painki11 ing, for instance,
generally it involves the deadening of nerve impulses. That has other
problems, specifically problems with just general function. Therefore,
if one had a molecule which doesn't kill the pain, but merely deadens
your response to it because you don't care anymore, then that might be a
better molecule to work with. The problem here was to try to separate
the pain--"painki11 ing" is not the term but the pain-mediating effect
from its other effects. I have to admit, as far as I know, that attempt
was not successful.
However, there is a more direct approach to the development of new
types of drugs. That relies on structure, and I believe at least I
walked in on the tail end of exactly such a structure. The technique
relies on the ability to predict what kinds of interactions would give a
good drug if you have the structure of the target. Then, of course, you
have to take that step to the construction of such a molecule.
So let me give you an example of some of the things we've been
looking at. Our interest has been in the area of emphysema. Emphysema
is a disease, if you can call it that. It's a state in which the lung
tissue, the elastin, which is the elastic tissue of the lung which
allows it to expand and contract, is slowly, but surely degraded and
destroyed. As a consequence, with time, the elastin is no longer able
to expand and contract. Consequently, one can no longer breathe.
One of the primary reasons for this condition is that one of the
repair mechanisms, one of the repair enzymes, called human leukocyte
elastase, that is normally kept in check by an inhibitor is running
amuck. There are actually two, at the moment two, established reasons
where that can happen. One is a genetic disorder in which not enough of
the inhibitor is made. Under those conditions, these people affected
develop the symptoms of emphysema by the time they're teenagers, and
their life expectancy is at least 20 years less than what their expected
life expectancy would be.
The second mechanism is related to smoking. Tobacco smoke causes a
very interesting reaction. Now, let me tell you something about these
two molecules. Elastase is a molecule with a molecular weight of about
25,000. The inhibitor is a molecule with a molecular weight of almost
50,000. That's a very large gap if you think about it. The region
which interacts with elastase contains methionine. In the presence of
tobacco smoke, that methionine is oxidized from a sulfur to a sulfoxide,
by the addition of a single oxygen atom. Consequently, it no longer
binds as tightly to the elastase. The elastase is allowed to run amuck.
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And I've already told you what the results are.
So the idea is to try to make a molecule that will mimic the
activity of al-antitrypsin of the gap of the inhibitor. One would like
to be able to make a molecule like that so that it will only attack
human leukocyte elastase. You can tell from the name that there is at
least one other elastase. That's the digestive tract elastase. Human
leukocyte elastase is a serine protease. There are many, many serine
proteases. So the question is: how do you target that one
specifically?
We started this work by looking at inhibitors of elastase that are
known. When we first started, we began with the porcine pancreatic
elastase because that was the only structure we had. It turns out the
human leukocyte elastase and the porcine pancreatic elastase are very,
very similar. They're almost identical. There is a slight difference
in specificity, but that's something that we hope we can account for.
So we looked at inhibitors of elastase. Let me show you what they
look like. If you ignore the colored segments, just look at the white
segments, this is a portion of the elastase molecule, the structure of
the elastase molecule. Bound to it in different colors are different
inhibitors.
Here is a yellow inhibitor, for instance. You can see it appears
twice. There is a blue one, which appears in three different forms.
There's an orange one that binds in another conformation. You can see
that these inhibitors all bind in different places. That's a real
problem if you think about it. What you would hope for is that there is
one single highly specific way in which all these inhibitors bind, but
they don't.
So now what do we do about it? What we have done is to back up a
little and look at a simpler system, in this case, chymotrypsin. What
we have been trying to do is develop some rules, whereby we can use this
type of information and translate it into a modeling program. We're not
the only ones doing this, I might add, and I'll tell you something about
some of the other approaches toward modeling.
Just to give you an idea of, in part, what the problem is--this is
a very simple representation of an enzyme, and in this case, a
substrate, but it illustrates the problem I'm going to tell you about,
in terms of the computations. But how do you represent a molecule
computationally? That's not a simple problem. It's been attacked by a
number of different people, and the products of these types of
approaches are programs like CHARMM and AMBER and GRAMPS, if you've
heard of some of these. CHARMM was developed at Harvard in Martin
Carpi us' group. AMBER was developed at UCSF in Peter Coleman's group.
There are a number of other? around.
The idea is that if you can precisely computationally describe a
molecule in terms of all of the bond interactions, in terms of all of
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the Van der Waal's interactions, in terms of all of the electrostatic
interactions, then you can treat this molecule as a computational
entity. You could then, also, at least in principle, computationally
determine what an interacting molecule must look like. That's the
approach we're trying to take. And there are a number of different ways
of doing that.
Now, there is part of the problem. Let's just consider this form
of the enzyme right here. The active site has a very specific shape in
its resting state, so to speak. Generally speaking, the models we're
working with are enzymes in this state or enzymes in whatever the state
is that one sees them when you crystallize them, because the data are
coming from a crystallographic experiment. But, in general, the mother
liquor from which crystallographic data come from doesn't look anything
like physiological. Take my word for it. That means that the model
we're starting with to which we're going to fit our structure, first of
all, is static. It's not mobile. And, furthermore, do we know what it
looks like when it binds something? The answer is maybe. So what we
really need is a structure or in approach which can allow the molecule
to change and specifically to change in response to an interaction from
a second molecule. Now, that's much more difficult.
There's a second problem. As you
mobile substrate. So the question is:
bound to the protein? It may not look
like, and I brought an example because
these.

can see, the substrate is a
What does it look like when it's
like what you think it looked
we've been looking at some of

We looked at the binding of this compound to chymotrypsin. This is
a suicide substrate or a mechanism-based substrate, however you like to
think about it. The entire project was a collaboration with Bob Abeles.
This particular molecule was designed by Bob Abeles to mimic a
phenylalanine. I know it doesn't look like phenylalanine, but if the
benzyl group, this section over here, was attached over here and there
wasn't a carbon atom over here, but a nitrogen instead, then you'd have
a phenylalanine. And phenylalanine is the PI specificity residue, the
recognition residue, so to speak, for chymotrypsin. In this case it was
hoped that chymotrypsin would cleave then this would release a reactive
group that could then attack the protein and literally activate it
covalently. Well, it does, indeed, inactivate it covalently, but not
quite the way it was anticipated. There's a simple displacement of the
chloride by the serine in the active site.
The way we discovered that was to do the structure, which appears
on the next slide. Here is the serine. The red is the oxygen of the
serine. Here is the pyrone ring. It's still intact. And over here is
the benzyl group in the specificity pocket.
Now, what struck us about this structure is the configuration of
these two rings relative to each other. They literally look like
glasses. The two rings are parallel to each other. Now, if you
remember your organic chemistry, that's a no-no. We thought: Well,
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maybe there's something we've missed here. We'll try a minimum energy
calculation. And, indeed, the minimum energy calculation says it should
look like it does here. But on the enzyme, it looks like this, which
means that in terms of the physical chemistry, you can say there is
sufficient binding energy to stabilize this interaction. But in terms
of the problem we have, we have to keep in mind that the binding energy
has to be accounted for; in other words, when a small molecule binds to
a large molecule, it may be that the confirmation that we're expecting,
this one, is not the one that's going to show up.
So how do you account for those different problems? What we have
been doing is slowly trying to build up some rules, whereby, we can
operate. There is, at the moment, a program, which may or may not be
generally available—I think it is, actually developed by Tak Kuntz at
UCSF, which uses somewhat of this approach to begin to look at what
types of molecules will interact with a protein. Basically, what he has
done is take the protein structure, the template, so to speak, and
develop a means of docking molecules into the active site of that
protein. It's a very, very nice program. I'll show you. There have
been some very nice successes with it as well or at least one success
that I know of.
The problem with the program is that the structures it is using are
the structures that are available in the small molecule database. In
other words, any molecule that has ever been deposited in the small
molecule database, you can run through this program and see if it binds.
That's a very nice idea, but the problem is that the structure of the
small molecule in the database is not necessarily going to be the
structure of the molecule when it binds to anything. It is the form
that is seen crystallographically. Alternatively, one could use an NMR
structure, but it's the same problem. The NMR structure of a molecule
in solution isn't necessarily going to be the same as the structure
bound to something else.
So lei me give you an idea of some of the kinds of problems we have
been dealing with and the examples from which they come. Basically,
these are the rules.
This particular rule came from a study of methotrexate, which I'm
sure many of you are familiar with. It turns out that methotrexate,
which is a drug that is used in cancer therapy that mimics the cofactor,
which binds to dihydrofoleate reductase, binds differently than the
cofactor does. And, therefore, using methotrexate as your model on
which to build other inhibitors may not be the best idea because it
isn't binding the way the cofactor does, which is not to say that it
isn't a good drug. It is, but it does have some significant side
effects and, therefore, one would like to improve on it.
The question is: Can you use that structure to extrapolate to
other molecules that will then be either better or have fewer side
effects? The answer, so far, has been that it's been very problematic
doing just that. And the reason comes back to that it doesn't Lind the
way the cofactor does.
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Analogous compounds don't always bind analogously. This was
learned from a study of lysazyme. We looked at lysozyme to see if we
could determine the binding sites of the six sugars. It works on a
hexasaccharide, and it's never been observed exactly where that binding
site is. David Phillips, quite a long time ago, had looked at both
a-N-acetyl glycocyamine and a-N-acetyl glycocyamine bound to lysozyme.
They bind differently. In fact, they bind very differently and not the
way in which you would anticipate. So, again, the problem is that the
binding of one inhibitor may not be usable to extrapolate to another
inhibitor, which one might predict should be identical, but isn't. In
this particular case, different subsites were used for binding, which is
reminiscent of the elastase structure that I showed you where analogous
compounds, it turns out, are not binding in the same positions that we
anticipated from the structure itself.
Now it is obvious that, to derive structure-activity-relationships
require structures. That came, in part, from our elastase work and, in
part, from some work *hat was done by Michael Rossman on the binding of
compounds called win compounds to virus, polio virus.
Then? is a series of compounds very similar to each other. And it
turns out, to make it very simple, that some of them bind in one
direction, and some of them bind in another direction.
That was not a foreseeable result, which means that you do need a
structure of the compound that you're looking at if you're going to use
it as a model. And if you then develop a second compound which has
interesting properties, you might take a look at that one as well.
This one came from studies of mutants. Quite a number of
developments in drug design have utilized the structures of mutants.
The difficulty is that the mutant may change your binding site.
Consequently, you have to keep that in mind. Finally, the irrationality
of drug design. My best example for this came out of a study that was
done by Tak Kuntz's group on HIV protease. I expect many of you already
know this story
One of the molecules that was pulled out by the DOCK program was
haloperidol. That's a molecule that has never been conceived of as
being a possible anti-HIV drug of any sort. The point is that the
program identified it as a potential target. It does, indeed, inhibit
the HIV protease. But when the structure-activity-relationship was
done, it didn't bind where the program bound it. However, it gave a
lead. It's what is called a lead compound, which means that now,
knowing where it does bind, one can continue on and improve it,
hopefully, in different ways. What we have been doing is to develop a
program which will combine both the possibility of a mobile dynamic
protein and a dynamic mobile molecule and see whether one can put those
two together. It's very computer-intensive to do this kind of a
calculation. What we have done, for instance, is to take the
cyclophilin--this is a molecule that is thought to be part of the immune
system--and have DOCK relate cyclosporin to it. The program has
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successfully docked cyclosporin to the satisfaction of the NMR data that
we have.
That brings me to a topic which cannot be ignored. If you can't
get a crystal structure, maybe you can get an NMR structure.
Unfortunately, NMR structures at the moment are limited to molecules
with molecular weights that are probably less than 20,000, and this is
being very generous. However, what has been possible--and I think this
will be exploited more and more and will certainly give us very
interesting information--is to look at the NMR structure of the molecule
that is bound only and ignore the rest of the protein.
Now, what that tells you is what the conformation of the bound
molecule is. It does not, unfortunately, tell you to what it is bound.
It tells you that it has interactions internally, and it tells you that
it has external interactions, but it does not tell you to what those
external interactions are pointed or directed. But it's a good place to
start because it already tells you a very, very important piece of
information: How did the molecule adjust at the expense of the target?
For molecules like receptors, particularly membrane-bound
receptors, for which there are not going to be structures in the near
future because crystallization of membrane-bound receptors has been so
difficult, NMR data probably are the only way to get at least a part of
the information. The other part of the information will come from
crystal structure. And so, basically, what we're trying to do is to
combine the mobility of the protein and the mobility of the molecule
which is going to be bound to it. So far, at least, if the cyclophilincyclosporin structure can be used as an example, it looks like this
technique will provide useful structure-activity-relationship
information.
How successful that approach is, we won't be able to tell until we
have gone back to our elastase problem. Specifically, the elastase
problem is more difficult, but what one can do is to utilize this
information. It is, after all, interesting and valuable information.
It tells us that, despite the fact that the active site is identified
and the expectation would be that something binds only to one site and
thereby blocks the activity of the enzyme, perhaps what we should be
thinking about is a molecule that mimics all of the binding area.
That's what we're aiming for, that is, to try to develop a molecule
which will mimic the whole segment.
That means, for instance, building a peptide which goes in both
directions, possibly a peptide with a blocked functionality in the
middle. That's something we'll have to wait for and see what happens.
So, at the moment, that's where we are, and that's approximately
where the field is. If there are any questions, I'll be happy to answer
them.
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OR. KATZENEILENBOGEN: Dagmar, can you give me some idea of how you
explore the conformational flexibility of both the ligand and the
binding?
DR. RINGE: We're using AMBER at the moment. What that means is
that one allows a molecule to relax in whatever directions are allowed
by the constraints of the AMBER force field.
DR. KATZENELLENBOGEN: But are you predetermining interaction
geometry?
DR. RINGE: No, we did not. We tried both. We have tried
artificially docking cyclosporin into the cyclophilin. And then we
literally allowed the cyclophilin to sort of float into the site and
hope it would find its own niche. The two approaches gave different
answers.
OR, KATZENELLENBOGEN:
dynamics mode?

Is this done in a mechanics mode or a

DR. RINGE: Dynamics.
DR. MENDELSON: I'm curious how the other side of this works. You
work out side effects also. And if you take one of your highly specific
targeting arrangements and then take one of those molecules and relate
it to a random other molecule, what kind of interactions stumble out of
that?
DR. RINGE: What you're hoping for is specificity, that which is
naturally observed is going to, at least in part, prevent binding to
other target molecules. However, if you expand the molecule to be large
enough, then, in principle, it should increase the type of specificity
that's observed. So, for instance, if you have a small molecule that's
targeted, at least it might equally well bind to something like
thrombin, despite the fact that the primary specificity of those two is
very different.
However, make a larger molecule, then it will definitely no longer
bind to thrombin, because thrombin has a block when you get to a longer
molecule. So, that's the idea.
DR. MENDELSON: I understand that. I guess what I was really
getting at is that all the variations on Murphy's law must apply to the
random interactions as well as learning new things about how those
interactions are happening.
DR. RINGE: Oh, I'm sure it does. There is a possibility that the
type of interactions we're seeing with elastase are not general. But I
actually disagree with that. I think they are general. I think they
occur much more than we ever see because we're looking for the specific
ones and so we find them. The hope is that the non-specific ones will
either not interfere or will be weak enough so that they are not going
to be observed.
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DR. HOGAN: In a previous talk, it was alluded to the specific
effects that bound water might play in terms of mediating interactions.
And there are obviously the general effects in terms of entopic or other
effects. What's the state-of-the-art these days in terms of trying to
account for hydration and differences in hydration in terms of the
sampling these kinds of ligand interactions?
OR. RINGE: That's a very difficult question because the treatment
of water is a very difficult computational problem. There are several
approaches. You can include the crystallographic waters. However, that
only gives you one atom shell around the surface. We know that ligands
displaced at least some of them in the region of binding to be a major
problem.
DR. HOGAN: So what's the current state-of-the-art in terms of--is
there sort of a folk wisdom as to situations where you're likely to be
misled by not including water or ones where displacement of water is
less of a problem?
DR. RINGE: No. I think water will always be a major problem, to
be quite honest with you.
DR. KOSSIAKOFF: Dagmar, I would like to just comment on Mort's
question about the longer substrate and longer peptide. I think it's
correct that you can get the specificity, but, on the other hand, you
have the other situation where other enzymes recognize other pieces of
the substrate. And you get this nibbling down unless you go in and make
the amino acids or something like that.
The other problem is that you can be tremendously successful at
these designs. It doesn't mean you have a drug. In order to get it in
there are several approaches. You can include the crystallographic
waters that are biologically available; that's a whole new ball game
that we structural biologists kind of throw up our hands at. I think,
as the chemists say, you have to have a cyclic peptide at least. A
peptide wouldn't be a drug. And then you go the other level that a
chemist would say that a cyclic peptide is not good enough. You need a
small molecule with this kind of framework. So this is a very good
first step into drug design, but it's certainly not the last step.
DR. RINGE: I should add that there are some computational
approaches which are not yet at a level that is practical to design
molecules that are not peptides. If you have your interactions surface,
let's say, synthons, which are segments of organic molecules with
different properties, let them fall into this site like ping-pong balls
and then shake them up and see where they stick. In principle, what you
should be able to get out of that is a sort of map where you can connect
the dots. That would be then some kind of an organic model. Now, this
approach is in its very infancy, but it may be that k*nd of an approach
will give us the capability of at least visualizing molecules that look
very different from anything we have seen before and that will remove
our preconceived notions from this design process. I know a number of
laboratories that are working on this approach.
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OR. ADELSTEIN: A number of people here make their living hanging
bulky molecules or atoms onto natural and unnatural compounds, e.g.,
iodine, technetium complex. Would you guess how well can these programs
help predict whether the conformational changes will or will not
interfere with some of these bindings?
OR. R1NGE: I would think that they could do a fairly good job at
predicting. If you knew what the target looked like, I think that would
be a very easy thing to do. One can do it from two approaches. One is
from the assumption that you know how it's going to bind, in which case
it's very easy, or you can do it from the approach that you don't know
how it's going to bind, in which case you could allow it to adjust. And
it should still be able to tell you whether it can or cannot adjust. So
it certainly is a possibility. Unfortunately, it does require a
structure. Working without a structure or an assumed structure based on
some other criteria might be a little more difficult.
DR. WELCH: Could I ask John Katzenellenbogen a question? When you
showed the progesterone and where it would tolerate bulky groups, was
that experimentally determined or was that computed?
DR. KATZENELLENBOGEN: No. That was early in that work and at that
point was just structure-activity, pharmacological studies more
recently. Now, there have been some mutagenesis studies to support that
that are based on comparative sequences between chick and human
receptor, which have known consequences in binding affinity of
antagonists and agonists in the progesterone system that keyed people to
the specific sequences that they explored by mutagenesis.
The result of that was published recently in Science. And they
know a specific region that seems to form a cap over the 11(3 position,
but there's no structural information directly.
DR. KOSSIAKOFF: I think, on the basis of structural information
about potential perturbations of large groups, there have been a number
of mutant structures done on a whole class of proteins. The problem
there is that you can beat up the prottin and it still holds. It's a
problem of trying in some cases to insult the protein and not to do
something new. That's sometimes difficult. The other flip of the coin
is that if you make a small change at an important area and you can't
even see it at a high resolution structure, many times you won't have
that function. So proteins do have the possibility of allowing fairly
large insults to their tertiary structure and compensate for that. And
the motions or the perturbations are relatively small. But if that
perturbation is right at an important region, then the game is over.
DR. KATZENELLENBOGEN: Dr. Ringe, one might think that one of the
best starting points for designing inhibitors of proteases would be to
look at crystal structures of proteases complexed with some of these
macromolecular inhibitors and then try to model a smaller molecule to
mimic the contact site. How successful has that been?
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DR. RINGE: That's been quite successful. For instance, Robin
Leatherbaro made a cyclic peptide that was based on the region of barley
chymotrypsin inhibitor 2 responsible for inhibition.
That cyclic peptide was a successful inhibitor, but not as tightly
bound as the natural one. However, that is a place to start,
absolutely.
We have attempted something like that in a slightly different
direction. If one makes the assumption that the loop which is bound-because it's generally a single strand of loop that is bound to a
protease when the inhibition occurs; in other words, there tends not to
be too many other interactions—then the question is: Can you move that
loop into something else, into another protein and mimic the captivity
of that loop in terms of inhibition?
What we did was provoked by a very interesting observation. It
turns out that soybean trypsin inhibitor and interleukin-l(3 have the
same three-dimensional fold. That was a total surprise since these
molecules have nothing in common. So we took the loop, which is the
binding loop from soybean trypsin inhibitor, and moved it into
interleukin. What we got was a very good substrate. However,
interleukin is completely impervious to trypsin, which means that,
whatever we did with that loop, we at least exposed it. It should be
mentioned that there are other lysines and arginines in interleukin.
That's not the only one. In any case, not knowing that at the time, we
moved a few other loops in as well.
We also moved the al-antitrypsin loop into interleukin and got an
inhibitor of elastase (A. J. Wolfson, M. Kanaoka, F. Lau, and
D. Ringe, Protein Engineering 4, 313-317, 1991). The implication is
that one might be able to do that kind of loop transfer into other
proteins and thereby make an inhibitor out of the new protein.
DR. BUDINGER: You commented on some limitations of doing
non-crystallized conformation analyses and mentioned that, even if
you're restricted to less than 20,000, you could examine the molecule
separate from the protein, the target.
DR. RINGE: The bound molecule, yes.
DR. BUDINGER: How do you separate that in NMR? Both a protein and
a bound molecule are present.
DR. RINGE: Usually it's done with enrichment of the target
molecule with C13 and N15.
DR. BUDINGER: Well, I guess there's an isotope effect if one
iodinates it. But what's wrong with that? This question leads to a
question about doing larger structures using a substituted atom, even
tritium. It seems to me that in the technology area that DOE is noted
for, one could be looking for these kinds of substitutions and then with
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higher field magnets, that with combined activities should let one go
beyond, even as much as 50,000 molecular weight. And it seems that
that's a technological area that one could put some emphasis on.
DR. RINGE: Yes, I understand there is a 750 megahertz magnet that
is being developed at Oxford. Now, the implication is--and I'm not an
NMR spectroscopist, so you have to realize I cannot give you absolute
numbers--but my argument at the time was: Why bother? In other words,
what difference will it make to have a 750-megahertz when we already
have a 600?
The answer was that you will be able to determine smaller
differences with larger molecules. And how much of a difference it will
be, I cannot tell you, but significant. Therefore, at least in
principle, this is one of the technical things that people are doing.
The difficulty with large molecules in NMR is that they are not random.
They don't tumble randomly. But there are a number of people who are
looking at solid-state NMR. Now, that does require much better magnets
and much better technique. So yes, development in that area, I think,
will be very useful. In other words, in the area in which you are
looking at molecules which don't have the tumbling requirement because,
particularly for things like receptors, there are receptors, membranebound receptors, that are in the molecular weight range of less than
50,000, as opposed to 100,000. If one could begin to look at those by
NMR in the solid-state, that would be a tremendous step forward. I
agree.
DR. BUDINGER: A related question: The interleukin structure was
based on crystallization of what kind of mass?
DR. RINGE: Interleukin is tiny; interleukin is 16,000.
DR. BUDINGER: But has the crystallographic structure been done?
DR. RINGE: Yes.
DR. BUDINGER: And how big a crystal did you use or was used?
DR. RINGE: Let me think, because we've done it, too. I won't go
into the interleukin story. It's a very difficult problem with
availability of coordinates. So we ended up doing our own structure.
We used a crystal that was about 0.2 millimeters on a side.
DR. BUDINGER: Was there any substitution done?
DR. RINGE: We used a mercury derivative and the coordinates from
K. Watenpaugh to solve the structure. (B. C Finzel et al., J. Mol. Bioi.
209, 779, 19).
DR. BUDINGER: But if you used the soft x-ray at some brilliance, I
mean, just in the interleukin problem, and I'll use that to extrapolate
because I've heard something of your experience--would you say that one
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would be able to make significant breakthroughs? You've heard of a
lambda substitution?
DR. RIN6E: Yes. We're talking about multi-wavelength x-ray
experiments. You're absolutely right. Wayne Hendrickson is using
selenium for sulfur substitution and measuring data at two or three
wavelengths. You're looking for differences in the diffraction between
two wavelengths, which can then be used to phase the reflections.
The idea is that if you are using a single wavelength of light,
then the diffraction that you get is observed under certain geometrical
constraints. Really, that's the simplest way to explain it. In order
to visualize, in order to see, to count the intensity of any one of
these reflections, you have to have the detector or the crystal, however
you manage the geometry, in exactly the right position. One way to do
that is to use multiple-wavelength light. It's called Laue diffraction.
And we have been able to take, for instance, complete data sets in a
second exposure. This is done on a synchrotron. It can only be done in
those time scales on \tery high intensity x-ray sources. The wavelength
band that we're talking about ranges from 0.8 to 2.3 angstrom wavelength
band. The point is that that gives you so much more redundant
information that one can use it to determine structure.
I think this is an area that will definitely become a major area in
crystallography, mainly because one can build these types of sources in
the laboratory, not with the power of a synchrotron, although I would be
willing to give a lot for a synchrotron in the basement. But it's not
likely I'm going to get one.
DR. BUDINGER: You're going to have to go to Chicago to do the rest
of your career, I think.
DR. RINGE: More than likely. However, the point is that one can
make, for instance, a rotating anode, a generator in the laboratory,
which will produce multiple-wavelength light. For the chymotrypsin
structure, for instance, it took us 2 weeks to obtain the data on a
conventional diffractiometer, compared to one second using the Laue
technique. (B. L. Stoddard et al., PNAS 88, 5503-5507, 1991). Area
detectors speed that up tremendously. I can get the same data in 3 days
now. But if I can get the data faster than that, then, in principle, I
might be able to get more information more easily. That's really the
idea.
At the moment, all of the Laue experiments that we have been doing
have been at the synchrotron. There's no other way of doing them. But
we're looking for something slightly different. The biochemical dogma
is that the best inhibitor is a transition state mimic. What does the
transition state look like? Chemists have worked with that idea
successfully for quite some time. And many of the types of compounds
that are very good inhibitors are, indeed, transition state mimics. But
one would like to be able to determine just what the species looks like,
and so one would like to be able to look at very short-lived homogeneity
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in the hope that they will be close to what the transition state looks
like.
Additionally, one would like to determine what the substrate looks
like when it is bound. An experiment to determine how GTP binds to RAS
P21 was successfully performed by the Laue method (Schlichting et a!.,
Nature 345, 309-315, 1990). The GDP form of RAS is stable, but it
wasn't clear how the third phosphate interacts with the protein, in
addition to which there are mutations that occur in this protein that
change its rate of hydrolysis of GTP. And so one would like to know how
that happens.
In this particular case, the idea was to look at how GTP bound to
the protein. And they were successful in looking at. that. The data
collection time was 20 seconds. The species itself has a half-life of
about 20 minutes. I do think that that will be a major thrust in the
future simply to be able to get information quickly because,
particularly, the pharmaceutical companies, for instance, have become
convinced that this is a good way of looking at and trying to develop
new inhibitors. Also, if we can get closer to what the molecule looks
like while it's functioning, then, in principle, we might be able to get
closer to building an effective inhibitor. That is, I have to admit,
big bucks. I understand you can buy a beam line at Brookhaven for a
mere $3 million.
OR. SETLOW: Beam lines, yes; photons are free.
DR. RINGE: Right. All you're getting is the pipe to take them
off, is that correct?
DR. SETLOW: There exist beam lines that you can use for nothing-true statement.
DR. BUDINGER: I was just there last Saturday, and 12 hours for
nothing; I didn't get much out of it.
DR. RINGE: As far as that's concerned, Brookhaven has been very
good because we actually get the beam line for free. Dr. Setlow is
correct and that's true, I guess, of the major facilities.
DR. BUDINGER:
to this conference,
sources and be able
the not too distant
Brookhaven, who has
your basement?

But you're raising a very interesting point relative
and that is, whereas, you'll have even brighter
to do dynamic crystallography studies at Argonne in
future, as well as Berkeley and, of course,
been forging away for us. You want something in

There are two aspects to that. One is that you want a better
detector.
DR. RINGE: Yes.
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DR. BUDINGER: And that aspect belongs in the DOC technology
development program.
DR. RINGE: Yes, it does.
OR. BUDINGER: Secondly, you need a brighter source.
DR. RINGE: Right.
DR. BUDINGER: The question is whether, one, you can do with a
source that could be manufactured or created as part of the DOE mission
that is something between what you have now and what is, for example,
the intensity of beams at Brookhaven.
I don't know that that's been looked at, Gerry, because we have
been going for the moon in terms of getting much, much brighter sources
at appropriate wavelengths, but you wonder if somebody would just like
to cook a crystal for about 2 weeks in their own home, rather than get
on a plane to go to Chicago? This is a question to you, Gerry, if it's
all right.
DR. GOLDSTEIN: Gerald Goldstein, Department of Energy.
I've just come back within the last few days from a meeting at
Berkeley on the development of a compact x-ray source that would be in
some respects superior to a synchrotron light source. And this would
fit in your basement if it's large enough. The technology is based on a
laser-pumped x-ray source.
The problem is the wavelength. Currently, you can get wavelengths
ranging from about 40 to maybe 400 angstroms, but you need to do much
better for diffraction. So the intensity is on the horizon but not the
wavelength.
DR. BUDINGER: What was the limitation?
DR. GOLDSTEIN: The concept is called recombination lasing, which I
call the exploding foil. It's just a matter of getting a hot, dense
enough plasma from your exploding foil to give the stimulated emission
to give an x-ray laser. It can't be done. You can't get your foils
enough electron stripped to give you x-rays in the 1, 2-angstrom range.
DR. RINGE: However, the other half of that is the detectors.
There are a number of detectors being developed—the CCDs, the charged
couple devices, for instance. Eventually, those will become usable, at
least for us. They may be usable for some of the other people out there
already.
At the moment, for crystallography, I have only seen one successful
application, and that was only for very small molecules. You have to
realize small, in my nomenclature, is anything 10,000 or less. So it's
all relative. We are working with Keith Moffett with CARS, I think it's
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called, to try to set up a beamline at Brookhaven which will routinely
be usable to Laue diffraction. At the moment we're back to a tried and
true method, which in our case is film. It would be nice to be able to
get an image plate on there, for instance. CHES has been using the
image plate, the Kodak image plate, for instance, successfully. And it
may be that that's the way to go.
CHAIRMAN REBA: Well, I think we're about played out this
afternoon. I hope the time before, during, and after dinner will
provide an opportunity to continue these interesting discussions. Thank
you all, and we will convene again as a group in the morning.
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OR. REBA: Good morning. I hope everyone had a pleasant evening.
The first presentation this morning will be by Dr. Kossiakoff, who will
present some new data describing the mechanism of receptor signaling.
"MECHANISMS OF RECEPTORS SIGNALING:
THE STRUCTURE OF THE GROWTH HORNONE RECEPTOR COMPLEX'•
DR. KOSSIAKOFF: I'd like to talk about son.e of the recent work
that we've been doing at Genentech on the structure of a receptor
complex. This is, from the standpoint of a structural biologist, a
fairly novel structure in the sense that once the structure was done, it
was very clear that the structural information yields exactly how the
mechanism of signal transduction takes place. That doesn't usually
happen in structural biology. Usually, you do a structure and you're
still left with a number of issues yet to be resolved. But in this
case, I think that it's fairly clear from the structure how signal
transduction occurs. The other interesting point about this is that If
you take a look at the way it does happen, none of the models predicted
the way this receptor works.
We heard yesterday about two classes of receptor. We'll hear some
more about G-coupled receptors, which involve multi-helices going
through membranes. The type of receptor class that I'll be dealing with
is really a much simpler one, and it's called the single pass type of
receptor in which you have a membrane, and you have an extracellular
piece which is involved in defining the particular ligand that binds the
receptor. You have a transmembrane portion of the receptor that goes
through the membrane. Usually this is an ampipathic helix that goes
through the membrane, and then you have, in the interior of the cell,
another protein domain that's involved in turning on the so-called
production of the second message.
Over the years, there have been some debates as to exactly how
these particular receptors transmit the signal from the outside of the
cell to the interior, and one of the particular mechanisms involved is
called the conformational model. The binding of the ligand creates some
kind of conformational change which is transferred through the membrane
by the helix, and subsequently you have some kind of change in the
interior part of the protein. I think that it's Generally recognized,
however, that affecting a conformational change through a single
transmembrane section is really not viable anymore.
The second mechanism, which I think is now generally recognized as
correct, and one that I'll be talking about, is the mechanism of
aggregation where you have binding of the ligand to the extracellular
domain. Either you have a conformational change, which in some cases
might be necessary, but then you have a recognition event between the
two or more extracellular portions of the receptor; they aggregate, and
as they aggregate, the interior pieces of those receptors come together,
and you have some production of activity or the production of the second
message.

77
In the case of the structure I'll be talking about, we're not
dealing with the whole receptor. We're dealing with the extracellular
domain, so it's clipped off. The size of the extracellular domain is
about 28,000 daltons, which is about the same size as the hGH ligand,
which is 22,000.
I might say that the extracellular piece actually has a
physiological role. Circulating in your body, there are a number of
different types of shed receptors. In the case of growth hormone, the
shed extracellular domain that binds to growth hormone actually is
involved in creating a situation where you don't have clearance as rapid
as you normally would. Growth hormone itself, without the binding
protein attached, will be cleared out of the body in a matter of
seconds. With the extracellular domain, the clearance time becomes
minutes and hours.
hGH has a fair number of activities. It's a pretty promiscuous
molecule. It's involved in linear growth, growth of muscle tissue,
cartilage, and bone, but it also binds to the prolactin receptors
involved in lactation. But you also have these other characteristics,
so one doesn't know whether they involve binding to other receptors, or
whether they are the result of secondary activities of binding to either
the prolactin or the growth hormone receptor.
Since the sequences of many receptors are known, they have been
categorized in a number of different families, and growth hormone is
involved in a major super-family which involves not only the endocrine
receptors like growth hormone and prolactin, but also a number of the
cytokines, the interleukins, the colony stimulating factors-erythropoietin. Also, they're related to the interferon receptors.
So, there's a whole class of receptors that have very similar
structures in their extracellular domains. It was predicted some years
ago--by "years ago" I mean about 4 or 5 years ago--by Bazan, that all
these structures, all the structures of extracellular domain, would be
immunoglobulin-like, and that's what is shown here in green. These may
have disulfides which line up reasonably close.
So, it's known that the extracellular domain of this whole class
are very similar, and one expects that the method of signal transduction
is going to be the same.
We've had long-standing interest in growth hormone, and what we
would like to do is to be able to identify binding determinants on the
hormone and be able to reduce these determinants down to a common
denominator and perhaps put them on a smaller scaffold.
Growth hormone is 22,000 molecular weight. Before we started this
work, we felt that about 25 percent of the molecule was actually
involved in the binding interactions, and the question we had was: Can
you take the binding determinants and decorate them on other scaffolds
and still get binding activity?
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As it turns out, that was a bit naive, now that we know the answer.
But about 3 or 4 years ago, Jim Wells, who is in the group, set about to
map the determinants of the growth hormone receptor interaction, and all
we had was a very low resolution structure, I call it the "sausage
diagram," from another group that had done the structure of porcine
growth hormone. These data were basically the only thing that was
published--no coordinates. But this particular model was produced by a
computer program that's available to everybody. And by knowing the
algorithm and knowing the magnification, one can actually determine,
through the size of its helices, exactly where all these residues are.
Therefore, by knowing where the helix started and stopped, and knowing
the distance, we were able to determine all the side chains on the
surface of this protein. We knew that these were ampipathic. This is a
four-helix bundle, so that the hydrophobic side chains are on the
inside, hydrophilic on the outside. And with this information, we were
able, with no structural data, no real coordinates, to determine exactly
what was on the outside of the protein.
The problem with mutagenesis and mapping in this way is that what
you're looking at is disruption of binding, and if you make a mutation
that happens to be a pacKing mutation, you can disrupt the folding, and
it might not be a determinant, but you won't get binding. So, we knew
that we wouldn't have that problem. However, what we really wanted to
see was the high resolution model of how this thing bound.
At about that time, we grew crystals of the «iGH extracellular
domain complex. It looks like an arrowhead. Interestingly enough, we
couldn't get good crystals of growth hormone by itself. We couldn't get
good crystals of the receptor by itself. But, when you put them
together, crystals were grown very easily and rapidly. This is my one
crystallography slide, not too hard core. Basically, the only thing I
want to point out is that the structure that I'll be talking about is
done at 2.8 Angstroms and that the diffraction transform goes out beyond
that. I think that using a synchrotron, we should be able to collect
2.2 Angstrom data. So, it's going to be a very high resolution
structure.
I'm not going through any of the determination of the structure,
but we were able to get good heavy atom derivatives, and we got a low
resolution model. And the first thing you usually want to do is to
determine where the protein is in the unit cell, what is solvent, what
is protein. We knew that we might have a problem identifying what part
of the density was the receptor versus what part was the hormone because
they're both about the same size.
When we got our low resolution map, *o saw what looked like Mickey
Mouse. We saw a big head and we saw two ears. And what we were
expecting was a one-to-one complex, meaning you have one hormone to one
receptor, and they would come together so you'd have two hormones and
two receptors. We didn't see that; we saw one biob and two blobs.
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And it was fairly clear at that point that either we had a huge
artifact of one of these molecules we just couldn't see because of some
phasing problem, or else the stoichiometry, that we originally thought,
was going to be there was incorrect.
We identified what stoichiometry was in a very straightforward way.
We did it with sizing columns, and so forth. But really, the way that I
think was most unequivocal was through calorimetry, and it's very
simple. What you do is you have a known number of equivalents of the
binding protein, and you just add aliquots of growth hormone. When you
have binding, heat is given off, and you step it through. And as soon
as we got to half an equivalent of hGH, there was no more heat.
This indicated that the stoichiometry was two receptors to one
hormone, and that was puzzling, because we knew from the porcine growth
hormone structure that growth hormone is not symmetric. How did two
receptors bind on asymmetric pieces of a hormone? Either you're looking
at a different binding site on the receptor, or there is some kind of
conformations! change. That's what we thought perhaps would occur.
Well, it happened when we were going to take some more data. We
had a particular set of crystal setups that were very good, and we went
back and noticed that we had, in some drops, a new crystal form.
And thinking that it was just a different crystal form of the same
thing, we put it on a camera and, lo-and-behold, we determined that
these crystals were growing out of the same drop, which happened to be
the one-to-one complex.
So, out of the same drop, we had the two-to-one complex and the
one-to-cne complex. What had happened was that most of the binding
protein was used up, the equilibrium changed, and it went ov»r to
one-to-one binding.
Well, here is what the receptor complex looks like. You'll notice
there are the two receptors and the growth hormone. You'll notice a
couple of things. First of all, the two receptors look very, very
similar. And also, the surface that they're binding onto is pretty much
at the same place.
The thing, though, that you do notice is that if one took enough
time to stare at this, the surface area, that is interacting with what I
call "receptor 1," is larger than it is on receptor 2. You can see that
the two receptors touch. The membrane is down here. It's almost a
two-fold relationship, but not quite.
If one calculates the surface area on receptor 1, it is about 1,300
square Angstroms. Receptor 2 has a surface area of about 900, and the
area between receptors is 500. It turns out, and since I don't have
much time, 1 will just give you an interesting sidelight, that we know
now that the way this thing binds is you always have to come in and bind
receptor 1 before receptor 2. And receptor I, if you make a mutation on
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this side, you never get binding. In order for receptor 2 to come on,
it not only has to use this interaction on top, but it also has to use
this interaction down here, so that it's a sequential binding event that
occurs. There's also a hole in the center, and we think that this is
the site of glycosylation.
Well, just taking the individual molecules, this is the growth
hormone, it is a four-helix bundle. I won't go into very much detail
here. It has an unusual motif for a four-helix bundle in that the
helices go up, up, and then down, down.
What I want to point out is the binding surfaces. This green
surface, all the green, is binding onto receptor number 1, and the blue
is bound onto receptor number 2. You can see that the percent of growth
hormone that's binding on receptor 1 is much larger than it is binding
to receptor number 2.
So this is the first site that's occupied, and this is the second
site that's occupied. There are also some helices. These two helices
here, which were not found in the porcine structure, and it's a question
since they're involved in binding, whether they are forced into a helix
conformation as an effect of binding.
This is the receptor, or one of the receptors, and you'll notice,
from the slide before, that growth hormone is basically all alpha helix.
The receptor itself is basically all beta sheet.
When one looks at this structure in detail, if you know the field,
you can recognize that this is an immunoglobulin-like fold. It has
seven stranded beta sheets forming a beta sandwich up here and exactly
the same thing below.
It turns out--and what I wanted to show in this area--this is where
you have binding occurring, and these blue residues represent the groups
that are used for binding to both binding sites on hGH.
The green area is the point of interaction between receptors. It's
almost a two-fold relationship where you have binding between the
receptors. This area right here is the so-called WSXWS box, which had
been proposed by a number of people to be very important to binding,
because it's found in all the receptors in the family except for growth
hormone. And we really don't have a clue what it's doing because it's
on the outside. The hormone is in this location, and we don't know why
this particular region should be conserved the way it is.
This is just a superposition of the two receptors on each other,
giving an indication of how well they superpose, and this is the region
right up here where you have binding. The only areas that really move
are up here where you see the tryptophan. This is a second important
tryptophan, and there's a region up here that moves.
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So what you have here is a situation where nature uses the same
residues, about three-quarters of the residues are used by both
receptors. The sites on the hormone are very asymmetric, but the
receptors use the same sequence to bind a different motif, and they do
that by changing conformation.
So that's just the opposite of what an antibody does. An antibody
uses the same structural motif and changes the sequence of the binding
determinants. This is the opposite case where it takes the same
sequence and changes conformation.
And this is just another view of it--I've turned it around. This
is receptor number 1, and this is receptor number 2, and you can see how
it encapsulates the growth hormone. These dotted regions represent
regions in our electron density map; we're not able to trace a chain in
some of these loops, but they're not important to binding.
This is just another way of representing the thought that the same
binding determinants are used. This is the amount on the particular
residues that become buried on binding on the receptor by the growth
hormone.
And you can see this is for the receptor in binding site 1, and
this is for the receptor in binding site 2. You'll see almost exactly
the same residues are used in all cases, except that receptor number 1
uses asparagine 218, whereas, that does not occur for the second
receptor, so that this is, I think, a very good demonstration of the two
sites being basically in the same part of the receptor.
This is a space filling and stick drawing of how one of these
interactions occurs. The space filling piece of this is the growth
hormone here, and the sticks are the receptor, and here is one of the
tryptophans. It's important. It's found in both interactions. Here's
TRP 104; here's another tryptophan here.
They both use the hydrophobic piece of their side chain to bind to
hydrophobic regions of the hormone, and their indole nitrogens are
involved in the hydrogen bonding.
Here's an important arginine group that goes and is bound in the
interface. And one thing that's very interesting about this
interaction, or this set of interactions, is that we have a lot of large
charged side chains: lysines, arginines, glutamic acids.
And they're involved, as you might expect, in electrostatic
interactions, hydrogen bonding, in the interior. But also, they are
packed in such a way that they use, as part of the binding energy, the
interaction of their aliphatic side chain also. So they have binding,
not only through their charge of the terminal nitrogens of the side
chain in the case of arginine, but also the hydrophobic interactions
that you get through packing them in against the interface.
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The point I would like to make here is that you can see that growth
hormone forms this cavity. Usually, at least the way I have thought
about the receptor before I knew what the structure was, we thought that
you'd have a hormone binding into a cavity of a receptor.
It's just the opposite. The receptor protrudes out and binds into
a cavity in growth hormone at one of the sites. The second site, which
I'm not going to show, has a flatter surface.
And I just quickly want to mention how the structural
determinants, which I show up here, all these dots, represent direct
interactions that we see in the structure, how they map, or how they
correspond to those that were determined by mutagenesis.
And ramember, on the porcine growth hormone, I showed there was
this particular patch. What we see in the structure is a number of
different or additional determinants out in this region of the molecule.
It's not quite clear why mutagenesis didn't pick this up.
There are cases, certainly, where you have situations that you
don't see binding, or you can't measure binding by taking out residues
because you have compensation of one kind or another. But there are a
number of these interactions. It's going to be interesting to determine
exactly why you don't see these through the mutagenesis.
These have been redone and we're pretty confident that, by taking
these residues out and putting alanines in, you don't see any change in
binding, at least by a factor--!ike five or ten percent.
Well, to summarize what we see here, you have growth hormone coming
in, you have receptors on the surface, these receptors are found on
liver cells. You have these two binding sites.
But, as I mentioned, the ligand always comes in and binds the first
site. Once that first site is bound, then the receptors come, and
because you do have enough of these receptors and these receptors are
not tied down, they're mobile, you can get binding to the second site.
This brings together the intracellular pieces, and you get some second
message signal.
I should point out, in the case of growth hormone, the second
message is not really well characterized at all. All we know is that
you produce IGF1. It's insulin growth factor 1. It's not known exactly
how that is done. Growth hormone is not the molecule that's involved in
linear growth--it's IGF1.
But I think that, with some of this knowledge, we'll be able to
attack the problem and try to sort out what the second message is.
And finally, I'd just like to show our artist's conception of
what's happening. You have these two receptors coming together, you
have the single hormone here, you have the membrane surface. It's
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interesting that, as you come out of these beta sheet domains, we have
eight to ten residues, which are kind of dangling off, and we know that
they are found adjacent to the transmembrane helical region.
So what we have here, engineered by nature, is the situation where
you have these highly structured domains, but you have a leash that's
about 10 residues long that allows a lot of mobility, a lot of potential
reorientation to occur.
Another point I'd like to make is that, now knowing the structure,
we're able to go in, and we've actually done this--if you want to make
an antagonist, what you want to do is to make a mutation so that you
bind growth hormone to one receptor and not the other.
So what we've done is to just make one amino acid change here,
eliminating binding of the second receptor. That doesn't occur, and you
get an antagonist. So, having this kind of structural information gives
you some kinds of potential ideas on how you might engineer these
molecules to change some biological activity.
Thank you.
DR. WAGNER: Yesterday, I thought Dr. Ringe said that the structure
of these receptors wasn't known. I believe she said that it's necessary
for drug design to know the structure that the drug is bound to, but
then she said membrane receptors are not known. And then you present
this beautiful presentation of the structure.
OR. KOSSIAKOFF: Well, this is one of many, many possibilities.
This is the first one that's been done, and it's coming out this week.
DR. VENTER: We found it in yesterday's Science, so it just came
out. (de Vos AM, Ultsch M, Kossiakoff AA: "Human Growth Hormone and
Extracellular Domain of its Receptor: Crystal Structure of the
Complex." Science. 255:306-312, 1992).
DR. KOSSIAKOFF: But a point I'd like to elaborate on is that now
that we know the structure, can we answer the question we originally
were posing about whether you could make a small molecule analog? I
wouldn't call it a small molecule, but a smaller molecule analog. I'd
say no, because right now, for what this molecule has to do, and the
distance that it has to bring the two heads of the receptor together,
that's a long distance, and 22,000 molecular weight is not really too
large to do that, and a four-helix bundle is a fairly efficient way of
making a binding interface. If you actually want to make an agonist,
this is the area that you want to deal with, right down here where the
two receptors come together. It's not up here where the hormone is
actually involved in binding.
DR. VENTER: First, I want to congratulate you and your colleagues
on actually amazing work. As you point out, this is a major step
forward in hormone research. It shows you, despite hypothesis, real
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data make a big difference in where we're going. I don't quite know
whether you see a difference between the monomer receptor and the dimer
with the complex in the region where the two receptors come together.
Is there any conformational change that affects that?
OR. KOSSIAKOFF: We've done the one-to-one complex, although we
haven't reported it, and there are really no conformational changes. We
do see some changes in the hormone, but that probably is just an effect
of crystallization, so I don't know if there's a cause-and-effect
relationship. There are no serious changes in the conformation over
here, and we see no conformational changes here.
DR. RINGE: How stable is the one-to-one complex relative to the
two-to-one complex?
OR. KOSSIAKOFF: If you have extra binding protein around, it will
form the two-to-one. If you don't, it's one-to-one—its binding is in
the nanomolar range, so there's no problem.
But what you can do, it's an interesting experiment, is that as you
titrate a growth hormone against a binding protein, you'll start out
with a two-to-one complex, but since the one-to-one interaction is
stronger, as you add more and more growth hormone, it'll kick off the
second receptor, and you'll go all the way to one-to-one.
The second thing I think is fairly interesting is that you notice
when I talked about mapping the site of interaction at the beginning, we
only saw one site. We were only expecting to see one, and that's all we
saw. We didn't pick up the second binding site, and the reason for that
was that in the binding assay we brought the complex down with an
antibody, and the antibody actually competed with the second site. So
you bring it down, you knock the second site off, and only see one.
DR. MENDELSON: That stem looks very insubstantial. Du you have
any insight at all as to how it works, how long the two underneath parts
have to be together, whether they come together randomly, or anything
like that?
DR. KOSSIAKOFF: No. That is an interesting point. You have this
very specific interaction on the surface. Down inside, what would
happen if something was twisted around and the two intracellular pieces
came together in not a cooperative fashion? Would you get a signal?
I don't know the answer to that, but I know that you can go in with
antibodies that bind the receptors together, and you would think
certainly not in the specific way that the hormone does, and you get
signaling. You get signaling with antibodies. In fact, one might say
this whole class of receptors, forget the ligands, you don't have to
deal with the ligand. And all these things--! shouldn't say all, but a
number of them that have been tried with antibodies do signal.
DR. ROWLEY: You make it sound as though these receptors are just
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sort of haphazardly on the cell surface and may be moving around, and if
by chance they are near one another and the hormone is there, you get a
productive interaction. Is that correct?
DR. KOSSIAKOFF: It's fairly correct, I would say that the
concentration of the receptors is such that it's kind of like bumper
cars, and the important thing is that nature has engineered this
interface to be—although it's specific, there is not strong binding.
You don't want to have the situation that just because these things come
together that you turn on. So with this binding interaction, you don't
see any dimerization. If you take the binding proteins and you ask the
question of whether you have any dimers, you don't get any dimerization,
at least until you get very, very high concentrations. This is
engineered to be weak but important, for specificity. I think that
that's a reasonable model.
OR. ROWLEY: How many on the surface of the cell?
DR. KOSSIAKOFF:
can't remember.

I don't know. I should have that number, but I

DR. BARNHART: Isn't it true, too, that the receptors are not
random? It's a naive question. It's not something everybody needs to
hear, really. I guess I was kind of thinking out loud. I just wanted
to ask, is it true or not true that the receptors--that receptors, in
general, are not just randomly distributed around on the cell surface,
but, rather, non-randomly? That there are dense areas of certain
receptors?
DR. KOSSIAKOFF: Right.
DR. BARNHART: So that if they were randomly distributed around the
cell, the chances that two of these receptor molecules would come
together would he quite small compared to the
DR. KOSSIAKOFF: Right. It would be a function of surface area.
DR. BARNHART: Yes. So that it's not--it's not so much a rare
happenstance that the two molecules would come together, but nature has
distributed them so that it does happen as it needs to.
DR. KATZENELUNBOGEN: Is it apparent in what way this receptor
hormone interaction is protective of growth hormone in circulation?
DR. KOSSIAKOFF: Well, the protection mainly is one in which a
molecule, 22,000, gets sieved out by the kidney pretty quickly. And
when you add binding protein, and once you get over 50,000, then the
sieve process slows down considerably.
DR. MENDELSON: You talked about this being on the liver surface,
and my picture of the liver is that the surfaces are all involved,
interacting with other liver cells. Where is all this happening? In
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the cracks between them or what?
DR. KOSSIAKOFF: Well, I don't know exactly. There's certainly a
lot of cell surface—any of these receptors would be quite happy
residing on and having no problem finding hormone. So I don't know from
my model how these things happen at the molecular level. Having these
cracks and crevif.es appear to be no problem whatsoever. It's in the
background.
DR. MENDELSON: It must be a small fraction of the surface that's
available.
DR. WAGNER: The cells are in interstitial fluid, It's surrounded
by interstitial fluid.
DR. MENDELSON: Right. The liver cells are roughly cuboidal/
tuboidal and they're all stacked, and where they touch each other,
they're presumably not playing this game. It's the free surfaces that
are available for drug interaction, and that must be a very small
fraction of the total surface.
DR. KOSSIAKOFF: Well, quite frankly, I don't know the answer to
that question, but I think that it doesn't need to be a large fraction
of the cells.
DR. MENDELSON:

I agree.

DR. KOSSIAKOFF: It just has to be concentrated and have the
hormone available.
DR. RINGE: This is rather a dangerous question, a dangerous topic.
But since this is one of the super-family of a number of different
receptors, in principle, you could now use this structure to model the
others. Are the sequence homologies high enough to do that?
DR. KOSSIAKOFF: I think so. Certainly, as I showed on one of the
slides, the extracellular domains are highly related. There will be
sections where you have loops that are added and some that are
subtracted, but the basic motifs of these two-domain structures are
going to be the same.
Clearly, it's important, perhaps, to see the model of this
particular area, how the receptors come together. Also, in some of
these hormones that I showed, they are dimers, actually. For example,
alpha interferon is a dimer, so you do have a symmetric surface; you
don't have to deal with this asymmetric surface.
DR. RINGE: Is it found as a dimer?
DR. KOSSIAKOFF: Yes.
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DR. RINGE: It doesn't get broken up when it interacts with the
receptor?
DR. KOSSIAKOFF: No.
OR. WAGNER: If I understand correctly, the two receptors are
general. They're not specific. The specificity comes from the hormone.
Is that what you're saying? If that's correct, how do you see that
that's happening?
DR. KOSSIAKOFF: I don't know whether I would say the specificity
just comes from the hormone. These particular receptors only bind
growth hormone. You can take a look at placenta! lactogen, which is
85 percent identical to growth hormone, and it doesn't bind to the
growth hormone receptor, whereas growth hormone, which is 50 percent
homologous to prolactin, binds to prolactin receptor.
So it's the way things have evolved, You don't have one in the
absence of the other. There's specificity on both sides.
DR. WAGNER: Where do you think the homology begins then, and what
happens in the second messenger?
DR. KOSSIAKOFF: Good question. I think the homology begins with
the fact that these receptors are all immunoglobulin-like, and they
probably bind in a similar region.
DR. WAGNER: They're generic, and the classification is like a
hierarchy classification of organisms. In other words, you get
progressively more general, so you have, say, a species is the hormone,
and then the genus is the receptors, and then the family is the second
messenger. Is that a reasonable way of looking at it?
DR. KOSSIAKOFF: Sorry, I kind of got lost there.
DR. WAGNER: Let me try again. The structure becomes more and more
homologous--do you follow? I mean there is one end step that says "go"
to the neurons. You talked about a neurolysis. So it seems to me, as
you get into a species, go from a family to a genus to a species--and
this is progressively more specific, from whence the term "species"
comes. See if this is correct. Less specific are the receptors. If
they're specific in the sense that they're more specific than other
receptors, okay. But there is some specificity added by the hormone
interacting with the receptor. Then you can say, okay, the hormone is
the species, the receptors are a genus. And then the next thing that
happens is even more widespread. It could be the same mechanism that is
set off by another specific hormone, by another less specific receptor,
but somewhat specific, and then finally, we come to a common homologous
receptor.
DR. KOSSIAKOFF: I think the mechanism is the common thing.
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Let me just add in terms of the species, and something that I don't
understand: human growth hormone will bind to receptors of anything--of
lower species. So it binds to everything.
But you don't go the other way. Porcine will not bind to the human
receptor. The rabbit receptor is only for rabbit and lower, so that you
have a situation where you have a--and I don't quite understand how this
happens, but there is specificity in the hormone itself and the
receptors because you can go from human down, but you can't go from
rabbit up.
DR. HOGAN: Is there a.iy way, at present, of assessing the process
where the hormone binds to the receptor and you get this dimerization?
Car» you assess whether or not the glycosylation makes a significant
difference in that pairing process? I guess the question is, when you
fill up the cavity there, does something interesting happen?
DR. KOSSIAKOFF: The answer is I don't know. These were expressed
in f. COJJ, so we don't have the glycosylation. Certainly, we oo have
natural-binding protein. We see no change in binding affinity using
cell culture binding protein versus this technique. We don't know
whether the top region of the receptor contact is filled by the
glycosylation. There is a glycosylation site up through this area. It
could stick out in solution, and that might very well happen.
DR. HOGAN: So it's not likely that, at present, it's not likely
that interaction between glycosyl groups or glycosyl amino acid
interactions might
DR. KOSSIAKOFF: No. It has nothing to do with specificity.
DR. WAGNER: It seems that one thing we're trying to get is a
particular ligand. It is frequently stated that you have to have the
binding sites a certain distance apart. In other words, when somebody
describes, say, a zero A molecule, we say "okay." The two reactive
groups are a certain distance apart, and then there are very excellent
chemists such as Drs. Eckel man and Katzenellenbogen, and they try to get
them up with binding sites a certain distance apart.
What you're saying is that there is flexibility in this and,
therefore, it seems to me, that the survival value of this flexibility
means that if you have copying errors in the growth hormone, you can
adjust and fit it, and it's a very nice mechanism for allowing for
variance in the distance. This could be important, and maybe the
chemists in nuclear medicine who are trying to make compounds should not
have, as one article of faith, that those particular structurally
specific binding site groups have to be a certain distance apart. Maybe
there is a little bit of a variance. Therefore, what you're saying i;
that there is a little bit of a leeway, that one end can bind and the
other end can have a little flexibility in where it is, because the end
floating around on a leash receptor will find it r>o matter--at least
within certain limits. I think that's important in trying to design the
molecule. Now, is that all wet, or does that make any sense?
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OR. KOSSIAKOFF: It's semi-wet.
(Laughter)
Well, if you go back to the very beginning, and I don't want to
have to go all the way back, look at the space-filling model. This is a
pretty representation, but it doesn't represent reality, because there
is a little bit of a hole here, but there's no space in here. So you
ask the question: If you change the size of the space, how can you get
the two receptors to come together? Well, what will happen if the space
is too small, you're never going to permit the receptor interaction.
It's just not going to reach because it's too tight.
DR. WAGNER: What is the function of that lower group? Is that
essential for transduction?
DR. KOSSIAKOrf: Yes. Well, basically, this is part, of the binding
energy to get these things together. The way that things evolved, you
have this major interaction, and the way these two receptors come
together is that you have two minor ones that come together to form sort
of a major interaction.
So you definitely need this. In fact, if you can go through and
make mutants here, and take out some of the side chains and put alanines
in, you reduce the binding significantly. So this is a hot spot here
and has to be taken care of. If the space were too small, you could
never make these interactions, and the binding would not be sufficient.
You have to make these interactions before you can make these. If the
space were too long, then the receptors would never come together. You
wouldn't get the binding energy.
DR. WAGNER: Then, perhaps, the survival value of that fluid, that
leash mechanism, is so you can go circle around?
DR. KOSSIAKOFF: Yes. I mean the orientation factor and finding
its mating surface.
DR. BUDINGER: This is all speculation. I mean the second binding
site, it could have nothing to do with energy. It could have to do with
confonnaticnal change, bringing the second binding site together, which
in effect, is like a second messenger, which then affects the internal
structures. Could that logic be just as reasonable?
DR. KOSSIAKOFF: No. This particular binding surface is more
orientation than binding, in terms of bringing these two receptors
together.
DR. BUDINGER: The second binding affects the internal
conformational change. I'm just asking whether that speculation is just
as good as what I've heard thus far.
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DR. KOSSIAKOFF: Okay. One comment I'd like to make, and I have
said it before, is that you can take antibodies. You can take
antibodies to extracellular domains, several kinds of antibodies that
bind to different surfaces on the extracellular domain. Just bringing
these receptors together does it. You don't need to necessarily bring
them together in a very specific way.
DR. KATZENELLENBOGEN: Just to follow that up, if you alter the
region of interaction between the two receptor components such that the
hormone wouldn't cause signaling, would the antibodies work? In other
words, you sdiu there is some permissive interaction between the two
receptors.
DR. KOSSIAKOFF: Yes.
DR. KATZENELLENBOGEN: And if you destroy that, then the hormone
doesn't cause signaling. But would the antibodies cause signaling in
the modified receptor?
DR. KOSSIAKOFF: Yes.
DR. KATZENELLENBOGEN: They do?
DR. KOSSIAKOFF: As long as it bound to the receptor.
DR. KATZENELLENBOGEN: Does that mean it doesn't require that
secondary interaction?
DR. KOSSIAKOFF: Not in terms of specificity, but, yes, in terms of
how these things are related on the cell surface.
DR. KATZENELLENBOGEN: But you suggested that if you chancy that
region of the receptor, the hormone doesn't work in it. Did I
understand that?
DR. KOSSIAKOFF: Yes. Basically, if you change this region in
here, you don't get binding of the second receptor. It knocks this
second receptor off.
DR. KATZENELLENBOGEN: But, presumably, that altered receptor could
still be activated by an antibody.
DR. KOSSIAKOFF: Yes. You'd have this ligand on, and then-well,
but is what you're saying the problem is, if you had an antibody that
wasn't interfered with by the hormone?
DR. KATZENELLENBOGEN: Well, do the antibodies themselves activate
the receptors?
LR. KOSSIAKOFF: Yes.
DR. KATZENELLENBOttN: Without hormone?

91
OR. KOSSIAKOFF: You don't need hormone. You get a signal. It
works.
DR. KATZENELLENBOGEN: Okay. So would you get a signal with the
altered receptor?
DR. KOSSIAKOFF: Yes. Well, I haven't done that experiment, but
I've gone on record here saying that I think so, yes.
DR. ROWLEY: But down at the business end of all of this is the
cytoplasmic portion. Isn't that correct?
DR. KOSSIAKOFF: Right.
DR. ROWLEY: So do you have any sense of how all of this then
influences the function of the cytoplasmic part?
OR. KOSSIAKOFF: We don't know what the cytoplasmic part does. We
don't know whether it's an enzyme or whether It's a binding protein to
something else. There is no clua as to what it does. That's one thing
that has to get sorted out.
DR. ADELSTEIN: I want to get back to the following: since John
and Henry want to count the number of these receptors on the surface of
the cell or wherever they are, they're not interested in activating the
receptor or getting a second messenger. Is there a way of hanging both
groups on that in which they could direct some antagonist or some
variation of that molecule to bind to one of the receptor sites?
DR. KOSSIAKOFF: On the receptor itself?
OR. ADELSTEIN: Yes.
DR. KOSSIAKOFF: I'm sure that could be done. We know that in
cases of iodination, which blocks one of the bindings, one of the ways
of trying thic is through iodination, and some of that doesn't work
because of interfering with the binding.
DR. ADFLSTEIN: But you could bind one site and block the other.
DR. KOSSIAKOFF: Right.
DR. WAGNER: If your goal is drug design, and you have the
knowledge that you have, that you have a certain requirement for the
binding to occur, how does a company such as Genentech see the next step
for determining whether that postulated, putative growth hormone works?
I ask this because that's the area where nuclear medicine and molecular
technology can come in. You have the basic comments, and you come up
with the basic concepts that could lead to how you design a ligand, and
then you make these ligands, and you say, "I think this is going to
work."
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How do you see the next step? I assume you're not going to go make
the compound, and do the crystal structure, and get a synchrotron, and
see whether all this is right. You've got to have something simpler
than that to find out whether your putative analog is any good or not.
How do you see that from the standpoint of drug design and development?
OR. KOSSIAKOFF: Well, part of drug design ,s to know when you
don't want to do it, and from knowing the structure, we know that it's
probably not a target that we want to deal with. We're doing the
structure so we can learn about the system, learn about the biology.
DR. WAGNER: So there are certain boundaries that you can tell
those of us who are trying to develop ligands. As I mentioned
yesterday, there is a natural affinity between drug development and
nuclear medicine and structural biology technology. So, are you saying
you could come up with the knowledge that you have certain boundary
conditions that perhaps would be guidelines for developing ligands?
DR. KOSSIAKOFF: Absolutely, but in this case, what I think you'd
want to do is develop a system that you can study the biology further.
If you can find out what the second message is, then maybe you have a
chance at drug design on the second messenger,
DR. WAGNER: But that's different. I'm talking about operating at
the interface between the interstitial fluid and the cell--the membrane.
You can develop a lot of drugs. I mean what you're saying is right.
The second messenger understanding will help to bring out a whole new
group of drugs, but you can also develop drugs by working at that
interstitial fluid cellular interface.
DR. KOSSIAKOFF: Right. ! think, generally, that's a correct
statement. Specifically, for this system, it's one in which I think
it's important information for a drug company to know that your
competition is not going to make a small molecule.
DR. WAGNER: That information is v&ry. very helpful.
DR. WELCH: It depends what you want to do. If one wanted to have
a technique to count receptors on cells, then you only need binding to
one receptor, and you could probably make a much smaller molecule with
the binding site on one receptor.
DR. KOSSIAKOFF: Yes. I agree. But in terms of an actual drug,
it's not a drug.
DR. WELCH: Yes. But if your goal was to do imaging to count
receptors, not to have a therapeutic action, then you could design a
smaller 1igand.
DR. KATZENELLENBOGEN: Could we just pursue this one point?
Because it's actually pretty important. If you change ./our perspective,
according to what hike Welch said, and design something just to bind to
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the first receptor site, how small a peptide do you think you might end
up with?
DR. KOSSIAKOFF: I don't know the answer. But when you take a look
at that, the first binding site involves about 15 interactions of two
helices and another fairly extensive interaction. We've attempted to
\withesi.""e a kind of a ps,eudo two-helix bundle that we use with two
pieces of the helix and that linker in between, and it doesn't bind. It
doesn't mean that without additional work it can't be done, but it's a
long term kind of project. It's not c simple matter to design that kind
of thing.
OR. REBA: Thank you. If there are no further comments.
Dr. Venter will now discuss some newly discovered brain grne probes.
DIAGNOSTIC POTENTIAL OF NEWLY DISCOVERED BRAIN GENE PROBES
DR. VENTER: I'm going to discuss some new approaches to find new
genes and how our new process evolved. Traditionally, to obtain a new
gene the protein would be first isolated and purified. After a protein
is purified and a little bit of sequence is obtained, degenerate probes
are used to screen cDNA libraries in order to clone specific cONA
clones. However, this is a very slow process. I've spent over a decade
of my career doing this with one or two receptors.
Once the first member of a gene family is cloned, it can be used to
clone homologous genes. In contrast, the new approach that we have
developed involves the rapid characterization of cDNA clones, currently
up to 180 per day.
Spread throughout the 24 chromosomes are the 50,000 to 100,000
genes. If spread evenly throughout the chromosomes, at 100,000 genes,
there would be 1 every 30 kilobases. In the haploid genome, there is
estimated to be three billion nucleotides, and one of the goals of the
genome project is to get that complete nucleotide sequence from those
three billion basei and try and work out what they mean.
The technology that we're using evolved over the last 5 years and
is based on a technique developed initially by Lee Hood and his
coworkers at Cal Tech. Adding fluorescent markers to the four different
bases of DNA allows them to all be run in a single lane on a sequencing
gel. The dyes are activated by a laser and detected by a photomultiplier tube with the output to a computer. We have six of these
machines working each day in the laboratory which give us on the order
of 72 kilobases of sequence per day. I'm going to describe two projects
of chromosome sequencing and finding genes demonstrating the rationale
for our new approach.
Huntington's disease was mapped to the short arm of human
chromosome 4 in 13. There are various cosmids that have been mapped to
this region. A cosmid is approximately a 40,000 base clone, which is a
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convenient size for DNA sequencing. We sequenced three cosmids from
this region (McCombie, et al., submitted). We also sequenced three
cosmid clones from another region on chromosome 19 trying to find the
myotonic dystrophy gene (Martin, AM, et al., Nature Genetics. 1:34,
1992). In order to sentence completely a single cosmid clone, we have
to sequence on the average of 1,000 individual fragments and reassemble
the sequence on the computer. The fragment sequence for three cosmids
generated over a million bases of raw DNA sequence. Due to the
redundancy required from both strands, these one million bases reduce
about 10-fold in the assembled sequence. From chromosome 19 we obtained
over 100 kilobases of finished sequence out of three cosmids.
We know that, on average, less than three percent of this
information codes for genes, and it has turned out to be difficult to
find the genes in genomic sequence. In order to find the gene regions,
we use computer predictions, design PCR primers and PCR amplification
from cDNA libraries to see if we can actually confirm a gene is present.
This requires that we sequence the PCR product, and check for matches
against the genome sequence. We use the PCR product as a probe to
screen the cDNA library, clone the gene, sequence the cDNA, and compare
it to the genome sequence to know the structure of the gene.
After spending several years to sequence and analyze those six
cosmids to find only eight genes, I decided that there had to be a
better way to find the genes in the human genome. I reasoned that if we
had to clone and sequence cDNAs in order to understand the genome
sequence, why not just start with the cDNAs.
There's a complex computer search that we go through with each
sequence that we obtain. If somebody has already cloned and sequenced
the same gene from humans; for example, if we picked the human growth
hormone gene, we would immediately identify it with these fast database
searches.
We use a parallel computer with a very fast algorithm, which only
takes seconds to search one of these sequences against the entire data
base (Table 1).
The most exciting set of genes were where we found strong
similarities to genes that had been cloned from other organisms or
species, for example, Drosophila notch, and this is Xenopus notch. We
have identified genes in the human brain by their similarity to the
genes from barley and rice. I would not necessarily have predicted that
genes which had been sequenced from rice or barley would really be
helpful for identification of human brain genes.
There are an estimated 5,000 or more human genetic disorders
thought to be ^'le to a defect in a single gene. This does not include
multi-gene dei
s in diseases such as hypertension, schizophrenia, or
depression. Tnat means five to ten percent of all genes that we're
going to find using the cDNA approach are going to be responsible for a
human disease.
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Table ]

Receptor Proteins Matched by ESTs
a-2-macroglobulin receptor
Cannabinoid receptor
Enhancer of split
Fibroblast growth factor receptor
Insulin-like growth factor II receptor
Lamin B receptor
N-formylpeptide receptor
ear-2
c-erbA-alpha-2
HGF repeat family
EGF receptor
ERK1 serine/threonine kinase
Epidermal growth factor receptor
Glutamate receptor 3, metabotropic
Glycine receptor beta chain
HEK tyrosine kinase
HEK-like tyrosine kinase
HEK-Iike tyrosine kinase
HEK-like tyrosine kinase
HEK-like tyrosine kinase
Heparin-binding growth factor receptor K-sam
IgG receptor FcRN large subunit p51
Inositol triphosphate receptor
Kinase 5-like protein
KDEL receptor
LDL receptor-like
Laminin receptor
Leukemia inhibitory factor (LIF) receptor
Macrophage scavenger receptor type I
NMDA receptor
PMI gene for a putative receptor protein
Platelet-derived growth factor (PDGF) receptor
Protein tyrosine kinase JTK14
rac protein kinase
c-src kinase
Notch/TAN-1
Notch/TAN-1-like protein
trkB
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We have on the order of 3,000 new genes identified from the human
brain now, just in the last 6 months, from applying this technique
(Adams, M.O., et al., Science. 252:1651, 1991.. Adams, M.D., et al.,
Nature, 355:632, 1992). If five to ten percent of those are human
disease genes, that means we have 150 to 300 new, potential diagnostic
and even therapeutic bases for treating human disease.
I want to show you one example of the importance of mapping the
EST/cDNAs. We isolated a gene fragment and sent it to David Ward at
Yale, who attached fluorescent probes to it and mapped it to the
centromeric region of human chromosome 15. We went to the genome
database (GDB) to look up what had been mapped to this region. We found
out that two neurological diseases had been mapped in this area:
Angel man's Syndrome and Prader-Willi Syndrome. We went to another
computer data base and found that Mark Lai and at Children's Hospital in
Boston did the genetic mapping of the two disorders. We sent him our
clone and within a week he had an answer back that this gene was deleted
in Angelman patients. Further work in our laboratory actually
identified the gene as the Beta 3 subunit of the GABA benzodiazapine
receptor (Wagstaff, J., et al., Am. J. Human Genet.. 49:330, 1991).
As thousands of new genes are discovered and mapped to the genome,
our understanding of human disease and biology will move forward.
DR. REBA: Are there questions?
DR. KOSSIAKOFF: A technical question. In terms of developing a
sequence database, what is the error frequency in all this, and how do
you deal with potential errors and getting into the database?
DR. VENTER: The errors really are not a problem because once you
get over about 30 nucleotides, the specificity is extremely high. The
sequencing errors from one-pass sequencing is on the order of 98 to 99
percent out to the 400 or 500 bases. With the chromosome sequence,
where we have a tenfold redundancy, we think our error rate is on the
order of less than 1 error in 8,000 bases.
DR. ROWLEY: I have two questions, one of which is that must you
have a certain proportion of redundancy with genes that are expressed at
high levels as compared with those that are expressed at low levels?
And what is the factor of redundancy right now?
DR. VENTER: Right now, it's extremely low. We are at the easy
phase of the project with 100,000 genes and only 2,000 known. With the
human brain, there are only two things that we've hit more than a few
times. We hit myelin basic protein 8 times out of 3,000, and we hit
actin 8 or 10 times. I think that was one of the surprises. People
thought the redundancy problem would be so terrible this approach would
nevev work, and so people didn't try it. In fact, it was tried once
back in 13, a lab tried to do this with skeletal muscle cDNA libraries,
and they found 13 of the 16 known muscle proteins. They didn't come up
with anything new.
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DR. ROWLEY:
strategy on?

And what's the next tissue you're going to use this

DR. VENTER: Well, when you think of this as a phenotypic
characterization of tissues, some of the most exciting areas to apply
this to are human cancers. So we're thinking, in addition to the brain,
of applying this to prostate cancer, breast cancer, ovarian cancer, and
neuroblastomas because not. only can it give us exact phenotypic
characterization of those cells, but we have hopes that it will lead
back to early cellular markers that can be early diagnostic probes from
those tissues.
DR. REBA: In relation to managing huge amounts of data, there was
a NASA space experiment about 7 or 8 years ago. All the images from
that space shot are stored in two buildings the size of a football
field, and the computational shortcomings to this day have not yet
permitted analysis of any of those images. So probably the ability of
computers and the ability to do that type of sorting, searching, and
analysis, may be a significant limiting feature in this work. I think
DOE is eminently involved in helping overcome that limitation.
DR. MENDELSON: What fraction of the cDNA sequences are ending up
identifiable, operationally identifiable at this point?
DR. VENTER:
genes?

Do you mean identifying by similarities to known

DR. MENDELSON:

Yes.

DR. VENTER: About 10 percent. In the paper that we have coming
out next month, we have 200 of the 2,500 that are identified.
DR. WAGNER:
EST stand for?
DR. VENTER:

I have a question I know you can answer.

What does

Express sequence tag.

DR. HOGAN: Independent of any particular determination, is there
any move to try to cluster these sequences into groupings based upon
absolute similarities in terms of trying to define operational families
based upon similarity among the coding sequences?
DR. VENTER: We are looking at a number of areas.
are hoping to identify some new gene families.
DR. HOGAN:

For example* we

The smart way to do the whole genome.

DR. KATZENELLENBOGEN: I'd like to try to
little bit more generally because it has taken
out what this Workshop could accomplish, and I
but I think I'm really sort of understanding a

open this discussion a
me a long time to figure
was confused yesterday,
bit more today.
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You made the comment you were discouraged yesterday after we said
we take all our leads from the pharmaceutical industry. I think there
really are two potential inputs. Obviously, there's a tremendous
history in pharmaceutical agents in which we can make adaptations to
nuclear medicine. There the issue is how to translate something which
has been optimized for the therapeutic index, which is a desired
response or undesired, to selective distribution, which is what we
depend on. And very selective drugs, or therapeutically useful drugs,
don't necessarily have great distributions, because there may be a lot
where you don't care about if it doesn't do anything.
DR. VENTER: Well, specificity has really been lacking in
therapeutics.
DR. KATZENELLENBOGEN: Okay. And, in fact, we can perhaps teach
the pharmaceutical industry something about how to improve selectivity
by getting selective distribution as well as selected.
Now, the input from molecular biological techniques where you have
exquisite selectivity based, in your case, on basically hybridization in
entirety, how to translate that into some agent that would be en
adequate pharmaceutical to distribute, get into cells, escape
metabolism, is really going to be the sort of meeting of the minds we
have to come to understand that. That may come out, it's not that we've
been closed-minded, I think. It's just that using a probe in vitro,
where you have complete flexibility of time of interaction, washing,
lowering background, is very different than the rather narrow
optimization we have to achieve to get an in vivo distribution.
DR. VENTER: I didn't mean to imply closed-mindedness. I meant to
show you that the world is changing very rapidly now, and we're going to
see more new information on human biology, perhaps in the next 5 years,
than we've seen in the entire history up until now.
DR. KATZENELLENBOGEN: Maybe you can clarify one particular point
concerning specificity.
Now, obviously, if you have a gene as your target, you have one or
two copies per cell, and that's a pretty low signal to try to see by any
in vivo technique.
DR. VENTER: Right.
Dr. KATZENELLENBOGEN: RNA is a better target because it's
amplified selectively, and that's what gives you the phenotypic
characterization.
When you do this--well, that, fluorograph where you showed the spot
on the lead chromosome--is that one site that you're characterizing?
DR. VENTER: Yes.
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DR. KATZENELLENBOGEN: And how many fluorescent molecules are on
the probe?
DR. VENTER: I think there's just one per probe.
DR. ROWLEY: No, that isn't so.
DR. VENTER: A variable number?
DR. ROWLEY: Right. Because you actually replace many of the
nucleotides with either biotin or something like that, and then you....
DR. KATZENELLENBOGEN: Yes. But you should be able to tell me how
many molecules of this fluoropore you actually see.
UNIDENTIFIED MEMBER: In terms of thousands probably. It's a lot.
DR. KATZENELLENBOGEN: Is it really that many?
DR. ROWLEY: It's amplified, and often it's secondarily coupled to
an antibody, and an antibody....
DR. KATZENELLENBOGEN: All right. Because I thought....
DR. ROWLEY: But it's a single gene.
DR. MENDELSON: The optical signal is not limiting the detection
sensitivity either. But there's a
DR. KATZENELLENBOGEN: All right. Someone will explain this, but
basically it's vastly amplified. Yes, thank you.
DR. HOGAN: You can't see one fluorescent molecule no matter what
you're looking at, but you can see the result of one molecular binding
interaction.
DR. KATZENELLENBOGEN: But you can see one radioactive decay.
DR. WAGNER: You can measure one photon, so you can measure
fluorescence.
DR. HOGAN: But, practically, you can't.
The guys in Bell Labs can measure one photon, but you can't do it
in cells.
DR. REBA: Anyone else care to comment? Thank you. Dr. Clair
Fraser will discuss another receptor system as the model for developing
potential (i'.agnostic ligands.
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"STRUCTURE AND FUNCTION ANALYSIS OF G-PROTEIN COUPLED RECEPTORS
AND POTENTIAL DIAGNOSTIC LIGANDS"
DR. FRASER: Thank you.
I will be talking about the family of G-protein-coupled receptors
and the role of molecular biology in the elucidation of the relationship
between receptor structure and function. I have also been asked to
direct some of the discussion towards the question of whether or not
this molecular information can be brought to bear on the design of more
selective ligands for imaging studies and for therapeutics.
In the past few years, the amount of information that has been
obtained on receptor families has increased by at least an order of
magnitude, due in large part to the application of molecular cloning
techniques to the study of receptor questions. One of the fundamental
pieces of information to come out of the cloning of membrane receptors
is that these proteins can be grouped into one of just a few gene superfamilies.
The receptors that I am most interested in are those receptors that
mediate signal transduction across the membrane via interaction with
guanine nucleotide binding proteins, or G-proteins. With the cloning to
date, of more than 100 receptors in this family (Table 1), it has become
obvious that G-protein-coupler! receptors do not represent a single
receptor family. Within this group of receptors are subfamilies, for
example, receptors for peptide ligands versus neurotransmitters.
Another class of membrane receptors are those that contain an
integral ion channel that is gated by the binding of agonists; included
in this family are nicotinic, GABA, and glycine receptors. Lastly, are
the families of membrane receptors that bind growth factors, (see for
example, Kossiakoff, this meeting.)
The signal transduction mechanism common to G-protein-coupled
receptors is illustrated in Figure 1. Agonist binding induces a
confr-mational change within the receptor that facilitates the
assoc.ation of the liganded receptor with the appropriate G-protein(s).
Activation of the G-protein results in dissociation of the alpha subunit
from the beta gamma subunits. The alpha subunits modulate the activity
of a number of intracellular effector enzymes, such as adenylate and
guanylate cyclases, phospholipases A, C, and 6, and in certain tissues,
such as heart and brain, modulate the activity of different ion
channels.
The unifying feature of all G-protein-coupled receptors that have
been sequenced to date is the presence of seven stretches of relatively
high hydrophobicity; these have been assumed to represent transmembrane
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Table 1
MEMBRANE RECEPTORS WHICH INTERACT WITH GUANINE NUCLEOTIDE REGULATORY
PROTEINS

Peptide Hormone Receptors

Neurotransmitter

Angiotensin*

Adenosine*

Adrenocorticoiroptn (ACTH)

a-Adrenergic*

Bombesin*

B-Adrenergic*

Cholecystokinin (CCK)

Dopamine*

Choriogonadotropin*

GABAQ

Conicotropin releasing hormone (CRF)

Hisiamine*

Follicle stimulating hormone (FSH)

Muscarinic

Glucagon

Ociopamine*

Gonadotropin releasing hormone (GnRH)

Serotonin*

Receptors

acctylcholinc*

Growth hormone releasing hormone (GRF)
Kinins (Bradykinin, Substance P, Substance K)»

Sensory Systems

Leutimzing hormone (LH)*

Vision (Rhodopsins)*

Melanocyte stimulating hormone (MSH)

Olfaction*

Neurotensin*

Taste

Opiates
Oxytocin

Other Agents

Parathyroid hormone*

CSa anaphylatoxin*

Somatostatin

Cannabinoids*

Thyroiropin (TSH)*

IgE*

Thyrotropin-releasing hormone (TRH)*

Mas oncogene*

Vasoactive intestinal polypeptide (VIP)*

f-Met-Leu-Phe

Vasopressin

Platelet activating factor*
Prostanoids (PGEs,
Leukotricnes)
Thrombin*

•Indicaies lhat one or more subtypes from this class of receptors have been
cloned and sequenced.
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spanning alpha helices, analogous to the structure of bacteriorhodopsin
(Figure 2 ) . The transmembrane helices are connected by alternating
extracellular and intercellular domains. This membrane topography has
been confirmed for both rhodopsin and the beta-adrenergic receptor
using anti-peptide antibodies directed against defined domains. The
amino acid homology among receptors in this family ic very high within
the transmembranedomains and this feature has been exploited to isolate
related receptors under low stringency screening conditions.

H U M A N BETA 2-ADRENERGIC RECEPTOR
Figure 2
One of the features of the G-protein-coupled receptors that has
confounded therapy and the design of selective ligands for imaging is
the tremendous heterogeneity among receptor subtypes. For example,
molecular cloning has identified five subtypes of muscarinic receptors,
six dopamine receptors, and six serotonin receptors, and in a tissue
like brain, there is evidence that most of these subtypes are present.
Currently, there are no good examples of ligands that are highly
selective for single receptor subtypes. This situation is also true
with the ion channel receptors which are oligomeric complexes of five
different subunits. In the case of the GABA receptor, 15 different
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subunits have been identified that can, in genetically engineered
systems, assemble in virtually all possible subunit combinations to form
receptors with distinct, pharmacological properties.
The ability to study 6-protein-coupled receptors in isolation using
heterologous expression systems has allowed great strides to be made in
the understanding of receptor properties. All of our work has been
performed with cultured cells that have been stably transfected. These
permanent cell lines have two major advantages. The first is that this
system permits one to study the properties of a single receptor subtype
expressed in a clonal cell line. Second, this system enables the study
of drug interactions with human receptors, eliminating the need for
animal tissues in drug screening protocols.
For the remainder of the discussion, I will concentrate on
muscarinic acutylcholine receptors and point out some examples of what
we have been able to learn about these receptors using cell expression
systems. I should point out that what I will discuss is relevant to any
one of a number of G-protein-coupled receptors, suggesting some
commonality of structure and function. This finding is encouraging
because it suggests that advances with any one receptor should have
immediate implications for understanding the properties of other
receptors in this family.
Five distinct muscarinic receptor genes have been cloned and
sequenced, and have been designated ml through m5. While earlier
pharmacological studies suggested muscarinic receptor heterogeneity, the
molecular cloning studies revealed that this receptor class was larger
than expected based on pharmacological criteria. The ml, m3, and m5
subtypes preferentially stimulate phosphoinositide hydrolysis (PI) in
response to agonist binding whereas the m2 and m4 subtype*"
preferentially inhibit adenylate cyclase. However, evidence has
suggested that each receptor can, under the appropriate conditions,
activate more than one intracellular signaling pathway. For example,
the Pi-coupled muscarinic receptors have also been shown to mediate an
increase in intracellular cAMP levels and the release of arachidonic
acid from membranes. '
The story is somewhat more complicated, however, as we have found
that not all muscarinic receptors are created equal. For example, ml
and m3 subtypes preferentially stimulate the PI response and display the
greatest DNA sequence homology. In transfected CHO cells expressing
these receptor subtypes at equivalent densities, the maximum PI response
elicited by agonist binding to the ml muscarinic 7 receptor is always
greater than that observed with the m3 receptor. It is not clear
whether this difference reflects the coupling of these two receptor
subtypes to distinct G-proteins or a differential coupling to a single
G-protein, but it suggests that there may be physiologically relevant
differences in the coupling of related receptor subtypes to the same
biochemical pathways.

105
In collaboration with Dr. Abraham Fisher at the Israel Institute
for Biological Research, we have also demonstrated an agonist-specific
activation of intracellular signaling pathways. Three muscarinic
agonists--carbachol, pilocarpine, and AF102B--were examined for their
ability to stimulate PI hydrolysis, cAMP production, and arachidonic
acid release from CHO cells transfected with ml muscarinic receptors.
In terms of the PI response, the agonists car'^achol and pilocarpine give
identical maximal responses, whereas AF102B behaves as a partial
agonist. Similar results are obtained when arachidonic acid release is
measured. With regard to cyclic AMP accumulation, only carbachol
elicits any response; both pilocarpine and AF102B have no affect on
intracellular cyclic AMP levels. These data support findings from other
studies which suggest that cyclic AMP accumulation and PI hydrolysis
evoked by ml muscarinic receptors represent independent signaling
pathways in the cell. Our data suggest that different agonists may
differentially activate one pathway or another, and this finding may be
important in terms of designing drugs that selectively target a single
cellular signaling system [(Gerwitz, Fisher and Fraser, unpublished)].
Of the three agonists examined in this study, carbachol is the most
flexible molecule. It can assume four or five different conformations,
at least in solution, with similar energy minima. Pilocarpine is a
semi-rigid compound whose freedom of rotation is much more limited; this
compound evokes maximal PI and arachidonic acid release, but has no
affect on the cyclic AMP response. AF102B is a highly rigid analog of
acetylcholine with partial agonist properties in terms of PI hydrolysis
ar>d arachidonic acid release but no effect on intracellular cAMP levels.
One interpretation of these data is that the ability of a ligand to
assume multiple conformations in the process of agonist binding may be
important in terms of determining the end response of a particular
receptor subtype. AF102B is in clinical trials now in Japan in patients
with Alzheimer's disease. It has been postulated that its properties as
a partial agonist may be important therapeutically because patients may
not develop tolerance to this compound following chronic administration.
The concept of tolerance brings me to the next point that I would
like to discuss. It has been shown that incubation of many G-proteincoupled receptors, with agonists for a long period of time, produces a
reduction in receptor number at the cell surface. This is a process
termed "down-regulation" and is believed to be relevant to pharmacologic
therapy in a number of disorders. For example, patients with asthma,
who chronically use inhaled beta adrenergic agonists as bronchial
dilators, can become refractory to their beneficial effects {a state of
tachyphylaxis). The phenomenon of receptor down-regulation is thought
to underlie the development of tachyphylaxis.
As an example, incubation of transfected cells expressing ml
muscarinic, ct2- and |32-adrenergic receptors with carbachol, a muscarinic
agonist, for 24 hours results in a reduction in the magnitude of PI
hydrolysis elicited by subsequent carbachol challenge as compared with
untreated cells [(Lee and Fraser, unpublished)]. Addition of
isoproterenol, a beta-adrenergic agonist, also down-regulates the
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response of the muscarinic receptor to carbachol. We have demonstrated
that both carbachol and isoproterenol cause a reduction over 24 hours in
the number of muscarinic receptors expressed at the cell surface, which
correlates with a reduction in the level of messenger RNA specific for
the muscarinic receptor. This finding may be important in chronic
therapy of diseases with some of these agonists and represents a
possible utility for imaging as a means of monitoring changes in
receptor levels in target tissues.
Lastly, I would like to focus on some of the other studies that
we've been doing using site-directed mutagenesis to understand receptor
structure and function. Our objectives have primarily focused on
defining the domains within G-protein-coupled receptors that are
responsible for ligand binding and receptor activation by agonists.
Studies ongoing in other labs are directed towards identifying receptor
domains that interact with 6-proteins, and domains that undergo
post-translational modification such as glycosylation, and asking
whether or not these modifications are important in determining normal
receptor function.
As was discussed earlier this morning by Dr. Kossiakoff, there is
always a danger inherent in these kinds of studies that any change in
protein structure may alter function, and the results then may reflect
an altered protein folding or an altered protein conformation, rather
than a direct effect of the residue under study in receptor function.
That is something that we have always tried to keep in mind in designing
mutant receptor proteins. When we make amino acid substitutions, we
strive to be very conservative in terms of the substitutions that are
made.
Ono of the striking features of most receptors in this family is
the presence of conserved cysteine residues, 4 one in the extracellular
loop between helices II and III, and another in the extracellular loop
between helices IV and V. Biochemical evidence from a number of
G-protein-coupled receptor systems has suggested that these cysteines
may be involved in a disulfide linkage.10'
We have examined these two
conserved cysteines in the muscarinic receptor and have found that the
mutant receptors, where either one of these two cysteines has been
changed to serine, elicit no agonist-mediated increase in PI hydrolysis,
even though we know from Northern Blot analysis
that these cells are
expressing the mutant receptor proteins. 2 With mutagenesis techniques,
we have been able to confirm and extend some of the earlier biochemical
evidence which suggested that these cysteines are involved in a
disulfide residue. Furthermore, what these data suggest is that this
disulfide bond is essential for maintaining the correct receptor
conformation required for recognizing and binding ligands.
A previous study with the beta adrenergic receptor suggested that
fairly large portions of the extracellular and intracellular domains
could be deleted from the protein without affecting ligand binding,
which suggested that ligand binding may be13 occurring somewhere else,
perhaps within the transmembrane domains.
In light of that finding,

107
we began to look at domains and specific amino acid residues within the
transmembrane helices and ask questions as to their possible role in
ligand binding. Alignment of deduced amino acid sequences from a number
of G-protein receptors reveals that within helices II and III, there are
a number of conserved aspartic acid residues. One of these aspartic
acid residues in the third helix is conserved in all G-protein-coupled
receptors that bind ligands with a positively charged nitrogen, such as
muscarinic receptors that bind acetylcholine, adrenergic receptors that
bind epinephrine and norepinephrine, dopamine receptors, serotonin
receptors, and histamine receptors. It was postulated that this
negatively charged aspartic acid residue may play a role in the binding
of the positively charged nitrogen common among these ligands.
We have examined the role of the corresponding aspartic acid
residue in beta and alpha adrenergic and muscarinic acetylcholine
receptors, with similar results. Whereas, the wild type receptors
display high affinity, saturable binding of the appropriate
radioligands, the mutant receptors in which the aspartic acid at this
locus has been replaced with asparagine display no specific radioligand
binding whatsoever.
These findings supported the hypothesis that this
residue may be important in ionic interactions between these receptors
and their respective ligands.
Propylbenzilylcholine mustard (PBCM) is an affinity label for the
muscarinic receptor in which the reactive group corresponds to the
positively charged nitrogen in carbachol and acetylcholine. Using
peptide mapping and protein sequencing, Hulme et al., demonstrated that
greater than 90 percent of the tritiated PBCM was bound to the aspartic
acid on the ml receptor implicated in ligand binding by mutagenesis
studies. Thus, with biochemical and genetic approaches, a start has
been made at localizing the ligand binding site in G-protein receptors.
Work from our lab and others have implicated transmembrane
threonine, tyrosine, and cysteine residues in agonist binding, although
it is not yet known whether any of these residues directly participate
in receptor-ligand interactions. ' However, all of these amino acids
are located in the same plane of the membrane, within one to two turns
of the alpha helix from the extracellular surface, supporting the idea
that agonist binding may occur within the top third of the transmembrane
helices.
We are currently using a set of compounds derived from
oxotremorine, a muscarinic agonist, and a series of isothiocyanate
derivatives of telenzepine and pirenzepine, muscarinic antagonists that
are thought to label the receptor covalently through cysteine residues.
It is anticipated that these compounds can be used to delineate further
the ligand binding site within the ml muscarinic receptors.
To conclude, the use of receptor gene expression and site directed
mutagenesis has provided a starting point for further exploration of
these important receptor proteins. This approach, coupled with the
effort in many labs directed towards obtaining the crystal structure of
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G-protein-coupled receptors, suggests that it may be possible, in the
not too distant future, to begin to use the information on receptor
structure in the rational design of better, more selective ligands for
diagnostic imaging and therapeutics.
Thank you.
DR. REBA: Are there any questions for Dr. Fraser?
DR. KATZENELLENBOGEN: May I just make sure I understand the last
thing that you said.
You said that really the differences in the subtypes relate to
differences in the membrane in the surface, perhaps more than the
interior, which is where the ligand binding face would be. But then I
guess the implication is that there may be some subtle transmission of
conformational effects from the outside portion of the ligand to the
inside. That's going to be pretty difficult to evaluate unless you
really have high resolution structural information.
DR. FRASER: It clearly is going to be difficult. Without crystal
structure, it's going to be hard to evaluate. But, clearly, experiments
could be done now substituting extracellular loops between subtypes, and
that may give some hints as to whether or not the extracellular domains
are influencing the overall environment that a ligand sees.
DR. KOSSIAKOFF: Obviously, one of the problems in trying to get
any high resolution structural information is that you have a
hydrophilic portion of this receptor and a hydrophobic portion.
Is it possible, do you think, that just taking a look at all of
these hydrophobic regions that are interfaced in the membrane, that you
can solubilize them by basically going to these groups and making them
hydrophilic and expressing them as a soluble complex rather than dealing
with membrane?
DR. FRASER: That's an interesting thought, one that I hadn't
considered before. I guess it's possible, but the question then
becomes, what do you do to the packing of the helices? Experiments
switching helices, even among subtypes have resulted in receptors that
are non-functional. These chimeric receptors no longer bind ligands,
and in some cases, are not expressed. However, my feeling is that your
strategy may represent too drastic of a change in the structure of these
proteins.
DR. KOSSIAKOFF: I agree. I think expression problems would be a
difficult point, but it would be great if it worked.
DR. FRASER: Yes.
DR. WAGNER: Of all the subtypes for all the receptors that have
been identified, what fraction have been identified by pharmacological
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studies--at least in terms of responsiveness by ligand binding and by
genetic engineering?
Have most been discovered now by genetic engineering? And, is
there a relationship between the pharmacological ligand binding studies
and the gene studies?
DR. FRASER: Going back and looking through the literature over the
past 10 or 15 years, for as long as radioligands have been available and
these kinds of studies have been possible, it has been shown that for
the most part the pharmacology has been very predictive of subtypes in
terms of proteins encoded by distinct c,enes. However, there are clearly
examples among many of the receptor classes where DNA hybridization and
gene cloning have identified subtypes that were not suspected based on
pharmacology. But for the most part, the pharmacology has been very
predictive.
DR. WAGNER: Have any subtypes been identified by the hybridization
techniques and then pharmacologic studies performed based on a
pharmacologic principal? Has that happened at all?
OR. FRASER: New genes have been identified, and pharmacology has
been studied, certainly in the case of the m5 muscarinic receptor and in
the case of some of the alpha 2 adrenergic receptors. One of the
stumbling blocks, surprisingly, has been finding evidence for those new
receptor subtypes in vivo. Part of the problem is that in many tissues,
brain in particular, most, if not all, of the subtypes are present. The
m5 muscarinic receptor, for example, seems to be fairly limited in its
expression in the brain. If one is dealing with a whole brain
homogenate and looking for pharmacological clues for the presence of the
m5 receptor, there's essentially no way that it ever could ever be
detected because it represents such a small percent of total brain
muscarinic receptors.
To give you another example--we have just cloned a fat
cell-specific beta-adrenergic receptor. This project
represents a
10-year collaboration between my lab, Craig Venter's 1 ab (NIH), and
Jean Paul Giacobino's lab at the University of Geneva. The presence of
this beta-receptor subtype in fat cells was certainly suspected, based
on biochemical studies. If you look at the order of agonist potency to
stimulate lipolysis in fat cells, it clearly was different than the
pharmacology that one measured with radio!igand binding studies. This
discrepancy was never completely resolved until the cloning of this
receptor was completed. We found that the affinity of the fat cellspecific beta receptor for the antagonists that are commonly used in
radioligand binding studies is more than 100 times lower than the
affinity of beta 1 and beta 2 receptors. And it turns out that all
three receptor subtypes are present in fat cells, but the beta 3
receptor would have never been detected in fat cell homogenates because
of the differences in receptor subtype affinities.
DR. WAGNER: Thank you.
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DR. RIN6E: If I could just get back to structure for a moment.
One of the more successful attempts at structure of membrane-bound
proteins has been by electron microscopy. It's the structure that
depends on being able to get a membrane sample that has a high packing
of these receptors, and that's something that's much more difficult. Is
it possible to do that with this expression system that you have?
DR. FRASER: High level expression has certainly been attempted,
not only in my lab but in many labs, using different types of expression
systems and protocols for gene amplification. There seems to be, at
least at this point, a finite limit in the amount of these receptors
that one can get expressed in a eucaryotic membrane, and that's on the
order of about 20 to 30 picomoles per milligram of protein, which is a
huge amount of protein as compared with what one normally finds in
tissues where ycu're looking at receptor densities 100 or 1,000 times
lower. But this level of expression is still nowhere near the density
that is found in the purple membrane of bacteriorhodopsin that has
allowed microscopy studies to be done. It's not clear what the
limitation is in terms of getting higher levels of G-protein-receptor
expression.
One thing we have observed with receptors that stimulate adenylate
cyclase, for instance, is that once the receptor number goes up and you
start to achieve receptor densities that become non-physiological, the
basal level of intracellular cyclic AMP also goes up dramatically. In
many cells, cyclic AMP is cytocidal, so we may not be able to get past a
certain density without killing the cells. One possible strategy is to
utilize mutant receptors that do not activate cyclase in the
amplification studies. That may or may not solve the problem. The
other problem may be that we have saturated the cellular machinery for
getting proteins out into the membranes, and we may never get beyond
this point. So, your idea has already been explored, but we've got a
long way to go before we ever get high enough levels of receptor
expression for electron microscopy or crystallography.
DR. KOSSIAKOFF: Looking at the two adjacent cysteines--190 and
191. I think Numa originally said that they formed a disulfide, and I
don't know whether that's come out in the literature and recognized that
it doesn't form a disulfide. It would be a very high energy bond.
DR. FRASER: I'm not aware that Numa did anything with those. We
looked at them in the beta receptor and had no evidence for disulfide
bond formation, because if we mutated both cysteines we saw additive
affects over those seen with a single mutation, which would suggest thet
these residues functioned independently. I don't think there's any firm
evidence to indicate that a disulfide exists between those adjacent
cysteines. And parenthetically, they seem to be unique to beta
receptors.
DR. KATZENELLENBOGEN:
mechanism?

Is there any speculation on the activation
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OR. FRASER: It's still very much a black box. We have some
evidence to suggest, that, other conserved aspartic acids that form a
network cf negative charges across the cell membrane may be important in
either initiating or representing the conformational change. That idea
is, in part, based on the known structure of bacteriorhodopsin which
functions as a proton pump. Protons are pumped across the membrane via
a similar negatively charged network. Charge transfer across the cell
membrane may trigger a conformational change in some of the cytoplasmic
domains of the receptors that facilitate interaction with G-proteins.
It has also been postulated that the prolines found in several of the
helices may be involved in some kind of opening and closing mechanism as
a means of transferring the energy of binding across the cell.
DR. KATZENELLENBOGEN: Is there a proposal of going from an alpha
to a 310 helix?
DR. FRASER: I've never seen that published. I've heard that
discussed.
DR. HOGAN: Along those lines, is there any indirect evidence of
things like, how did the proteolysis, and so forth, of the extra
membrane domains change upon binding ligand, that sort of thing, and the
action at a distance-type explanation for phenomena?
DR. FRASER: it hasn't really been looked at.
DR. REBA: Thank you, again, Dr. Fraser.
Dr. Mike Hogan will discuss another model, oligonucleotide probes
as potential diagnostic detection devices.
"NOVEL OLIGONUCLEOTIDE PROBES FOR IN VIVO DETECTION
OF POTENTIAL DISEASE/DISORDER GENES"
DR. HOGAN: I would like to thank the organizers for inviting me.
I'm representing Baylor College of Medicine. We have a group there of
biologists and chemists who are interested in the use of oligonucleotides as cellular reagents, therapeutics principally.
I am also representing a company called Triplex that is involved
with such therapeutic applications, and I am here, also, as a
representative of a group of physicists and chemists, including myself,
from the Houston Advanced Research Center, who are involved in using
oligonucleotides as diagnostic reagents. I think that there are several
take-home messages from our work which are directly pertinent to this
Workshop.
The first idea is that, in addition to being genetic material,
oligonucleotides and their derivatives can be used as pharmaceutical
reagents. Once you start thinking about these compounds as
pharmaceutics, you can begin to investigate the synthetic and medicinal
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chemistry of these compounds. This new class of pharmaceutical
chemistry has been the subject of intense study during the past
2-3 years, by a variety of groups in the U.S., Europe, and Japan.
I will summarize very quickly the oligonucleotide medicinal
chemistry being conducted for the purposes of retaining the capacity of
oligonucleotides to form double helices or triple helices, while
changing the physical or chemical properties in an interesting fashion.
A great deal of work is being done in this area to define what may be
changed and what may not be changed in the chemical structure of the
oligonucleotide. For instance, chemical reactions have been developed
which allow for duplex or triplex formation while affixing ligands to
the phosphodiester linkage, or to the 2' position of the sugar. It's
also possible to alter and affix ligands to the bases for many purposes,
for instance, to add fluorescence groups, radioisotopes, reactive
chemicals, or perhaps altering cell uptake and enhancing tissue
distribution. Also, because there are now several groups who are
interested in oligonucleotides as pharmaceutical compounds, facilities
are now in place to prepare gram quantities of oligonucleotides on a
routine basis under good manufacturing conditions. This is sufficient
for in vivo studies, classical small animal toxicity analysis, etc.
The second finding, which I think will become more obvious from my
talk is that, as far as we're concerned, messenger RNA and segments on
DNA themselves are cellular receptors. We treat oligonucleotides as
ligands which are directed to these intracellular targets. Thus
defined, oligonucleotide therapeutics can be seen formally to be similar
to other areas of rational drug design.
Oligonucleotide Therapeutics
There are two general classes of intracellular nucleic acid targets
that thus far have been studied as receptors. For this class of
interaction, there are the antisense and triple helix approaches (Figure 1).
The so-called antisense approach refers to targeting messenger RNA
species in the cells, the resulting complex being a double-stranded,
Watson and Crick double helix.
Generally speaking, the antisense approach targets mRNA in the
cytoplasm, although pre-spliced message resides in the nucleus. In the
cytoplasm, there may be as many as 100,000 mRNA targets per cell,
corresponding to an intracellular concentration of 10-8M; that mRNA
abundance is a disadvantage from a therapeutic point of view. However,
the abundance of mRNA targets may be an advantage with respect to
intracellular diagnostics or imaging.
mRNA is a target which turns over very rapidly (tl/2 approximately
1 hour). This may be a problem if you're doing therapeutics, but may
not be much of a problem from an imaging or a diagnostic point of view.
In the antisense therapeutics approach, the ultimate expected outcome is
inhibition of translation.
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Figure 1
In a triple-helix approach, which is a major focus of my
laboratory, the site of oligonucleotide action is the nucleus. The
target is DNA; the resulting complex is one in which the oligonucleotide
therapeutic binds a double-stranded DNA, thereby forming a threestranded complex, hence the term "triple helix." The cell possesses
only a few gene targets, which is a potential advantage of the triplex
approach to therapeutics. Conversely, this low copy number may be very
bad from a diagnostic or imagi jg point of view.
Cellular Uptake of Oligonucleotide Reagents
To introduce our understanding of oligonucleotide uptake into
cells, I will summarize work from quite a few laboratories. Important
studies have been done at the NIH by Cohen, Neckers, Bill Egan, and
others. Also, Bernard LeBleu in France and the Zamecnik group at
Wooster have done important work. Also, industrial work by Isi:>,
Giliad, and Triplex is of note.
The current understanding is likely to be quite counterintuitive to
anyone who has not followed the field during the past 2 or 3 years.
Oligonucleotides of 5,000 to 10,000 molecular weight are rapidly
accumulated by cells. In fact, the anionic character of these compounds
facilitates their transport, there appears to be an active transport
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mechanism, giving rise to a form of mediated endocytosis. Once in the
cell and liberated in a relatively free form, uptake into the nucleus is
relatively rapid. I'll review with you some data from our own work in
the area which are representative of those general trends. Subsequent
to adding oligonucleotide, which has been modified with a 3' end-cap,
one sees accumulation into the whole cell fraction with a half-time near
1 hour. Once in the cell, accumulation into the nucleus appears to be
rapid. As a result of this apparent first order uptake process, one can
achieve intracytoplasmic and intranuclear concentrations for these
compounds as high as 10 micromolar.
It appears that the rate limit for accumulation of these
oligonucleotide compounds is defined by their gross chemical
characteristics (end modification, backbone modification) rather than
sequence. Consequently, oligonucleotides targeted against mRNA will
generally tend to accumulate into cellular compartments at rates
equivalent to that for oligonucleotides targeted against duplex DNA.
There could be very substantial cell-type dependencies and tissue
dependencies to these uptake processes, but that remains to be defined
in some detail. The message to be ascertained from these uptake data at
the current level of understanding is that high concentration of
oligonucleotide can be administered to cells in a very mild fashion
without, in any way, harming the cells themselves.
The efflux characteristics of oligonucleotides have not been well
characterized but are roughly comparable in time scale to the influx
kinetics. Consequently, if external material is removed, at least a
good fraction of the cellular oligonucleotide will flow from the cell
with half-times of the order of an hour or two. However, a substantial
fraction is retained. The nature of the retained fraction hasn't been
characterized very well.
Triplex and Antisense Targeting
I would like to refresh your memory with respect to the mechanics
of nucleic acid strand associations. Watson & Crick base-pairing is the
basis of a standard double helix, which in turn is the basis of the
antisense approach. Standard Watson & Crick base-pairing is well known.
However, chemists working in the antisense area have begun to take the
medicinal chemistry point of view and ask if nucleosides can be modified
so as to enhance base pairing. There are good hints that you can
additionally stabilize double helix formation by means of chemical
modification of a duplex forming oligonucleotide reagent. Inclusion of
5-fluro-U rather than T in AT base pairs is one example. Inclusion of
2'-O-Methyl sugars rather than deoxyribose is another.
As opposed to exploring double helix forming oligonucleotides,
chemists in my labs at Baylor and at Triplex and some of our
collaborators are more interested in actually targeting double-stranded
DNA by means of forming a three-stranded structure, a so-called triplex,
or triple helix.
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Binding interactions which stabilize triplex formation occur in the
major groove to an already preformed double helix (Figure 2 ) . In this
case, the duplex might be a gene segment. This kind of binding is not
Watson & Crick formation. It's called Hoogsteen or a reversed Hoogsteen
class of binding, where additional H-bonding interactions occur between
a third strand and major groove facing sites of an AT or a GC base pair.

Figure 2
A fundamental concept to keep in mind is the following: whereas,
stable double helixes nearly always form with antiparallel strand
orientation, there are actually two different classes of triple helix.
One kind of triple helix is stabilized by TAT triplet and CGC triplets
(Figure 3A). One of its structural features is that the third strand is
bound parallel to the strand containing the predominance of Gs and As.
This can be referred to as the parallel CT triple helix motif.
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TAT

Figure 3A
Another kind of triple helix can be formed by TAT and 66C
associations (Figure 3B). This second class of triple helix differs in
its strand orientation in that the third strand is bound antiparallel.
The nature of the local bonding associations is quite different from
that on the CT motif. I won't go through the details, but there are NMR
people and crystallographers throughout the U.S. and elsewhere who are
trying to understand the details of these two triple helix motifs, for
the purposes of trying to enhance them chemically, so as to enhance
their selectivity, stability, and so on.
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To illustrate a detailed molecular model, a triple helix is
presented in Figure 2. Green and blue constitute the two strands of the
double helix, the triplex forming oligonucleotide is in red. This
particular molecular model constitutes a gene promoter segment that we
have been interested in for a while, a region within the promoter
segment of the c-myc oncogene. In one of these three-stranded
structures, the third strand occupies one of the deep surface grooves
created by the double helix (the major groove). Studies are in progress
to try to solve the details of these structures crystailographicaliy.
Two General Principles
With reference to the talks earlier today and yesterday, I think
two things should be pointed out with respect to duplex and triplex
formation. The first point is that ligands do not need to have an
orderly structure prior tu binding. Very often protein biochemists,
structure people, and people worrying about protein-1igand interaction,
dwell upon lock-and-keytype interactions as the origin for specificity.
There is an extreme counter example to this, and that is the
limiting induced-fit models. The interaction between the two strands
that will ultimately form a double helix is the exact opposite of lock
and key. The two interacting ligands have virtually no defined
secondary structure in the absence of interaction, and upon binding,
develop an orderly structure.
A triple helix interaction falls into that same general category.
The duplex part of it, the binding site or generalized receptor, has a
more or less orderly structure in the absence of binding, but the third
strand 1 igand has very little structure and again assumes a structure
upon binding. Arguably, the interaction between the two strands that
will ultimately give rise to a double helix is the most specific 1igand-1 igand interaction known in nature. And yet the two interacting
molecules have virtually no orderly secondary structure prior to
binding. So the idea that disordered molecules can bind selectively to
one another and assume order does not conflict with what we know about
selectivity.
The second point to be made is that, as classically defined, DNA
and RNA can now be thought of as cellular receptors for 1igand binding.
In the area of triple helix-forming oligonucleotide design,
oligonucleotide reagents are being designed that would bind to specific
target sites within the control region or the coding region of genes.
Having formed a receptor-1igand interaction of that kind, they will then
block the initiation of transcription or the elongation step. In the
area of antisense oligonucleotide design, the cellular target is now the
messenger RNA, thereby blocking the subsequent translation or splicing
steps that would occur. There is now abundant evidence from a variety
of laboratories that antisense and triplex forming oligonucleotides can
find their way to their molecular targets in cells as assessed by the
fact that translational or transcriptional function can be inhibited in
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cells. As such, the DNA or RNA target sites can be considered to be
discrete cellular "receptors" for the corresponding antisense or triplex
forming oligonucleotide.
Pertinent Data: Distribution in Cells
The first thing to show is that compounds of this kind actually get
into cells readily. In Figure 4, we display a very typical kind of
experiment. In this case, human HeLa cells were studied in culture,
treating them in this case with a 27-base oligonucleotide which had been
end-capped at its 3' terminus. This oligonucleotide happened to be one
that was designed to form a triple helix. But, I think, that with
respect to cellular and nuclear accumulation, it serves as a
representative of many cell types and for end-capped phosphodiester
oligonudeotides of similar size. Subsequent to adding the compound to
the extracellular culture medium at 0.1 uM, intracellular concentrations
are being achieved that are a bit. higher than the extracellular
Half
times for the accumulation process are near to an hour.
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Figure 4
If you follow accumulation in the nucleus separately by rapidly
extracting nuclei and then measuring the intranuclear concentrations
directly, you see similar kinetics. In these particular cells, the
intranuclear concentration (N) that's achieved in the steady state is
approximately f wice that of the overall cell ( T ) .
We do not yet know how to manipulate nuclear versus cytoplasmic
accumulation, but work in a variety of labs is ongoing at this point to
try to determine how to enhance nuclear accumulation, or when necessary,
to diminish nuclear accumulation relative to the cytoplasm by means of
chemical modification of oligonucleotides.
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Pertinent Dat^: Stability of Oligonucleotides
The stability of oligonucleotides in cells has been the subject of
intense study. The conclusion drawn from this work is that there is not
much deoxyribonuclease in cells. If you think about it, it would be
toxic if there were. On the other hand, there is a significant enzyme
activity which degrades RNA, which is generally unstable in cells.
However, if you make oligonucleotide therapeutics out; of DNA building
blocks or things related to DNA building blocks, tlv. re appears to be
very little enzyme to degrade oligonucleotides of that kind.
Furthermore, most of the enzyme that is available to degrade DNA
oligomers does so as a 3' to 5' exonuclease. Several groups have shown
if you cap off the 3' end, you can effect an additional factor of 10 or
so enhancement in the absolute stability of these compounds in cells and
in tissues. The best available data suggests if you put a good cap on
the 3' end, the final biological lifetime with respect to stability of
these compounds is determined by how much endonuclease is around in the
particular tissues
that you have. Briefly, it will be shown that having
capped the 3 1 end of an oligonucleotide, stability with respect to
enzymatic degradation can be achieved over 12 to 24 hours.
Distribution In Vivo
Now I'm going to address a second question that is probably of some
interest to those concerned with the feasibility of imaging
oligonucleotides. How are these compounds treated in living animals?
Some answers have begun to appear due to work by the group at Isis,
Triplex Pharmaceutical, and Baylor, from the Johns Hopkins' group, and
also from other labs. I will discuss our work in this area.
We have taken * standard phosphodiester compound, in this case a
38-mer, and we've capped the 3' end by adding a propylamine linker,
which happens to be a particularly convenient chemical cap. We have
taken some care to radio]abel these compounds in a sophisticated manner.
We have placed a single P label in the middle of these 38-mers by
ligating half molecules together. So the data that you will see cannot
be affected by phosphatases or terminal nucleases.
We have also performed some direct post-labeling which I will
discuss. In the direct post-labeling experiment, we can take unlabeled
compound, administer it to living animals, let it distribute, then
extract tissue some time thereafter. A total nucleic acid extraction is
then performed, followed by radiolabeling, and then analysis by gel
electrophoresis at one base resolution. This happens to be a rather
bias-free method of detecting the physical state of the compound. Most
of the in vivo stability data I'll show you are derived from this kind
of experiment. Subsequent to a single injected IP dose at 130 mgs per
kg of this 38-mer, we monitor the concentration of compound in the
plasma as a function of time after injection into mice. This is done on
five or six BALB/C mice and the average values are derived.
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Relatively ordinary plasma distribution kinetics are seen in such
an analysis: rapid appearance of the material in the plasma and then
the slow decay (Figure 5). If you perform a direct IV (intravenous
injection), the kinetics are quite different. The clearance is very
rapid, with a half-time near to 6 minutes (not shown). Based upon those
data, it is likely that in the IP (intraperitoneal) experiments the
kinetics reflect the superposition of relatively steady metering of the
material from the peritoneal cavity into the open circulation, coupled
to rapid clearance thereafter.
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Figure 5
The question remains as to the fate of this material, subsequent to
clearance. Is it excreted, does it accumulate in the tissues, does it
remain chemically intact? To address this, we have monitored the
distribution kinetics among several tissues of the mouse.
The spleen shows very typical cumulation kinetics (Figure 6A). We
have plotted mgs per kg in the spleen subsequent to IP injection at 130
mg/kg. What is observed is a steady accumulation process over 4 hours
leading to a steady state, thereafter. Recall that there is almost no
compound remaining in the plasma at 5 hours post injection. Therefore,
the steady state levels of accumulation seen in the spleen and elsewhere
do not contain a component due to blood within the tissues.
We do not yet know how accumulation responds with respect to
chemical modification of the oligonucleotide. Therefore, the data in
Figure 6A serve as a benchmark derived for unmodified oligonucleotide
with a 3' cap.
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Figure 6A
Liver displays similar kinetics (Figure 6B). In fact, if you had
to summarize what we've seen from these BALB/C mice distribution and
deposition experiments, it would be that within a factor of two, which
accounts for real organ-dependent variations, most organs which are
serviced by peripheral blood flow accumulate oligonucleotides with
similar kinetics.

HIV38p (130 mg/kg: I P . INJECTION)
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The CNS is the exception, and it actually receives very little
accumulation of capped, chemically unmodified oligonucleotides. These
data obviously refer to healthy animals. Animals with a diseased blood
brain barrier may respond very differently.
All the previous data were obtained by radiochemical detection
using LSC. Therefore, they do not tell you whether the compound is
intact or degraded.
To monitor directly the stability of these oligonucleotides
in vivo, we have performed the post-labeling experiment. Unlabeled
oligonucleotide is injected, and animals are sacrificed as a function of
time, thereafter. Blood and tissues are collected, nucleic acid is
extracted en masse, and then radiolabeled. The material is then
analyzed on a sequencing gel where fragment distributions in the 5-50
base range can be analyzed at one base resolution.
Data of that kind from the plasma are displayed in Figure 7A, where
the arrow corresponds to where the 38-base, unmanipulated material would
migrate on such a gel. The "control" lane on this gel refers to plasma
from mice that have never seen oligonucleotide, and not too surprising,
there is no measurable nucleic acid in the oligonucleotide size range.
Therefore, post-label ing of plasma is a background free experiment. The
"one micromolar standard lane" means plasma was extracted from untreated
animals, then the 38-base oligonucleotide was added ex vivo to one
micromolar, then radiolabeled to serve as an internal concentration
standard. In the lanes marked 0 to 8 hours, it is seen that there is
almost no degradation of the material in the plasma of BALB/C mice
treated with end capped oligonucleotide by the IP route. IV injection
gave similar results (not shown).
In order to learn about stability in the tissue, liver was
extracted from these mice in the same experiment, subsequent to an IP
injection at 130 milligram/kilogram. As seen in Figure 7B, there is a
PLASMA
3AHIV38p
I.P.
1 • 127 mgkg

Figure 7A

LIVER
3AHIV38p
I.P.
1 • 127 mg/kg

Figure 7B
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lot of RNA in liver, but luckily, there is not much in the
oligonucleotide size range. This can be seen in the control lane, which
is an animal that has never seen oligonucleotide compound. In the lanes
marked 0 to 8 hours, it can be seen that the 38 base oligonucleotide
compound begins to appear in the liver with time, and migrates as an
intact 38-mer on a one base resolution sequencing gel. The endogenous
RNA in the livers of these animals serves as an internal concentration
standard.
Based upon analysis of the data up to 8 hours, it can be seen that
most of the observable oligonucleotide remains intact up to 8 hours. If
you take this kinetic analysis out to 24 hours (not shown), degradation
can be seen, thereby, defining an apparent half-life between 12 and 18
hours with respect to integrity of the full-length material in the mouse
liver. Other tissues show very similar metabolism kinetics (not shown).
By reference to the internal luM standard in this experiment, there
seems to be several micromolar of end-capped material in a mouse liver 8
hours after an IP injection. This value is similar to that which was
measured by LSC and serves as an internal control for the post-labeling
method. Therefore, by comparing that with the LSC analysis I showed you
before, the conclusion is that most of the oligonucleotide that's
detected by LSC is still intact in the liver after 8 hours.
DR. HENDELSON: What is the double band on the gel?
DR. HOGAN: Typically some of the end-cap is lost by hydrolysis
during synthesis.
DR. KATZENELLENBOGEN:
stable.

That fraction also appears to be pretty

DR. HOGAN: Upon hydrolysis, a 3' phosphate remains. This
phosphate serves as a good 3' exonuclease block, as well. I can talk
about it with you later.
Summary
To summarize, there is a growing belief that both DNA and RNA are
perfectly viable cellular receptors for pharmaceutical intervention,
against which we can design compounds, both in the antisense and triple
helix motif. Because of that hypothesis, technology has developed so
that one can produce gram quantities of these compounds in sufficient
purity and with sufficient stability that you can do in vivo
pharmaceutical analysis. To achieve those pharmaceutical ends, a range
of diverse chemistries has been developed, which may be of great utility
to the imaging applications discussed in this meeting.
End Capping. Several ways have been shown to cap the 3' terminus
to confirm nuclease stability. Almost anything you do to obscure the
3'0H seems to block this exonuclease activity. Therefore, significant

124
reduction of nuclease sensitivity is easily achieved.
Among such end modifications, chelators are routinely affixed to
the end of oligonucleotides for the purposes of chelating iron for DNA
cleavage reactions. Peter Dervin and Leslie Organ developed this
chemistry first. From the point of view of this group, it is important
to note that, you can affix DTPA or other chelators employing chemistries
which are well known for proteins for the purposes of chelating nuclides
or any other metal or other ion that one might want to, for the purposes
of imaging. This is easy chemistry, not difficult.
Phosphate Replacement. Lots of work is being done to modify the
internal phosphodiester linkage with respect to appending groups on it,
and also with respect to altering fundamentally, hopefully enhancing the
thermodynamics of double and triple helix formation.
Anionic, neutral, cationic backbones of varied span and
stereochemistry are all being actively investigated at present and can
be implemented. Of interest here is that you can completely and
uniformly replace the phosphate oxygen with a primary alkylamine, so as
to have an alkylamine moiety at. every phosphodiester linkage in an
oligonucieotide, thereby, creating a situation, whereby, you could affix
a chelator or anything else you wanted at selected nucleoside subunits.
DR. WELCH: Before you go on, I thought I knew all the ways of
putting DTPA on. What do you mean Fenton chemistry?
DR. HOGAN: Fenton chemistry is the chemistry that iron engages in
the process of converting water to an OH radical.
DR. WELCH: Thank you.
DR. KATZENELLENBOGEN: What about the affect on in vivo uptake and
distribution of these derivatizations?
DR. HOGAN: That's really interesting, especially with respect to
this slide. As long as you append relatively water-soluble substances
to the end of these oligonucieotide compounds, their intracellular
uptake and distribution characteristics don't appear to change. The
limited available data suggests that-and this has been really only done
carefully with luminescent dyes--when you append quite hydrophobic
luminescent dyes to the ends of these compounds, it tends to entrap them
in the cytoplasm. Recall that the "default" uptake characteristic of
phosphodiester oligonucleotides is such that they tend to accumulate in
the nucleus equally, or in fact, are enhanced in the nucleus. So a
hydrophobic group seems to favor cytoplasmic accumulation, but that may
be due to the fact that it enhances the likelihood of accumulation of
the lipid component of the cytoplasm rather than true cytoplasmic
concentration.
DR. KATZENELLENBOGEN:
membrane still the same?

Is cellular uptake through the plasma
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OR. HOGAN: Apparently it is not much changed. But the available
data are poor, I'm afraid. One example where the affect of hydrophobic
end group modification is now being done carefully is cholesterol.
There are strong hints that the cholesterol derivatives of
oligonucleotides show fundamentally enhanced uptake characteristics at
least in some cells. It remains to be seen if it is a general property
of all cells.
Therefore, to sum up, there are already hints in these very
preliminary investigations that there may be ligands that you can affix
to the ends of an oligonucleotide that will fundamentally enhance the
intracellular uptake and perhaps manipulate the distribution between
cytoplasm and nucleus in cells. The good news is that you don't have to
be a very good organic chemist to be able to append almost anything you
can think of onto the end of oligonucleotide, and the reason being is
that you can synthesize these compounds so they possess primary amines,
thiols, and other potential coupling moieties on their ends. For those
of you who haven't done much in nucleic acid chemistry, the thing that's
working in your favor is that DNA and its derivatives are actually quite
unreactive with respect to most chemistries. Although guanosine and
cytosine contain amines in them, they are very unreactive amines. They
contain no sulfur, and so on. Most of the standard chemistries that
give rise to good reactivity don't work very well with DNA. The flip
side is that having put an exogenous primary amine or thiol on an
oligonucleotide, it's very easy to achieve a situation where only the
exogenous group reacts, and so you can achieve quite selective
modifications of the sort that would be needed for imaging applications.
Thank you.
DR. REBA: Thank you, Dr. Hogan. Are there questions or comments?
DR. ADELSTEIN: We've been interested in delivering specifically
targeted single-strand deoxynucleotides into cells, using antibodies to
select the cell to deliver them to. In actual fact, if you select an
antibody that's modulated by internalization, conjugated to some
deoxynucleotide, you not only deliver it, but the bonds are easily
broken in the endocytotic vesicles by lysosomal enzymes. You get free
deoxynucleoside, and it can be incorporated into DNA. Could this be a
mechanism for specifically targeting some cells?
DR. HOGAN: Well, it could be so. We really don't know how much
eel1-type-to-cell-type variation there is for oligonucleotide
accumulation. But assuming there is less than you would like, there
would be plenty of room for trying to enhance selectivity. And the
kinds of programs that we have put in place are based upon appending
small ligands to the ends, things like cholesterol and so forth, and
seeing how much mileage you can get out of that. Some thought has been
given to the idea of appending peptides or maybe antibodies that are
already known to have cell type selectivity.
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I think that one of the things that would have to be considered is
the fact that we don't want to "shoot ourselves in the foot."
Generally, it seems that oligonucleotide uptake into cells is much more
efficient than antibody binding. So you want to make sure, that in the
process of achieving selectivity by antibody binding, you do not reduce
the capacity to deliver the required intracellular concentration of
oligonucleotide. That is, you may have to accommodate a trade-off
between selectivity and efficiency.
DR. ROWLEY: You just sort of implied that you had formed triple
helixes with the promoter of the c-myc gene. Have you, in fact,
achieved selectivity that is equivalent to the base pairing of the
double helix?
OR. HOGAN: In the instance of the c-myc promoter, selectivity is
very high, in the test tube, at least. But that success is qualified.
The current state-of-the-art, with respect to triple helix formation, is
that high selectivity and affinity can be achieved at only a relatively
purine-rich binding site. There you can achieve binding constants and
selectivity for the binding of a triple helix compound to that site
that's comparable to the best double helix interaction.
Conversely, the current state-of-the-art is that if you have a
duplex DNA binding site that's alternating purine/pyrimidine sequence,
that will be a terrible binding site for triple helix formation, and you
can't achieve very good selectivity or binding affinity at those sites.
Several groups, including us, are trying to implement novel base
derivatives and various strategies to bypass that target site
restriction.
DR. VENTER: Following up that same question, anybody with high
school biology can make a Watson-Crick antisense oligonucleotide. For
duplex DNA targets, we're dependent on people like you to come up with
triple helix. Have you tried to write a computer program to make
yourself redundant?
DR. HOGAN: Yes, but the physical chemistry is at too early a stage
to do a very good job.
DR. VENTER: Is there enough in terms of predictive power to make a
first attempt at formalizing the design process?
DR. HOGAN: Yes. We do that routinely to zero order. You can look
for relatively extended purine-rich or pyrimidine-rich blocks with a
minimum of CG inversions in them and greater than 60 percent GC content.
So there's a matrix of two or three things that we have to take into
account, but we have begun to formalize the process.
DR. VENTER: And can you accurately predict affinities?
DR. HOGAN: To a first approximation. But that's changing. Again,
one of the reasons for not getting too engrossed in detailed calculation
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at present is that today's technology, where you rely principally just
on A, T, C, and G building blocks, is going to dissipate very quickly,
and so there's no point camping out too much on that. It is likely that
a year from now "T-like substances" or "G-like substances" will be
routinely introduced into triplex forming oligonucleotides at selected
sites to improve selectivity, stability, etc. It will be much more
appropriate to write programs at that time.
DR. KATZENELLENBOGEN: We talked about this last night a bit, but
maybe you could discuss it more openly, and that is that there are some
real parallels here with the steroid receptor system and the nuclear
receptor system in that you have an intracellular target, and you have a
ligand that, like the receptors, is stable and accumulates in cells
where, ultimately, it binds.
DR. HOGAN: Yes.
DR. KATZENELLENBOGEN: But in terms of achieving a selective
distribution, what you're missing is the selective removal from cells
that don't have a target.
DR. HOGAN: Well, we don't know that we're missing it. We just
haven't studied it.
DR. KATZENELLENBOGEN: But just looking at the accumulation pattern
that you see in pretty much all the tissues, it loads and then it just
sits there.
DR. HOGAN:

Right.

DR. KATZENELLENBOGEN: And if you actually look with most tritiated
Pharmaceuticals, but the steroids in general, all the tissues pick it
up, but then there's a selective clearance among the tissues.
DR. HOGAN: What are the kinetics for the clearance of non-target
tissue?
DR. KATZENELLENBOGEN: It takes about an hour to achieve a decent
contrast, and that's maintained for a few hours.
DR. HOGAN: The little bit of data we have now with the compounds
we looked at doesn't fall into that category. The clearance
characteristics of oligonucleotides are clearly slow, and you have to go
out to 12 hours or so before you achieve a situation where you're
starting to get substantial efflux. We have no idea if that efflux can
be made faster or cell type selective. The experiments simply have not
been done.
DR. KATZENELLENBOGEN: I see. Well, let me make a point. The
clearance characteristics you need is a function of a half-life of
tracer. So, if you had a long-life tracer, you could allow a few days
of clearance.
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OR. HOGAN: Yes.
DR. KATZENELLENBQGEN: But what you need is the selectivity of
clearance so that it clears from non-target cells and not the target
cells.
DR. HOGAN: Yes. We do not yet know anything about that.
DR. KATZENELLENBOGEN: Just to summarize our discussion last night,
presumably with the natural deoxyoligos, you have this very active
uptake system. It basically slams it into cells and probably keeps it
from coming out. Sut if you chose chemically modified ones that didn't
utilize the system, would they go in and then not come out unless they
had some party that they could go to inside the cell?
DR. HOGAN: Yes. I think in the next year data of that kind will
become available, driven mostly for pharmaceutical reasons. The affects
of chemical modification on cellular efflux kinetics are going to be
studied in some detail, both at the cell level and also at the tissue
level.
DR. KATZENELLENBOGEN:

Right, I agree.

DR. HOGAN: There may be some data to help, but there aren't any
data at this point that can help you out in that regard.
DR. KATZENELLENBOGEN: Just from the things you've told me, I'm not
sure why that would be important, if therapy is really the issue. I
mean, is the toxicity associated with oligos high?
DR. HOGAN: No.
DR. REBA: Thank you all. Since there are no further questions, we
will break for lunch now. I don't think it should really take more than
30 or 35 minutes, rather than the hour that was originally planned.
Because it is easier for me to communicate with the people from nuclear
medicine than with others, and because it would be useful in putting the
final report together, we would like to convene again in order to review
and summarize the structural and molecular biology concepts and ideas
from the genome project, and, hopefully, some expressions as to what all
of us foresee as ways that these disciplines can interact with nuclear
medicine. As I said in my opening comments, the purpose of this
Workshop is to assist the OHER to implement a new program within the
Medical Applications Program to be called "Molecular Nuclear Medicine."
Therefore, to ensure that we will incorporate the advice from those
people outside of nuclear medicine into the report, it is important that
we get together for about 1 hour to listen to and record everyone's
impressions and recommendations to what might be useful in this new
program. Therefore, we will come together again but, hopefully, we
should be able to adjourn by 2:30 or 3:00.
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DR. REBA: We will begin this final session with Or. Janet Rowley,
who will crystalize some of her thoughts for us.
CHROMOSOMES AS POTENTIAL TARGETS FOR NUCLEAR MEDICINE IMAGING
DR. ROWLEY: One of the things that hasn't been touched on yet in
this meeting are some of the genetic changes that take place in
neoplasia. When I first talked with Ben Barnhart, it wasn't clear to me
exactly how the analysis of these changes could be integrated into the
kinds of studies that people do with nuclear medicine techniques.
However, I will show you some of the changes we have found and hope that
through that information you might be challenged to figure out how they
cobld actually be incorporated into some of the programs that you're
interested in.
As you know, there are a number of important chromosome
rearrangements that occur in neoplastic tumors, and many of them are
very specific for tumor types. ' I won't go through too many of these,
but there are both gains and losses of chromosomes or chromosome
regions, as well as translocations (Tables 1 and 2 ) .
This shows you with fluorescence in situ hybridization, a cell from
a patient with chronic lymphatic leukemia, which is the most common
leukemia in Caucasians. The centromere of chromosome 12 is identified
with a centromere-specific probe that has beep biotinylated and then
detected with the avidin--anti-avidin system. It is very easy to see
that there are three chromosome 12s within the leukemia cell. There are
multiple copies of many chromosomes in many solid tumors, and the
question is whether there is a way to use this aneuploidy to detect
solid tumors in situ, or to distinguish between benign, diploid tumors
from those that might be malignant. This is one area that might be
amenable to the kinds of techniques that we have heard here during the
last few days.
The ether area that I have been studying are chromosome
translocaiions, and this slide shows you a karyotype from a patient with
leukemia. The cell has three copies of chromosome 8; one could detect
this abnormality by the same strategy I showed in the previous slide
because there are both centromere-specific probes for chromosome 8 as
well as libraries, so-called painting libraries, that cover the entire
length of the chromosome.
Karyotype of a leukemic cell with 9;11 translocation
[t(9;11)(p22;q23)] as well as aberrations involving chromosome 8.
Chromosome material on the short arm of the second chromosome 9 is
replaced with a piece of chromosome 11. The end of the long arm of the
first chromosome 11 contains the translocated piece from the short arm
of chromosome 9.
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Table 1

Non-Random Chromosome Abnormalities in Malignant Myeloid Diseases
Disease*

CJiromps_pme Abnorma 1 i ty

CML

t(9;22)(q34;qll)

CML blast phase

t ( 9 ; 2 2 ) ( q 3 4 ; q l l ) w i t h +8,
+Ph\
+19, or i{17q)

AML-M2

t(8;21)(q22;q22)

APL-M3, H3V

t(15;17)(q22;qll~12)

AMMoL~M4Eo

inv(16)(pl3q22) or
t(16;16)(pl3;q22)

AMMol-M4

Translocations or
deletions of Ilq23

AMol-H5

t(9;ll)(p22;q23),
t(llql3 or q23)

AML

+8
-7 or del(7q)
-5 or del(5q)
del(20q)
t(3;3)(q21;q26)
or inv(3)(q21;q26)
t(6;9)(P23;q34)
-7 or del(7q) and/or
-5 or del(5q)

Therapy-related AML

)(p
t(9;ll)(P22;q23)

*CML, chronic myelogenous leukemia; AML, acute myefobTastic leukemia;
AML-H2, AHL with maturation; AMMol, acute myelomonocytic leukemia;
AMMol-M4Eo, acute myelomonocytic leukemia with abnormal eosinophils;
AMoL, acute monoblastic leukemia; APL-M3, M3V hypergranula (M3) and
microgranular (M3V) acute promyelocytic leukemia.
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Table 2
Characteristic Karyotypic Abnormalities in Solid Tumors

Type of Rearrangement

Tumor Type

Epithelial Tumors
Peomorphic adenoma

Translocations of 12ql3-15
t(3;8)(p21;ql2)

Lung carcinoma

del(3)(p]4-23)

Kidney carcinoma

del(3)(pl4-23)
t(3;5)(P13;q22)

Bladder carcinoma

i(5p)
Trisomy 7
Monosomy 9

Wilms' tumor

del(11)(pl3)

Ovarian carcinoma

t(19;?)(pl3;?)

Prostate carcinoma

del(7)(q22)
del(10)(q24)
Mesenchvmal Tumors

L i poma

Translocations of 12ql3-15
Ring chromosomes

Leiomyoma

Structural changes of 1203
del(7)(q21q31)
Trisomy 12

Liposarcoma (myxoid)

t(12;16)(ql3.3;pll.2)

Synovial sarcoma

t(X;18)(pi 1;ql 1)

Rhabdomyosarcoma

t(2:13)(q35-37;ql4)

Malignant fibrous histiocytoma
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Table 2 (continued)
Characteristic Karyotypic Abnormalities in Solid Tumors

Tumo- Type

Type of Rearrangement

Neuroqenic, Neuroectodermal, and Germ Cell Tumors
Meningioma

Monosomy 2?.
del(22)(ql2-13)

Astrocytoma

del(9)(pl3-24)
dmin
del(l)(p32-36)
hsr/dmin

Neuroblastoma
Retinoblastoma
Malignant melanoma

del(13)(ql4)
1(6p)
Deletions of 6q
1(6p)

Ewing's sarcoma
Askin tumor
Peripheral neuroepitheiioma

t(ll;22)(q24;q!2)

Germ cell tumors

i(12p)
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The other example I wanted to show is the 9;11 translocation
(Figure 1). In this karyotype, the second chromosome is normal, and the
first one is abnormal because there is a dark band at the end of the
long arm. This dark band comes from the short arm of the second
chromosome 9; the dark band is missing and is replaced by a piece of
chromosome 11.
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Figure 1

We used fluorescence in situ hybridization with a large piece of
human DNA from the chromosome 11 breakpoint contained in a yeast
artificial chromosome (YAC), about 300 kilobases of DNA, to study this
translocation.4 This slide shows the normal 11 with the YAC that you
can see at the end of the long arm of chromosome 11. This is the
abnormal 11 involved in the translocation, and here is the YAC. This is
the 9 involved in the translocation and, again, you can see the YAC on
the short arm, so we now have within this particular piece of DNA the
translocation break point, which we are in the process of cloning.
Again, using these kinds of probes, you can detect these rearrangements
in interphase cells as well as in metaphase cells, and whether this kind
of strategy is applicable, is presently only speculation.
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It's important to understand, 1 think, that some of the sarcomas
are also found to have specific translocations (Table 2 ) . Ewing's
sarcoma, for example, has an 11;22 translocation. Is there any way that
this knowledge can be used actually to detect and genotype, if you will,
a sarcoma, for example, a Ewing's sarcoma in the patient before surgery?
DR. KATZENELLENBOGEN:
basis of detecting it.

I'm sorry. Could you explain again the

OR. ROWLEY: Well, the DNA that's homologous to this region of
chromosome 11 has been labeled with biotin. The nucleotides are labeled
with biotin, and then they're detected with avidin-anti-avidin.
DR. KATZENELLENBOGEN: So you find the fluorescence on a chromosome
you didn't expect to find it?
DR. ROWLEY: That's right. However, in this case, we knew because
this was a cell from a leukemia patient with a translocation to
chromosome 9, as 1 illustrated on the previous slide, but we could tell
that we had the right YAC DNA to work with because we could show that it
was split. Therefore, the translocation break point was within this
segment of DNA, and it was this DNA that we should use for cloning the
breakpoint. That was our interest and our strategy. But the question
is, are there lessons here that could be applied to nuclear medicine?
Again, in the sarcomas, not only Ewing's with an 11;22
translocation, but certain rhabdomyosarcomas have a 2;13 translocation
and some lipomas have translocations involving chromosome 12. Thus,
these translocations seem to be associated specifically with these
particular types of sarcomas, and the question is whether some nuclear
medicine strategy is useful.
The other point I wanted to make is that we've now found a number
of different genes at chromosome translocations because probably about
3 dozen or so have been cloned, and the genes fall into a number of
families. There are several that are tyrosine protein kinases, e.g.,
the Abelson gene involved in the Philadelphia chromosome in the 9;22
translocation.
But the largest category are transcription regulating factors and,
of course, many of these were only identified because the translocation
breakpoint was cloned. Suddenly you have a gene like BCL3, PBX, CAN, or
H O X H , all of these genes identified only by cloning chromosome
translocation breakpoints. Some of these translocations actually lead
to fusion genes, and this is just a diagrammatic example of one. It's a
15;17 translocation that's found in every patient with acute
promyelocytic leukemia.5 The breakpoint on chromosome 17 involves the
retinoic acid receptor alpha, and the break is in the first intron
between the first and second exons. 6
There's a new gene just discovered by cloning the translocation now
called the PML gene. On one of the translocation chromosomes, you have
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the fusion of chromosome 15 and 17, that gives a fusion messenger RNA
and a fusion protein, so you only see this in cells with the
translocation. And, again, that would be true for the sarcomas as well.
This diagram is from a recent, paper of Owen Witte's where he has
looked at the interactions in the BCR gene, which is on chromosome 22,
and the Abel son gene, which is on chromosome 9, which are fused together
in the Philadelphia chromosome in both chronic myeloid leukemia and
acute lymphoblastic leukemia. This is his analysis at the present
time, of this fusion protein. The serine residues are phosphorylated,
and these serine residues on the BCR protein bind to a particular region
on Abelson, the SH2 region which is important for transformation. This
binding and activation then increases the tyrosine kinase of this
particular fusion protein which leads to cell transformation.
Therefore, within these cells, you have two proteins in very close
proximity which would not normally be that adjacent in other cells.
Again, in this type of fusion gene, you have the DNA together, you have
a fusion messenger RNA, and you have a unique fusion protein found only
in the malignant cells and not found in any other cell in the body.
I think that in the future, particularly when the translocation
breakpoints in the sarcomas are cloned and we understand some of the
genetic consequences of these breaks, these might be strategies or might
be targets for you to consider useful in nuclear medicine.
DR. REBA: Thank you. Are there any questions for Dr. Rowley?
DR. KATZENELLENBOGEN: In the first two cases with the aneuploidy
and the rearrangements, is your probe a hybridization probe?
DR. ROWLEY: That's right. We're working entirely at the level of
DNA right now.
DR. KATZENELLENBOGEN: But now with this gene fusion, one would
have to conceive of either some unique function that would be
exploitable in terms of selective distribution, or, again, some sort of
probe that would uniquely recognize this fusion.
I wonder--have you thought much about this? You present it as an
opportunity which I recognize because anything that's unique to a tumor
cell could be very useful.
DR. ROWLEY: Well, the fusion gene, in case of the Abelson, leads
to an increase in the tyrosine kinase activity of that protein. Now,
whether that is an exploitable aspect I'm not sure.
The other thing that 1 wondered was--and it may not be directly
related to nuclear medicine--if you could somehow get compounds that
bind to these proteins that involve fluorescent energy transfer? This
fusion protein would be a situation where the two proteins would be
sufficiently close together so you might, and I am cautious because I'm
speaking about things I don't understand at all, but you might be able
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to have a signal come from the fact that these proteins are juxtaposed,
which you would not get in non tumor cells.
DR. KATZENELLENBOGEN:
probably wreck it.

But to get any hybridization probe would

DR. ROWLEY: But you have to distinguish those probes that are
hybridized to the normal DNA within the cell to the uniqueness of the
fusion protein.
DR. HOGAN: In the case of Abel son, it's straightforward, because
you have a well-defined junction point. You can certainly easily
distinguish normal cells from transformed cells at the message level;
the messages thus produced are clearly distinctive at or near the
junction point.
DR. ROWLEY: That's right. The 15;17 is a fusion gene, and all of
the genes so far in acute myeloid leukemia are fusion genes, so each one
has a unique message.

DR. KATZENELLENBOGEN: Yes. So you could design a probe that would
be much more selective for cells that have....
DR. HOGAN: Right. It's already been done in the Abelson case.
People have claimed to have made antisense compounds against the Abelson
coding sequence already.
DR. ROWLEY: There was a paper in Science describing this. 8
DR. HOGAN: The claim is there, and certainly in a test tube you
could do it. I mean there is no question of the report.
DR. KENDELSON: The tumor isn't a detectable system for nuclear
medicine, not yet, anyway.
DR. HOGAN: Well, no, not in current experiments. The long term
feasibility remains to be demonstrated.
DR. ROWLEY: If you could, somehow, with the systems you're working
with, get an antisense probe that would lead to detection when it was
fused, or get two separate probes that join together in the fusion
message that were far apart in normal messages.
DR. HOUAN: Yes, I agree.
DR. REBA: Thank you. Dr. Tom Budinger will now discuss a
different perspective of our Workshop topics.
DR. BUDINGER: There are two aspects of the traditional mission of
OHER having to do with high technology in medical applications that have
come to mind. One I hadn't thought about, but I believe would be of
interest to you, and that's what we'd call a reverse spin-off of this meeting.
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How can we help the genome project or structural biology from our
nuclear medicine technology? One way has to do with high-field magnets.
By "high-field," I mean over 25 Tesla, small bore, but for structural
analysis, including substitutions, e.g., tritium, carbon-13.
This ar<?a is clearly an area within the purview of OHER. That is,
instrumentation, even natural resources that follow on the idea of the
light source applications, and it's one that I think we could look to
the future in terms of enhancing the research productivity of structural
biology.
But a second one is what Henry Wagner would call phenotype to
genotype, and that is the understanding of metabolic characterization of
an individual, quite apart from how he looks and behaves. These are
subtle changes, for example, amino acid metabolism, deamination,
carbohydrate metabolism, all of which we will be able to measure, I
think, in the near future. So one might think this is a little bit off
the subject because we are not dealing with radioactive nuclides; we are
dealing with stable isotopes. But everything that we do in nuclear
medicine, from the high technology instrumentation to the kinetic
analysis, would be involved here in quantitative tracer analysis.
I only have really one major point to make here. At 10 Tesla, look
at what we can do. First, spectral dispersion, which I'll show you in a
moment, to be able to look at things that we could not otherwise see.
For example, to be able, in 5 minutes, to tell the difference between
saturated and unsaturated adipose tissue in any human and show how that
changes with nutrition. Such a finding will have something to do with
what you all have taught me about gene expression.
But to be able to do this at 4 Tesla takes a long time. However,
to be able to do it at 10 Tesla becomes very feasible. So there is a
reason for having available a whole-body, 10 Tesla system. It is that
we can do much better what we can barely do, and we can do what we
cannot even do at 4 Tesla, not only for spectral dispersion, but also to
make imaging practical. And I'll give you one example and then retire.
This is a 1.5 proton spectrum in tissue in the brain. This is the
dispersion one is able to achieve at 4 Tesla, even allowing
identification of alanine. The spectral dispersion will even be greater
at 10 Tesla with an added advantage of decreasing the time for data
acquisition. This will permit about millimolar sensitivity--millimolar
sensitivity with 15 minutes of acquisition, not 4 hours of acquisition,
which is not acceptable.
Suppose you wanted to understand what the receptor, the alpha 2
adrenergic system was doing, either in the locus cerulens or someplace
in the cortex, and you wanted to relate that to something that you
expect to find using your molecular biology techniques. This requires 2
millimolar resolution. Can that be accomplished?
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The answer is yes, and it's part of the traditional nuclear
medicine instrumentation supported by ( M R , and 1 just leave you with
that little bit of plea that we consider tradition as being of help to
the reason for existing.
DR. REBA: Thank you, Tom.
Are there any questions for Dr. Budinger?
(Pause)
I believe his plea to continue all of the OHER nuclear medicine
programs will be heard. We will try to be as comprehensive as possible
in the recommendations this group submits concerning what we would like
to see OHER include in their program objectives.
As Tom pointed out, there should be two program directions, and as
I mentioned yesterday, I think what OHER would like to do is not only
encourage nuclear medicine programs to apply molecular and structural
biology techniques, but also to help define what are the areas that
nuclear medicine techniques can contribute to which would enhance the
genome and molecular structural biology programs. Yes, Dr. Wagner?
DR. WAGNER: Well, one example of a contribution of nuclear
medicine to these techniques are of the chelates that have been
developed as carriers of tracers. There is now a lot known about how
you can change the appropriate charge from positive to negative to
neutral and incorporate a whole host of atoms in those chelates-universal sites, some of which will cross the brain barrier or cross
into the cells.
I think the R groups are oversimplified. The R groups are what, you
can provide in terms of the oligonucleotides and the label end of the
molecule which, in many cases, will be a chelate. There were people
that referred to that and talked about the N 3 S 3 chelates that have been
developed.
Thus, I think in the area of fluorescence detection, in the area of
image analysis, pattern recognition, and perhaps most of all, in the
area of showing the relevance of human activities should be the foci.
In other words, the basic sciences provide the knowledge which can then
lead to techniques that can help people. That's what the country wants.
So I think human relevance is the central theme.
One of our basic scientists at Hopkins showed that lead acts by
blocking the ion channel--the glutamate ion channel. This work was all
done in animals, but it would just take a few studies of human beings
with lead toxicity to find out whether there's a block of that ion
channel using a tracer such as a labeled MK-801 molecule. So one could
directly prove the human relevance by carrying out studies that can be
performed safely in human beings. Others can identify the various types
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of R groups, and we in nuclear medicine can provide the pendants they'll
hook onto.
DR. REBA: Another example would be what Dr. Venter wanted to do.
That was to show whether the central benzodiazapine receptors were
blocked in Angelman's Syndrome and Prater-Willi. He said one way to do
that in vivo would be to look at the benzodiazapine receptors of the
brain, and we can do that today.
DR. WAGNER: The other thing was the concept of experiments of
nature. We're constantly looking at diseases where you have an
abnormality in normal processes, and innumerable parts of basic science
have been elucidated by the experiments of nature that point to one
particular type of person, which we can now examine using the techniques
that you've heard about.
So I think what is really needed, the main thing, is communication.
I have found this meeting very, very helpful and stimulating, as have
other people from conversations with them, and that would be a most
important outcome. Certainly from the standpoint of nuclear medicine,
it's going to be very, very helpful.
DR. REBA: That would be another good recommendation. That
meetings that bring together workers in these fields, an expansion of
what we've had today, to amplify by one or two regional or national
meetings in which there are participants from all three disciplines
again present, should probably be done on a regular basis. This is also
important, because the advances are occurring so rapidly that if one
waits a year or two, you're a generation behind. This will be another
recommendation.
DR. MENDELSON:

I'm not sure I agree with that.

DR. REBA: Which point?
DR. MENDELSON: I think the meeting demonstrated, very clearly,
that nuclear medicine is moving ahead at its usual rapid pace, and you
people have already picked up several good molecular tools to do the
kind of thing you know how to do, that is, to look at images, to look at
the patients, to help with clinical situations.
The genome and structural biology field is also galloping. It's
doing something very different, and what we're trying to analyze, it
seems to me, is what kind of bridges to cross and how you can take
advantage of them, and how much and how often you should be feeding in
each other's troughs. I've thought about this mostly from the point of
view of what you're calling genotype links to what you're studying.
This is, in a sense, phenotypic, and you and I can think about this at
three different levels: irst, the situation where someone is born with
a set of genes that involves a mutation or some human variant;
second, the situation where you have somatic mutations happening
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during lifetime; and third, the situation where somatic mutations are
happening at a very early stage in life where, in fact, the person is a
mosaic and has partly one genome and partly another. But each of these
presents different challenges to what nuclear medicine might be able to
do.
The first one, people who inherit abnormal genes or variant genes:
You're already approaching that problem because some of these people are
sick and you're trying to figure out how to see the lesions. This can
be very helpful.
But there's a kind of paradox to this because the more the
molecular biologists figure out what that genetic defect is--at the
structural level, at the gene level, as that information increases,
you're going to get better and better tools to get agents to see
deletions. You were all reacting when you saw a particular structure of
a receptor. Well, how can I use that?
So then apply it clinically. At that early stage, you'll be
stimulated by this kind of situation.
3ut I would put to you that in the end--when the mutation is
understood, when the structural change in the expressed protein is
understood, when the disease is understood--that you're not going to
care anymore because at that stage the best way to make the diagnosis is
to get a lymphocyte and use OCR and leave out deletion. But the
correspondence between deletion and disease, for single gene disorders,
is going to be 100 percent, and that's going to be the way to make the
diagnosis and to understand it.
So there's an evolutionary period where the two fields, I think,
can reinforce each other, stimulate each other. But in the end,
knowledge is going to make that unnecessary.
OR. WAGNER: Can I ask a question relative to that? Are you saying
that you think that all diseases in any part of the body will be
reflected in changes in circulating cells?
DR. MENDELSON: No, I'm not saying that. I'm saying that single
gene disorders will, in the end, be readable in any cell involved, any
cell that has DNA.
DR. WAGNER: But that's quite a small spectrum of all the human
diseases.
DR. MENDELSON: That's a small spectrum.
infectious diseases.

It has nothing to do with

DR. WAGNER: And what if that then continues interacting for all
other diseases? Those who can't be diagnosed by looking at a single
cell?
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DR. MENDELSQN: The rest of medicine will go on.
DR. WAGNER: How much? It's a very, very important point. The
most important characteristics of nuclear medicine are it's human, it's
chemical, it's in vivo, and it's the region, that is, it's regional
in vivo.
And maybe I'm mistaken, but one of my fundamental beliefs is that a
major advance is studying parts of the body rather than studying the
blood all the time. The practice of medicine is based on studying
blood, which has been revoiutionarily important.
But I think it's very, very important--I would like to really leave
this meeting by knowing what things you all believe. Given everything
that you want to know, if you could know everything that you wanted to
know about circulating blood cells, of any circulating blood cells, what
fraction of human disease would be left uncharacterized?
OR. MENDELSON: Well, I suspect a fairly large fraction, but in no
way am 1 saying you shouldn't go on doing what you're doing. I think
you're doing just fine. I'm trying to figure out how knowledge from the
genome and molecular genetics and structural biology is going to help
you. In the area of single gene disorders, the way it's going to help
you is in the early stages by pointing you at targets of opportunity.
In the end, however, for single gene disorders, you're going to be
irrelevant because our lipid cycle gives all the information one needs,
when you really understand that. But that's not the only kind of
disorder there is. That is, I'm trying to go through this in a
systematic way. Single gene disorders, I think that's the way it's
going to be.
DR. REBA: Of course, that is only for diagnosis, but there is a
lot more to managing a sick patient than making the diagnosis.
DR. MENDELSON: Managing the disease is a whole other problem.
DR. REBA: That's the point. You will probably need more
information than what is in that single cell to manage the disease.
DR. MENDELSON: Perhaps. There are issues of imprinting; there are
issues of other pathological and physiological things that have happened
to the individual that reinforce how the genetic disease expresses
itself. In the end, it is going to be a clinical problem compounding a
basic underlying genetic defect. And, yes, you may hav? lots of roles
to play in that larger panorama of things.
DR. REBA: I interrupted Dr. Mendel son, for which I apologize,
because he is really getting to his parts two and three.
DR. PHELPS: Even in that scenario, if we would begin at the end of
where the disorder is expressed to try to understand in which
biochemical system or in which enzyme it resides, as people identify
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where it exists, and what chromosome, and what that code produces, and
we come together in that, and then we don't do anymore, that's fine.
DR. MENDELSON: Yes. You are asking to get his terminate. I did
not mean to put that down. I am just characterizing how I think it's
going to work.
DR. REBA: Well, please feel free to go to part two and part three
of what you were describing.
DR. MENDELSON: Well, the somatic mutation part is something I
happen to be very interested in, and I've been wondering if there is
some way nuclear medicine can help.
If you just take the starting situation where these mutations are
happening in all of us all the time, most of them are pretty neutral
events. Under those circumstances, they are very rare events. Typical
mutant frequencies, whether it be measured in human populations or at
the somatic level, are 1 in 100,000 cells. I don't think you are ever
going to see that with an imaging technique, even if you could figure
out how to image these events. I don't think, at the moment, we know
whether we are going to be imaging DNA, per se. We may, but it seems
more likely we will image messenger RNA, but I don't think we know that
yet.
And there is the possibility that you can image the abnormal
proteins that are produced by these mutations. But, again, one cell in
100,000 indicates that you are not going to detect the signal. That is,
you will not see anything, I think, with the techniques that you use.
The one place where you can take advantage of that is when mutant
cells have a selective advantage and start forming clones and eventually
tumors. I think the idea of using genetic markers for early diagnosis
of cancer is very appealing. This has been mentioned several times at
this meeting, and I think that it is an important lead. Craig Venter's
idea of doing inventories on common clinical tumors to see what kind of
markers they might have, certainly fits into that scheme. I would think
that this is something you ought to be alert to, because a handful of
good markers for prostate cancer, for early breast cancer, for lung
cancer, or colon cancer, to just mention some of the major ones, would
completely change the diagnostic capability that we have.
The sort of markers that nuclear medicine used to use were
physiological and rather non-specific. But the kind of markers I'm
thinking about, if they really work, are going to be oncogenes or
fellow-traveler genes that may not be oncogenic in their own right, but
somehow are highly correlated with a particular tumor type. If you can
get good signals from them, and first of all, show that the lesion
exists, but even more importantly show where it exists, that could end
up being extremely important clinically.
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The last thing is the mosaic issue. It is probably a rare event in
its own right. I don't know how much of this happens, but imagine a
mutation happening within the six or eight cell stage of an embryo and
in a somatic cell, in an embryonic cell. While that individual is going
to end up having one-sixth or some significant fraction of the mutant
form, then that is no longer a rare event. Although it will happen in
rare individuals, when it happens, it's a major event, and it may create
some interesting clinical questions, once we get to understanding and
studying those individuals.
Is it important to know, for example, whether 20 percent of a
trisomy, or 20 percent of cells with a trisomy, or 20 percent of cells
with a significant cancer-prone mutation, or the defective ONA repair,
or who knows what, is being expressed? That becomes an anatomical
issue, and I think the kinds of techniques we are talking about-certainly the DNA ones and absolutely the protein ones, might allow
imaging methods that would show that would be useful, much like you can
see the stripes on a zebra. One very interesting question in such
situations is whether the so-called somatic mutation is, in fact, going
to be a heritable mutation in the next generation. Is it going to
involve the cells that are going to become germ cells?
The easiest way to analyze that, in the male is to analyze the sperm
directly. An indirect method might be to see whether the testis is
involved in the geographic distribution of these cells. For the female,
where oncocytes are very difficult to acquire, telling whether the ovary
has been involved might be the only way you can get an estimate of the
likelihood that this is going to be inheritable as it evolves.
Those are just some ideas about relating genotype and phenotype,
but I think the basic lesson is there. Nuclear medicine people are
already molecular. The whole culture around you, the whole medical
culture is going molecular at an incredible rate, and you look to it,
you're following it, and you're going to get more and more opportunities
based on it. Nuclear medicine is going to look very different, I think,
10, 20 years from now, and it's going to look molecular. And I think
that's great.
OR. PHELPS: I think certainly one recommendation we should make is
to include educational programs that will fund students in cell biology,
molecular biology, and genetics to work in nuclear medicine. This may
be the best way to make changes and transitions. Students are great
teachers to the more mature groups that we are today.
1 think also there is another gap, and that is the translation of
molecular mechanisms into integrated systems. When one takes a growing
source of knowledge about so many different regulatory mechanisms, e.g.,
the signal transduction, second messengers, and many other triggering
events, who is going to translate that into an integrated organ system?
Certainly, we image organ systems. In fact, we image them intact, and I
think we have to merge biology into imaging. Imaging is very efficient;
large landscape and the probes will define the biology. Of course the
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trick is to have a valid probe, and that is what we all struggle with,
the probe. Yesterday I made a comment, and Mort Mendel son and I were
talking about this a bit, about the in-between zone between nuclear
medicine and modern biology. What are the mechanisms to close this gap?
One of the ways is another group, that, is, through the start-up
companies. Somehow it became a nasty word to use drug companies here,
but if you go into some of these young start-up companies, they have
excellent young neuroscientists that are very impressive. They have a
catch-all statement that says that you can think good thoughts and do
good work, but pretty quickly you'd better respond. And they have
exactly the same requirements we have. They have to go to molecular
biology, cell biology, and say, "What are these regulatory mechanisms?"
What is a very specific probe, one that you can swallow, or you can
inhale, or one way or another get into the venous system, remains intact
through all that, gets to the target site intact, and have a limited set
of interactions? That process is exactly what the design of a
biological probe for imaging is. Therefore, I think they are a powerful
group and will teach us a great deal.
DR. RE6A: There has been a fundamental difference though between
industrial research and research supported by the Department of Energy
and its predecessors. The Department of Energy, by historical
tradition, supports fundamental or basic research in areas in which even
the problems aren't known. Once the problems are identified and
possible solutions become apparent, that is the stage usually when
industry starts working on practical solutions.
DR. PHELPS: Not in the start-up companies.
DR. REBA: Perhaps not in the very new molecular biology companies.
I agree, because I think the historical division of where basic research
and applied research is being conducted is changing.
DR. PHELPS: These people, when you talk to them, can come here and
change our ideas, but we're going to go back home away from each other.
The young biology-oriented drug companies put pressure on nuclear
medicine to be involved with them because they want to know how this
drug interacts with the body; they want to see it. So, they are trying
to develop relationships, and their futures are very uncertain.
DR. REBA: Are there other questions?
DR. HOGAN: A couple of comments. One, I agree that the DOE should
consider relationships in this area, in the context of academic labs and
biotechnology companies. Being a person who knows a little bit about
both areas, I think there is definite possibility there for fruitful
interaction. In talking to people about this general concept of trying
to generate images based upon direct targeting of nucleic acids in cells
will be productive. I think there are several unknowns that are
involved that must be evaluated straightaway. I think that two of
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them, it seems to me, are particularly important.
One, already mentioned, has to do with the importance of employing
the elegant chelate and radionuclide chemistry that continues to evolve.
The second important aspect has to do with, and again we were talking
about it earlier, non-specific clearance. That is, if there are
chelates, I think the way that this is going to work, it's going to work
in the following way: the crucial element will be associated with
clearance in vivo; specifically, achieving a situation where unbound
probe nuclide is readily cleared from cells.
What you need is actually a radiolabeled chelate that is eliminated
from tissues, from cells very rapidly. That is going to be the
overriding concern. What needs to be done is to take such nuclide
chelates and couple them to an oligonucleotide-based reagent so that the
only reason that nuclide remains in the cell is because it has been
coupled to the oligonucleotide-based imaging agent.
1 think that the above criteria could be the basis for such a
oligonucleotide based imaging technology. If you can detect
intracellular nuclide concentrations of the 10 or 10 molar level (as
appears to be the case for steroid receptors), I think you're probably
in the right ballpark, and that there is enough messenger RNA to be seen
by PET scanning or related methods.
I think that the crucial question will be to arrange chemical
linkage schemes where you can remove the nuclide that is not involved in
hybridization. I think those criteria seem to make sense and can be
achieved using available oligonucleotide chemistries. With that in
mind, I think that it may not be impossible to begin to think about
using messenger RNA as a cellular target. I think the idea of. DNA
targeting is probably out of the question at present, based upon its low
abundance in the cell. I think messenger RNA targeting by these methods
may be feasible at present, at least in explants or cultured cells.
Some serious thought should be given to, in the early stage,
investigation of the chemistry and some of the more basic cellular
principles associated with development of oligonucleotide imaging probes
of this kind.
DR. WAGNER: It's not only available, but it's commercially
available. For example, there's a brain blood flow imaging agent that
is a technetium chelate where the D-form is bound and L-form is not and
diffuses out from the cell and is excreted. With respect to
sensitivity, we are now operating at the 10 , so we don't even think
about things that require 10" or 10" ° concentrations.
DR. HOGAN: Yes, I am aware of and have used several such nuclide
chelators which can be linked to ol igonudeotides. So it is possible.
DR. WAGNER: The sensitivity and the stereo-specificity are there,
and directed excretion is all but done. The charge can be modified.
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OR. HOGAN: I think what needs to be done is if you get folks with
that kind of expertise working with folks who know something about
oligonucleotide compounds, there may be the basis to begin to think
these things through in some detail.
DR. REBA: One of the major problems that we had in developing the
1QNB lig<:nd, I think Dr. Eckelman mentioned it in the first talk, was
going from the test tube into the human body. Getting compounds into
cells in a test tube or culture flask is several orders of magnitude
less complicated than getting that same compound into the cell that is
in an intact organ in the body. These issues have to do with delivery
plus a lot of other parameters that cannot be controlled.
Several people have
OR. WAGNER: Personally, I don't go along with that. There are
many things in the living systems that can help you that are not present
in in vitro systems, such as getting rid of non-specific binding. These
are equilibrium systems, and if you can wait, the body has billions of
enzymes that will help you get rid of these low-affinity binding sites.
The concept that the body is this big, terrible thing to work with
creates a pessimism that I think is unwarranted.
DR. REBA: The body is a wonderful thing to work with, Henry. I
never said the body was a terrible thing to work with.
(Laughter)
DR. WAGNER: There is non-specific binding; non-specific binding
can be a greater problem, if you have non-specific binding sites. But
it's not automatic.
DR. REBA: It's a different problem.
DR. WAGNER: It is a different problem, but it just sounds negative
as it was stated. It keeps people from working in in vivo systems, if
you really get scared off. That's why we had trouble getting the
M.O./Ph.D. students to get out of the basic science departments, because
they say it's too complicated. There is nothing wrong with that, but
there has to be a certain number of the M.D./Ph.D. students that Mike
Phelps is talking about that resist all of the excitement of this basic
science knowledge and say, "We really, honest to God, are going to work
with systems that are concerned with human disease." They get marooned
at a basic level.
At Hopkins, we get one out of 50 M.D./Ph.D. students
to go into nuclear medicine, because you are not going to
it if you tell them how terrible it is to work with these
complicated systems. It's a very small point, but I mean
important point, I think.

who is willing
get them to do
very, very
it is an
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1 didn't mean to disagree with you, but it creates the wrong
impression when you say this will never work.
DR. REBA: I thought I said it was a more complicated process to
transfer a ligand from an in vitro to an in vivo system which is
frequently not simple, uncomplicated, nor straightforward to accomplish.
But, please don't reference me with something I did not say. I
definitely did not state that it wouldn't work. I simply did not say
that. It is frequently difficult, hazardous to be more precise, to
extrapolate in vitro pharmacokinetic conclusions directly to an in vivo
situation. Chemical modifications may have to be made; it may not be
simple, it's intellectually challenging, but, of course, it can and has
been done.
As you said, many of the systems are equilibrium systems, but it is
easier to say "wait, if you can," than it is to wait, long enough. In
most situations it is difficult to reach equilibrium with a 20-minute
half-life label.
I don't think it is totally revealing to outsiders to oversimplify
by ignoring the vascular barrier; intracellular transport; cellular
transport: intracellular transport to the receptor or enzyme; residence
time; metabolism along the way in the organ, in the blood, and elsewhere
in the body; recirculation; all of which influence model parameters.
Very few of these factors are operational in vitro and to trivialize the
importance of these parameters as they relate to ligand validation,
modeling and absolute quanitation, in my view, is misleading.
Well, one of the tactics of making a point is to overemphasize
one's position to make it sound like you have a major disagreement with
what has been said.
(Laughter)
And I don't think we do. Why don't we just agree, for now, that
this aspect is for a discussion at a different level than the global
topics we are discussing here.
So let me change the subject.
Several of you have mentioned that you think developing a probe
directly for DNA is very difficult and at least not immediately
accessible.
Are there markers that might define indirectly for us some
characteristics of DNA?
DR. MENDELSON: The problem for ONA is that every cell in the body
has essentially the same DNA charge, and you're looking, and I'm not
sure what you're looking for, but reorganized DNA, mutated DNA, very
subtle changes, and the signal is going to be very weak.
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OR. ROWLEY: With a neuroblastoma having an amplification of 10,
20, 30, or 50 copies of that gene in the cell, and every cell in that
tumor has that amplification, that's something you ought to be able to
pick up.
DR. REBA: Isn't the DNA in a tumor treated by x-rays or drugs
damaged in some way? At least in those tumor cells that will respond to
the treatment? If so, is that a point worth explaining? That there are
certain transformed cells, pre-malignant or cancer cells, in which
knowing some characterization of the DNA would be useful clinically,
even after the diagnosis is made. For example, in selecting drug
therapy or changing therapy combinations.
What kind of markers are available that might give us a lead
indirectly as to what the damaged DNA content or the message is and what
their characterization might be?
DR. PHELPS: I don't think that's the question. I think the thing
we must go find are the markers. The question is, how much do we know
about the processes for which we would want to design the markers? Are
there antibodies to products that are amplified?
In vivo, I believe
the body is a friendly organ, too, but with antibodies it tears the
living hell out of them, and there are lots of trash affinities that
complicate the issues.
But there are approaches now to clone or synthesize the business
end of antibodies, and these approaches make them water soluble, small,
rapidly diffusing, and retain their affinity. These are new concepts
that come out of the oncongene knowledge, the amplification, and a very
new biological approach to an antibody that makes it a viable probe.
DR. REBA: In addition to the antibody approach, intrarellular
oxygen content of a malignant cell would be useful to have. I believe
nuclear medicine techniques are capable of doing that now, i.e., measure
oxygen content.
DR. WAGNER: We're not just talking about cancer, by a long shot.
We're talking about biochemical processes of all types that are
abnormally speeded up or abnormally slowed down. If an excessive amount
of a certain normal enzyme is being produced, this is a normal process
going on at abnormal rates. Then, it's important to say we're not
really just talking about cancer, we're talking about many diseases.
DR. MENDELSON: We're talking about the cancer cell, and that's
happening with the same genetic information that a normal cell has.
DR. WAGNER:

Yes.

DR. MENDELSON: That is why I don't think reading the DNA is going
to help very much. Messenger RNA, yes. Protein product, yes. Probably
not the DNA.
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OR. WAGNER: 1 was talking about looking at messenger RNA as an
indication of a cellular process that is in a mental illness, or
depression, or Parkinson's disease. There are all kinds of diseases
beyond cancer. Cancer is clearly the area where there is the most
immediate application, but there are other diseases that are
characterized by abnormal production of something.
The other thing about medicine is you don't have to know the cause
of the disease to be able to diagnose the disease and help the patient
tremendously. Effective treatment began before it was known what was
causing the disease. Therefore, if it is possible to measure an enzyme
or measure a substrate that, is being consumed at an abnormally rapid
rate, or messenger RNA that is present in abnormal quantities, or too
little quantity, it will be possible to characterize the disease
chemically which then gets translated into chemical treatment and
monitoring of the disease with nuclear medicine techniques, whether the
treatment has been effective or not.
But my point is I hope the notes do indicate that we will go far
beyond cancer, although cancer is the most immediate application.
OR. KOSS1AKOFF: But that's just the diagnostics. Can somebody
give me an idea about what kind of regulation you have to deal with?
there a Federal regulation, or doesn't one have to deal with that at
all?

Is

When we are involved in production of antibodies or some
pharmaceutical, we are looking probably at an 8-year time frame for
approval. In this business, it sounds to me like you just slam
everything in, and there are no regulations.
DR. PHELPS: Well, you know, in fact, we do have some advantage in
the fact that we can make these compounds of very high specific
activities with no pharmacologic activity to them and in the beginning,
can do the pharmacokinetics in living people without that concern.
Subsequently, we add the mass and use that labeled drug to titrate the
drug and the reaction. We can also go to the other side and say, "well,
this drug is supposed to modify this chemical process and assay that
process," so we have a much more systematic way of getting information.
But eventually, we will face the FDA just like you do.
DR. WELCH: But the question you are really asking is what the
regulations are and they are simpler than Mike said. If you've got a
radiolabeled compound whose pharmacology in humans is known and you can
prove that you will administer it at the low pharmacologically active
dose, you can evaluate it with an in-house committee approval. If,
however, you take a brand-new antibody, radiolabel it, and want to put
it in humans for the first tinp, we have the same problem you have.
DR. REBA: Particularly if it's a non-human antibody that
potentially has serious side effects.
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DR. WAGNER: Antibodies are in a category by themselves because of
the species problems. In the nuclear medicine field, first of all,
we're dealing in many cases with normal human constituents where, for
example, carbon-13 is replaced by carbon-11. It is a naturally
occurring molecule.
The other thing is when drugs are proposed that already have
approved new-drug applications, like the dexetimides that I referred to,
then here we are starting with drugs that have known chemical
structures. Many of them will already be approved drugs. The worst
possible thing to try to get approved for human use is a mouse antibody,
and for the obvious reasons that we've talked about. You can see the
complexity that exists in getting this approval. There has been, to my
knowledge, no monoclonal antibody that has ever been approved in the
United States as an in vivo diagnostic.
DR. WELCH: Well, one was approved 3 weeks ago.
DR. WAGNER: Which one?
DR. WELCH: B 72.3.
DR. WAGNER: There are many people in nuclear medicine who have
worked in monoclonal antibodies who are switching over to drug companyproduced types of ligands with clear chemical structure, the class of
radiopharmaceutical that I presented, rather than monoclonal antibodies.
With monoclonal antibodies, the regulatory hurdles are unbelievable.
The specificity is a huge problem. The blood clearance is slow. The
biological hurdles are great. That is a terrible field to get into,
which is why many of us have never really gotten into that.
DR. REBA: You are reluctant, Henry, and may not want to work in
this area, but others are making some progress. It is slow, yes.
DR. WAGNER: Don't think monoclonal antibodies!
The other thing is what is called a physician-sponsored IND. In
other words, the FDA is very much concerned with agents that are going
to be very widely used. So if you're carrying out a finite number of
studies in a university environment, you can get a physician-sponsored
IND, which comes under local control and is much easier to get than what
you described. The worst possible case is if you have a monoclonal
antibody that the FDA believes is being developed by a drug company for
wide distribution all over the country.
Well, apparently one antibody did get approved. But they approve a
lot of physician-sponsored INDs. All those things that I had on that
list of the compounds we developed, developed under physician-sponsored
INDs obtained through the FDA, and it was not that complicated. But
it's not slamming these things into people without any regulation.
That's a wrong concept.
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DR. REBA: Are there any other comments?
DR. HOGAN: If I could make a comment about the possibility of
having nuclear DNA targets: I think being sort of the one person here
who actually does something along those lines, the point is well taken.
1 generally agree with the idea that if there is a grain of possibility
to the idea of targeting nucleic acids as diagnostics in cells directly,
I think that just the copy number question is the biggest one. That is,
messenger RNA clearly comes to the top of the list as having high enough
intracellular concentration to be feasible.
In terms of nuclear targets, there are tumors for which there is a
very high incidence of gene amplification where, in fact, there may be
tens or hundreds, or in some instances, even thousands of copies of a
particular gene. EGFR and others, are known in certain tumor lines to
be highly amplified. I think when those instances are shown to be of
importance, then the concept of trying to target DNA may be of some
utility. Otherwise, probably not. There's just not enough signal there
to be detected. But in terms of that kind of somatic mutation, this may
be useful.
DR. ADELSTEIN: Dick, before we throw out the idea that these
probes won't be useful where there are single copies of mutated genes,
let's just think about it a little bit. Janet Rowley points out that
when you do have multiple copies in the cell, you see it.
There may be at least two things to consider before we just dismiss
that out of hand. One is if you do have a clone of many cells, each of
which has a single mutation, that you could write a specific sequence.
Although there are assumptions to be made, you may be able to insert
many radionuclide atoms, so there are two amplifications. One is the
number of sites, and the other is the number of decay disintegrations
that take place. Somebody should do a little back-of-the-envelope
calculation before you strike that out. I want to know what the
sensitivity of Mike's probes are going to be in terms of
DR. MENDELSON: I'm troubled with the single base change. As you
said, if you've got a rearrangement, you haven't lost any DNA. It's
just in different places.
DR. ADELSTEIN:
going to work.

I mean eventually the transfer locations are not

DR. MENDELSON: Yes, I agree.
DR. ADELSTEIN: So they do have to have a mutation which was more
than just a single base chain.
DR. MENDELSON: A big deletion is about the best target that
DR. ADELSTEIN: Then how is this going to work even if there are
multiple copies and just a single base change and
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OR. MENDELSON: Amplification, If you have two or three times as
much, you might be able to pick that up, but there are other ways of
dealing with the amplification. It's only tumors that ampT.fy, so
forgive me, because I'm not trying to force you in your own cancer mold.
But, generally, you have a vial of known content, and it's very easy to
figure out the amplification situation. You don't need to go out on a
limb on that. It's not that helpful.
DR. PHELPS: You know, I think actually the point that Bill
Eckelman was making, that 10 years ago when NIH decided to fund these
PET programs to do assays, to do Scatchard and Hill analyses in people,
everybody said, "The calculation is not possible. The concentrations
are too low." And yet people did it. And today, we can do Scatchard
and Hill analyses in vivo in people.
OR. WAGNER: Can 1 clarify my thinking? If you have a disease,,
like thyrotoxicosis, where you're turning over the production of
thyroxine by a factor of 400 percent, you can, indeed, examine the
enzyme, you can examine the substrate consumption, or you can examine
the product. What main piece would you expect to find in messenger RNA
for the hormones that are producing thyroxine in a somatic cell? What
percentage increase? A 500 percent increase in the chemical process?
DR. MENDELSON: Could be a lot, but it could also be tenfold or
something like that. It's a question of how the cells express, how they
function. What you're describing is not amplification.
OR. HOGAN: Amplification talks about the potential amplification
of the number of gene copies in the nucleus as opposed to
DR. WAGNER: You're expressing a somatic question?
OR. HOGAN: Amplification is a very rigorously defined term.
Amplification refers to the number of gene copies as opposed to an
upreguiation of gene expression. The gene could be unaltered, but the
number of copies of the gene might be altered, but you might have
DR. WAGNER: So what term would you use for the process of
increasing the rate of some function?
DR. HOGAN: Transcriptional activation.
DR. WAGNER: What is that?
DR. HOGAN: Transcriptional activation. Here is an example. In
lesions, like wound healing, post-angioplastic healing, for instance,
there is a platelet growth factor beta chain. Prior to that, in the
vascular end of the field there's hardly any of it, nearly nothing.
Zero undetectable messenger RNA levels in growth. But in the 48- or 72hour period after a balloon angioplasty, there is an undefined,
probably, many log increase. One cannot define a ratio because there is
nothing there to detect initially. It goes from nothing to high

153
detectable levels of message for many hours, thereafter, while you're
producing lots of platelet growth factor beta chain.
So, 1 am agreeing with you. 1 think there are any number of
important physiological states where you have quantum changes in the
amount of messenger RNA, except in the amount of protein, and that could
be produced ss a result of any number of things. There the genome
hasn't changed, but there have been dramatic changes in terms of the
amount of protein and other things that are being produced that are
detectable, if you have the right way to detect them.
DR. WAGNER:
DR. HOGAN:

Including the messenger RNA?
I believe so.

DR. ADELSTEIN: We have done a pretty good job of looking at DNA,
at messenger RNA, and we have looked at some gene products. I guess we
would all say if you had a unique intracellular protein, you might be
able to find it. Certainly we have talked about receptors a lot.
Let me just ask to initiate some discussion, somewhere in the
signal transduction field is there some work to be done? For example,
this may not be logical, but I will put it on the table. Suppose we
know that the switch, the on/off switch, is phosphorylation versus
phosphatase activity. Is there a possibility of developing biochemical
markers that would give you a clue as to the on/off condition of
particular cell populations?
This is an area where we have not had any conversation, and I am
not sure that there are areas for exploration here. But I don't think
we ought to forget it. In the conformational changes that take place in
the intracellular signals, like the G-proteins, maybe there is something
there that one ought to think about exploring with particular probes.
I just invite people to think for a moment about that as to whether
there are opportunities here.
DR. WAGNER:

ATPase.

You can probably detect amplification

DR. HOGAN: Again, the word amplification has a particular meaning
in the biology area.
DR. WAGNER: Amplification to people in the nuclear medicine field
means the signal.
DR. HOGAN:

What do you mean, the signal?

DR. WAGNER: If you have an assay for ATPase, you have a marker for
ATPase, and you could detect regional activation from a whole variety of
things, but that doesn't get ATPase. You couldn't detect ATPase until
you have a better way of doing messenger RNA for ATPase.
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DR. KATZENELLENBOGEN: Let me just ask a clarification because
phosphorylation is more than one process, and my understanding is that
it is actually specific.
DR. ADELSTE1N: Well, I am talking about specific--and kinase.
DR. KATZENELLENBOGEN: Okay. If you are talking about specific
phosphorylation events that probably cause small changes in overall
phosphorylation levels in cells, then a general method of detecting
phosphorylation isn't going to be useful.
DR. ADELSTEIN:

I'm asking about specific.

DR. KATZENELLENBOGEN: Okay, then you are going to have to look to
either the protein level or at the RNA level.
DR. HOGAN: And that is done routinely. One can assess the state
of phosphorylation of any particular cellular protein in vitro. It is a
harder thing to do in vivo, I suspect, but the methods are well defined
in biopsy or in cell culture.
DR. KATZENELLENBOGEN: So if there was mRNA for specific kinases
that caused this phosphorylation, that probably would be a much more
unique target to look for.
If there is one thing I have learned from this meeting, it is that
probably human gene-based RNA, mRNA, is reaching the level of technical
evaluation on a very practical level.
DR. REBA: Well, on that point of agreement, we have come to the
time to adjourn. I would sincerely like to thank all the participants,
especially those that presented formally, but really everyone who came
to this meeting to share your thoughts, opinions, and speculations, your
experiences, and your expertise. Those of us who will put this report
together will acknowledge completely your contribution to what all of us
hope will be a useful tool for the OHER Department of Energy.
So let me just say thank you again, and have a safe trip home.
(Applause)
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