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FOREWORD

The ACS Sympostum Sertes was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

TI‘QADITIONAL MEDICINAL CHEMICAL RESEARCH has involved the testing
of drugs on whole animals or isolated organ systems for a desired end result.
The drugs themselves were usually arrived at empirically through screening,
or they represented analogs of compounds previously found to show the
desired activity.

In the new era of medicinal chemistry, drug design is based on the
structure of effector molecules or receptor sites. Thus, cimetidine was
designed to be a specific histamine antagonist, captopril was designed to
inhibit the angiotensin-converting enzyme, and so forth. Using powerful new
developments in immunology, molecular biology, computer modeling, and
recombinant techniques, scientists can study receptor sites from the point of
view of three-dimensional structure and can design antagonists specific to the
action of drugs or transmitter substances at those sites. In particular, the
conformation of biopolymers and their tertiary structures is amenable to
X-ray analysis or other powerful techniques for determining structure.

Many studies report the use of peptide and nucleic acid conformation as
a tool for drug design. Analogs of somatostatin having greater potency and
stability than the prototype have been designed from a model of the
prototype. In one study the design of an affinity label for creatine kinase
demonstrated how such information could be used in the search for agents
directed at an enzyme’s active site.

One series of investigations has shown that a rational, conformationally
based approach to analog design requires supplementary information, over
and above simple sequence data. One tool was the introduction of highly
constrained transannual bridges to construct specific antagonists of active
peptides. In other studies free synthetic peptides have proven to be powerful
reagents for inducing specific tolerance to preselected regions of a protein
and for preparing antibodies having specificities for preselected protein
regions,

In this volume many investigators report on their own studies in
conformationally directed drug design. The common theme of all the
chapters is the importance of the conformational structure of peptide and
nucleic acid in the design of drugs that are either peptide- or nucleic-acid-
based or that interact with peptides or nucleic acids. We anticipate that at the
present rate of progress significant therapeutic advances will result from

ix
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these investigators’ efforts. We are grateful to the authors for their contribu-
tions and for the privilege of collaborating with them on the publication of
this volume.

JuLIus A. VIDA
MAXWELL GORDON
Bristol-Myers Company
New York, New York

January 1984
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Virus—Receptor Interactions

BERNARD N. FIELDS

Department of Microbiology and Molecular Genetics, Harvard Medical School,
and Department of Medicine (Infectious Disease), Brigham and Women’s Hospital, Boston,
MA 02115

MARK I. GREENE
Department of Pathology, Harvard Medical School, Boston, MA 02115

In this discussion we have considered certain
protein-protein interactions determined by the
binding of reovirus hemagglutinin with cell
receptors. A specific epitope on the reovirus
hemagglutinin identified by the G5 monoclonal
antibody is critical for binding reovirus type 3
to cell surface receptors. Monoclonal anti-
idiotypic reagents have been generated which
resemble the virus in terms of its ability to
interact with cell receptors, The monoclonal
anti-idiotype interacts with the monoclonal
antibodies of the G5 neutralization epitope
specificity. This idiotype-anti-idiotype
system mimics the protein-protein interaction
observed with binding of the virus
hemagglutinin to cell surface receptor. Hence
anti-idiotypes are anti-receptor. Such anti-
receptor antibodies might also be used in the
development of vaccines for certain pathogenic
organisms since the anti-idiotypic antibodies
resemble the ligand.

The mammalian reoviruses are segmented double-stranded

RNA viruses (1), Of the various proteins of reovirus, the
hemagglutinin appears to play a predominant role in
determining tropism of the virus for different cell tissues.
This has been appreciated as a consequence for the genetic
analysis of the reovirus serotypes (2). For example,
reovirus type 3 has a tropism for neuronal cells but spares
ependymal cells. Reovirus type 1, on the other hand, has a
tropism for ependymal cells and spares neuronal cells damage
(3). Recombinant viruses have been developed which have all
the genes of type 3 except for the gene encoding the
hemagglutinin of type 1, (this recombinant is termed 3.HAl).
Similarly, viruses have been developed which have all the

0097-6156/84/0251-0001$06.00/0
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2 CONFORMATIONALLY DIRECTED DRUG DESIGN

genes for type 1 except the gene encoding the hemagglutinin
of type 3 (this recombinant is termed 1. HA3). Use of these
viral recombinants has shown that the viral hemagglutinin
specifies tropism for the neuronal and ependymal cells
discussed above.

The hemagglutinin is also a major immunogen in terms of
the immune response (4). The greater portion of the
cytolytic T cell response is directed at the reovirus
hemagglutinin in association with histocompatibility proteins
(5). Thus animals immunized with reovirus type 3 generate
cytolytic T cells which have the capacity to lyse and infect
histocompatibility matched reovirus type 3 infected targets
but not a reovirus type 1 infected target. Similarly, 1.HA3
infected targets are lysed whereas 3.HAl infected targets are
not lysed appreciably. The targets can be protected from
lysis with antibodies directed to the hemagglutinin or by
anti-H-2 antibodies (6).

Antibody response; structural characteristics

At the level of the B cell the antibody response to the
hemagglutinin has been studied in great detail. The response
is markedly oligoclonal with a cluster of HA specific
immunoglobulins with a PI of between 6.9 and 7.1 (7). The
antibody response to the hemagglutinin of type 3 is also
typified by the presence of a structural determinant known as
a shared or cross-reactive idiotypic determinant (Figure 1)
expressed in many of the antibodies with specificity for the
type 3 hemagglutinin. The idiotype has been identified by
rabbit antibodies direct at anti-hemagglutinin
immunoglobulins. The anti-idiotype-idiotype interaction is
inhibitable by free hemagglutinin. Hence the idiotype (see
below) is associated with the antigen conbining site of the
immunoglobulin protein. Hence in the response to
hemagglutinin a homogeneous structurally similar antibody
response is induced (8).

Hemagglutinin topography

A panel of monoclonal antibodies has been developed and used
to analyze various regions of the hemagglutinin (9,10).

Three distinct epitopes have been defined for the reovirus
type 3 hemagglutinin. (Figure 2) One region is important for
neutralization. Similarly, distinct monoclonal antibodies
determine the spatially separate hemagglutinin inhibition
epitope, and other antibodies distinguish a third region
which has not yet been functionally defined. Of interest in
the screening of these monoclonal antibodies was the fact
that one of them, termed G5, expresses similar cross-reactive
idiotypic determinants as antibodies with hemagglutinin
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FIELDS AND GREENE Virus-Receptor Interactions

A IDIOTOPES AND IDIOTYPES B ANTI-IDIOTYPES )
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Figure 1. A general scheme of idiotypes and anti-idiotypes.
Depicted here are immunoglobulin proteins whose antigen~
combining site expresses unique conformations or epitopes,
that are termed idiotopes. A collection of idiotopes
constitute what is termed idiotype. Some idiotypes are
shared by many immunoglobulins with the same antigenic
specificity.

Anti-idiotypes are antibodies with specificity for
idiotypes. The antibodies can be made in the same species or
in other species. Often the interaction of anti-idiotypes to

idiotypes is inhibited by free antigen.
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CONFORMATIONALLY DIRECTED DRUG DESIGN

Neutralization
Region

Non-Neutralization .
Non Hemagglutination Region

Figure 2. Topography of the reovirus hemagglutinin.
Depicted here in this cartoon is a representation of various
domains of the reovirus hemagglutinin. Some domains are
overlapping whereas others are separate and unique from all
the rest. The G5 domain appears to be the most relevant to

the immune response and also for tropism.
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1. FIELDS AND GREENE Virus-Rereptor Interactions

specificity (9). Studies focusing on the G5 region of the
yemagglutinin protein have indicated that this epitope is
important in the tropism of the virus. Immunoselection of
vgriant reoviruses by using G5 antibody has shown that
viruses that resist neutralization by G5 are .ttenuated and
show altered tropism (11).

Monoclonal anti-idjotypes resemble ligand

The network theory of N. Jernme (12) proposes that antibodies
themselves can act as antigens and provoke the synthesis of
anti-antibodies in the host animal. The immunogenic portions
of the antibody molecule as suggested above results from the
structure in and around the antigen combining site and are
referred to as idiotypes. As discussed, immunoglobulims that
recognize these sites are referred to as anti-idiotypes. We
reasoned that if the binding site of the reovirus type 3
hemagglutinin on cell receptors and on antibodies to the
hemagglutinin were similar, antibodies made against the
binding site of ome protein (such as the G5 momoclonal) might
recognize the binding site of other proteins (such as somatic
cell receptors). To test this idea, by repeatedly priming
BALB/c mice with G5 monoclonal cells, we were able to
generate syngeneic monoclonal .nti-idiotype reagents. The
analysis of the interaction of the monoclonal anti-idiotype
binding with the monoclonal G5 antibody revealed that this
interaction was determined through the antigen—-combining
site. When monoclonal anti-hemagglutinin antibodies were
assessed for their ability to bind radiolabeled purified
hemagglutinin protein in the presence of monoclonal- anti-
idiotype, there was marked inhibition (8). Thus, the
monoclonal anti-idiotype and hemagglutinin bind to the same
region of the antigen-combining site of G5 antibodies. This
indicates that the monoclonal anti-idiotype functionally
resembles the hemagglutinin neutralization domain epitope.
We have analyzed further the protein-protein interactions
which are important in viral receptor binding by a variety of
approaches. Many of these approaches have in common the use
of monoclonal anti~idiotype. For example, it has been
possible to show that reovirus type 3 binds to a subset of
murine cells or to a panel of lymphoid lines that have been
maintained in vitro. Exposure of monoclonal anti-idiotype to
the cell lines at the time of exposure to mammalian reovirus
blocks the binding of reovirus type 3 (13). Monoclonal anti-
idiotype is thus capable of interfering with viral
interaction with the mammalian reovirus receptor on these
cell lines. These observations suggest that monoclonal anti-
receptor antibodies might represent a new approach for
preventing virus binding, an event necessary for infection.
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6 CONFORMATIONALLY DIRECTED DRUG DESIGN

Monoclonal anti-idiotypic reagents were also assessed
for their ability to prime for cellular immunity to mammalian
reoviruses. We reasoned that if the anti-idiotype resembled
the viral hemagglutinin enough to recognize the surface
receptors, it might stimulate antibodies that in turn
recognize the viral hemagglutinin, Such a result would
indicate that anti-idiotype could serve as a potential
vaccine (4). In order to evaluate whether the monoclonal
anti-idiotypic reagent could be used as a vaccine in a
syngeneic system, BALB/c mice were immunized with 200
microliters of clarified ascites fluid derived from animals
bearing the anti-idiotypic hybridoma. Animals were
challenged in the footpad 5 days later with virus. Animals
primed with anti-idiotype developed a T cell-dependent
inflammatory response in vivo to mammalian reovirus type 3,
type 1.HA3, and not to type 1 or type 3 HAl. Thus these
results suggest that monoclonal anti-idiotypes resemble the
viral hemagglutinin biologically and might be of use in the
immunization against certain pathogenic agents. (Figure 3)

THE USE OF ANTI-IDIOT YPES AS VACCINES.

A B, )
Anti-ldiotype A‘(‘?
A Resembllng Subcutaneously
Anti-ldi Hemagglutinin (400 pt uscnes/mouse
Idiotype nti-Idiotype
T Cell Mediated Cytoxicity against
_[%: Virus-infected Cells

@‘ T Cell Dependent Delayed Type
Hypersensitivity against Virus

Anti-Hemagglutinin Antibodies

Idiotype Hemagglutinin

Figure 3. The use of anti-idiotypes as vaccines.

The anti-idiotypes in the reovirus system resemble
hemagglutinin neutralization domains. Functionally shown
here is the consequence of administering monoclonal anti-
idiotypic proteins to mice. A variety of reovirus specific

immune reactivities are induced.
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Design of Peptide Superagonists and Antagonists

Conformational and Dynamic Considerations

VICTOR J. HRUBY
Department of Chemistry, University of Arizona, Tucson, AZ 85721

The design of conformationally restricted peptide
analogs can provide a rational approach to peptide
hormone and neurotransmitter analogs as potential
drugs and pharmaceuticals. This requires the deve-
lopment of a conformational model with limited con-
formational alternatives and testing this model
with conformationally restricted analogs. We have
applied this approach to the design of a number of
peptide hormone and neurotransmitter analogs with a
number of useful properties for potential drugs.

1) Conformationally restricted oxytocin analogs
with prolonged in vivo antagonist activities which
can also block prostaglandin release; 2) Highly
conformationally restricted cyclic analogs of
enkephalin which are highly potent and have excep-
tion 6§ receptor selectivity; 3) a-Melanotropin ana-
logs, both cyclic and linear, some with superago-
nist potency, others with superprolonged inm vitro
(days) and in vivo (weeks) activities, and others
which are completely stable to serum enzymes.

Peptide hormones and neurotransmitters are primary agents of com-
munication between different cell types in the body of complex
living systems including man. Thus, analogs of natural peptide
hormones and neurotransmitters with appropriate properties have
exceptional potential as drugs. Despite this potential and the
need for peptide drugs, development has been slow. Why?

In general, a suitable peptide drug should have one or more
of the following properties: 1) it should have high specificity
for a single receptor type; 2) it should be stable in the biolo-
gical milieu; 3) it should have long lasting activity; 4) it
should be highly potent; 5) if possible, it should be orally
active.

Though peptide hormones and neurotransmitters tend to

0097-6156/84/0251-00093$06.00/0
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10 CONFORMATIONALLY DIRECTED DRUG DESIGN

possess very high potency, they generally possess chemical and
physical properties which make rational design of drugs dif-
ficult.

1. Many peptide hormones and neurotransmitters are small,
conformationally flexible molecules. Thus, their conformational
properties are difficult to determine, and the statistical
distribution of their conformations are highly dependent on the
environment. Furthermore, it is difficult to determine which, 1if
any, of the conformations in solution are related to their
biological activity at a receptor.

2. Since peptide hormones and neurotransmitters act as
biological switches, evolutionary development has tended to lead
to peptides which have a short duration of biological activity at
target tissue and which are rapidly degraded in the blological
milieu.

3. Closely related to 1. and 2. are problems related to
events occurring at the receptor. Biological information
transfer for peptide hormones and neurotransmitters appears to
involve two separate but closely related events: a) receptor
recognition or binding; followed by b) biological transduction
leading to activation of the biological response (1-5). In view
of the general properties of the peptides outlined in 1. and 2.,
it 1s difficult to define which of the multitude of confor-
mational properties of the peptide are important to these two
events and other aspects of the biological response. In addi-
tion, biological activities of peptide hormones generally are
mediated by a variety of other allosteric factors (6). Thus, one
must choose well defined assay conditions so that potency values,
efficacy, and other parameters of biological activity can be
meaningfully compared and then utilized for rational structure-
function analysis.

4, Finally, many peptide hormones and neurotransmitters
have a number of physiologically and/or pharmacologically rele-
vant receptors. In general, development of a suitable peptide
drug would require that the analog have high specificity for the
tissue in question so that undesirable side reactions would be
minimized. Furthermore, the conformational and stereostructural
properties of the peptide receptors are generally very poorly
understood and thus, at least for the time being, it will be
necessary to develop design strategies that do not require exten-
sive knowledge of the three dimensional structure of the recep-
tor.

In an effort to overcome some of these difficulties and to
provide the beginnings of a rational approach to the design of
hormone analogs, we have utilized conformational and topographi-
cal restriction of peptide hormone and neurotransmitter struc-
tures. In this approach, we have attempted to make use where
possible of classical structure-function studies, to interpret
the results from these studies in terms of specific confor-
mational parameters which may be involved in the observed rela-
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2. HRUBY Design of Peptide Superagonists and Antagonists 11

tions of structure to biological activity, and from this to deve-
lop a conformational model which can be examined and tested. We
have previously discussed the biological considerations and
bioassay studies which are critical to such an approach (4, 5,
7). 1In particular, we would emphasize the need to obtain y full
dose-response curves and a careful assessment of potency dif-
ferences and efficacy differences based on these full dose-
response relationships. This is critical if one is to develop
insight into those features of structure and conformation which
are critical to receptor recognition and those which are critical
to transduction (Z) Q). Such insight is essential in the deve-
lopment of antagonists, superagonists, etc.

In addition, any rational approach to peptide hormone and
neurotransmitter design must ultimately depend on the application
of physical-chemical principles of conformation and structure,
the use of various spectroscopic methods (especially nuclear mag-
netic resonance, circular dichroism, and Raman spectroscopies,
X-ray analysis where possible, etc.), and an understanding of the
nature of a hormone-receptor interaction in physical-chemical
terms. Here again the use of conformationally restricted peptide
structures 1s critical (4, 5, 7, 9-13). Recently we have
discussed some of the potential advantages of such an approach
(13, 14). Of particular importance for peptide drug design are
the following: 1) receptor specificity can be increased for pep-
tides having several sites of action; 2) increased potency will
result if the conformation relevant to receptor binding is
stabilized; 3) peptides generally will be more stable to enzyma-
tic degradation; 4) conformational and structural features impor-
tant to binding and transduction can be more precisely
determined; 5) appropriate conformational strictions can lead to
inhibitors; and 6) conformational properties determined in solu-
tion are more likely to have relevance to the receptor-bound con-
formation.

In this paper, we will discuss how we have utilized this
approach for a) the development of linear and cyclic melanotropin
analogs which superagonist potency; b) the development of cyclic
enkephalin analogs with high receptor specificity; c¢) the deve-~
lopment of oxytocin antagonists with prolonged in vivo
activities; and d) the development of a-melanotropin analogs with
prolonged in vitro and in vivo biological activities and complete
enzymatic stability.

Development of Conformationally Constrained a-Melanotropin

Superagonists

As discussed above, the development of peptide analogs with high
potency requires an understanding of those features of structure
and conformation which are critical for receptor binding and com-
patible with receptor transduction. Superpotency can result by
maximizing the conformational and stereoelectronic structural
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12 CONFORMATIONALLY DIRECTED DRUG DESIGN

features which are complimentary to biological recognition and
transduction. We believe that some of the a-melanotropin analogs
we have developed are approaching maximum complimentarity.

a-Melanotropin (a-MSH) is a linear tridecapeptide, Ac-Ser-
Tyr-Ser-Met-Glu-His~Phe-Arg-Trp~Gly-Lys-Pro-Val~NH, found in the
pars intermedia of the vertebrate pituitary and in various parts
of the brain. It is the hormone responsible for melanosone
dispersion (skin darkening) and for integumental melanogenesis
(melanin production) (129 lﬁ). In addition, considerable evi-
dence has accumulated that a~MSH is ifmplicated in fetal develop-
ment, in CNS functioning related to attention, facilitated
memory, and other behaviors, in thermoregulation, in sebum pro-
duction and in other activities (16 17). In view of these
interesting activities at diverse re receptor sites, its linear con-
formationally flexible nature, and extensive structure function
studies (lﬁalg)’ we felt that it presented an excellent peptide
to examine by the above approach.

Our starting point was an Interesting, earlier biological
observation that when a-MSH was heat-alkali treated, it led to a
complex diastereoisomeric mixture which was highly active and
displayed prolonged activity (20,21). We hypothesized that race-
mization had resulted 1in specific conformational effects which
were critical to the biological activity of the hormone.
Quantitative characterization of the chemical effects of heat-
alkali treatment (ZZ), conformational considerations (23), and
other considerations led us to suggest that [Nle*,~D-Phe’]-a-MSH
might possess the increased biological potency and prolonged
biological activities associated with th; heat-alkali treated
hormone. 1Indeed, (Table I) [Nle » D-Phe’]-a-MSH was found to be
about 60 times more potent than the native hormone in the frog
skin system, five times more potent than a-MSH in the lizard skin
system, and 25 times more potent than q-MSH in the mouse melanoma
adenylate cyclase assay system (23). These results led us to
investigate whether fragment analogs might retain exceptional
biological potency. We first prepared the analog in which the D-
Phe-7 residue is replaced by the L-amino acid residue, i.e.,
[Nle ]-a-MSH (3, Table I). In the lizard skin assay system, this
analog retains nearly the same high potency of the 1-13 D-Phe-7
analog, but in the frog skin system the compound is only 1/26th
the potency of the D-Phe-7 1-13 analog 2. Interestingly, the
Nle*, 4-13 fragment analog 4 (Table I) is nearly as active as the
Nle~4 1-13 analog 3 in the frog skin system and in the lizard
skin system (gﬁ). These results demonstrate that the N-terminal
tripeptide is important to the potency of a=-MSH in the frog skin
system but is of little importance in the lizard skin system
(24). We then prepared the active site” analogs 5 and 6 (Table
I) (25). Indeed, Ac-[Nle®,D-Phe’]-a-MSH;_1o-NH, {s the Wost
potent linear analog thus far known in the lizard skln system.
Further studies with the 4-11 analogs 7 and 8 (Table I) and the
5-11 analogs 9 and 10 (Table I) (26) illustrate the critical
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2. HRUBY Design of Peptide Superagonists and Antagonists 13

Table I. Relative in Vitro Potencies of a-MSH Analogs on Frog
(Rana_pipiens) Skin and Lizard (Anolis carolinensis)

Skin Assays _

Frog Lizard

Compound Skin Skin

Assay Assay

T. o-W5H 1.0 1.0

2. [Nle",D-Phe’ ]-a-MSH 60.0 5.0

3. [Nle"]-a-MsH 2.3 1.5

4. Ac-[Nle' |-a-MSH;_13~NH, 1.0 1.0

5. Ac-[Nle',D-Phe’ ]-a-MSH;-1o-NH, 0.02 10.0

6. Ac-[Nle' J~a-MSH;_1o-NH, 0.002 0.06

7. Ac-[Nle' J-a-MSH,_ 1 =NH, 0.002 1.0

8. Ac-[Nle',D-Phe’ ]-a-MSH—1-NHy 0.20 8.0

9. Ac-[D-Phe’ ]-a-MSHs_;-NH, 0.01 1.0
10.Ac~a-MSHs._.| 1-NH, 0.0002 0.004

11.1c¥s”, cys'®1-a-tsH 10-1002 ~4.0

12.Ac-[Cs", Cys'®]-a-MSH4_j3-NH, 10-1008 0.6

13.4c-[cfs", CYs'’ ~a-MSH,_ 1 -NH, 0.12 0.12
14.ac-[cfs", ofs' " ~a-MSHy1o-NH, 0.07 0.003
15..Ac~a-MSH;_ 1 o-NH, 0.0003 0.004

8A11 potencies are relative to a-MSH in dose-response assays.
Relative potency = conc. of a-MSH at 50% response/conc. of pep-
tide at 50% response. The cyclic peptides 11 and 12 have much
higher minimal effective dose potencies ¢~10,000) in the frog
skin system.

importance of the 5 and 11 positions to a-MSH potency in the frog
system and the relative unimportance of the 11 position to the
lizard system in some cases but not others.,

As discussed previously, the biological results with the
D-Phe-7 analogs in frog skin system suggested to us that the very
high potency of these analogs had their basis in specific confor-
mation features. Since our goal has been to develop a confor-
mational model consistent with the blological activity data and
then to test this model by appropriate conformational restric-
tions, we decided to examine this approach in the frog skin
system. Important considerations were the following: 1) as pre-
viously mentioned, we considered it likely that residue 7 directs
the correct biologically active conformation at the frog skin
receptor system; 2) sinceigramino acid residues in peptides can
stabilize reverse turn conformations (27), we hypothesized that a
reverse turn in the vicinity of the Phe-7 position might stabi-
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1ize the biologically active conformation; 3) application of con-
formational calculations and Chou and Fasman analysis (28) of
conformational tendencies suggested that the tetrapeptide
fragment Higs-Phe-Arg-Trp in a-MSH had a reasonable tendency to
exist in a reverse turn conformation (23) 4) structure-function
studies suggested a conformational proximity between the Lys-11
residue and some structural molety in the central region of a-MSH
(perhaps Glu-5 or His-6); 5) model building indicated that coa-
formations of a-MSH could be built which incorporated the Phe~7
residue as part of a g-turn, a C7 turn, or a y-turn. A schematic
representation of the proposed reverse-turn bloactive confor-
mation of a-MSH at the frog skin receptor is shown in Figure 1.

From the above considerations and model building, we
observed that Met-4 and Gly-10 were in reasonable proximity of
one another 1ia several conformations. Furthermore, we wished to
prepare a cyclic analog to test our model, and noted that re-
placement of the Met-4 (side chain = —CH -CHZ-S-CH3) and Gly-10
(side chain = H) residues by a Cys4 Cys bridged cyclic
disulfide residue (side chains = —CHp-S-S-CHy-) would correspoad
to a "pseudo-isosteric” replacement. Thus we prepared [CE",
Cyslol-a-MSH (11, Table I) and found that it was a superagonist
in both the frog skin and lizard systems. For example, we have
obtained biological activity at concentrations as low as 10-15
molar (about 10,000 more potent than a-MSH) (28). However, the
responses are variable and true dose-response curves are only
seen in the 10~13y to 1010y range. The reasons for this potency
variability relative to a-MSH are unclear, but may reflect
variations in compartmentalization and/or receptor sensitivity
which may be variable with season and from animal to animal.
Interestingly, the cyclic 4~13 analog 12 (Table I) retains its
superpotency in the frog skin but not the lizard skin systems.
The 4-10 cyclic analog 14 (Table I) is quite inactive in both
systems, but relative to the linear pseudo-isosteric analog 15
much more 8o in the lizard skin system (29). Addition of Lys-11
to the cyclic 4-10 analog to give analog 13 leads to a large

increase in potency in the lizard but not the frog skin system
(30).

Development of Cyclic Enkephalin Analogs with High Receptor
Specificitz

Examination of the data in Table I and other data not reported
here provides evidence that conformation restriction (in this
case cyclization) favors specificity at one physiological recep-
tor type over another. For example, in the cyclic 4-13 analog
(12, Table I) about a 60-fold relative specificity preference for
the frog skin system 1s seen, but it 1s actually more than that
due to the 5~ to 10-fold greater absolute potency of a-MSH in the
frog skin system.

In our investigations, we were anxious to examine the possi-
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HN Va \ N\> Phe
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Figure 1. Schematic representation of a proposed
reverse turn conformation of a~MSH at the frog
skin receptor. Reproduced with permission from
Ref. 50. Copyright 1982, Zoological Society.
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16 CONFORMATIONALLY DIRECTED DRUG DESIGN

bility that conformational restriction could lead to high recep-
tor selectivity in other systems. The enkephalin molecules,
[Met>]~enkephalin (H-Tyr-Gly-Gly-Phe-Met-OH) and [Leu’]-
enkephalin (H-Tyr-Gly-Gly-Phe-Leu~0OH) seemed particularly
intriguing from several viewpoints. First, since their discovery
and structure determination (31), they have been studied exten-
sively for their structure-aéfi@ity relationships and virtually
all analogs have been linear peptide. Conformational properties
have been examined using almost exclusively the native hormones
and linear analogs. Not surprisingly, there are many con-
flicting models of solution and receptor-bound geometries (for
recent reviews see 32,33). Second, these peptides appear to
interact with several subclasses of opoid receptors, the most
commonly accepted being the mu (p), delta (§), and kappa (k)
receptors (34-36). The physiological roles for these receptors
are not well understood. Third, structure-function studies had
not led to many reported analogs with high receptor selectivity.
Therefore, we decided to investigate the possibility of deve-
loping cyclic, conformationally-restricted enkephalin analogs
which would possess high receptor selectivity.

On examination of the structures of the enkephalin and the
structure-activity relationships published by late 1980, we were
struck by two observations. First, highly potent enkephalin ana-
logs could be prepared by substituting Gly-2 by a large variety
of D-amino acids, and Met-5 (or Leu-5) could be replaced by a
large variety of L- or D-amino acid and lead to a potent enkepha-
lin analog. Second, the Gly-2, Met—~5 combination is highly remi-
niscent of the Met-4, Gly-10 situation in a-MSH.

Examination of the literature revealed that Sarantakis had
prepared and patented [D-C§s2 L-C}s J-enkephalins (37), and
shortly thereafter Schiller and co-workers also prepared these
compounds and examined extensively their biological activities
(38). 1In previous studies with oxytocin antagonist analogs (see
below), we had demonstrated (}_ 4,7,10,39) 39) that increased rigidity
rings if half-cystine 1s replaced by half-penicillamine. These
considerations led us to prepare a number of D-Pen-2, D(L)-Cys=-5
cyclic enkephalinamide (40) and enkephalin (Al) analogs
(compounds 18-21, Table II). These compounds turned out to have
considerable § receptor selectivity as measured by comparison of
inhibitory potencies in the guinea pig ileum (p receptor) vs.
mouse vas deferens (§ receptor), and receptor binding affinities
in the rat brain (Table II). Examination of the D-Cys-2,
D(L)-Pen-5 cyclic enkephalins 23 and 22 (Table II) showed they
retained high § selectivity in the former assay, but less so in
the latter assay (42).

These results led us to prepare the bis—penicillamine cyclic
analogs 24 and 25 (Table II). These highly conformationally
restricted cyclic analogs are extraordinarily § receptor specific
(43), being more selective than any previously reported § selec-
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tive analogs. Conformational analysis of these analogs should
provide critical insight into the biologically active confor-
mation of enkephalins at § receptors, and aid in the further
development of § selective enkephalin agonists and antagonists.
In addition, we are beginning to unravel the physiological signi-
ficance of § receptors. For example, we have recently
demonstrated, using the § selective analog 20 (Table II), that §
receptors in the brain can mediate analgesia but do not affect
gut transit, while in the spinal cord § receptors appear to
affect both functions (44).

Development of Conformationally Constrained Oxytocin
Antagonists with Prolonged in Vivo Activities

We have extensively investigated the conformation-activity rela-
tionships of oxytocin (H—Cfs-Tyr-Ile-Gln-Asn-C}s-Pro-Leu-Gly-NHz)
antagonists based on the antagonist [Penl ]-oxytocin (4,5,7). On
the basis of these studies, we have proposed a conformational
model for antagonist activity (4,5,7), and suggested the confor-
mational and dynamic features of these analogs critical for
binding and for preventing transduction (5,7). A key result was
our finding from NMR, CD, and Raman studies that the geminal
dimethyl groups of the Pen-l residue greatly stabilized the con-
formation of the 20-membered ring and the disulfide dihedral
angle at about 115° with a right-handed chirality. Furthermore,
it was found that the side chain moieties at positions 2 and 5
are restrictéd such that one or both side chains cannot orient
over the 20-membered disulfide-containing ring. Recently, we

have concentrated our efforts in two directions. The first is
directed toward testing and refining our conformational model for
Pen—~1 analogs and to improve their antagonist potency. This
aspect of our work will not be discussed. The second 1s directed
toward developing antagonist analogs with prolonged in vitro and
in vivo biological activity. Most previous apptoaches to prolong
the blos bioactivity of peptide hormones or neurotransmitters have
involved the use of D~amino acids, N-methylamino acids, or N or C
terminal blocking groups. We have suggested (44) that prolonga-
tion of biological activity might also be a receptor-related
event, and therefore may be a function of structural and confor-
mational features of the peptide important to the receptor-~
hormone complex in the transduced (biologically active) state, or
to a bound complex in a non-biologically active (inhibitory)
state. If this hypothesis has merit, it should be possible to
design conformational and dynamic features into a molecule which
are primarily important to the transduced state for an agonist or
the non-biologically active but bound state for an inhibitor.

Our approach to testing this hypothesis and developing oxy-
tocin antagonists with prolonged in vivo activity has been to
further restrict the conformations of side chain groups at posi-~
tions believed to be important for binding in the antagonist
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bound state. Earlier observations led us to investigate modifi-
cations of side chain groups at positions 4, 7, and 8 in conjunc-
tion with 1lipophilic residues in position 2. The results of some
of these studies are summarized in Table III. As previously
reported (45), the use of a B~branched amino acid Thr at position
4 of Pen-1 oxytocin analogs increases their potency (31, Table
III) as does the Phe-2 substitution (33, Table III). The
dehydroproline analog 32 (Table III) is considerably more potent
an antagonist than [Penll-oxytocin but when used in conjunction
with the Phe-2 and Thr-4 substitutions produces a slightly less
potent antagonist analog 34 than the analog with a Pro in posi-
tion 7 (33, Table III). However, when the ornithine-8 substitu-
tion first introduced by Manning and co-workers (46) was used in
conjunction with the Thr-4 substitution, a series of analogs were
obtained with exceptionally prolonged in vitro and in vivo acti-
vities. As we previously suggested (fjj'these results also sup-

Table III. Antagonist Potencles of Oxytocin Analogs in the Rat
Uterus Assay

Compound pAgd

29. [Pen’ Joxytocin 6.86

30. [Penl,LeUZ]Oxytocin 7.14

31. (Pen!,Thr" Joxytoctin 7.55

32. [Penl,Aa'“Pto7]0xytoc1n 7.11

33. [Penl,Phez,Thr“]Oxytocin 7.68

34. [Penl,Phez,Thr“,AQ#Pro7]0xytoc1n 7.5b

35. [Penl,Phez,Thr“,A%#Pro7,0rn8]0xytoc1n A 7.5bs¢ prolonged
36. [Penl,Tyr(OHe)z,Tht“,0tn8]0xytocin prolongedbs¢

37. [Penl,Phe(Me)z,Thr“,Ornaloxytocin prolongedb’c

8pA, values represent the negative log to the base 10 of the
average concentration (M) of an antagoaist which will reduce the
response of the uterine horn 2X units of pharmacologically
active compound (agonist) to X units of the agonist.

bRockwny, T.W.; Ormberg, J.; Chan, W.Y.; Hruby, V.J., unpublished
results.

CThese compounds have very prolonged (minutes to hours) in vitro
and in vivo antagonist activities. In some cases (compounds

and 37) it was not possible to obtain even an estimate of the in
vitro antagonist potencies (pAz). In other cases (compounds
34,35) the estimates are lower limits and represent only esti-
mates since due to the prolonged activity, true equilibrium
measurement cannot be made.
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port the idea that the binding mode of antagonist analogs to oxy-
tocin receptors is different than oxytocin agonists. This 1is

particularly relevant in this case since in the agonist series,
substitution of Leu-8 by Orn—-8 leads to a large decrease in ago-
nist potency. Moreover, we believe these results provide support
for our hypothesis that structural and conformational features
can be designed into an antagonist molecule that are unrelated to
receptor recognition (binding potency), but rather are related to
specific features related to the peptide-receptor complex in its
inhibitory state. We currently are examining the conformational
features which may be important for prolonged activity. Further
impetus for these studies have been provided by our findings that
compounds 31 and 33 (Table III) have antiprostaglandin-releasing
effects in pregnant rats and pregnant human myometrial tissue
(47,48). Clearly, long-acting analogs have great potential as
tocolytic agents for the treatment of preterm labor.

Furthermore, we believe that our hypothesis regarding design of
antagonist analogs with prolonged activity offers a potentially
useful approach to peptide drug design.

Development of a-Melanotropin Analogs with Prolonged In Vitro
and In Vivo Biological Activities

As discussed earlier, heat-alkall treatment of a-MSH results in a
complex diastereoisomeric mixture which displays prolonged acti-
vity. One might anticipate that this prolonged activity would
simply be the result of the presence of peptides with D-amino
acids. However, our hypothesis that prolongation may also result
from structural and conformational properties of the peptide when
it is part of the peptide-receptor complex, prompted us to
investigate the conformational and structural requirements for
prolongation of a-MSH activity. We reasoned that if our hypothe-
sls were correct, prolongation should be manifested in two dif-
ferential effects: 1) there should be no necessary relationship
between potency and prolongation of activity; and 2) prolongation
for a particular analog need not be manifested at all physiologi-
cal receptors for the hormone. Our recent results fully support
these 1ideas.

For reasons discussed earlier, we predicted that
[Nle4 ,D-Phe/]-a-MSH, 2 (Table I), would have prolonged activity
in addition to 1its superpotency. Indeed, this was the case in
the in vitro frog and 1izard skin bioassays systems. Thus, when
the skins exposed to the analog were thoroughly washed with
melanotropin~free Ringer solution and then incubated in peptide-
free assay medium, the skins remained dark for several hours
(23). Similar treatment of the skins which had been darkened
with the native hormone led to rapid return to the light unstimu-
lated color. We next examined whether prolonged effects could be
observed in vivo. A single injection of 2 into frogs (Rana
pipiens) Ted to skin darkening for several weeks (49) (Figure 2).
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A remarkable aspect of this skin darkening was that over this
long time there was only a small amount of skin lightening,
suggesting that there was little loss (down regulation) of
receptor-hormone complex during this time period. Morphological
examination revealed that the vast majority of skin darkening was
due to melanocyte dispersion, a direct receptor-related event.
These findings suggest that [Nle ,D—Phe7]-a-MSH binds to its
receptors in a non-reversible manner in the transduced state, or
that it produces a receptor system which 1is "frozen" in the
transduced state. This peptide should provide a powerful tool
for studying the transduced state of the melanotropin receptor
system. In fact, we have already used this analog to demonstrate
the absolute requirement for Ca’? for transduction in the lizard
skin system (49).

These results led us to investigate the relationships bet-
ween biological potency and prolonged activity, the structural
and conformational requirements of prolonged activity, and the
differential requirements for prolongation in the frog and lizard
systems. Some results are summarized in Table IV, and
demonstrate a number of points. First, there is no obvious rela-
tionship between biological potency and prolongation of blologi-
cal activity., This is particularly clear in the frog skin system
where highly potent analogs (2, Table IV) show prolonged acti-
vity, but so do very weak analogs such as Ac~[Tyr*]-a-
MSH;_)o-NHy (38, Table IV) (26). On the other hand, the rela-
tively potent 4-10 «-MSH analog, Ac-[Nle“,D—Phe7]-m-HSH4-10-NH2
(5, Table IV), produces only minor prolongation of activity in
the frog skin system (25). However, the 4-11 analog 8 (Table IV)
has the same extraordinary prolonged activity of the full 1-13
Nle-4,D-Phe~7 analog 2.

As for the importance of conformational restriction to pro-
longation, thus far we have examined only the 1-13 and 4-13
cyclic analogs 11 and 12 in the frog system (Table IV). These
highly potent analogs have minimal prolonged in vitro acti-
vity (28). From this study it appears quite certain that the
structural and perhaps conformational requirements for potency
(receptor recognition) are different than the requirements for
prolongation. We believe these results support our hypothesis
that prolongation of blological activity is amenable to design
based on structural and conformation consideration. Two other
pertinent observations support this conclusion. First, prolonga-
tion activity for a particular hormone at a particular receptor
type does not necessarily lead to prolongation at another recep-—
tor. This 1is most flearly 1llustrated by two examples in Table
1v. Ac-[Nle“,D—Phe ]-a-MSH4-10~NHy has extended prolonged acti-
vity in the 1lizard system but is barely prolonged in the frog
system. On the other hand, Ac-a-MSHs.)}-NH, has prolonged acti-
vity in the frog system but has no prolonged activity whatsoever
in the lizard receptor system. Clearly, these two physiologi-
cally similar receptor systems have quite different structural
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and probably conformational requirements for prolonged biological
activity. Secondly, one might suggest that prolongation of
biological activity 1is primarily a function of enzymatic stabi-
11ty of these analogs. We have examined the stability of these
compounds to serum enzymes and to trypsin and chymotrypsin as
measured by their biological activities. We have found, for
example, that all D-Phe-7 a~melanotropin analogs are stable to
these enzyme systems. Yet the D-Phe-7 analog Ac-[D-Phe J-a-MSHs5.
11~NH, does not have prolonged activity at either the frog or the
lizard receptor system.

Conclusions

In our research over the past several years we have attempted to
utilize chemical and physical principles related to conformation
and structure to develop a rational approach to the design of
blologically active peptide hormones and neurotransmitters. It
is critical in this approach that intensive biologlcal data over
the full dose-response range be available so that critical evalu-
ations can be made of those conformational and stereostructural
features related to recognition (binding), transduction
(bilological activity) and prolongation (long term biological
response). Conformational restriction via covalent cyclization,
transannular steric effects, side chain rigidization, backbone
conformational stabilization, etc. are applicable for such stu-
dies. The success of any such endeavor will depend ultimately on
the careful and synergistic utilization of the biological assay
data and physical-chemical studies of the coanformational and
dynamic properties of the native hormone and well chosen analogs.
The development of this approach is clearly in its infancy, but
it appears to have considerable potential for future development.
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Localization and Synthesis of Protein Antigenic Sites

Use of Free Synthetic Peptides for the Preparation of Antibodies
and T-Cells of Preselected Specificities

M. ZOUHAIR ATASSI
Department of Biochemistry, Baylor College of Medicine, Houston, TX 77030

Intensive research in the author's laboratory
had culminated in the determination and synthesis
of all the antigenic sites of myoglobin in 1975 and
of lysozyme in 1978 and more recently those of serum
albumin and of human hemoglobin. These investiga-
tions provided the first unique insight into the
molecular features responsible for the immune
recognition of protein antigens and the factors
which determine and regulate the antigenicity of the
sites. But moreover, these studies have charted
chemical strategies for investigation and synthetic
duplication of protein binding sites. Furthermore,
the concept of 'surface-simulation' synthesis,
introduced and developed during determination of the
antigenic structure of lysozyme, has provided a
dimension of unlimited versatility for the synthetic
mimicking of any type of protein binding sites.
Binding sites representing other protein activities
(including antibody combining sites) have been
mimicked synthetically in our laboratory by this
concept.

Recently we have shown that synthetic peptides
can be successfully employed in their free form for
the preparation of antibodies {both polycltonal and
monoclonal) with specificities to preselected
protein regions. Antibodies can even be prepared
against regions that are not antigenic, when the
native protein is used as immunogen, by immunization
with the appropriate free synthetic peptide. Free
synthetic peptides have also proved to be powerful
reagents for preparation of T-cells of preselected
specificity and for inducing specific tolerance to
preselected regions of a protein. These immunogenic
properties should afford important and simple tools
for basic immunological investigations and, in
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disease related antigens and invasive agents (e.g.,
viruses, bacteria, toxins, allergens, etc.), for
therapeutic and diagnostic purposes.

Localization and Synthesis of Protein Antigenic Sites

Introduction

The first step in the biological activity of a protein involves
binding with a target molecule to form a complex. This complex
could be transient (e.g. enzyme-substrate complexes) or extremely
stable (e.g. haptoglobin-hemoglobin complex) or anywhere between
these two extremes. Most of the approaches for studying protein
binding sites have been 1imited to observing the site (e.g.
affinity labels, nuclear magnetic resonance, x-ray crystallo-
graphy). Our efforts have been focused not only on observing
protein binding sites but on devising strategies for synthetic
mimicking of the sites. The ability to synthetically mimic
protein activities affords the potential for manipulation of
these activities.

The first protein binding sites to be precisely delineated
chemically and then synthesized were the antigenic sites of
sperm-whale myoglobin (Mb) (1). The great majority of antigens
associated with immune disorders and invasive agents (viruses,
bacteria, allergens, toxins, etc.) are attributed to protein
molecules. Thus knowledge of the molecular features responsible
for the antigenicity of proteins 1ies at the basis of understand-
ing in molecular terms the cellular events of the immune re-
sponse. Furthermore, charting a strategy for such undertakings
will be critical for the ultimate manipulation of these func-
tions. Localization and synthesis of antigenic sites on invasive
agents should afford valuable synthetic vaccines (2) which will,
in principle, be expected to have 1ittle or no side effects.

The elucidation of the entire antigenic structure of a
protein had frustrated many attempts because of considerable
chemical and technical problems and these have already been dis-
cussed by this author in detafl (1,3). It was not until 1975
that the first complete protein antigenic structure was precisely
determined (1). In fact, studies in this laboratory have given
the first protein antigenic structures to be determined in their
entirety. These were the antigenic structures of Mb in 1975 (1)
and of hen egg lysozyme in 1978 (4). Also, we have recently
localized and synthesized all the antigenic sites of the a- and
g-chain of human adult Hb (5-7) and the major antigenic sites of
serum albumin (8-11). Our determination of the antigenic
structure of Mb answered many questions relating to the molecular
{mmune recognition of native proteins with surprising accuracy
(1). These conclusions were soon confirmed with lysozyme (4) and
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have since become established concepts that have been confirmed
with a variety of other proteins.

This article focuses mainly on the immunology of proteins
whose complete antigenic structures have been chemically local-
fzed and synthetically confirmed. These are Mb, 1ysozyme, Hb and
serum albumin. The antigenic sites of many other proteins are
now being investigated.

Chemical Strategy for the Determination and Synthesis of Anti-
genic Sites

a. General Chemical Strategy

The antigenic structure of a protein cannot be determined by the
exclusive application of a single approach. A strategy was,
therefore, developed (12) which relied on five approaches. - This
strategy enabled the precise determination of the entire anti-
genic structure of Mb (1) and was subsequently equally as effec-
tive in scoring a similar achievement with lysozyme (4). These
approaches were: (1) to study the effect of conformational
changes on the immunochemistry of the protein; (2) to study the
immunochemistry and conformation of chemical derivatives of the
protein, specifically modified at appropriate amino acid loca-
tions; (3) to isolate and characterize immunochemically-reactive
fragments that can quantitatively account for the total reaction
of the native protein; (4) to study the effect of chemical modi-
fication at selected amino acid locations on the immunochemistry
and conformation of immunochemically reactive peptides; (5) after
narrowing down each of the antigenic sites by approaches (1-4)

to a region of conveniently small size, the final delineation
would rely on studying the immunochemistry of synthetic peptides
corresponding to many overlaps around this region. It is criti-
cal to note that each of these chemical approaches has advantages
as well as shortcomings (1,3,13). It is also necessary to stress
here that none of these approaches by itself is capable of yield-
ing the full antigenic structure. We invariably used the results
from one approach to confirm and/or correct those from the
others.” The complete structure is a composite, logical coordi-
nation of all the information.

It should be noted that the above strategy, although first
employed in the delineation of protein antigenic sites, is
applicable, with appropriate adaptations, to the precise delinea-
tion and chemical synthesis of other types of protein binding
sites. The introduction of the concept of surface-simulation
synthesis (14,15) has provided a methodology by which in prin-
ciple any type of protein binding site can be mimicked syntheti-
cally after careful chemical characterization.
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b. Comprehensive Synthetic Approach for Continuous Antigenic
Sites

The study of overlapping peptide fragments is a key approach in
the delineation of protein antigenic structures (12,1). This
approach, when systematically employed, can yield vaTuable infor-
mation on the number and locations of antigenic sites and their
relative contributions to the total protein activity. In prac-
tice, however, this approach has severe shortcomings (13). These
include the relatively 1imited number of reproducible cTeavage
procedures for proteins, the inadvertent scission within an anti-
genic site usually affording inactive or only slightly active
peptides, the chemical modification freguently occurring at
internal locations within a chemical-cleavage fragment and any
traces of contamination of an isolated peptide. Furthermore, the
distribution of residues whose peptide bonds are potentially sus-
ceptible to cleavage in the protein does not permit the desired
overlapping peptides to be obtained. These were indeed the
reasons why the strategy developed for the determination of
protein antigenic structures employed five distinct chemical
approaches (12,1).

In spite of the complexity of each chemical approach, how-
ever, the molecular details of the antigenic sites of Mb and 1y-
sozyme were derived (1) by such a strategy and have been immense-
1y valuable in furthering our comprehension of immune recognition
processes. As will be seen in the following sections, the anti-
genic sites of Mb and lysozyme consist of discrete surface por-
tions of their respective native molecules. Each site comprises
five to seven amino acid residues that come into close proximity
either through direct peptide 1inkage, such as the 'continuous’
antigenic sites of Mb (lg, or in a more complex manner, through
polypeptide-chain folding, such as the 'discontinuous' sites of
1ysozyme (1). In view of the structural alternatives in their
architecture (continuous or discontinuous sites; ref. 16), the
determination ab initio of the antigenic structures of other
proteins should anticipate both alternatives. The logical pro-
gression, therefore, is first to localize and characterize the
more readily identifiable continuous antigenic sites, with
attention later paid to discontinuous sites.

Any approach that could facilitate the localization of
continuous antigenic sites would certainly diminish the overall
effort required for complete immunochemical characterization.
Thus, with this goal in mind, and in order to circumvent the
aforementioned problems and render the determination of protein
antigenic structures more feasible within a reasonable time, we
have devised (5) a novel comprehensive synthetic approach design-
ed to yield the full antigenic profile of the protein under study.
This approach consists of the direct synthesis and examination
of the immunochemical activities of a series of overlapping pep-
tides having uniform size and overlaps and that encompass the
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entire primary structure of the protein, from the beginning to
the end. We have employed this approach to determine the anti-
genic sties on the a- and g-chains of human adult Hb (5-7).

Comparative Analysis of Protein Antigenic Structures

Derivation of the antigenic structures of Mb and lysozyme in each
case spanned numerous publications. A concise review of our
determination of the antigenic structure of Mb has appeared (1)
and a very comprehensive account of the derivation has also been
published (3). The climax of our studies on the antigenic
structure of lysozyme can be found in the.papers dealing with the
synthesis of the three antigenic site of lysozyme (14,15,17-19)
which quantitatively accounted for its entire antigenic reactiv-
ity and the work has already been reviewed (4). The main fea-
tures of the antigenic structures of Mb (Figures 1 and 2) and of
lysozyme (Figures 3-5) will be outlined very briefly below.

Also, the antigenic sites of the a-chain of Hb (6), and the six
major antigenic sites of serum albumin (8-11) (FTg. 7) will be
given,

Myoglobin has five antigenic sites, each comprising a con-
formationally distinct continuous surface region of the polypep-
tide chain, and are situated on: (Site 1) residues 16-21 + 1 or
0 residue on one side only of this segment depending on the anti-
serum. This antigenic site exhibits a certain degree of "shift"
or "displacement” and minor variability in size (1imited to # 1
residue only) from one antiserum to the next. Its location in
the three-dimensional structure is on the bend between helices A
and B: (Site 2) residues 56-62, on the bend between helices D
and E. This antigenic site has exhibited no variablity in size
with the antisera so far studied; (Site 3) residues 94-99 on the
bend between helices F and G; (Site 4) residues 113-119, on the
end of helix G and only part of the bend GH; (Site 5) residues
146-151 (+ lysine 145 with some antisera). This antigenic site
is situated on the end of helix H and part of the randomly-coiled
C-terminal pentapeptide. The covalent structures of the five
antigenic sites are shown in Figure 2.

The findings that purely conformational changes in Mb will
influence its reaction with antisera to the native protein (20,21)
and the immunochemical results on numerous peptide fragments have
enabled us to conclude (20) that the antibody response is direct-
ed against the native three-dimensional structures of proteins.
These conclusions, initially derived with early course antisera
were shown, in more recent studies from this laboratory (22) to
apply to antisera obtained up to a year after the initial {mmuni-
zation.

Through the application or appropriate adaptations of the
general chemical strategy outlined above, we found that lysozyme
has three antigenic sites, each constituting spatially adjacent
residues (which are otherwise distant in sequence) that occupy a
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Figure 1. A schematic diagram showing the mode of
folding of Mb and its antigenic structure. The solid
black portions represent segments which have been
shown to comprise accurately the antigenic sites of
the protein. The striped parts, each corresponding to
one amino acid residue only, can be part of the
antigenic sites with some antisera. The dotted por-
tions represent parts of the molecule which have been
shown exhaustively to reside outside antigenic sites
(1).
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Site 1:

Site 2:

Site 3:

Site 4:

Site 5:

15 16 21 22
(A1a)-Lys-Val-Glu-Ala-Asp-Val-(Ala)
56 62

Lys-Ala-Ser~Glu-Asp-Leu-Lys

94 99 100
Ala-Thr-Lys-His-Lys-11e-[Pro]

113 119 120
His-Val-Leu-His-Ser-Arg-His-[Pro]

145 151
(Lys)-Tyr-Lys-Glu-Leu-Gly-Tyr

Figure 2. Structure of the synthetic Mb peptides
representing the five antigenic sites of Mb (1). The
residues in brackets are not actual parts of the
antigenic sites (in the case of sites 3 and U4, a
C-terminal proline residue was added for ease of

synthesis).

Residues in parentheses are not required

as part of the antigenic sites in all antisera.

In Conformationally Directed Drug Design; Vida, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1984.



36 CONFORMATIONALLY DIRECTED DRUG DESIGN

discrete area on the surface topography of the protein (for
review, see ref. 4). Although we had proposed the existence of
this type of protein antigenic site quite early (23), we sub-
sequently found that they did not exist in Mb (1) and it was in
lysozyme that the first such sites were identified (14). The
need for the chemical verification of such sites led us to intro-
duce (14,15) the concept of surface-simulation synthesis. By
this concept, the spatially adjacent surface residues constitut-
ing a protein binding site are 1inked directly via peptide bonds
with appropriate spacing and directionality. Our introduction
of the concept of surface-simulation synthesis enabled us to
precisely delineate, and chemically synthesize, the three anti-
genic sites of lysozyme (for review, see ref. 4). Furthermore,
surface-simulation synthesis afforded a powerful new concept in
protein molecular recognition that provided for the first time a
novel and versatile chemical strategy for the synthesis of any
type of protein binding sites (14,4,24,25).

The highlights of the antigenic structure of lysozyme are
outlined here. Native 1ysozyme has three antigenic sites (4).
The identities of the sites are shown in Figure 3 and their loca-
tions in the three-dimensional structure of lysozyme can be seen
in Figures 4 and 5.

Determination of the antigenic structures of Mb and lysozyme
has permitted the definition in precise molecular terms of the
antibody recognition of protein antigens. Many of the general
conclusions relating to antigenic structures of proteins which
we had derfived from the precise definition of the antigenic
structure of Mb (12,1) are applicable to lysozyme equally as well
(4). These include:™ The small size and sharp boundaries of the
antigenic sites, their presence only in a limited number, their
surface locations, their sensitivity to changes in the conforma-
tion and to changes in the environment of the site (e.g. amino
acid substitutions in nearby residues), their independence of the
immunized species and the variation of their immunodominancy with
the antiserum and many other features. For a detailed discussion
of these general conclusions, see refs. 1 and 3).

The sizes of the 1ysozyme antigenic sites Tn their extended
forms (Figure 3) are 30, 27, and 21 A, respectively (4). These
resemble the dimensions of the extended antigenic sites of Mb
(Figure 2) which range between 19 and 23 R (1). Since the anti-
genic sites of a protein are not in the extended form, the actual
dimensions of the sites in their folded shapes will be smaller
than the values given. Nevertheless, the sizes of the antibody
combining sites needed for binding with antigenic sites on either
of the two proteins will have to be somewhat larger than the com-
bining sites found for haptens by X-ray crystallography (26,27).

Examination of the antigenic sites of lysozyme reveals that
they are very rich in basic amino acids. This was also seen in
Mb, but we caution against premature generalizations. Obviously,
interactions with antibody are predominantly polar in nature (as
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Site 1
128 ] 7 4 13
Constituent residues: Arg Arg Glu Arg Lys

——0.93—1+—0.58—>} +———1.05 —>1«0.45>!

« 3.0t >

Synthetic site: Arg—Gly—Gly—Arg—Gly—Glu—Gly—Gly—Arg—Lys

e— 3.26 >
Site 2
62 97 9% 93 89 87
Constituent residues: Trp Lys Lys Asn Thr Asp
14— 0.71—>1<0.4]1510.56>40. 5 1»4<0. 54+
: 2.713 >
Synthetic site: Phe—Gly— Lys—Lys—Asn—Thr—Asp
e 2.16 >
Site 3
16 113 114 34 33
Constituent residues: Lys Asn—Arg Phe Lys
1<0.5 >E<0.4>§<—0.8—+§<;0.4+§
e 2.1 —
Synthetic site: Lys—Asn— Arg—Gly—Phe—Lys
le 1.8 ]

Figure 3. The three antigenic sites representing the
entire antigenic structure of lysozyme. The diagram
shows the spatially adjacent residues constituting
each antigenic site and their numerical positions in
the primary structure. The distances (in nm) separat-
ing the consecutive residues and the overall dimension
of each site (in its extended form) are given,
together with the dimension of each surface-simulation
synthetic site. The latter assumes an ideal C -to-C
distance of 0.362 nm. The precise boundary,
conformational, and directional definitions of the
sites are described in the text. The three sites
account quantitatively for the entire (96 to 100%)
antigenic reactivity of lysozyme.

Reproduced with permission from Ref. 75.
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Figure 4. Photograph of a lysozyme model showing the
relative positions of the residues constituting
antigenic sites 1 and 2. The side chains of the
residues in the sites are outlined, those making up
site 1 are speckled areas, while those constituting
site 2 are shown as dotted areas to avoid confusion.
The preferred direction of site 1 (at least by
surface-simulation synthesis) is Arg-125 to Lys-13.
Site 2 also had a preferred direction (Trp-62 to
Asp-87).

Reproduced with permission from Ref. 75, as modified
from color in Adv. Biol. Med., 1978, 98, 41.
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.4k

Figure 5. Photograph of a lysozyme model showing the
position of antigenic site 3 on the molecule relative
to sites 1 and 2. The side chains of the residues
comprising the sites are outlined. The residues
constituting site 3 are shown as striped areas. This
view is taken by rotating the model 125° anticlockwise
on the vertical axis relative to the view shown in
Figure 5. From this perspective only parts of site 1
can be seen, which are the residues Lys-13, Arg-5, and
Arg-125 (speckled areas). Of site 2, only Trp-62 can
be seen (dotted areas). Site 3 showed the same direc-
tional preference (Lys-116 to Lys-33) toward rabbit
and goat antisera.

Reproduced with permission from Ref. 75, as modified
from color in Adv. Biol. Med., 1978, 98, 41.
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to be expected from the surface location of protein antigenic
sites) with considerable stabilizing effects being contributed
by hydrophobic interactions and some hydrogen bonding (1,4).
However, it should be emphasized that the hydrophilicity and
exposure of the 1ysozyme and myoglobin antigenic sites cannot be
the only underlying factor for their antigenic expression (4).

In spite of the aforementioned points of resemblance between
the antigenic structures of Mb and lysozyme, the antigenic sites
of these two proteins are radically different in structural terms
(4). The five antigenic sites of Mb are each made up of residues
that are directly 1inked to one another by peptide bonds (1).

In contrast, in 1ysozyme each of the three antigenic sites con-
stitutes spatially adjacent surface residues that are mostly
distant in sequence reacting with antibody as if they are in
direct peptide 1inkage (4). An important question here is what
are the factors which determine the type of the site? An un-
equivocal answer to this question cannot be formulated at this
stage. Perhaps it can be tentatively concluded that an important
factor in determining the type of the antigenic site may be
dependent to a great extent on the stabilization or otherwise of
the structure by internal disulfide cross-1inks (14,15). A more
definitive understanding of this subject must await knowledge of
the antigenic structures of several proteins.

Even though we had suggested quite early in our work (23) the
existence of protein antigenic sites which are made up of spa-
tially adjacent surface residues that are distant in sequence,
their identification in lysozyme and precise definition chemi-
cally and synthetically (14,15,17,18) is the first such example
in protein immunochemistry. A common feature of these two types
of antigenic sites is that they occupy exposed regions on the
surface topography of the respective protein, and this has
invariably been the situation with other protein sites such as
Hb (6,7), cytochrome ¢ (28) and influenza virus Hemagglutinin
(29,307. It should be stressed that the antigenic sites of these
proteTns are sensitive to conformational changes in the respec-
tive protein, with those of 1ysozyme showing, as expected, a much
higher sensitivity. Accordingly, it is totally inadequate to
identify the antigenic sites of Mb and Hb by the terms "1inear",
"sequential” or "primary" or some such terms, while identifying
the antigenic sites of lysozyme by the terms "spatial”, “"confor-
mational;, etc. We have proposed (4,16), that antigenic sites
of the type seen in Mb and Hb be named "continuous" antigenic
sites which implies that they consist of conformationally dis-
tinct continuous surface portions of the polypeptide chain. For
antigenic sites of the type seen in lysozyme, the term "discon-
tinuous" antigenic sites will be most appropriate (16). "K "dis-
continuous site” is made up of conformationally (or spatially)
contiguous surface residues that are totally or partially not in
direct peptide bond 1inkage.
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In Hb, the antigenic sites of the «-chain (Figure 6) and the
g-chain, which have been localized by synthesis, all reside in
exposed parts of the individual subunit (31, 5-7). This, as
already mentioned, led to the conclusion That Hb is recognized
predominantly at the level of its individual subunits (5,6), and
that its antigenic sites occur mostly (but not exclusively) at
molecular locations that coincide with the regions obtained from
a structural extrapolation of the Mb antigenic sites to Hb (6).
These findings afforded further confirmation of our concept of
structurally inherent antigenic sites (31,32).

The antigenic sites of serum albumin have not yet been nar-
rowed down to their precise boundaries (8-11). The peptide
regions shown in Figure 7 are not intended to imply that the
entire region constitutes an antigenic site, but rather that the
site falls within that region. Nevertheless, it can be readily
seen, even at this level of delineation, that the antigenic sites
of serum albumin exhibit the expected characteristics of having
discrete boundaries and being 1imited in number, sensitive to
conformational and environmental changes independent of the
immunized species, and variable in immunodominancy with the anti-
serum (8-11).

In albumin, the status of exposure of its antigenic sites is
not known. Unfortunately, the three-dimensional structure of a
serum albumin has not yet been determined. Therefore, it is not
possible to correlate the locations of the antigenic sites with
the shape of the protein molecule. Three of the antigenic sites
(sites 1 to 3 in Figure 7) occupy continuous portions of the
polypeptide chain of albumin and are, therefore, "continuous"
antigenic sites. The other three antigenic sites (sites 4 to 6)
are each localized around a disulfide bond and belong to the type
termed "discontinuous" antigenic sites. However, by analogy with
Mb, lysozyme and Hb, it would be expected that the antigenic sites
of serum albumin also occupy exposed structural locations. The
predominance of polar and hydrophilic amino acids in the albumin
antigenic sites (Figure 7) tends to support this expectation.

Significantly, the location of the antigenic sites on a given
protein is independent of the immunized species. Thus, rabbits,
cats, goats, and mice antibodies to native lysozyme recognize the
same three antigenic sites (33). Antibodies produced in rabbit,
goat, pig, cat, mouse (outbred) and chicken against sperm-whale
Mb recognize the same five antigenic sites on Mb (34). The same
antigenic sites on serum albumin are recognized by rabbit and
mouse antisera against this protein (8,9). The antigenic sites
localized on the a- and g-chains of Hb are similarly recognized
by rabbit, goat, and mouse antibodies against Hb (5,6,7). The
antigenic sites thus far localized and confirmed by synthesis on
influenza hemagglutinin are similarly recognized by human,
rabbit, goat and mouse anti-influenza antibodies (29,30).
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141

N 1
from Mb antigenic sites: ?__2.2 5.‘_36 82_33 ‘0.7_‘,' 3
u-Ch‘ain anfigenic sites. 15 23 a9 §7 82 94 102 114119127
localized with goat anti-Hb: [ —— [— M) ] d
a-Chain antigenic sites localized 12 24 52 64 82 9499 107 122
with rabbit anti-Hb: — P
a-Chain antigenic sites localized 12 28 52 64 82 9499 107 122
with mouse anti-Hb: [—— e
Antigenic site no.: 1 2 3 4 5

Figure 6. Schematic diagram of the achain of Hb,
chain regions that have been extrapolated from the
five antigenic sites of sperm whale Mb, and the
antigenic sites of the « chain that were localized to
Hb with goat, rabbit, and mouse antisera. The numbers
refer to the locations of the residues in the «@chain.
The asterisk indicates that, owing to differences in
the sizes of the polypeptide chains of Mb and the
subunit, the antigenic site 5 of Mb (residues 145-151)
does not really have a full structural counterpart in
the ochain. Reproduced with permission from Ref. 6.
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e l:, 146
BSA: Ig;UmJVFGhrneﬂkrmgﬁnrﬂm4ng
KSA:  Tyr-Leu-Tyr-Glu-Ile-Alg-Arg-Ara-His-Pro
Site 2:
At 2 328 357
BSA: %L&rTyr-G]u—Tyr—Ser—Am—Am—Hls—Pm
HSA:  Phe-Leu-Tyr-Glu-Tyr-Ala-Arg-Arg-His-Pro
Slte 3 e 535
BSA: %-Leu—Vol-Glu—Leu—Lw-Lys—Hls—LVS-PS}rg
HSA:  Alo-Leu-Val-Glu-Leu-Vol-Lys-His-Lys-Pro
Shte g 179
BSA: ?%Alo—ﬁlu-Aso—LVS-le-Ala—Ols-Leu—Lw-Pro-ll.g?
HSA:  GIn-Ala-Ala-Asp-Lys-Ala-Alo-Cys-Leu-Leu-Pro-Lys
site 5:
314 359 362
BSA: Alo—Glu—Aso-Lys—Asp-vm-Oés Oés-Alo-Lys-Aso

9 315 360 363
HSA: VGI-GIu-Ser-LVs-ASD-VOI-OéS Dés-Alo-AlG-ASD

Site 6:
559 565 556 553
BSA: AlO-ASD-ASD-Lys-Glu-Alo-C}SgS Oés—Lvs-ASD-VOl

560 566 57 S5
HSA: AlO-ASD-ASD-LVS-Glu-Thr-OéS Qés-LVS-Glu-Vul

Figure 7. Structure and location of the six regions
of bovine serum albumin (BSA) and of human serum
albumin (HSA) that we have shown to carry antigenic
sites. It is not implied that the antigenic sites
comprise the entire size of the regions shown, but
rather that they fall within these regions.
Reproduced with permission from Refs. 9, 10, and 11.
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Comments on attempts to predict location of protein antigenic
sites.

Recenty, based on the foregoing qualitative observations (;,4,§§),
an empirical approach was suggested (36) which, by linear analy-
sis of the protein sequence in relation to a hydrophilicity index
using the Chou and Fasman (37) method, attempted to correlate
antigenic sites with hydrophilicity maxima. However, such a
relationship is not supported by what we know about protein anti-
genic structures. For example, in the classical case of Mb
analysis has revealed that only two (out of five) antigenic sites
coincide with hydrophilicity maxima and, furthermore, other
hydrophilicity maxima are not antigenic. The antigenic structure
of Mb was first to show that all antigenic sites are exposed, but
not every exposed region constitutes an antigenic site. Thus
exposure is not a sufficient criterion for antigenicity. Fur-
thermore, antigenic sites are not necessarily in highly hydro-
philic locations. Hydrophobic interactions frequently provide
major contributions to the binding energy (1). For example, in
the case of the a-chain of Hb, the two most immunodominant loca-
tions (6) are not hydrophilic maxima. A strongly immunogenic
location on influenza virus hemagglutinin has recently been
reported (29) which is entirely hydrophobic and in fact the syn-
thetic peptide comprising this region (HA2 1-11, Figure 8) is so
hydrophobic that it is insoluble in aqueous solvents. Two
regions that may be 'expected' to be antigenic on cytochrome c

on basis of hydrophilicity (regions 60-65 and 89-394) have been
found not to be antigenic sites by synthetic peptides around
these regions (28). Recent determination of the antigenic
structure of ragweed allergen Ra3 has localized by synthesis four
antigenic sites with IgG and IgE antibodies (38), none of which
coincided with that predicted (36) on the basis of hydrophilicity.
Clearly, application of hydrophiTicity analysis of the 1inear
sequence for prediction of protein antigenic sites is not sup-
ported by the findings because it does not take into account the
influences of the three-dimensional structure. It is very com-
mon, for example, for hydrophobic regions to become exposed by
virture of the three-dimensional folding of the protein. It is
well to caution here that the sequence and three-dimensional
features that confer immunogenicity on given parts or surface
areas of a protein molecule are still not too clear. Undue
speculation is inadvisable at this stage.

In the recent literature, there appears to have occurred a
confusion as to what is a protein antigenic site. This term has
always been used to describe a region of a protein antigen that
is recognized (by antibodies and/or T-cells? in the immune
response to the whole protein. However, it has long been known
that any peptide Trom a given protein, if immunized as a conju-
gate on an appropriate large carrier, will stimulate the forma-
tion of anti-peptide antibodies. This even applies to peptides

In Conformationally Directed Drug Design; Vida, J., et al.;
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1 11
HA2 (1-11) Type A: Gly-Leu-Phe-Gly-Ala-Ile-Ala-Gly-Phe-I1e-Glu

Type B: Gly-Phe-Phe-Gly-Ala-I1e-Ala-Gly-Phe-Ile-Glu

Figure 8. Antigenic sites in the fusion region of
influenza virus hemagglutinin of strains A and B. The
sites have been localized and their antigenic activity
confirmed by synthesis and reactivity with rabbit,
goat, and mouse antivirus and antihemagglutinin
antibodies. Also, each of the peptides bound con-
siderable amounts of anti-influenza antibodies from
sera of human individuals after influenza attack.
Reproduced with permission from Ref. 29.
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representing regions that are not antigenic when the whole
protein is used as immunogen. As previously pointed out (39),
"antibodies obtained by immunization with a peptide (coupled or
free) corresponding to a surface region of a protein can recog-
nize that region in the protein, even though that region itself
is not part of an antigenic site when the intact protein is used
as an immunogen". Thus, it is necessary not to confuse this fact
with protein antigenic sites which define the regions that are
immunogenic when the whole protein is the antigen.

Regions outside the Antigenic Sites

The exhaustive strategies on which the immunochemical analyses
were based, probed in detail every part of a given protein mole-
cule for its immunochemical reactivity and permitted the deter-
mination of the contribution of each part of the protein molecule
to the overall immune response against that protein. As already
mentioned, the amounts of antibodies that can be bound by the
synthetic antigenic stes of Mb (Tables I, II, and III) and the
synthetic antigenic sites of lysozyme (Table IV and Figure 3)
account for the bulk (usually over 98%) of the total antibodies
against the respective protein in a given antiserum. But, how
much antibody is directed against regions outside these antigenic
sites.

In studies on Mb (1) and lysozyme (4) a 'general background
response' to regions between their respective antigenic sites was
found to account for 0.2-1.4% of the total antibodies to these
proteins. Also, Takagaki et al. (40) have reported the detection
of antibodies to a continuous region of hen egg-white lysozyme
(residues 28-54) that account for about 0.1-1% of the total anti-
lysozyme antibodies. In very recent studies (6,7) employing the
overlapping synthetic peptide approach, peptides that were seem-
ingly inactive in binding of 1251-1abelled anti-Hb antibodies
in a titration assay were further studied by attempting to
isolate, from adsorbents of these peptides, antibodies specific
for Hb. By using large excesses of unlabelled immune IgG, traces
of Hb-specific antibodies could be isolated (6) from that of pep-
tide 1-15. Although the amount of these antibodies were not
quantified, they accounted for less than 1-2% of the specific
antibodies, since no binding could be detected in the titration
assay with the immunoadsorbent of this peptide. This indicates
the presence of a trace antibody response directed to this region
of the a-chain, and suggests that other apparently inactive re-
gions of the a-chain may also be recognized by amounts of anti-
bodies below the detection level of these methods. Similarly, a
subpopulation of anti-Hb antibodies directed against the region
al29-141 have been isolated (41), but which represented less than
1% of the total anti-Hb antibodies. Also, recent studies with
synthetic reference non-antigenic regions of serum albumin re-
vealed the presence of trace antibody binding accounting for
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0.5-1.1% of the anti-protein antibodies in the antisera (9,11).
Thus the presence of trace antibody responses to regions Tnter-
spersed among immunodominant sites would appear to be a general
phenomenon for protein antigens.

Although the regulation of the relative immunodominance of
antigenic sites in proteins is poorly understood, it was suggest-
ed (35) that the methodology for producing monoclonal antibodies
introduced by Kohler and Milstein (42) should permit amplifica-
tion in vitro of what would ordinarily constitute trace antibody
responses in vivo. The specificities and regulation of such
responses could then be more readily studied. This prediction
(35,6) has recently been confirmed by the description of two
monoclonal anti-Mb antibodies whose specificities were directed
to regions that are either outside the five antigenic sites of
Mb or that are displaced from a site (43,44). One of these mono-
clonal exhibited specificity to the synthetic peptide 121-127 and
the other, although essentially reacting with site 2, exhibited
a specificity displacement to the left by two residues so that
it required residues 54 and 55 as part of the site. Interesting-
1y, such antibodies were below the detection level in the anti-
sera of the parent mice (whose spleens were used for fusion) by
immunoadsorbent titrations of 1251-1abelled antibodies with
peptide adsorbents.

Free Synthetic Peptides as Immunogens

It has long been thought in Immunology that small peptides, of
only a few amino acids, are not antigenic in the free form. Con-
sequently, in order to elicit antibodies against a small peptide
from a given protein, it is standard practice to couple the pep-
tide to a large carrier, (e.g. bovine serum albumin, poly-L-
1ysinei keylimpet hemocyanin? prior to immunization (see 45, for
review).

Having determined the antigenic structure of Mb (1), we have
carried out detailed studies designed to investigate the anti-
genicity of the synthetic antigenic sites and selected putative
non-antigenic surface regions of Mb in their free form (i.e.
without coupling to a carrier), and the effect of peptide size
on antigenicity.

Antibodies were preselected submolecular specificities evoked by
Immunization with FREE peptides

Initially we investigated whether immunization of H-2d and H-2S
mice (two high responder strains to Mb; refs. 46,47) with free
synthetic peptides of increasing length and carrying site 5
(Figure 9) could evoke antibodies that will react with native Mb
(48). Thus immunization with peptides of 22 amino acids (peptide
13Z-153), 11 amino acids (peptide 143-153), 9 amino acids (pep-
tide 145-153) or 7 amino acids (peptide 145-151), each of which

In Conformationally Directed Drug Design; Vida, J., et al.;
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contain only one antigenic site (1) when the native protein is
the fmmunizing antigen, is effective in eliciting antibodies
capable of binding specifically to the native protein (48). 1In
general, the 22- and ll-residue peptides elicited a higher anti-
body response than the 9- and 7-residue peptides with the re-
sponses to the latter two peptides being essentially of compar-
able magnitude. The results with peptide 145-151 (site 5 clearly
showed that the response to this 7-residue peptide is improved

by further boosting and the antibody titer can be maintained in
the serum for an extended period (48).

These results were the first demonstration that immunization
with a small free (i.e. not coupled to any carrier) synthetic
antigenic site is effective in eliciting antibodies capable of
binding to the ative protein molecule (48).

Having found that a free synthetic antigenic site of only a
few amino acids will elicit antibody responses, we investigated
(49) whether this is a general phenomenon (i.e. whether {immuniza-
tion with free synthetic peptides representing each of the five
antigenic sites of Mb (Figure 2) could produce antibodies that
bind to native Mb). Also, we have investigated (49) the anti-
genicity, in their free form, of synthetic peptides representing
surface regions of Mb which are non-antigenic when whole Mb is
used as the immunogen (Figure 10).

The results clearly show (49) that immune sera raised to each
of the synthetic peptides (6 or 7 amino acids in size) contain
antibodies that bind specifically to native Mb (Table I). Thus
immunization with a peptide representing a single antigenic site,
at least when native Mb is the immunizing antigen, is effective
in eliciting antibodies that will bind specifically to native Mb
and exclusively to the peptide used in immunization (Table I).
The antibody responses to these peptides were already of con-
siderable titre within 14 days after the immunization and, with
periodic boosting, persisted throughout the immunization period
up to 324 days. Later bleedings were not tested.

0f intriguing interest was the finding (49) that immunization
with free synthetic peptides 1-6 and 121-127 will produce anti-
bodies that bind to native Mb (Table II). These two peptides
represent surface regions within the Mb molecule that are not
antigenic when intact Mb is the antigen (1). Clearly the lack
of antigenicity of these surface regions within Mb is not caused
by some specific structural features that renders the regions
non-antigenic. The antigenic structure of Mb has shown that the
antigenic sites are all surface regions but not every region of
the surface is an antigenic site (1). The present findings pose
many questions concerning our understanding of the molecular and
cellular factors that contribute to produce an immune response
to proteins and peptides. Knowledge of the antigenic structures
of Mb (1), lysozyme (4), the a- and g-chains of human hemoglobin
(5-7), and the six maJor antigenic sites of serum albumin (8-11)
have revealed (for review see ref. 35) that the antigenicity of
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1 6
Peptide 1-6: Val-Leu-Ser-Glu-Gly-Glu
121 127

Peptide 121-127: Gly-Asn-Phe-Gly-Ala-Asp-Ala

Figure 10. Peptides representing two surface regions
to which no detectable antibody responses are found
when intact Mb is the immunizing antigen (1).
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the sites in a protein is largely inherent in their conformation-
al locations (32). Furthermore, other cellular factors, external
to the molecule, regulate the immune response. The immune re-
sponses to Mb are controlled by genes in the I-region of the
major histocompatibility complex (46). More importantly, the
responses to the synthetic antigenic sites are each under
separate genetic control (47,50).

Our observation that smalTl synthetic peptides are antigenic
in their free form has not been confined to Mb peptides. Syn-
thetic peptides of other proteins have also been found to be
antigenic in their free form. We have obtained similar results
with free synthetic peptides of human hemoglobin (51), bovine
serum albumin, ragweed allergen Ra3 (38) and influenza virus
hemagglutinin (29,30). So far, 36 different synthetic peptides
belonging to these protein systems have evoked, without exception
in vivo antibody responses in rabbits and mice, and the anti-pep-
tide antibodies bound to the respective protein. Table III shows
an example of the antibody response with time to a synthetic
peptide of influenza virus hemagglutinin and the binding of these
antibodies to the virus (29).

Other parameters of antibody response to free peptides.

We have studied the effect of several adjuvants on the antibody
responses to several of the peptides (52,53). In general, the
highest responses were obtained in immunization of peptide with
complete Freund's adjuvant. Immunizations without adjuvant (in
PBS) or with incomplete Freund's adjuvant usually gave little or
no responses.

One important consideration is the titer of the anti-protein
antibody elicited by peptide compared with that raised by immuni-
zation with the native protein. With a short immunization sched-
ule, the titers of antibodies elicited by free small peptides are
Tow. However, if the size of the immunizing synthetic peptide
is increased, the antibody titer rises to levels comparable to
the titers obtained following immunization with native protein
(48). Also, it was shown recently (29) that antibody titer is
steadily increased following immunization with a given small syn-
thetic protein after several boosters reaching a level comparable
with the antibody titers of antisera obtained by immunization
with intact protein. Thus, in general, the level of antibody
response to a free peptide immunogen increases with periodic
boosting, usually reaching maximum titer in about 2-3 months.

In the initial phase of the response, the antibodies are
usually mostly IgM (x), accompanied occasionally with 1gGl and
IgG2a (54). By periodic boosting (usually 3-6 times), as the
titer of antibody increases, a gradual switch to IgG antibodies
takes place until in fact the IgG antibodies predominate. Usual-
1y, but not always, IgGl and I1gG2b are higher than IgG2a and IgG3.
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We have also shown (55) that the genetic control of the anti-
body response to Mb following immunization with the free synthet-
ic peptides is different from the genetic control obtained -fol-
lowing immunization with native Mb (47). Table IV gives some
examples of these differences. The reasons for these differences
in the genetic control are, at present, unknown. Such differ-
ences may be related to the presence of inter-site influences in
the native protein (56) as compared to the free synthetic pep-
tides. In this context it should be noted that inter-site
influences that regulate the immune response to Mb have been
described and they can be cooperative or suppressive in nature
(56). Furthermore, even though the data so far indicate that the
same five antigenic sites recognized by mouse B-cells are also
recognized by mouse T-cells (47,50), the possibility of the
existence on Mb of additional T-cell recognition sites that are
not recognized by B-cells cannot be ruled out at the present time.
These may also contribute via T-helper or T-suppressor cells to
the regulation of the overall immune response to Mb. Further
experiments are in progress to determine the nature of any addi-
tional T-cell recognition sites on the native Mb molecule.

In another series of studies (57) we have found that there
is an optimum dose for each immunizTng free peptide which varied
with the peptide. It was also clear from these studies (57) that
some free peptides are more immunogenic than others of equal size.
For example, site 1 of Mb is more immunogenic than sites 2, 3, 4
or 5. At present the underlying reasons for differences in
immunogenicity of free peptides of equal size are unknown.

Production of monoclonal antibodies with preselected specific-
ities

Monoclonal antibodies produced by the techniques of somatic cell
hybridization (42,58) are now being used in many areas of funda-
mental research and clinical medicine (for reviews, see refs.
59-61). Most of these applications have taken advantage of the
precise binding specificities expressed by monoclonal antibodies
to distinct antigenic determinants. Yet in spite of recent
developments in cell fusion and tissue culture techniques (60,62-
64), as well as hybridoma screening methods (65,66), the produc-
tion of monoclonal antibodies that express desired submolecular
binding specificities to single antigenic sites remains a time
consuming and often expensive endeavor. Indeed, the preparation
of monoclonal antibodies to specific antigenic sites can be
tedious and elusive.

Having demonstrated that it is possible to elicit antibodies
with preselected submolecular binding specificities to protein
regions by immunization with free peptides (48,49,29,30,38,51),
it appeared possible to produce monoclonal antibodies with simi-
lar predetermined specificities by the use of free synthetic pep-
tides as immunogens. The salient features in the development of
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this approach are: (1) the use of a model protein whose anti-
genic structure is known in detail; (2) immunization with free
synthetic peptides rather than peptide-carrier conjugates; (3)
hybrid selection and maintenance using traditional hybridoma
tissue culture techniques; (4) submolecular binding specificities
determined by, and entirely directed to, the synthetic regions
used for immunization; and (5) an apparent similarity between the
monoclonal antibodies secreted by the subcloned hybrids and the
serum anti-Mb antibodies produced by the spleen cell donor mice.

(a) Monoclonal antibodies against the antigenic sites

Initially, we investigated (§Z) whether it would be possible
to produce monoclonal antibodies with predetermined antigen bind-
ing specificities from mice that had been immunized with anti-
genic site 5 of Mb (67). Two monoclonal antibodies with pre-
selected submolecular binding specificities to Mb were obtained
(67) by hybridizing Fa/O mouse myeloma cells with spleen cells
derived from mice which had been immunized with free (not coupled
to any carrier) Mb synthetic peptides 132-153 or 145-151 (anti-
genic site 5). Both monoclonal antibodies were 1gG; (<) and
their binding specificities were restricted to determinants
present in Mb and in the peptides used for immunization. The
results suggested that monoclonal antibodies with preselected
submolecular binding specificities can be readily obtained by the
techniques of somatic cell hybridization when the corresponding
free synthetic peptides are used as immunogens (67).

Subsequently, we confirmed (54) that this finding is not
peculiar to antigenic site 5 of Mb but is in fact a general
phenomenon that can be duplicated for other peptides. The five
synthetic antigenic sites of Mb (Figure 2) were used in their
free form (1.e. not coupled to any carrier) to immunize separate
groups of Balb/cByJ mice. Serum samples obtained from each group
of mice contained antibodies that bound specifically to Mb and
exclusively to the immunizing antigenic site. Monoclonal anti-
bodies to each of the five antigenic sites were subsequently
obtained (54) by hydridizing Fa/0 mouse myeloma cells with spleen
cells derived from each group of mice. These monoclonal anti-
bodies were efther IgM (k) or IgGy (k). They expressed the
same isotypes as the antigen spec%fic serum antibodies produced
by the mice whose spleen cells were used for hybridization. Each
monoclonal antibody, 1ike the immune serum of the parent animal,
bound specifically to Mb and exclusively to the synthetic peptide
used as an immunogen (Table V). These results suggested that the
hybridoma antibodies expressed submolecular binding specificities
that were the result of peptide immunization rather than hybrid
selection (54). This strongly supported our previous findings
(67) that it is possible to produce monoclonal antibodies with
preselected submolecular binding specificities to continuous
protein sites by the techniques of somatic cell hybridization
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when the corresponding free synthetic peptides are used as
immunogens.

(b) Production of monoclonal antibodies to regions that are non-
immunogenic in a protein

The finding (54) that it {is possible to produce monoclonal
antibodies with preselected submolecular binding specificities
to the five antigenic sites of Mb by immunization with free syn-
thetic sites prompted us to investigate even wider applications.
Studies were undertaken (43) to determine whether monoclonal
antibodies with preselected submolecular binding specificities
to surface regions of a protein that are not immunogenic (when
the intact protein is the immunogen) could be produced when the
corresponding synthetic peptides (6-7 residues) are used in their
free form as immunogens.

Two synthetic peptides corresponding to surface regions of
Mb that are not antigenic in the native molecule were used (43)
in their free form (i.e. not coupled to a carrier) to immunize
separate groups of Balb/cByJ mice. The synthetic peptides cor-
responded to regions 1-6 and 121-127 (Figure 10). Serum samples
obtained from each group of mice contained antibodies that bound
specifically to Mb and exclusively to the immunizing peptide (43).
Monoclonal antibodies to each of the two surface regions were
subsequently prepared (43). These monoclonal antibodies were IgM
(k). They expressed the same isotype as the antigen specific
serum antibodies produced by the mice whose spleen cells were
used for hybridization. Solid phase radioimmunoassay studies
also indicated that each monoclonal antibody, 1ike the immune
serum of the parent animals, bound specifically to Mb and exclu-
sively to the synthetic peptide used as an immunogen (43) (Table
VI). Thus, the hybridoma antibodies expressed submolecular bind-
ing specificities that were the result of peptide immunization
rather than hybrid selection (43). Clearly, monoclonal anti-
bodies with preselected submolecular binding specificities to
protein surface regions that are not immunogenic when the whole
protein is the immunizing antigen can be produced by the tech-
niques of somatic cell hybridization when the corresponding free
synthetic peptides are used as immunogens (43).
Remarks on antibody production by free smalT peptides
The fact that free synthetic peptides of Mb, siX to seven amino
acids in size, were able to evoke an immune response that allowed
for the production of sera antibodies and of monoclonal anti-
bodies runs somewhat counter to the traditional theories concern-
ing the immunogenicity of small peptides. The aforementioned
recent work in this laboratory (48,49,29,30,38,51), however, has
shown that immunization with small synthetic peptides represent-
ing each of the five antigenic sites of Mb, antigenic sites of
hemoglobin, influenza virus hemagglutinin or ragweed allergen can
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evoke dose dependent serum antibody responses that bind to the
respective protein in various strains of mice. We have also
demonstrated that it is possible to produce monoclonal antibodies
to the antigenic sites of a protein (67,54) and even to regions
that are not immunogenic (43) in the protein when the correspond-
ing synthetic peptides are used as immunogens. The fact that
neither region 1-6 or 121-127 is immunogenic in native Mb (1)
despite 1ts exposed location, suggests that some constraints must
be placed on these regions during the immune response to the
whole protein. These constraints, which are not yet fully under-
stood, may in part be related, as already mentioned, to inter-
site ce11u1ar influences (56) (T helper or T-suppressor) and to
Ir-gene control (47,50).

From the 1nc13'hce of positive growth fusion wells that
initially secreted anti-protein antibodies, it was apparent, that
the production of hybrid 1ines by free synthetic peptide immuni-
zation 1s similar to conventional procedures in that it does not
require selective enrichment for antigen specific B cells. The
binding specificities of the monoclonal antibodies to the anti-
genic sites and to non-immunogenic regions of Mb were the result
of peptide immunization rather than hybrid selection. The iso-
type of each monoclonal antibody was also the same as the predom-
inant isotype of the site-specific serum antibodies, suggesting
that the monoclonals were also an adequate representation of the
antibodies produced in the animals.

The ability to produce large quantities of antibodies whose
binding specificities are selected before hybridization obviates
the time-consuming and expensive requirement to screen large
numbers of hybrid cultures for the presence of antibodies that
express the desired specificity. The protein antigen can be used
exclusively for screening, and no further examination of speci-
ficity should ordinarily be needed since specificity is deter-
mined by, and is exclusively directed against, the immunizing
peptide.

These results suggest that, during immune recognition, in
addition to sequence identity, some conformational similarity
must also exist between the free synthetic peptides and the cor-
responding locations of these regions in the native molecule.
Although synthetic peptides exist in an equilibrium comprising a
multitude of dynamic conformational states, the time-average of
which is random, each peptide is able to assume a favorable con-
formational state that resembles the shape of the corresponding
region in the native protein (23). Binding to cell receptors,
as in binding to antibody (1,47, may also induce the peptide to
assume this favorable state (23) thus shifting the conformation-
al equilibrium to that state 'ﬁ?ch would more closely resemble
the shape of the surface regfon in the whole molecule. This
would allow for both the molecular and submolecular binding
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specificities (43,54) expressed by each of the monoclonal anti-
bodies described above.

The ability to produce antisera and monoclonal antibodies
that express predetermined binding specificities to desired
protein regions, even to those that are non-immunogenic when the
protein is the immunogen, by immunizing with free peptides
represents a breakthrough in immunology. It affords valuable
reagents that may be employed as powerful probes of the conforma-
tion of essentially any surface region of a protein, irrespective
of whether that region is immunogenic in the native molecule.
With this enormous versatility, the monoclonal antibodies pro-
duced will help elucidate the molecular basis of immunity and
should assist in the development of sensitive therapeutic and
diagnostic reagents that have precise binding capabilities that
would otherwise be difficult or impossible to obtain.

Preparation of T-lymphocyte 1ines and clones with specificities
to preselected protein sites.

The antibody response to protein antigens has been extensively
studied. As briefly outlined, the complete antigenic structures
of several proteins have now been determined by chemical methods
and confirmed by synthesis (for reviews, see refs. 1,4,35,44).
In contrast, 1ittle is known about the molecular parameters in-
volved in the T-lymphocyte responses to protein antigens. The
inability to prepare T-cells of preselected specificities to
desired protein regions has been responsible, in part, for our
poor understanding of the T-cell responses.

The recent advent of the T-cell cloning technique (68,69) has
made it possible to obtain T-1ymphocyte clones that are mono-
specific to protein antigenic sites (70). However, the isolation
of a clone of a desired specificity is tedious, time-consuming,
and often elusive. Determination of the site specificity of the
clones is extremely difficult and has been done either with
multi-determinant fragments (70) or with proteins having known
sequence substitutions. The Tatter approach, fraught with
electrostatic, steric and conformational complications is
unsatisfactory for localization of antigenic sites as has already
also been demonstrated for its application to regions recognized
by antibodies (for review, see refs. 35, 44). Caution should
also be exercised in applying this approach to localization of
T-cell recognition sites, especially in view of the findings both
for Mb (71) and for lysozyme (72) that T-cell recognition can
also be dependent on native conformation.

Our finding that the small (6-7 residues) synthetic antigenic
sites of Mb stimulated T-cells from peritoneal exudates of Mb-
primed mice (47), suggested to us (73) that free synthetic pep-
tides may be used during in vitro passage to enrich for T-cells
with a selected specificity.” However, lymph node cells usually
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give a Tower proliferative response with the small synthetic
sites (71). Indeed attempts to maintain Mb-primed 1ymph node
T-cells with the neat sites (i.e. without additional residues)
were usually unsuccessful. Upon extending the sites (Figure 11)
by an additional 5-6 residues (i.e. a total peptide size of 13
residues), the proliferative response of lymph node cells was
greatly improved (73). Therefore, these extended sites were
used to drive the culture into a T-cell population of a single
desired specificity (73). Lymph node cells from mice primed in
vivo with Mb were perfodically passaged in vitro with a syn-
thetic extended site. After several passages, the peptide-
driven long term T-cell cultures responded to the intact protein
and exlusively to the peptide that was used to drive the cells
(73) (Tables VII and VIII). from these cultures, T-cell clones
were prepared (73) that responded only to the driving peptide and
to the whole protein (Table IX).

It has been cautioned (73) that passage of the T-cell cul-
tures with longer peptides Ts undesirable since they are more
1ikely to be multivalent (i.e. carry more than one T-cell recog-
nition site) and as a consequence of increasing length they
become more impure and more difficult to purify. Also, passage
of the cells with peptide fragments obtained from protein cleav-
age is not advisable because of the high 1ikelihood of contamina-
tion with traces of intact protein and/or other fragments.

The ability to obtain T-cell 1ines (and henceforth T-cell
clones) with specificity to selected protein regions by employing
free synthetic peptides affords a measure of control that has not
hitherto been possible. It completely removes the element of
chance inherent in the present techniques. Furthermore, it makes
it feasible to obtain T-cell 1ines or clones having a preselected
specificity to biologically or clinically important antigens.
T-cell 1ines of a preselected specificity would have numerous
applications in basic investigations to probe the molecular basis
of T-cell specificity and cell-cell interactions in immune recog-
nition. Also, many hitherto untapped therapeutic and diagnostic
applications of T-cells may be realized.

Induction of tolerance to preselected protein antigenic sites by
free synthetic peptides

Recently, as a part of our studies on the T-cell recognition of
Mb, we have reported (74) the ability to induce neonatal toler-
ance to preselected antigenic regions of the protein by the use
of free synthetic peptides carrying those regions. In these
studies neonatal mice (Balb/cByJ) were either tolerized with Mb
or with synthetic peptides of Mb containing Mb antigenic sites
(e.g. antigenic site 5 of Mb; Figure 11). Tolerization with Mb
and subsequent immunization with Mb gave T-cells that did not
proliferate in vitro to Mb or any of the peptides. T-cells from
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Table VIII, Proliferative response of an SJL T-cell line
obtained by 4 passages with free extended site 4

[3H]-Thymidine incorporation (acpm)d

Challenge

Antigen 2.5 ug/ml 5 ug/ml 10 pg/ml
My it Thgm 9ern
0 0 0

Ext. Site 1

Ext. Site 2 0 0 0
Ext. Site 3 0 0 0
Ext. Site 4 73,360 124,760 154,630
Ext. Site § 0 0 0

2 The values are given in acpm relative to the counts of
medium or lysozyme challenged cells. Cells responded to Con A
(acpm 181, 929) but not to LPS or PPD.

Table is from Yoshioka et al. (73), by permission.
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Protein Antigenic Sites and Free Synthetic Peptides
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mice that were tolerized with a truncated peptide 139-153 (having
deletions at Tyr-151 and Ala-144) and subsequently immunized with
Mb proliferated in vitro to Mb and to peptides 132-153, 135-153
and 143-153. ToTerization with peptides carrying site 5 had no
effect on the recognition of, and the response to other antigenic
sites of native Mb by the T-cells, whereas the response to the
tolerizing peptides was completely removed (74).

Conclusions

These studies have demonstrated for the first time the enormous
effectiveness of peptides, in their free form, as immunogens.
Thus, contrary to a long-held beTief, free small synthetic
peptides will in fact induce antibody and T-lymphocyte immune
responses. The ability to induce antibodies can readily be
exploited to prepare monoclonal antibodies of preselected speci-
ficities to desired protein regions. Antibodies can even be
prepared against regions that are not antigenic, when the native
protein is used as immunogen, by immunization with the appropri-
ate free synthetic peptide. Free synthetic peptides have also
proved to be powerful reagents for preparation of T-cells of pre-
selected specificity and for inducing specific tolerance to pre-
selected regions of a protein. These immunogenic properties
should afford important and simple tools for basic immunological
investigations and in disease related antigens and invasive
agents (e.g., viruses, bacteria, toxins, allergens, etc.) for
therapeutic and diagnostic purposes.
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Studies on New Microbial Secondary Metabolites
with Potential Usefulness
Antibiotics, Enzyme Inhibitors, and Inmunomodifiers

HAMAO UMEZAWA
Institute of Microbial Chemistry, 3-14-23 Kamiosaki, Shinagawa-ku, Tokyo 141, Japan

I have been studying antibiotics since 1944. By 1951, peni-
cillin, streptomycin, chloramphenicol, and tetracyclines were in-
troduced into the clinical use and chemotheraphy of bacterial and
rickettsia diseases were almost completely established. Thus an-
tibiotic research was expanded to include antitumor antibiotics
since about 1953. In about 1957, resistant strains appeared in
hospital patients and the study of antibacterial antibiotics for
the development of effective agent against resistant strains was
started. By these studies many B-lactam antibiotics and amino-
gylcoside antibiotics were studied and their derivatives and an-
alogues were developed for the treatment of resistant infections.
By 1965, organic chemistry had developed sufficiently to permit
determination of structure of natural products very rapidly.

This permitted optimization of the search for enzyme inhibitors,
out of which the discovery of many compounds which have various
pharmacological activities resulted. Enzyme inhibition research
has expanded also to low molecular weight immunomodifiers which
are useful in the treatment of cancer. Thus in these develop-
ments in antibiotic research, which might be called the second
era, I could contribute to the opening of these research areas.

In this paper, I will review the studies which have pioneered
new research areas and recent studies on the new microbial sec-
ondary metabolites with potential usefulness.

Studies on Antimicrobial Antibiotics:
Kanamycin and Derivatives of Aminoglycoside Antibiotics

In 1957, strains resistant to all chemotherapeutic agents at
that time appeared in hospital patients. At that time we dis-
covered kanamycin (83) and this antibiotic was highly regarded
for its effect against resistant strains. The occurrence of
these resistant strains stimulated the study of B-lactam antibio-
tics and this study is still contributing to the development of
new effective agents against resistant strains. For instance,
during three years from January 1981 to January 1983, 19 new B~
lactams had been introduced into the clinical use in Japan.

In 1965, staphylococci and gram-negative organisms resis-

0097-6156/84/0251-0073$09.00/0
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tant to kanamycin also appeared in hospital patients. I eluci-
dated the enzymatic mechanism of resistance to aminoglycoside
antibiotics in 1967 (78): resistant strains produced phospho-
transferase (3'-O-phosphotransferase), which transferred the ter-
minal phosphate of ATP to the 3'-hydroxyl group of kanamycin,
neomycin, and paromomycin; 3'-deoxykanamycin A and 3', 4'-dideo-
xykanamycin B inhibited the growth of resistant strains (Fig. 1)
(60). Following this study, 2"-O-phosphotransferase, 4' and 2"-
O-adenylyltransferases, 3-, 2'- and 6'-N-acetyltransferases were
also found to be involved in the mechanism of resistance (60,63).

Thus, I opened up a new research area where structure of
derivatives effective against resistant strains are predicted by
mechanism of resistance and such derivatives are synthesized.

At present, neither phospho- nor adenylyltransferase, which
transfer the phosphate or adenylyl group of ATP to 5, 2', 4" and
6"-hydroxyl groups has yet appeared in resistant strains. How-
ever, these enzymes may appear in future resistant strains.
Therefore, I was interested in the antibacterially active struc-
tures which had the least number of hydroxyl groups. We synthe-
sized deoxyderivatives of kanamycins A and B. This study reveal-
ed that the amino groups play a predominant role in the antibac-
terial action of kanamycins, while the hydroxyl groups do not.
5,2',3',4',4",6"-Hexadeoxykanamycin A has almost the same anti-
bacterial activity as. kanamycin A (73), and heptadeoxykanamycin,
which has no hydroxyl group, still has a good antibacterial
activity. (73).

Also, by screening, fortimicin, sporaricin, istamycin, and
dactimicin, all of which contain only one hydroxyl group, have
been found by 4 Japanese research groups (63).

It has been known that there are cross-resistance relation-
ships between aminoglycosides and peptide antibiotics such as
viomycin among resistant strains which have been made resistant
by passage through media containing these antibiotics. This can
easily be understood in terms of the predominant role of amino
groups in the antibacterial action of aminoglycosides. Negamycin
(18,36), a peptide antibiotic which we discovered inhibits pro-
tein synthesis on bacterial ribosomes and causes miscoding as do
aminoglycoside antibiotics. It has only one hydroxyl group. We
have found that deoxynegamycin has almost the same activity as
negamycin (Fig. 2) (59).

Besides these studies on antibacterial antibiotics and the
derivatives with usefulness, we have discovered about 85 antimi-
crobial antibiotics and elucidated structures of about 40 of them.
Among these antibiotics, there is kasugamycin (Fig. 3) (77,40,41)
which had been used to prevent the most dreadful rice plant di-
seases.

Parallel to the study of structure-activity relationshipsin
aminoglycoside antibiotics, the development study of new amino-
gylcosides effective against resistant infections or with poten-
tial agricultural usefulness will continue.
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Potentially Useful Microbial Secondary Metabolites
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Studies on Antitumor Antibiotics, Their
Derivatives and Analogs

Here again I should like to backtrack to 1951. At that time
resistant organisms except for streptomycin-resistant tubercle
bacilli had not yet appeared and the chemotherapy of bacterial
diseases seemed to be almost completed. Therefore, I endeavored
to extend antibiotic research to a new area and initiated the
screening of antitumor antibiotics. I reported the discovery of
two microbial products, substance No. 289 and sarkomycin (67).
This was the first report of the successful screening of anti-
biotics for antitumor activity. Antibiotic research was thus ex-
panded to also cover antitumor research. The term antitumor anti-
biotics was coined to include those compounds that are produced
by microorganisms and inhibit the growth of tumor cells and tumors.
Since that time, I have been continuing the study of newantitumor
antibiotics. Up to now with my collaborators I discovered about
65 antitumor antibiotics and elucidated structures of about 50 of
them. BAmong them, bleomycin which we discovered in 1966 (76,79)
has been used in the treatment of Hodgkin's lymphoma, tumors of
the testis, and carcinomas of the skin, head, neck, and cervix.
In 1972, we elucidated the structure of bleomycin except for the
side-chain part of the pyrimidoblamyl moiety (53}, and in 1978,
we determined the structure of bleomycin conclusively, as is
shown in Fig. 4 (52). One of the amino acids contained in bleo-
mycin has a pyrimidine ring; we named this amino acid "pyrimido-
blamic acid". During the study of biosynthesis, demethylpyrimi-
doblamylhistidinylalanine was obtained and its copper complex was
crystallized. Based on the x-ray analysis of this crystal (10},
we proposed the structurelgf bleomycin in Fig. 4. We also con-
firmed this structure by “~~“N-nmr (25).

In 1980, in collaboration with Professor Ohno, Faculty of
Pharmaceutical Sciences, the University of Tokyo, we were success-
ful in the chemical synthesis of pyrimidoblamic acid (84). This
was one of the most important parts of the total synthesis of
bleomycin. Soon thereafter, Dr. Takita et al. (55) in my insti-
tute were successful in the synthesis of the entire peptide part
of bleomycin A2 1981 and then in the total synthesis of bleomycin
A2 in the same year (56,54). Before this, we chemically convert-
ed bleomycin A2 to bleomycin demethyl A2 and established synthe-
tic processes for preparing bleomycinic acid from bleomycin deme-
thyl A2 and for preparing various bleomycins from bleomycinic acid
(62) . Thus, the structures of bleomycins shown in Fig. 4 were
conclusively established. After our synthesis, Hecht et al.also
reported an the synthesis of the deglycobleomycin demethyl A2 (3)
and the synthesis of bleomycin demethyl A2 (1).

Fujii et al., the Research Institute of Nihon Kayaku Co. who
collaborated with our bleomycin study, isolated 8 peptides from
culture filtrates of a bleomycin-producing strain. They were sug-
gested by the structures to be biosynthetic intermediates of bleo-
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mycin. On the basis of the structures of these peptides, the fol-
lowing pathway may be suggested for the biosynthesis of the pep-
tide part of bleomycin:

demethylpyrimidoblamylhistidine (abbreviated as

demethylPMB-His) ——) demethylPMB-His-Ala ———>

demethy 1PMB-His-4-amino-2-hydroxy-4-methylpentanoic

(abbreviated ad demethylPMB-His-AHP) ———73) demethyl-

PMB-Hi s-AHP~Thr -—-) PMB-His-AHP-Thr +——) PMB-His-AHP-

Thr-2'-(2-aminocethyl)-2,4' -bithiazole~-4-carboxylic

acid (abbreviated as PMB-His-AHP-Thr-BTC) ———» PMB-

B-hydroxy-histidine~AHP-Thr-BTC ( abbreviated as PMB-

B-OH-His~AHP-Thr-BTC) -—-}PMB-B-OH-His-AHP-Thr-BTC-

(3-aminopropyl) dimethylsulfonium (the peptide part of

bleomycin a2).

The methyl group of pyrimidoblamyl moiety (PMB) and the 2-
methyl group of the 4-amino-3-hydroxy-2-methylpentanoyl moiety
(AHP) were confirmed to be derived from the methyl group of methi-
onine. The study of the incorporation of labeled amino acids into
the pyrimidoblamyl moiety has suggested that the main molecular
part of this amino acid is synthesized from L-serine and L-aspar-
agine, and that the methyl group is derived from L-methionine.
Labeled 2'-(2-aminoethyl)-2,4'-bithiazole-4-carboxylic acid isnot
incorporated into this amino acid moiety of bleomycin. This amino
acid moiety is produced from B-aminopropionate and 2 molecules of
cysteine, suggesting the cyclization of the (3-aminopropionyl)
cyteinylcyteine moiety for the formation of the bithiazole-4-car-
boxylic acid moiety.

The biosynthetic pathway described above indicates the pos-
sible involvement of multifunctional enzyme complexes in thebio-
synthesis of the peptide part of bleomycin. The peptide part of
bleomycin has no cytotoxicity. Probably, in the final step of
the biosynthesis, the disaccharide part is transferred to the B-
hydroxyl group of the B-hydroxylhistidyl moiety and the bleomycin
thus synthesized is rapidly released sﬁtracellularly.

Bleomycin binds strongly with Cu®’, and an equimolar bleo-
mycin-Cu? complex is thus formed. We determined the structure
of this complex as is shown in Fig. 5 (51,82). As is shown in
Fig. 5, the secondary amide between the pyrimidoblamyl andB-hydro-
xXyhistidyl moieties is deprotonated. This deprotonation is shown
by the results of the crystal analysis of demethylpyrimidoblamyl-
histidylalanine (25) and by the behavior of the bleomycin copper
complex during electrophoresis and chromatography. The quenching
of the fluorescence of bleomycin by DNA, first found by Horowitz
et al. (7), indicates the binding of the bithiazole moiety of both
copper-free and copper-bleomycin complexes to the guanine moiety
of DNA (16). The positive charge of the terminal amine facilitates
the binding of bleomycin to DNA (16).

In the presence of ferrows bns and oxygen, copper-free bleo-
mycin causes a double-strand scission of DNA. The bleomycin-Cu2+
complex binds to DNA, but does not cause strand scission.
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NH 2CO

HZN

AHP = t-amino-3-hydroxy-2-methylpentanoy!

Thr = threonyl

BTC = 2'-(2-aminoethyl)-2, #'-bithlazole- 4-carboxyl
R = terminal amine

Man-Gul = 2-0O-(a-D-mannopyranosyl)-a-L-gulopyranosyl

Figure 5. Bleomycin-Cu2+-complex.
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Although it has not yet been proven, we have proposed a structure
for the bleomycin-iron-O complex in which Fe‘* replaces cu? in
Fig. 5 (51,82). Oppenheimer et al. once proposed a structure
different from ours for the bleomycin-Fe2+-CO complex. On the
basis of pmr analysis, the same authors (32, 31) later reported
that the steric relationship between the a-methin proton of the
a-aminocarboxamide part of the pyrimidoblamyl moiety and the
adjacent methylene protons is different from that in the deme-
thylpyrimidoblamylhistidylalanine-Cu”~ complex crystals (shown
by x-ray analysis) (10) and deglycobleomycin-Fe2+-Co complex.
This result does not really contradict the structure which we
previously proposed (51), for CPK-model study shows that both
gauche-trans and gauche-gauche conformers between the methin and
methylene protons can exist in the 5-membered chelate-ring con-
structed as follows:

Fe2+2:—) NH2 == CH(CONH2) ==} CHp =) NH(CH—)==

(Fe<™)

The active species of the bleomycin-iron-0; complex involved
in_the reaction with DNA has been suggested to be the bleomycin-
Fe3+-02 ~ complex (22,6) The products of DNA fragmentation
caused by the bleomycin-iron-O, complex were isolated by Grollman
and Takeshita (9). On the basis of these reaction products, the
following scheme can be proposed for the DNA-fragmentation re-
action caused by bleomycin: bleomycin-Fe3+-022- binding to DNA
abstracts the hydrogen radical from the 4-carbon of the 2-deoxy-
ribose moiety, leaving a radical at the 4-C position; this radi-
cal then reacts with molecular oxygen; as the result of this re-
action, the 4-carbon is oxygenated, and the ring cleavage of the
deoxyribose moiety is followed by cleavages of the phosphate and
ester bonds in various ways.

Bleomycin intercalates betwemn lases € double-stranded DNA(34).
In this connection, it is interesting that phleomycin which has
the dihydrobithiazole moiety, does not intercalate with DNA (33).
It causes more single-strand scission than double-strand scis-
sion (30).

Injected bleomycin binds with cu?t in the blood. After pene-
trating into cells, the Cu2t of the bleomycin copper complex is
reduced to Cut by reducing agents such as cysteine. 1In the cells
the cut is then tranferred to a cellular protein which can bind
selectively to Cu' (62,45). The copper-free bleomycin thus
formed undergoes reaction with bleomycin hydrolase, which hydro-
lyzes the a~aminocarboxamide bond of the pyrimidoblamyl moiety of
bleomycin (62,72). This enzyme is widely distributed in human
and animal cells. Copper-free bleomycin, which escapes this en-
zymic action, reaches the nuclei, binds, and reacts with DNA as
has been described above. Our knowledge of the mechanism of the
action has been utilized for designing derivatives or analogs
with improved therapeutic activities.

We have established fermentation and chemical methods for
the preparation of artificial bleomycins which contain various
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terminal amines. With the addition of many kinds of amines tothe
fermentation medium, various bleomycins containing the added
amines are produced while the production of other bleomycins is
suppressed (62). We found acyl agmatine hydrolase in Fusarium
sp., which hydrolyzes the terminal peptide bond of bleomycin B2,
thus yielding bleomycinic acid (62,8l1). Bleomycinic acid can
also be obtained by the reaction of cyanogen bromide with bleo-
mycin demethyl A2 (50). Various bleomycins are synthesized from
bleomycinic acid. By testing the toxicity of various bleomycins,
the degree of renal and pulmonary toxicity was found to be depend-
ent on the terminal amine. Moreover, it has been shown by the
clinical study that peplomycin (Fig. 6), a semi-synthetic bleo-
mycin (23), is more effective than the present bleomycin against
carcinomas sensitive to bleomycin treatment, and has a lower pul-
monary toxicity, and a wider anticancer spectrum. Peplomycin has
also been confirmed to be effective against prostatic carcinoma.

As has already been described, bleomycin hydrolase hydrolyzes
the carboxamide of the a-aminocarboxamide bond of the pyrimidobl-
amyl moiety, and the product of this hydrolysis can be used asthe
starting material for the modification of the a-aminocarboxamide
moiety. Two examples of such derivatives, PEP-PEP and DBP-PEP,
are shown in Fig. 6. Both are resistant to bleomycin hydrolase
and have a low pulmonary toxicity. Their therapeutic index against
Ehrlich carcinoma is as high as that of bleomycin. Bleomycin
analogues and derivatives of this type which may be more effec-
tive and useful in cancer treatment than bleomycin will undoubt-
edly be developed in the future.

After we were successful in the total synthesis of bleomycin
in 1981, as we reported last year, we improved the method of the
synthesis (35). We synthesized bleomycin analogues containingthe
4-aminobutanoyl, (3S)-4-amino-3-hydroxybutanoyl or (3S,4R)-4-
amino-3-hydroxypentanoyl moiety instead of the (2S,3S,4R)-4-
amino-3-hydroxy-2-methylpentanoyl moiety of bleomycin A2. Then,
only the last analogue had the same degree of the activity as
bleomycin in inhibiting the growth of B. subtilis and causing
strand scission of DNA. Thus, the 5-methyl group of the 4-amino-
3-hydroxy-2-methyl-pentanoyl moiety was shown to play a role in
the reaction with DNA. Probably the hydroxyl group is also in-
volved in the reaction. The functional groups for the action of
bleomycin can be elucidated by the synthesis of new analogues,
and further improved analogues will be developed for cancer
treatment.

Adriamycin, discovered by Dr. Arcamone, is one of the most
effective cancer chemotherapeutic agents. Thus, many researchers
have been continuing the study of anthracyclines. For instance,
the 4'-epi-adriamycin and 4-demethoxydaunomycin.

Although many anthracycline antibotics have been isolated
since the discovery and structure determination of early anthra-
cyclines in the decade of 1950, the screening for red- or yellow-
pigment antitumor antibiotics still leads to the finding of new
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types of anthracyclines. Very recently we found decilorubicin
(Fig.7) containing two molecules of a nitro-sugar which we named
"decilonitrose" (11). Recently we also found three ditrisarubi-
cins A, B and C, each consisting of B-rhodomycinone and trisaccha-
rides at both the 7-C-OH and 11-C-OH positions (Fig. 8) (58).

A new anthracycline, aclacinomycin A (Fig. 9) which we dis-
covered in 1976 (28), has been proved by clinical study to be in-
dispensable in the treatment of leukemia. It exhibits a therapeu-
tic effect against leukemia and lymphoma, even against cases re-
sistant to treatment with dawomycin and adriamycin. Dantchev et
al. (8) proved that aclacinomycin A has markedly a lower cardiac
toxicity in hamsters than does adriamycin. This low cardiac tox-
icity has also been confirmed by clinical study.

We studied the biosynthesis of anthracyclines and obtained
various mutants which produce neither red nor yellow pigments and
which convert aglycones to anthracyclines. 1In addition, we found
a mutant which produced 2-hydroxyaklavinone (aklavinone is the
aglycone of aclacinomycin). By adding 2-hydroxyaklavinone to the
culture medium and culturing a pigmentless mutant of an aclacino-
mycin-producing strain, we obtained 2-hydroxyaclacinomycins Aand
B (29). This is the first finding of a 2-hydroxy analog of an-
thracyclines. 2-Hydroxyaclacinomycins A and B have higher thera-
peutic indices against L1210 leukemia than does aclacinomycin A.

We have also discovered baumycins (Fig. 10) in culture fil-
trates of daunomycin-producing strains (47). Baumycin Al showed
a strong action against L1210 in our laboratories. Therefore, we
started the synthesis of 4'-O-acetal derivatives of adriamycinand
daunomycin. Among about the fifty derivatives thus synthesized,
one of the 4'-O-tetrahydropyranyladriamycins (Fig. 10) showed a
stronger effect against L1210 than adriamycin and dawnomycin (80).
This effective anomer is abbreviated as THP. THP has a similaror
a slightly greater degree of antitumor activity than that of adri-
amycin against various experimental mouse tumors. Dantchev et al.
(8) proved that THP hasa significantly lower cardiac toxicity than
adriamycin in hamsters. This low cardiac toxicity has also been
observed by clinical study. Such side effects as hair loss, nau-
sea, and vomiting which often occur during adriamycin treatment
are very slight in the case of THP. THP has shown a strong ther-
apeutic effect against lymphomas, lymphatic leukemia, tumors of
the ovary, uterus, head, and neck, etc.

THP, adriamycin, and their metabolites can be determined by
liquid chromatography using a flourescence detector. The results
of the determination of intracellular amounts of THP and adriamy-
cin have indicated that THP is much more rapidly taken up by can-
cer cells than is adriamycin (20). There is a cross-resistance
between adriamycin and THP, but it is not complete; for instance,
the 50% inhibition concentrations of adriamycin against two re-
sistant cell lines of P388 were 60-70 times higher than that
against the parental sensitive cell line, and the 50% inhibition
concentrations of THP against the resistant cell lines were 13
times higher than that against the sensitive cell line.

In Conformationally Directed Drug Design; Vida, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1984.



4, UMEZAWA Potentially Useful Microbial Secondary Metabolites 85
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Figure 7. Decilorubiein.
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Figure 9. Aclacinomycin.
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Figure 10. Baumycin A1 and 4'-O-tetrahydropypyranyl-
adriamyein (THP, theprubiein).
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As has been described above, it seems that the continuation
of the present study will lead to the development of new anthra-
cyclines which have a much lower toxicity and a stronger therapeu-
tic effect than the anthracyclines used clinically at present.
Moreover, the screening study for anthracyclines effective against
resistant cell lines may lead to the discovery of interestingnew
compounds with potential usefulness.

Thirty years have passed since I reported the first success-
ful screening for antitumor antibiotics. Even at present, by
applying various screening methods, new types of antitumor anti-
biotics can be discovered.

In 1981, we discovered a completely new type of antitumor
antibiotic (75,17). This was produced by a strain of bacteria
whichwe classified as Bacillus laterosporus. On the basis of its
structure (Fig. 11), we named this antibiotic "spergualin”.

Spergualin strongly inhibits L1210 leukemia. About on half
of the mice treated with 3.13 or 12.5 mg/kg daily for 10 days sur-
vived, and the surviving mice rejected a second inoculation of the
same tumor. Spergualin does not inhibit DNA, RNA, and protein
synthesis, but its mechanism of action has not yet been determined.
Spergualin is an interesting new antitumor compound with a strong
antitumor effect against L1210 mouse leukemia, a low chronic tox-
icity, and an undetermined action mechanism. We have synthesized
spergualin and its analogs. Spergualin (Fig. 1l) contains two
hydroxyl groups. We have prepared 15-deoxyspergualin and 11,15-
dideoxyspergualin., All acted to prolong the survival period of
mice with L1210 mouse leukemia: 15-deoxyspergualin hasthe stron-
gest activity, while the dideoxyspergualin has a slighly weaker
activity than spergualin. In other spermidine-containing anti-
biotics such as bleomycin, edeines A and B, laterosporamine, BA-
1808, glysperins A, B, and C, and glycinnamoylspermidine, the
amino group of the 3-aminopropyl moiety of spermidine links to the
residual part of the molecule. However, in the case of spergualin
the amino group of the 4-aminobutyl moiety of spermidine linksto
the carboxyl group of the residual portion of the molecule. We
synthesized spergualin analogues containing various amines instead
of the spermidine. The analogue in which the amino group of the
3-aminopropyl moiety of spermidine is involved in the linkage to
the residual part of the molecule has a much weaker activity in
inhibiting the growth of L1210 cells in vitro and has no activity
in inhibiting L1210 in vivo (66). The removal of the amidino
group of the guanidine moiety of spergualin eliminates the effect
in vivo. Analogue studies of spergualin thus indicate a predomi-
nant role of the amino and guanidine groups in the antitumor
action and suggests the importance of the distances between the
amine nitrogen atoms.

Glyo II found by the study of inhibitors of glyoxalase and
exhibited antitumor effect. Glyo II reacts with SH-compounds as
follows (48):
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The cytotoxic action of Glyo II was thus elucidated by its reac-
tion with RSH.

In the last 20 years, microbial culture filtrates have been
screened for the activity to inhibit L1210 mouse leukemia, P388
leukemia, sarcoma 180, Ehrlich carcinoma, etc., and the antitumor
antibiotics which exhibit therapeutic effect against leukemia,
lymphoma, breast cancer tumor of the ovary, uterus, testis, head,
neck and skin have been developed. However, antitumor compounds
which exhibit a strong therapeutic effect against cancer of the
stomach and lung have not yet been discovered. Therefore, the
antibiotics that exhibit the cytotoxic action through interesting
mechanisms may be interesting.

Low Molecular Weight Enzyme Inhibitors - Microbial
Secondary Metabolites with Various Pharmacological Activity

By 1965, NMR and x-ray crystallography had been introduced
into natural product chemistry, and it became possible to eluci-
date the structures of microbial products very quickly. Moreover,
at about this time, an understanding of the biochemistry of vari-
ous diseases began to make rapid progress.

Therefore, with my collaborators I initiated the screening
of culture filtrates for low molecular weight enzyme inhibitors.
We reported the first paper in 1969, and have since discovered
about 50 inhibitors (65).

Trypsin hydrolyzes peptide bonds at the carboxyl side of
arginine and lysine; chymotrypsin, at the carboxyl side of pheny-
lalanine, and pancreas elastase, at the carboxyl side of alanine.
Those of inhibitors (Fig. 12) which we discovered, that is, leu-
peptin and antipain inhibiting trypsin, chymostatin inhibiting
chymotrypsin and elastatinal inhibiting elastase, had the argini-
nal,phenylalaninal or alaninal group respectively (65,61). The
C-terminal aldehyde structure for the inhibition of serine and
thiol proteases was first found in these inhibitors. Pepstatin
inhibiting pepsin, cathepsin D, and renin, and phosphoramidon in-
hibiting metallo-proteinases, also have interesting structures,
as is shown in Fig. 12. In determining the structures of enzyme
inhibitors and antibiotics, we became interested in why so many
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compounds with various structures are produced by microorganisms;
therefore, we studied the biosynthesis of leupeptin. Inthis study
we were successful in the isolation of all three enzymes (43,44,
42) involved in leupeptin biosynthesis, that is, leucine acetyl-
transferase, leupeptin acid synthetase, and leupeptin acid reduc-
tase. These enzymes were extracted from Streptomyces roseus MA
839-A1 producing leupeptin. Leupeptin acid (acetylleucylleucy-
larginine )is synthesized by leupeptin-acid synthetase, which re-
quires ATP. The reaction sequence for this multifunctional en-
zyme can be shown as follows:

acetyl-Leu + L-Leu __5224> acetyl-L-Leu-L-Leu + L-Arg

ATE 5 agetyl-L-Ieu-L-Leu-L-Arg
Leupeptin acid is reduced to leupeptin by leupeptin acid reduc-
tase which requires ATP and NADPH. This enzyme is located incell
membranes.

Leupeptin~acid reductase is inhibited by leupeptin, but not
by elastatinal (42). This specific inhibition indicates that
leupeptin acid which has no antiprotease activity is produced
within cells; on the other hand, the leupeptin produced from leu-
peptin acid is not accumulated in cells, but is rapidly released
extracellularly.

Compounds like leupeptin acid, which are the precursors of
secondary metabolites, should not have cytotoxicity, and inmany
cases, the enzyme involved in the last step of the biosynthesis
may be inhibited by the last product as in the case of leupeptin
acid reductase. It is also possible that multifunctional enzyme
complexes may be involved in the synthesis of many secondary meta-
bolites. '

As has been described in a recent review of low-molecular-
weight enzyme inhibitors of microbial origin (65), hypotensive
compounds, compounds useful in the treatment of diabetes or obe-
sity, and compounds useful in the treatment of hypercholestremia
have been discovered by the screening for inhibitors of catecho-
lamine-synthesizing enzymes, amylase, or 3-hydroxy-3-methylglu-
taryl coenzyme A reductase respectively.

Low Molecular Weight Immunomodifiers

I extended the study of enzyme inhibitors to the study of
low molecular weight immunomodifiers. We searched for inhibitors
of enzymes on cell surfaces, that is, microbial product which can
bind to surfaces or membranes of animals and we could identify
immunomodifiers.

We discovered three antitumor antibiotics produced by
Coriolus consor in 1969 (49), we named them coriolins A, B, and C
and determined their structures (Fig. 13) (46). We also prepared
diketocoriolin B, which was a derivative of coriolin B. This
mushroom is called "saruno-koshikake" in Japanese, and an extract

In Conformationally Directed Drug Design; Vida, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1984.



93

Potentially Useful Microbial Secondary Metabolites

4., UMEZAWA

‘g UTTOTJOD038MIpP pue (9sauedep UT eXENTYSOY
-oundes) SJOSUOD SNTOTJI0) Aq psonpouad SUTTOTJI0) °€| dJnJTJ

a8 ujjojd030yaqiq D ujjoj40d Vv ujjojs0d

£,-9,1 £,~5,7
W' (H21000 ¢ - n “HO®(CHO)(HOMHDO0D0 ¢ N N
 yEHO 10 t 1 H o HQ yEys 10

£ nIU

In Conformationally Directed Drug Design; Vida, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1984.



94 CONFORMATIONALLY DIRECTED DRUG DESIGN

from it has long been used as a folk medicine for cancer. In 1972,
we found that the administration of a very small dose of coriolins
A and C and diketocoriolin B to mice increased the number of
spleen cells producing an antibody (12). We also found thatcori-
olins and diketocoriolin B inhibit Nat-xt-ATPase (21). This en-
zyme is located in cell membranes of all kinds of animal cells.

I first thought, therefore, that the binding of diketocoriolin B
to membranes of the cells involved in antibody formation resulted
in an increase in the number of antibody-forming cells. Later,
we confirmed that diketocoriolin B acts directly on the antibody-
producing B lymphocytes (15). I assumed that the screening for
compounds which bind to cell membranes or surfaces would result
in the discovery of immunity-modifying compounds. In order to
find low molecular weight microbial products which can bind to
cells, we searched for inhibitors of enzymes on cell surfaces or
membranes. In this study we found that all aminopeptidases which
hydrolyze N-terminal peptide bonds are located on cell surfaces
(2). These enzymes are not released extracellularly. We also
found that alkaline phosphatases and esterases are also located
on cell surfaces. Searching for inhibitors of these enzymes, we
discovered bestatin (70,39,26,74), inhibiting aminopeptidase B
(Ki+6x10~8M) and leucine aminopeptidase (Ki=2x10-8M); amastatin
(4), inhibiting aminopeptidase A (Ki=1.5x10~'M) and leucine ami-
nopeptidase (Ki=1.5x10"%M); forphenicine (5,24), inhibitingchick-
en intestine alkaline phosphatase; and esterastin (68,19) (Ki=2x
101 M) and ebelactones A and B (71,85) (Ki=9.2x10~8M for A; Ki=
5x10~10M for B) inhibiting esterase. Their structures are shown
in Fig. 14.

Recently, we found the arphamenines. Arphamenines A and B,
which we discovered recently in culture filtrates of Chromobac-
terium violaceum are specific inhibitors of aminopeptidase B. As
is shown in Fig. 15, by structural study arphamenines A and B wxe
elucidated to be the methylene analogues of L-arginyl-L-phenyla-
lanine or L-arginyl-L-tryosine respectively. Arphamenines A and
B (Fig. 15) (69,27) inhibit aminopeptidase B very strongly (Ki of
of A=2.5x10"°M and Xi of B=8x10-10M). Arphamenines do not, how-
ever, inhibit aminopeptidase A and leucine aminopeptidase.

A low dose (1-100 pg/mouse) of bestatin enhanced delayed-
type hypersensitivity (DTH) to sheep red blood cells, while a
high dose of it (1 mg/mouse) increased the number of antibody-
forming cells in the spleen. Amastatin increased the number of
antibody-forming cells. Forphenicine (1-100 ng/mouse) enhanced
DTH and also increased the number of antibody-forming cells when
given at a dose of 10-1,000 pg/mouse. Ekelactone A enhanced DTH
(71). However, esterastin suppressed DTH and reduced the number
of antibody-forming cells. Arphamenine A enhanced DTH.

We have also synthesized bestatin and its stereoisomers (38)..
Bestatin and 3 isomers which had the S-configuration at the 2-C
position of the 3-amino-2-hydroxy-4-phenylbutyryl moiety have been
found to act strongly to inhibit aminopeptidase B. Conforming
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with this activity, all of them acted strongly to enhance delayed-
type hypersensitivity. Amastatin, like bestatin, also has the
3-amino-2-hydroxy-propionyl moiety. The stereoisomers which had
the S-configuration at the 2-C position of this moiety acted to
inhibit aminopeptidase A, but the isomer of the R at the 2-Cposi-
tion had very weak activity or none at all (57).

The type of inhibition of chicken intestine alkaline phospha-
tase by forphenicine was not competitive, but uncompetitive with
the substrate. Its derivative, forphenicinol, which contains a
hydroxymethyl group instead of the formyl group in the forpheni-
cine molecule, did not inhibit alkaline phosphatase but, it did
bind to cells. Forphenicinol enhanced delayed-type hypersensiti-
vity (13,14) and the phagocytic activity of macrophages.

Among these low-molecular-weight immuno-modifiers, bestatin,
forphenicine, forphenicinol, and arphamenines A and B have been
tested for antitumor effects against mouse tumors. All showed
antitumor action against some mouse tumor strains in vivo and en-
hanced the antitumor effect of adriamycin,bleomycin, mitomycin, etc.
They all have very low toxicity. Of these low-molecular-weight
immunomodifiers, bestatin has been studied in greatest detail.
Experimental results from testing the effects of bestatin on the
mouse-immune system have been presented in a monograph on besta-
tin (64).

Bestatin has been studied clinically during the last 6years.
Daily oral administration of 30 or 60 mg to cancer patients re-
stored the lowered immunity indices in such patients (64). Clini-
cal randomization tests for the therapeutic effects of bestatin
have been conducted. For instance, the survival period of pa-
tients with melanoma after the macroscopic elimination of tumors
by surgery and chemotherapy has been significantly prolonged by
bestatin administration (30 mg, daily, orally) compared with the
cases of controls without such bestatin treatment.

As well known, suppressor cells which suppress the immune
resistance to cancer have increased in cancer patients, and it is
necessary to prepare compounds which can inhibit the generation
or action of suppressor cells. We, therefore, have initiated a
search for microbial products that inhibit the generation or
action of suppressor cells.

It is reasonable to assume that there might exist cytotoxic
antibiotics which inhibit the generation or the action of suppres-
sor cells more strongly than that of other immune cells. 1Infact,
anticancer drugs, such as cyclophosphamide, 6-mercaptopurine, ac-
lacinomycin, and bleomycin, etc. have been confirmed to inhibit
the generation of suppressor cells.

We discovered completely new nucleoside-like antitumor anti-
biotic containing a new heteroaromatic ring and named it oxano-
sine (37) (Fig. 16). We found a dynamic structural change of
oxanosine with base and acid as shown in Fig. 16. On the basis
of this finding, oxanosine was synthesized (86). This antibiotic
produced a significant prolongation of the survival period inmice
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with L1210 tumor. The suppressor cells are produced in the spleen
of mice with IMC carinoma; the transfer of these suppressor cells
to mice eliminates the immune resistance to IMC carcinoma in the
latter. If the mice with IMC carcinoma are treated withoxanosine
(50-400 mg/kg), then the suppressor activity of the transferred
spleen cells is markedly reduced or eliminated. Moreover, one

(50 mg/kg) or two injections 6 or 7 days after the inoculation of
tumor cells inhibited the growth of IMC carcinoma, although the
injections 1 or 3 days after the inoculation of IMC carcinoma
cells (106) did not produce any antitumor effect. Thus, oxanosine
was shown to inhibit the generation or action of suppressor cells.
Encouraged by these effects of oxanosine, we have been continuing
the study of oxanosine derivatives and its analogues, such as 2'-
deoxyoxanosine.

It is also possible to find compounds inhibiting the genera-
tion of suppressor cells among low-molecular-weight immunomodi-
fiers. We have confirmed that bestatin, forphenicinol, and arpha-
menines A and B inhibit the generation and action of suppressor
cells which suppress delayed-type hypersensitivity. The effect
of bestatin, forphenicinol, arphamenine inhibiting suppressor
cells which suppress the cancer immunity is suggested by their
effect in inhibiting IMC carcinoma when given 6 and 7 days after
the inoculation of the tumor cells; the treatment on 3 or 4 days
after the inoculation of tumor cells is not effective. The anti-
tumor effect of the arphamenines has been suggested to be due to
their effect of inhibiting the generation of suppressor cells.

Conclusion

I have been successful in expanding the research area of mi-
crobial secondary metabolites, isolating new types of compounds
which have biological and pharmacological activities with my col-
laborators. We determined their structures, and synthesized them
and their derivatives and analogues. Studies of their derivatives
and analogues have also led to the development of more effective
antibacterial and antitumor compounds than the parental antibio-
tics. These studies have also made a great contribution to the
understanding of the structure-activity relationships. The study
of microbial secondary metabolites and their chemistry has made a
great contribution to the progress of medicinal chemistry, and I
believe further that the chemistry of the microbial products has
been brought to the forefront of life science of today. I also
believe that in the near future, methods to produce new microbial
products will be established.
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Conformation of Nucleic Acids and Their
Interactions with Drugs

ANDREW H.-]. WANG

Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139

The recent availability of synthetic
oligonucleotides of defined sequence has ushered in
a new era in our understanding of the nucleic
acids. We can now crystallixe fragments of nucleic
acids and analyze their structure by single crystal
X-ray  diffraction analysis, which often produces
data at atomic or near—atomic resolution, Examples
will be discussed of both right-handed and
left—-handed double helical structures as well as
structures containing both RNA and DNA. It is
important to note the contributions of nucleotide
conformation in these different examples. In
addition, the structure of several drug-nucleic
acid complexes will be described. It shows in
great detail the manner in which these drug
molecules have both intercalating components, which
bind to the minor groove of B-DNA, as well as
hydrogen bonding components which anchor the drug
to DNA through its interaction with base pairs on
either side of the intercalative site, Analysis at
this level makes it possible to contemplate the
rational design of molecules such as daunomycin as
well as triostin A so that they would interact more
strongly as well as more specifically with
particular nucleic acid sequences.

Most of our knowledge of the dotailed three—dimensional
conformation of nucleic acids came from x-ray diffraction studies.
The earlier studies of natural and synthetic DNA polymers wore
carried out on fibers (1). However, fiber diffraction studies
have intrinsic limitations as their x-ray diffraction patterans
provided only a limited amount of experimental information. In
general, it is impossible to solve the molecular structure of a
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macromolecule from a fiber diffraction pattern without making many
assumptions as to the nature of the structure or using model
building.

The availability of chemically synthesized oligonucleotides
of defined sequences has changed the nature of nucleic acid
structural studies from fiber to single crystal x-ray analysis.
Unlike fibers, single crystals have the advantage that they
usually diffract to quite high resolution, sometimes up to atomic
resolution (less than 1 A resolution). Furthermore, there is a
large amount of diffraction data available from single crystals
and it is not necessary to assume any models for the struotural
analysis. Recently, a wealth of information has been accumulated
through these studies, A variety of DNA conformations has now
been shown to exist (2), including some molecules that were found
to have more than one conformation in their polynucleotide
backbone, The fine details of the B-DNA structure started to
appear from the recent work of Dickerson and his colleages on a
DNA dodecamer fragment d(CGCGAATTCGCG) (3-4). In this report, I
roview some of the recent work dealing with DNA structures from
chemically synthesized oligonnocleotides and their interactions
with drugs.

Right—-handed DNA Conformation

DNA is known to adopt a number of right-handed double—helical
structures. Two different diffraction patterns could be produced
from DNA fibers depending upon the relative—humidity of the 1loocal
environments (3). If the fibers were allowed to expose to air
with 75% relative humidity, they produced an A-type diffraction
pattern, and if the fibers remained hydrated, a B-type diffraction
pattern was obtained, The familiar VWatson and Crick double
helical DNA model was derived using the B—type diffraction pattera
(6). The relative ease with which these two forms can
interconvert shows that DNA is conformationally active and clearly
polymorphic. It 1is generally assumed that B-DNA exists in
biological systems, though the evidence for this is not very
strong.,

There are several differences between A—- and B-DNA, for
example, the tilting of the base pairs relative to helical axis,
the displacement of the base pairs away from the helix as well as
the pucker of the furanose ring. The latter is illustrated in
Figure 1, which shows the five—member ring of the deoxyribose
sugar drawn so that the plane defined by the atoms C1', O1', C4'
is horizontal, The two other ring atoms, C2' and C3', can be
oriented in two different classes of positions. Those in which
the C2’' atom is above the horizontal plane are called C2' endo,
whereas if atom C3' is above that it is called C3' endo. The
major effect of these differences in sugar pucker is that they
alter the separation between the phosphate groups attached to the
sugar by over 1 X. In the C3' endo conformation the phosphate
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C2' endo Sugar Pucker

Figure 1: A disgram illustrating the two major families of
furanose ring pucker in ribonucleotides and deoxynucleotides.
The C1',01’,C4’' atoms are drawn in a horizontal plane. Atoms
above that plane are in the endo conformation., Note that in

the C2' endo conformation the phosphate groups are further
apart than in the C3’ endo conformation,
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groups are closer together while in the C2' endo conformation they
are further apart. This results in the introduction of an elastic
element in the backbone of polynucleotides. These differences in
distance are widely used in mnaturally occurring mnucleic acid
structures, For example, in the three-dimensional structure of
yeast phenylalanine transfer RNA a majority of the 76 nucleotides
are in the C3' endo conformation. However, eight of them are in
the C2' endo conformation (7) and they occur in specific positions
such as where the polynucleotide chain has to be extended to
acommodate or surround an intercalating base. They also occur
when the polynucleotide chain is stretched out.

A Modified A-DNA Conformation

Although DNA structures are often described as being either A-DNA
or B-DNA, it is important to recognize that these represent only
idealized models of molecules and the actusl conformation which a
particular molecule adopts reflects to varying extents an
individual sequence. Generally only one of the lowest energy
conformations for that sequence is observed in the crystal. The
deviations from ideality may be considerable, as for example, if
we consider the structure of the octamer d{GpGpCpCpGpGpCpC) (8).
Although this molecule is predominantly in the A-DNA form, it
actuslly has a central segment containing the two different
families of sugar pucker so that the molecule has an interesting
mixture of A-DNA and B-DNA features., Fig, 2 illustrates some of
the features of this structure in comparison to A- and B-DNA. It
was found that the molecules in the crystal underwent a small
temperature dependent conformational change so that two differeat
structures were solved at —-8° and -18°C. Fig. 2 shows side views
of the van der Waals diagrams of the molecule, The oenter two
drawings show the conformations obtained at the two different
temperatures, while on the left and the right respectively are
idealized models of A-DNA and B-DNA constructed using the same
sequence.

A-DNA and B—-DNA are different in several ways. In B-DNA the
bases occupy the center of the molecule and they are almost
perpendicular to the axis, In A-DNA the base pairs are removed
from the central axis of the molecule and they have a considerable
tilt in the opposite direction. In B-DNA the rise per residue
along the axis is 3.34 , which is the thickness of the
unsaturated purine—pyrimidine base pair. Due to _the tilting of
the bases in A-DNA the rise per residue is 2.56 i along the axis.
The diameter of the A-DNA molecule is slightly larger. In A-DNA
the minor groove is flat and wide while the major groove is deep
and extends through the central axis of the molecule. The tilt of
the base pairs brings the phosphate groups closer together on
opposite strands across the major groove of A-DNA than they are in
B-DNA. Fig. 2 shows the differences by the arrow at the right of
the figure, which measures the vertical distance along the helix
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axis between the phosphate groups at either end of the molecule.
This distance is much smaller in A~-DNA than in B-DNA. Thus, in
the two octamer structures we find that they have a conformation
which is intermediate between A and B.

The reason that the octamer structure is not a pure A-DNA is
mainly due to the alternating sugar pucker of successive residues.
The numbering of the self complementary octamer structure goes
from Gl to C8 down one strand and then G1* to C8* along the other
strand. Thus residues Gl and G2 are paired to C8% and C7* of the
opposite strands, All four of these residues have conformations
close to A-DNA. However, the central segment of four base pairs,
C3 through G6, consists of residues which have alternating ring
puckers, i.e., alternatively near C2’' endo, C3' endo, C2’ endo,
C3' endo., These differences in ring puckers are also reflected in
differences in the twist angle between adjacent base pairs. This
is the angle between the line C1°'~-C1l’ of one base pair with the
next base pair. The variations in twist angle vary from 45° jn
C3pC4 step to 16° in CApGS5 step, and these are to be compared with
a constant twist angle of 33° which is found in the idealized
A~DNA structure and 36° found in B-DNA.

It is not certain whether this alternating A-DNA conformation
is found in a particular sequence, It is interesting that the
octamer d(CCCOBGGG) crystallizes in virtually the identical
lattice as the octamer d(GGCOGGCC) (8). Furthemmore, examination
of sample diffraction patterns from crystals of that octamer show
that it is virtuoally identical to that of the octamer with the
sequence d(GGCOGGCC). These two octamers both have the sequence
COGG in their central four base pairs. Two other molecules,
d(i0doCOGG) (9) and d(GGTATACC) (10-11), also have a somewhat
similar A-DNA conformation as observed here. Thus it is possible
that this alternating A conformation may be favored by a sequence
involving two pyrimidines followed by two purines or it may be
favored by the sequence COGG.

Conformation of a DNA-ENA Hybrid

During DNA replication a single strand of DNA is used as a
template for assembling complementary deoxynucleotides. For one
of the two strands of the double helix, DNA replication takes an
unusual form in which segments of DNA are assembled, Okazaki
fragments (12), which are later joined to form an intact final
strand. The synthesis of DNA Okazaki fragments is primed at the
5' end by a small nomber of ribonucleotides which initiate the
synthesis, Synthesis is then continued by covalently joined
deoxynucleotides, In an attempt to learn something of the
structure of this initiating ocomplex . and more gemerally learn
something about DNA-RNA hybrid molecules, the structure of an
oligonucleotide, r(GCG)d(TATACGC) ,was solved which contains three
ribonucleotides at the 5’ end connected covalently to seven
deoxynucleotides (13). This molecule is self-complementary and
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forms two DNA-ENA hybrid segments with three base pairs
surrounding a central region of four base pairs of double helical
DNA. All three parts of the molecule adopt a conformation which
is close to that seen in A-DNA or in the 11-fold RNA double helix,
Fig. 3 shows side views of the hybrid molecule. In these
diagrams the ribo components are shaded and the 2’ hydroxyl groups
are black. These three different views 90° apart illustrate the
typical A-DNA geomotry of the complex. The major groove is deep
and narrow and the minor groove is broad and shallow, The base
pairs have an average twist angle of 33° with a small variation
among the residues. The base pairs have a rise along the axis of
2.6 X and in this helix there are 10.9 residues per turn. The
base pairs are considerably removed from the axis of the molecule
and are tilted approximately —-20° from the axis of the molecule,
It is interesting that the hybrid molecule has a fairly regular
geometry even though it contains both ENA and BNA, The molecule
has an almost perfect A-type geometry with all of the ribose and
deoxyribose sugars in the C3’' ondo conformation, There are no
structural discontinuities between the hybrid helix and the DNA
helix itself. While a slight discontinuity associated with the
structure of the central four base pairs containing the sequence
d(TATA) is observed. In contrast to the six hybrid G-C base pairs
at either end which have rather normal hydrogen bond distances,
the four AT base pairs have somewhat longer NH-—O hydrogen bond
lengths. In addition, there are some discontinuities in the
orientation of the helix axis in the d(TpA) segments, The results
from a high resolution NMR study are consistent with the structure
observed here (14).

These discontinuities in the TATA region may be an expression
of structural features which are an inherent part of the TATA
sequence possibly associated with stacking modifications, This
might be of biological interest, since the base sequence TATA is
one of the common signals which is used in the initiation of
transcription by ENA polymerase,

Lattice Interactions

The manner in which these A-DNA octamer and RNA-DNA hybrid decamer
fragments form a lattice is quite interesting. The flat, shallow
minor groove is used as one of the component building blocks for
organizing the molecules into a lattice. In particular, the
Planar C-G base pair at the end of the molecule is found to stack
on the flat surface in the minor groove of an adjacent molecule in
a manner which is shown in Fig, 4. In the stereodiagram 4A, the
octamer itself is drawn as open circles but the terminal two base
pairs of adjacent molecules are drawn with shaded atoms, It
clearly shows the manner in which the adjacent molecules use the
flat surface of the minor groove to stabilize, through van der
VWaals forces, the interactions between adjacent molecules to build
up a lattice.
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IMAJOR GROOVE:

! DEEP AND
NARROW

Figure 3: A space—filling drawing of the DNA-ENA hybrid

r(GCG)d(TATACGC), The molecule is shown in three different
orientations 90° apart from each other about the dashed
vertical axis, At the left we are looking into the broad,
flat minor groove of the molecule. Phosphate groups on

opposite strands are 8.6 } apart across the minor groove.

The heavy black lines are drawn from phosphate to phosphate
to show the flow of the polynucleotide chains, The
ribonucleotides are shaded and the ribose 2’ oxygen atoms are
black. The center figure, rotated 90°, shows both the mimor
groove on the upper part of the molecule and the major groove
at the lower right. The shaded ribonucleotide backbone
sogments are close to each other on either side of the major
groove, The bases are tilted 19° from the vertical axis. In
the center view the tilt reverses itself in going from the
upper part to the lower part of the molecule., The view on
the right is rotated 90° from the center of the molecule and
we are looking down into the deep and narrow major groove of
the molecule. The phosphate groups are 4.7 & away from each

other across this groove, Oxygen atoms are solid circles;

nitrogen atoms are stippled; phosphorous atoms have spiked
circles.
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r(GCG)d(TATACGC)
B

Figure 4: Stereo diagrams illustrating the interaction between
molecules in the crystal lattices of (A) the octamer
d(GGCCGGCC) and (B) the decamer hybrid r(GCG)d(TATACGC). In
both cases, a complete molecule is shown with unshaded atoms.
The shaded atoms represent the base pairs at the end of
adjoining molecules. Two or three base pairs from the
adjoining molecules are shown with shaded atoms in order to
illustrate the packing of the terminal planar base pairs on
the flat minor groove surface of the unshaded molecule in the

center.
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Likewise, the packing of the hybrid A-DNA segments in the
crystal 1lattice uses the same type of molecular interactions as
those which were found in the organization of the octamer lattice
described above. Fig. 4B shows a stereodiagram of this similar
stacking interactions., The hybrid decamer is shown with unshaded
atoms and three base pairs of the neighboring stacking molecules
adjoining it are shown with shaded atoms, It can be seen that the
packing motif is one in which the terminal planar
purine—-pyrimidine base pair stacks on the flat surface of the
minor groove A-type double helix in the same way as seen for the
octamer stacking in Fig., 4A. This stacking motif appears to be
used in several other crystal structures (9-11).

Attention has been drawn to the fact that the size and shape
of the purine—pyrimidine base pair in this case is rather similar
to the size and shape of the benzo[alpyreme nucleus, which is a
powerful carcinogen (8). That carcinogen is known to bind
covalently to the N2 position of guanine (15). In the present
lattice the planar purine-pyrimidine base pair rests in a position
close to the guanine N2. Thus, this mode of interaction may also
be a model for the interaction of planar carcinogen molecules with
DNA,

Furthemmore, many planar intercalating drugs are known to
have '"outside” binding affinity to nucleic acids. For example,
proflavin has been shown to bind to a specific site in the yeast
phenylalanine tRNA molecule in a non—intercalative manmer (16).
It is interesting to note that both grooves in B-DNA structure are
quite deep and the width as well as the shape of these grooves are
not well suited for such type of interaction involving large
planar molecules,

In the octamer d(GGCOGGCC) and the DNA-RNA hybrid, both of
them are found in an A-DNA conformation and this can be explained
using two different mechanisms. For the pure deoxy octamer it was
speculated that it may be the sequence of stacking of two adjacent
deoxyguanosine residues which favors an A structure, In the
DNA-BNA hybrid it is clearly the influence of the ribonumoleotide
which favors the C3'’ endo conformation which forces the entire
molecule to adopt an A conformation. It should be recognized that
the A conformation and B conformation are always in dynamic
equilibrium and the actual conformation in a crystal structure is
one of the most stable energy states. Due to the fact that the
crystal is carrying out a sampling operatiom, it is possible that
other conformations in equilibrium with this may be represented in
solution to a significant extent, for example, in the case of the
Z-DNA structure described below. The stremgth of single crystal
X-ray analyses is that they provide fim information about
molecular conformation. The limitation is that it focuses on one
conformation and does not provide information about the other
conformations which are in equilibrium with it in solution, It is
important to comsider this point in thinking about the
conformation of nucleic acids in biological systems.
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Left-Handed Z-DNA

B-DNA to A-DNA conformational tramsition is a small change in
comparison to the molecular rearrangement which occurs when DNA
adopts the 1left—handed Z-DNA conformation, This left-handed
structure was discovered in an atomic resolution X-ray diffraction
analysis of a single crystal of a hexanucleoside pentaphosphate
with the sequence (dC-dG); (17-18) and subsequently with (dC-dG),
(19-20). Figure 5 shows a van der Waal’'s drawing of the Z-DNA 1in
comparison to the wmore familiar right—handed B-DNA. The
left—handed double helix has the phosphate groups arranged in a
zig~zag array hence the name Z-DNA. The structure is favored by
sequences which have an alternation of opurines and pyrimidines.
The reason for this is seen in Fig, 6 which shows the
conformation of deoxyguanosine as found in Z-DNA and B-DNA. In
Z-DNA, the deoxyguanosine residunes have the C3' endo pucker, while
the deoxycytidine residues have C2’' endo pucker, Further, the
guanine residues adopt the syn while the cytosines have an anti
conformation, This is in contrast to B-DNA where all residues
have the anti conformation., The asymmetric unit in Z-DNA thus is
a dinucleotide in contrast to the mononucleotide found in B-DNA.
The Z-DNA helix has 12 base pairs per turn of the helix with a
pitch of 44.6 x, whereas in right—handed DNA it has 10 base pairs
per turn occupying a distance of 34 4, The diameter of the Z-DNA
helix is only 18  § compared to the somewhat thicker 20 % found in
B-DNA as can be seen in Figure 7.

In the crystal lattice, the hexamer Z-DNA fragments are
stacked upon each other in such a manner that they make a
structure in which the base pairs have a stacking which runs
continvously through the crystal parallel to the c axis, and
around it the sugar—phosphate chains form a continuum except that
they are interrupted by the absence of a phosphate group every six
residues., The structure has enough regularity so that it is
visualized in the form of a continuous helix, The Z-DNA helix is
shown in Figure 5 in which the helical groove is shaded and the
heavy black 1line which forms a zig-zag array around the groove
shows the position of the phosphate groups along the serrated edge
of the chain. There is only ome groove in Z-DNA compared to two
in B-DNA. The WatsonCrick base pairs which form the outer comvex
surface of the molecule in Z-DNA correspond to the major groove of
the B-DNA helix,

Topologically, ome cannot go from B-DNA to Z-DNA by simply
torning the helix around the other way. In addition to the
rotation of the helix in the opposite direction, the base pairs
must "flip over,” as they have an orientation relative to the
backbone opposite to that which is found in B-DNA, Thus, the
transition from B-DNA to Z-DNA is a rather complex process
involving many structural rearrangements,

The transition from B-DNA to Z-DNA was first observed in
solution by the near inversion of the circular dichroism of
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Major

Minor
Groove

B DNA

Figure 5: Van der Waals side views of Z-DNA and B-DNA. The
zig-zag path of the sugar—phosphate backbone is shown by the
heavy lines. The groove in Z-DNA is deep, extending to the
axis of the double helix, This is in contrast to B-DNA which
has two grooves.
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Figure 6: A diagram illustrating the conformation of
deoxyguanosine in Z-DNA and B-DNA. In Z-DNA the guanosine
residues have the C3’' endo sugar pucker and the guanine base
is found in the syn conformation., Both of these are
different from the conformation found in B-DNA. However, the

deoxycytidine residues of Z-DNA have the C2' endo sugar
pucker and the anti position of cytidinme.

B DNA Z DNA

Figure 7: End views of B~-DNA and Z-DNA are shown in which the
guanine residues of one strand have been shaded., The Z-DNA
figure represents a view down the complete ¢ axis of the
crystal structure encompassing the hexamers, The approximate
6-fold symmetry is apparent in the figure. The B-DNA figure
represents one full turn of helix., It can be seen that Z-DNA
is a slimmer helix than B-DNA,
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poly(dG-dC) when the salt concentration (NaCl) in the solution was
raised to 4M (21). VWe have shown that the high salt form of
poly(dG—dC) in solution is indeed Z-DNA using the identity of the
Raman spectra from poly(dG-dC) in high salt solution and from the
crystals of d(C—G)s (22). In solution there is an equilibrium
between Z-DNA and B-DNA., The equilibrium constant is determined
by many factors, such as base sequence and the nature of the ions
in the solution, It is interesting that the crystals of Z-DNA
were grown from a solution containing a 1low concentration of
cations so that the major species in the solution was B-DNA
(17-18). However, the crystals which nucleated were Z-DNA and as
these crystals grew the equilibrium shifted until finally all of
the material had converted to Z-DNA in the crystal lattice.

Mothylatjon of Cytosine Stabilizes Z-DNA

One of the principal modifications of the nucleic acids,
especially in the higher enkaryotes, is methylation of cytosine on
the 5 position where that cytosine precedes a guanine, Extensive
studies have been carried out which have shown that methylation of
DNA is generally associated with gene regulation (23-24). It is
interesting to note that CG sequences play an important role in
the Z conformation, Accordingly, it is reasomable to ask whether
methylation might modify the distribution between B—DNA_and Z-DNA.
Behe and Felsenfeld have demonstrated that poly(dﬂ—nst) could
convert to Z-DNA by adding very small amount of magnesium ion (0.6
mM) (25). In order to comnvert poly(dG-dC) to Z-DNA, it is
required to have 760 mM magnesium ion. This is a decrease of
three orders of magnitude in the amount of magnesium ions needed
to stabilize Z-DNA when the polymer is methylated.

We have recently solved the structure of s  hexamer,
(nst—dG)s (26). Figure 8 compares these two helices. The
overall form of the methylated Z-DNA molecule is similar to that
seen in the unmethylated molecule. This result is reasomable in
view of the fact that antibodies raised against non—methylated
Z-DNA can also recognize Z-DNA formed by the methylated polymer
(27). However, there have been some subtle changes in the
geometry of the molecule, principally associated with the fact
that the methyl group is very close to the carbon atoms Cl' and
C2’ of the adjacent guanosine residue, This has made a small
change in the helix twist angle of Z-DNA, The methylated polymer
has a twist angle for CpG which is -13° compared to an average
value of -9° for the unmethylated polymer., There is a similar
change averaging 4° for the sequence GpC. The net effect of these
changes is that the methyl groups on the surface of the molecule
are brought closer together from 5.2 I to 4.6 X in the methylated
polymer than they would be if they were attached to the
unmethylated polymer without such a change. The results from a
recent 500MHz proton NMR study of the Z-DNA form of d(nsc—G)3 in
methanolic solution are in complete agreement with the structural
features observed in the corystal (28).
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Figure 8: Two van der Waals drawings showing structure of Z-DNA
in both its (A) ummethylated and (B) methylated forms as
determired in single crystal structures of (dC-dG)s and
(mst-dG)3 respectively. The groove in the molecule is shown
by the shading., The black zig—xzag line goes from phosphate
group to phosphate group to show the arrangement of the sugar
phosphate backbone, In the methylated polymer (B), the
methyl groups on the C5 position of cytosine are drawn in
black. The arrow illustrates that a depression found in the
unmethylated polymer (A) is filled by methyl groups in (B).
The methyl group indicated by the arrow is in close contact
with the imidazole ring of guanosine above it and the C1l and
C2' carbon atoms of the sugar ring.
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The stabilization of Z-DNA by methylation is due to two
factors. One of these is that the methyl group fills a vacancy or
depression on the surface of Z-DNA. This is shown in Figure 8, in
which the arrow mnear the unmethylated polymer (A) points to a
depression at the side of the molecule, whereas in the methylated
polymer (B) that depression is filled by the methyl group. The
methyl group is in van der Waal's contact with the imidazole ring
of guanine immediately above it in Figure 8B, and also with the
C1' and C2' carbon atoms of the same guanosine. In effect, these
produce small hydrophobic patch on the surface of the molecule,
This is in contrast to the situation in B-DNA where the evenly
distributed methyl groups project out into the solvent from the
major groove of the double helix, The effect of methylation is
thus two—fold: one, to destabilize B-DNA by interposing a
hydrophobic group into the water; and secondly, to stabilize Z-DNA
by hydrophobic interactions. This provides a structural rationale
for why methylation of DNA might favor the formation of small
segments of Z-DNA.

Adenine—Thymine Base Pairs in Z-DNA

Segments of DNA in negatively supercoiled plasmids have been shown
to form Z-DNA through the use of Z-DNA specific antibodies, and
they contain AT base pairs (29—-30). However, AT base pairs are
known to be less stable than CG base pairs, as for example AT
containing DNA segments convert to Z-DNA much less readily. Ve
have addressed the problem by solving the structure of Z-DNA with
AT base pairs (31). Two of the molecules are hexamers with the
general self-complementary sequence d(CGTACG) im which the
cytosine residues have either methyl groups or bromine atoms on
their 5 positions. Another molecule which has been crystallized
in Z-DNA structure is an ummodified octamer, d(CGCATGCG) (32).

The structures of both the 5-methyl and 5-bromo derivatives
of d(CGTACG) are similar to each other and likewise similar to the
structure of (ddeG)s as well as (mst—dG)s. They form a double
helix with six base pairs and stack together to form an
essentially continuous Z-DNA double helix running along the ¢ axis
of the unit cell. The crystal of the methylated hexamer diffracts
to a resolution of 1.2 &, and the brominated derivative to 1.5 1.
Both crystals form an isomorphous lattice with that of the
(dc‘dﬁ)g. Thus it is not surprising that the gross form of Z-DNA
is the same whether it is made of CG base pairs or AT base pairs,

The overall helical parsmeters are gquite similar, and there
are only small changes in the base stacking geometry and small
differences in the hydrogen bond distances of the base pairs.
This is not totally unexpected, as both the monoclonal as well as
polyclonal antibodies against Z-DNA containing only OG base pairs
also react with high specificity against negatively supercoiled
plasmids containing CA sequences (29-30).
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During the refinement of the crystal structure of
d(m CGTlmSCG), a large number of solvent molecules were located.
The majority of these peaks are water molecules, although five of
the peaks have been identified as cations due to the coordimation
goeometry associated with them,

From the analysis of the hydration organization of these
Z-DNA crystal structures, two different types of water molecules
are generally found in the groove of Z-DNA. The water molecule of
the first kind bridges the amino group on position 2 of guanine
and a phosphate oxygen of the same deoxyguanosine nucleotide.
This bridging water molecule is in a position such that it cam
stabilize the syn conformation of guanine., Second type of water
molecule fits in the groove where it lies near halfway between
oxygen 02 of pyrimidine residues in successive base pairs. In the
case of the structure of both the nnmethylated hexamer (dC—dG)3
(17) and the methylated hexamer (m dC-dG)3 (26), both of these
water molecules are found occupying the helical groove of the
Z-DNA. Thus there are two water molecules hydrogen bonded to
electronegative mnitrogem and oxygen atoms at the bottom of the
Z-DNA helical groove per base pair.

The situation is quite different in the case of the AT base
pairs, as mno ordered water molecules can be seen in the groove
hydrogen bonded to the AT base pairs. First, as the adenine
residue does mnot have an N2 amino group, the bridging water
molecule is absent. Second, the water molecule which is hydrogen
bonded directly or through another water molecule onto the
pyrimidine 02 atoms along the bottom of the groove does not appear
in the electron density map either,

A visualization of the hydration around the Z-DNA molecule is
shown 1n thg stereodiagram of Figure 9 with a van der Waals model
of d(m®CGTA’ CG) (31) together with solvent molecules (stippled
spheres). The convex outer portion of the molecule is heavily
covered with a sheath of water molecules which are binding to most
of the electronegative atoms in the molecule., There are small
patches of hydrophobic residues which do not have water molecules
covering them, Figure 9 also shows that the helical groove of
Z-DNA is filled with water molecules except at the position
occupied by the two base pairs, At the bottom of the helical
groove, the base pairs themselves can be visualized devoid of
ordered hydration structure, even though there are water molecules
at the outer part of the groove which are hydrogen bonded to the
negatively charged phosphates. Two of these (at positions marked
x) have been removed in Figure 9 in order to visualize the
disordered hydration at the bottom of the groove., While the
geometry of the Z-DNA molecule is not altered to a significant
extent through the introduction of AT base paris, hydration in the
helical groove is modified comsiderably.

It is known that AT base pairs in B-DNA are somewhat less
stable than CG base pairs, In Z-DNA, they are probably
considerably less stable, not only due to the absense of a third
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Figure 9: A stereodisgram of a van der Waals model of the hexamer
d (=5 06 TARS 0G) showing the first shell hydration, Only
solvent molecules are included for which the temperature
factor is lower than 45 42, Water molecules are represented
as spheres with stippled circles, magnesium metal ions are
drawn as spheres with concentric circles, while phosphorus
atoms are drawn with circles with cross striations, The
helical groove is generally filled with ordered water
molecules except in one region where the two AT base pairs
lie, In order to visualize this section of the groove, two
water molecules were removed which are bound to the phosphate

groups near the periphery of the molecule,
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hydrogen bond between the bases, but also due to the lack of
ordered hydration structure in the helical groove. In addition,
the reactivity and accessibility of various sites of the AT vs GC
base pairs might be another factors which can influence the the
relative stability of B- vs Z-DNA structures. Since the Z-DNA
sequences contain information, it is likely that these differences
in stability will be used in nature for various biological
processes.

Z=DNA in Biological Systems

The structural studies on Z-DNA suggest that there exists a stable
alternative conformation of DNA in the left-handed form which may
exist in vivo., Several studies have provided evidence for the
oxistence of Z-DNA in biological system(27,29-30,33-34). Through
the use of antibodies specific to Z-DNA, it has been shown that
sogments of DNA in negatively supercoiled plasmids as well as SV40
virus can exist in Z-DNA conformation, Furthermore, form V DNA
contains significant portions of left—handed Z-DNA as judged by
Raman and CD spectroscopy. Recently, it has been estimated that
in E, coli there exists about 1% potential Z-DNA forming
sequoences (34). Proteins that bind to Z-DNA specifically have
also been partially purified from Drosophilla (35). Thus there is
an increasing smount of information being accumulated with regard
to the possible biological significance of the left—handed Z-DNA.
What is not clear at the present time is the size of the smallest
Z-DNA which might exist in the middle of B-DNA. Is it possible
that a small d(m°CpG) dinucleotide could actually form Z-DNA in
the middle of a B-DNA strand? Further structural studies in which
the B-Z interface is trapped in a crystal lattice might provide
some insights toward a better understanding of the processes which
stabilize this conformational change.

The Double Helix Changes Conformation Upon Intercalstion

The interactions between a planar molecule with the somewhat
hydrophobic surface of the relatively flat and shallow minor
groove of A-DNA have been discussed above. But the more
frequently encountered conformational changes in double helical
nucleic acids due to the binding of a planar molecule are those
involving intercalation of the planar molecule between the base
pairs, It does this by changing the sugar—phosphate backbone
conformation in a significant way. Intercalation has two
important effects: it separates the adjacent base pairs from 3.4
to 6.8 X, This is due to the planarity of the intercalator
which has the unsaturated pi system of 3.4 % thick. In addition,
it unwinds the double helix,
A number of structures have been solved involving
intecalators, mostly with RNA and DNA dinucleoside monophosphate
fragments. Fig., 10 shows an example of the structure of a ribose
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CpG together with the intercalator acridine orange solved at
atomic resolution (36). It can be seen tha the 3' end of the
double helical RNA fragment has adopted the C2' endo conformation
while the 5' end maintains the normal C3' endo conformation, A
large number of intercalator structures of this type have been
solved and they have been summaried elsewhere, Sobell and his
colleages pointed out that the intercalation is associated with a
modification of the pucker of the ribonucleotide chain on the 3’
end of the intercalator (37-38). Although intercalation is
goenerally associated with the conformations similar to those seen
in Fig, 10, a number of alternative conformations have been found
with more complex intercalators.

For "simple"” intercalators, it is possible to make a
simplified generalization about the way double helical DNA and RNA
accommodate intercalator. This can be accomplished by elongating
DNA or ENA molecules to accept an intercalator by adopting a
similar C3'-endo(3',5')C2'—-endo mixed sugar pucker conformation.
These conformational changes provide a reasomable explamation for
the nearest neighbor exclusion effect. If a DNA or BRNA double
helix is saturated with an intercalator, the most that can be
accommodated is one intercalator per two base pairs. The reason
for this is probably due to the necessity for mixed sugar pucker
on either side of the intercalator. However, for more complex
intercalators the situation is not so strightforward as will be
described below.

Interaction between Daunomycin and DNA

Daunomycin was the first antibiotic to be used in the treatment of
leuvkemia in human(39-40). Daunomycin (Fig. 11) and the closely
related adriamycin (14-hydroxydaunomycin) are both widely used in
the treatment of human tumors. Even though these substances are
closely related to each other, they have quite distinct biological
activities, Daunomycin is used in the treatment of leukemias,
whereas adriamycin is used in the treatment of solid tumors.
These agents are believed to act by inhibiting both DNA
replication and transcription.

Numerous studies have beem reported concerning the
interactions of these molecules with DNA. These antibiotics are
known to intercalate through the planar part of the anthracycline
chromophore into DNA molecule, nsually at & saturation level of
one daunomycin per three base pairs. Although models has been
suggested about the manner in which these molecules interact with
DNA, no definitive conclusion could be arrived, In particumlar, it
was not clear why different modifications of ring A have profound
effect on the biological activities of the molecule., Ring A has
both equatorial and axial substituents, among them an amino sugar
daunosamine. The great importance of these drugs has prompted the
syntheses of over 500 derivatives in an attempt to improve their
biological activities,
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C2'endo

C3'endo
c2' endo

Figure 10: The structure of the CpG—acridine orange intercalator
complex. The C2' endo sugar conformation at the 3’ end of
the RNA chain surrounding the intercalator is indicated.
This mixed sugar pucker conformation is associated with an
extension of the polynuncleotide chain,

Figure 11: Molecular formula
of daunomycin,
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In order to understand how these drugs interact with DNA,
daunomycin was co—crystallized with a DNA fragment, d{(CGTACG),
The self-complementary DNA hexamer forms a 1:1 complex with
daunomycin in a tetragonal lattice (41). Originally, the crystal
structure was solved by molecular replacement method and refined
to an R-factor of 20% to 1.5 & resolution. Recently we have
collected the diffraction data to 1.2 & resolution under 1low
temperature and refined the structure to an R-factor of 17%
(unpublished results). The structuore contains a double helix of
modified B-DNA six ©base pairs 1long with two daunomycins
intercalating between the dCpG steps. There is a crystallographic
two fold axis passing through the center of the duplex. Figure 12
illustrates the structure of this complex with van der Waals
diagrams. It can be seen that the DNA forming a right-handed
double helix with the CpG at either end separated to allow the
intercalation of the planar anthracycline chromophore. The two
fold axis is horizontal in the plane of the paper in the middle of
the molecule in Figure.12(a—c). In Figure 12b the chromophore is
drawn and in the upper part the nonmplanar ring A can be seen with
the 9-hydroxy pointing down towards the middle of the molecules.
At the bottom of the Figure 12b ring D can be seen protruding into
the major groove of the double helix with its methoxy group at the
left., In Figure 12¢ the amino sugar is added to the chromophore
and it can be seen at the top that it fits into the minor groove
of the helix, It should be noted that the geometry of the
daunomycin is nicely suited to intercalate into right-handed
double helix, since the manner in which the amino sugar comes off
the chromophore has a right—handed chirality. In Figure 12d the
molecule has been rotated 90° so that we are looking down the two
fold axis, This shows the extent to which the amino sugars of the
two daunomycin molecules fill the minor groove of the double helix
with the positively charged amino group in the middle of the minor
groove well separated from two negatively charged phosphate groups
on either side. The daunomycin molecule covers almost three base
pairs, thereby accounting for stoichiometry of DNA fully saturated
with daunomycin,

Figure 13 shows a view looking down the helix axis with the
two dCpG accomodating the intercalated daunomycin molecules, It
can be seen that the elongated chromophore skewers the base pair
with ring D protruding well into the major groove of the helix and
ring A in the minor groove. It is worth noting that the base pair
G2-C5* is displaced in the direction of the major groove relative
to the base pair C1-G6*, This nearly 1 1 displacement is only one
of the distortions associated with binding of the drug, There is
also an unwinding of the helix. Interestingly, this unwinding
does not take place in the base opairs which surround the
intercalator but instead one base pair further away. The total
unwinding angle per daunomycin molecule in the structure is 8°,
which is very close to the 11° which has been reported in
solution, Several studies have been carried out on the
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Figure 12: Van der Waals drawings of the daunomycin—d(CGTACG)
complex. In a—c, the two fold axis is horizontal and in the
plane of the paper. (a) DNA hexamer by itself. (b). DNA
and aglycone without acetyl group on C9. (c). DNA and

complete daunomycin., (d). The complex is viewed into the
minor groove,
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interactions of daunomycin with DNA in solution (42-44). The
results from these stdies are in consistent with the detailed
geometry observed in this crystal structure, for example the
skewvering orientation of the chromophore relative to the
surrounding base pairs and the amino sugar being located in the
minor groove.

Specificity of Drugs through Anchoring Function

The interaction between daunomycin and the double helix is shown
diagramatically in Figure 14 viewing at a slight angle to the base
pairs, It can be seen that there are hydrogem bonds which 1liank
substiuents of half saturated ring A with the adjacent base pairs.
This hydroxyl group on 09 forms a strong hydrogen bond (2.6 &) to
the N3 atom of guanine G2. The hydroxyl group further receives a
hydrogen bond (2.9 &) from the N2 amino group of the same guanimne,
In addition, a water molecule (W) is found which forms a hydrogen
bonded bridge between the O13 of the acetyl group and 02 of the
cytosine residue on the opposite side of the amino sugar above the
intercalation site. A octahedrally coordinated sodium ion is also
found to locate in the major groove directly bridging the drug and
the molecule (unpublished results). This sodium ion strongly
coordinates to the N7 of the G6* residue and to the 04 as well as
05 atoms of the dannomycin molecule. In addition, there are two
bridging water molecules which conmect the sodium iom to the 06 of
G6* and to the phosphate group of the same G6*. This sodium ion
then provides a further stabilization and specificity from the
major groove side,

This demonstrates that the interaction of damunomycin with the
DNA double helix not only has base stacking components associated
with the intercalation and the electostatic interactions associted
with the positively charged daunomycin and the negatively charged
DNA, but it also has some specific hydrogen bonds which provide an
"anchoring function” holding the antibiotic to the double helix,
This can be achieved through direct bhydrogem bonds, metal ion
coordination or through tightly bonded bridging water molecule.
In the present case, although good hydrogen bonds seem to be
formed with the OG pair, they do mot have high specificity. For
example, if an adenine were present instead of guanine 2, the 09
hdroxyl could still form & hydrogenm bond to N3 of the adenine,
Likewise, the water molecule (W) could form a hydrogen bond with
bases other than cytosine, since all four bases have an
electronegative atom very close to the position of the 02 of
cytosine 1. However, the sodium ion which is coordinated to N7 of
G6* indicates that a purine is prefered at that site. Thus the
specificity is obtained through the wuse of a combimation of
different types of interactions described above.

The specificity of the interactions of the anchoring funtion
implys that it plays an important role im the binding of
daunomycin to minor groove and major groove of the double helix,
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Figure 13: View of the intercalator perpendicular to the base
plane. The daunomycin (D) ring system is shaded. Note that
the center of the G2—C5* base pair has moved toward the major
groove relative to the c1-66°* pair.

Figure 14: Diagram of the daunomycin—d (CGTACG) complex showing
the intermolecular interactions which include intercalation
and hydrogen bonds. Note that there are two hydrogen bonds
between 09 of daunomycin and N2 and N3 of G2.
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These might explained some of the reasons for the requirement for
certain substituents on ring A or electronegative atoms on ring C.
For example, an inversion of the two groups on C9 position of
daunomycin results in a complete loss of activity.

It is interesting to consider adriamycin which has an extra
hydroxyl group on the 14 position of daunomycin, VWe have solved
the structure of a complex between 4'—deoxyadriamycin and the same
DNA hexamer to an R—factor of 16% at 1.5 8 resolution (unpublished
results), It was found that the 14 hydroxyl group form a hydrogen
bond to a water molecule which in turn brdiges to the phosphate
group of T3 residue, This difference in the hydrogen bonding 1is
associted with significances in the biological spectrum of these
antibiotics as they are effective against different types of
tumors., The basis for this differentiation is not clear, but this
type of structural studies provide a detailed view of the
interaction between the antibiotic and the ultimate target DNA
molecule., It provides a framework in developing rational drug
design, in particular for the further modifications of daunomycin
and adriamycin to obtain a second generation antibiotic with high
activities and low toxicities.

Triostin A can Bis—intercalate into DNA

Triostin A is a member of several families of natural occuring
bis-intercalating antibiotics which have recently received a great
deal of attention (45). Triostins and the closely related
ochinomycin belong to the quinoxaline family of antibiotics which
contains a cyclic octadepsipeptide ring with a sulfur—-containing
cross—bridge and two 2-carboxquinoxaline chromophores. Triostin A
has a two fold symmetry axis which relates the two halves of the
molecule with a disulfide crosslinking the backbone of the cyclic
depsipeptide ring. Both echinomycin and triostin A are potent
antitumor antibiotics.

Although numerous models of the interactions between the
quinoxaline antibiotics and DNA have been proposed, no definitive
conclusion about the precise manner of the interactions could be
made (46). Recently, the crystal structure of a synthetic analog
of triostin A, des—N-tetramethyltriostin A (TANDEM) (47), has been
detemined. A naturally occuring quinoline-containing
antibiotic, luzopeptin, has been purified and characterized and its
three dimensional structure determined (48).

In order to understand the interactions between these
bis—intercalating drugs and DNA more fully, we have crystallized
several complexes of them and undertaken the structure
determination by x-—ray diffraction technique, One of the crystal
forms diffracts to 1.6 & resolution with a space group of F222,
The crystal structure was determined by the multiple isomorphous
replacement method using three different heavy atom derivatives.
The structure was refined to an R-factor of 19% and there were
moderate number of solvent molecules clearly visible. The crystal
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is found to contain onme triostin A molecule and one DNA hexamer
d(CGTACG) in the asymmetric unit of the unit cell (unpublished
results). The geometry of the complex is a highly distorted
double helix with some unusual features in it, The triostin A
molecule is found to use the two quinoxaline rings to sandwich two
d(GpC) base pairs at either end of the molecule. There is a
crystellographic two—fold axis relating the two segments of the
complex, Fig. 15 shows the van der Waals diagrams of the complex
from two orientations. It can be seen that in Fig., 15(a-b) the
diad axis is perpendicular to the paper. The cyclic depsipeptide
ring of the triostin A molecule occupys the minor groove of the
DNA molecule while one quinoxaline ring intercalates between the
d(GpT) step and the other one covers the ontside beyond the
terminal OG base pair, In this complex, the triostin A adopts the
conformation in which the quinoxaline rings and the valyl side
chains are on one side of the peptide ring, while the disulfide
bridge protrudes out on the other side. Figure 15(c—d) shows the
view 180° away looking into the major groove.

There are several type of interactions which are responsible
for the conformation observed in this complex. First, the amide
nitrogen of the un-methylated glycine residues forms a hydrogen
bond to N3 eatom of the guanine residume. This might explain the
reason why there are always two unmethylated glycines in this type
of antibiotics including triostins, echinomycins, as well as
luzopeptin, This is also true for other type of IDNA interacting
peptide antibiotics. For example, in actinomycin D there are two
equivalent D-valine residues which have un-methylated amide
nitrogens. These two amide groups are also involved in a similar
type of hydrogen bonding interactions with N3 atoms of guanine
(49-50). Second, the alanyl side chains are in van der Waals
contacts with the sugar residues of the DNA frament, These
contacts appears to be important in holding the sugar moieties
further apart and causing the adjacent sandwiched bases to be
inclined by nearly 20°, 1In a sense, there is a loss of stacking
energy due to the separation of the bases. However, this is
undoubtly compensated by the extra stacking from the insertion of
the qunioxaline ring between base pairs. If this alanyl residue
were to be replaced by a bulkier residue such as valyl residue,
this would generate an even more unfavorable contacts,

Another surprising feature observed in this structure is that
the central two TA base pairs have adopted a nomVWatsomCrick base
pairing(51). The adenine residue has turned to a syn conformation
and pairs to thymine in a Hoogsteen geometry. The reason for this
is not totally clear., It could be due to the enhanced stacking
between quinoxaline and adenine base, or it could be that this is
a8 mechanism to relieve the energy stored inm this highly
constrained conformation. This is believed to be the first case
in which a Hoogsteen base pair is seen in a stretch of DNA double
helix, This counld have important consequence in thinking about
sequence—~dependent conformation in biological systenm.
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Figure 15: Van der Waals diagrams of the triostin A and d(CGTACG)
complex. Im A-B, the molecular two fold axis is
perpendicular to the paper and we are looking into the minor
groove. It can be seen that the double helix is highly
distorted and the sugar—phosphate backbone no longer follows
a8 smoothed curved path. In C-D, the molecule is rotated 180°

about the vertical axis. (A,C). DNA hexamer by itself.
(B,D). DNA and triostin A,
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Conclusion

Recent structural studies on right- and left—handed fragments of
DNA have considerably broademed our perspective about the
conformational vitality of DNA (52-53). The high prevalence of
A-DNA structures existing in crystalline lattices suggests that
these structures may also exist in biological systems and may be
stabilized by particular sequences or by interactions with
proteins, In the same way, the discovery of Z-DNA in a crystal
structure has led to its discovery im biological systems. We now
have an entirely different image of DNA than was available a few
years ago, The molecule may now be appropriately regarded as ome
which is in dynamic equilibrium among a number of different
conformations, The detailed conformation assumed by the molecule
is one which will be influemnced by nucleotide sequence, ioms in
the surrounding medium, the particular proteins that bind to the
molecule, and the degree of negative supercoiling stress that the
molecule feels, All of these factors will bDe important in
defining a highly dynamic system in which a number of different
conformations are found,

There might be other conformations of DNA yet to be found.
The answer to this is unclear at present, Although DNA has been
studied extensively for over three decades, only recently have we
become aware of the fact that the molecule is dynamically active,
and this awareness may lead to even further discoveries in the
future,
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Substrate Analog Inhibitors of Highly Specific
Proteases

JAMES BURTON

Massachusetts General Hospital and Harvard Medical School, Boston, MA 02114

Highly specific proteolytic enzymes cleave a single
peptide bond in a naturally occurring substrate. These
proteases appear to be integral parts of many biologic
processes and may be contrasted with less specific pro-
teases isolated from the gastrointestinal tract.
Peptides modeled on the amino acid sequence around the
cleavage site of the substrate frequently inhibit the
enzyme and provide a starting point for the development
of therapeutically relevant drugs which can block a
single biologic process. The development of inhibitors
for renin, kallikrein, and IgA¢ protease demonstrates
the applicability of the substrate analog approach to
drug design.

Proteolytic enzymes which split a single peptide bond in a
specific amino acid sequence are integral parts of many biologic
processes (l). These highly specific proteases may be contrast-
ed with the less specific, but more intensively studied, enzymes
from the gastrointestinal tract which cleave peptide bonds link-
ing many types of amino acids. Examples of highly specific pro-
teases (Table I) are: renin which cleaves angiotensinogen to
initiate generation of the pressor agent angiotensin II (2); the
kallikreins which produce either the hypotensive peptides kalli-
din or bradykinin from kininogen (3); IgA4 protease which inact-
ivates human secretory immunoglobulin by cleavage of a peptide
bond in the hinge region (4); various members of the complement
and clotting cascades (5,6); and proteases important in the ma-
turation of viruses (7). Hypertension, shock, infection by both
bacteria and viruses, clotting disorders, and immune system dys-
crasias could be treated by selective inhibition of the highly
specific proteases which are components of these disorders.

Highly specific proteases appear to cleave substrates by the
same mechanisms used by more general proteases. Serine prote-
ases, metaloproteases, and aspartyl proteases with greatly re-~
stricted specificity have been identified. Specificity appears
to reside in the architecture of the active site rather than in
functional groups which hydrolyze the peptide bond.
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Table I. Action of Some Highly Specific Proteases

Protease Substrate Sequence Cleaved Action

Renin Angiotensinogen  DRVYIHPFHLVIH- Produce
Angiotensin I

Kallikrein Kininogen -SLMKRPPGFSPF!SSR- Produce
Kallidin

Igh, Secretory IgA1 -TPJ&PSPS- Inactivate

Protease -TPPTPSPS-~ Secretory Igh4

Highly specific proteases may bind peptides which are homo-
logous with the amino acid sequence of the naturally occurring
substrate around the cleavage site. These peptides, which are
termed substrate analog inhibitors (8), competitively block high-
ly specific proteases. Presumably the substrate analog inhibi-
tors can assume the conformation necessary to fit into in the en-
zyme active site. These synthetic analogs of the naturally occur-
ring substrate may be contrasted with other proteins and peptides
which usually do not bind to highly specific proteases.

The use of substrate analogs has led to the rapid development
of inhibitors for several highly specific proteases. Research
from this laboratory on the development of renin inhibitors,
kallikrein inhibitors, and inhibitors of IgAq protease is
outlined below.

Renin

Renin (E.C.3.4.99.19) is an aspartyl protease which cleaves an-
giotensinogen to generate angiotensin I (Table II). After dis-
covery that the N-terminal tetradecapeptide from angiotensinogen
was a substrate for renin, L. Skeggs and associates (9) completed
a systematic study of the effect of substrate length on the rate
of cleavage (VMax) and concentration of peptide needed to satur-
ate the enzyme (Ky). Enzyme specificity (Table III) does not
change appreciably on removal of either the first six amino acid
residues from the N-terminus or the seryl residue from the C-ter-
minus of the tetradecapeptide. Removal of the histidyl or tyro-
syl residue from the resulting octapeptide His-Pro-Phe-His-Leu-
Leu-Val~-Tyr however, greatly reduces the rate of cleavage. The
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Table II. Sequences in the Renin-Angiotensin System

Angiotensinogen
Asp-Arg-Val-Tyr-Ile~His-Pro-Phe-His-Leu-Val~Ile-His-
Renin
Angiotensin I
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu
Converting Enzyme
Angiotensin II

Asp-Arg-Val-Tyr-Ile-His-Pro-Phe

octapeptide 1s the minimal sequence efficiently cleaved by renin.
Poulsen et al. showed that this octapeptide competitively inhi-
bits renin, reducing the rate at which angiotensin I is produced
(10).

Systematic modification of the octapeptide sequence from an-
giotensinogen (Figure 1) was undertaken to incorporate desirable
properties into the peptide. Addition of a prolyl residue to the
N-terminus improved solubility at physiologic pH, replacement of
the leucyl-leucine sequence with phenylalanyl residues improved
inhibitory properties by forty-fold, and addition of a lysyl re-
sidue to the C-terminus increased solubility and extended half-
life in vivo. These modifications yielded the Renin Inhibitory
Peptide (RIP) which effectively blocks renin both in primates
(11) and man (12).

High affinity substrate analog renin inhibitors have been re-
ported from several laboratories. These were obtained by incor-
porating elements of a transition state inhibitor into the sub-
strate analog sequence at the cleavage site. Szelke et al. (1;)
replaced the peptide bond (-CONH-) between the amino acid resi-
dues comprising the cleavage site of various substrate analogs
with a hydroxyethyl group (-CHOH-CHp) to increase affinity sever-
al orders of magnitude. Boger and co-workers (14) used the natur-
ally occurring statine residue, which also incorporates a hydrox-
yethyl group, as a replacement for two amino acid residues in re-
lated sequences. Both analogs have a tetrahedral carbon atom at
the putative cleavage site and presumably function as transition
state analogs. In both cases the substrate sequence optimizes
interaction between the transition state analog and the enzyme
active site. Incorporation of the transition state element into
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Hi
Asp—Arg—Val—Tyr—Ile R:rr:gn
Pro Lys Ki=2uM
oy o
Bog ————————— NH~CH~C~CH;-C—CO~lle—His ICsp = 0.70M
L g
Ivg————NH- CH—E{—CHZ— CO— lle—Phe—OCH, 1Cgg =0.6nM
Figure 1. Amino acid sequences of renin inhibitors based on

the amino acid sequence of angiotensinogen. Details of the
synthesis and assay are given in references 11, 13, and 14.
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a peptide not normally bound by renin will not yield effective
inhibitors. Pepstatin A, which contains statine and 1s an ex-
tremely potent inhibitor of non-selective aspartyl proteases such
as pepsin, 1s several orders of magnitude less effective as a
renin inhibitor (15).

Research from this laboratory is now focused on developing
orally active renin inhibitors. 1Initlal research demonstrated
that intact nona-peptides could cross jejunum. (16, 17). Previ-
ously only di- and tri- peptides had been shown to do o this (18).
Current work is focused on reducing the size, increasing the 14—
pophilicity, and enhancing resistance to proteolytic degradation
to optimize absorption of the substrate analog inhibitor from the
gastrolntestinal tract.

Kallikrein

Kallikrein is a serine protease which cleaves kininogen at both
an arginyl-serine and methionyl-lysine residue to generate kalli-
din (Table IV). Kallidin may then react with receptors on the
target tissue or be trimmed at the N-terminus to yield bradykin-
in. Bradykinin is assoclated with a host of bilological activi-
ties including increases in vascular permeability and hypotension
(19). Studies employing non~specific serine protease inhibitors
indicate that the hypotension observed when converting enzyme is
inhibited may be due to increases in circulating levels of kinins
rather than the decreased rates of angiotensin I formation (20).

Research with synthetic kallikrein substrates indicates that
peptides containing elther the N-terminal or C-terminal sequences
are recognized by the enzyme (21 22). Substrate mapping with an-
alogs of the C-terminal portion of bradykinin has shown that the
prolyl residue 1s important in cleavage of the arginyl-serine se-
quence. The pentapeptide Pro-Phe-Arg-Ser-Gln appears to be the
minimal substrate for the enzyme and 1is thus analogous to the
octapeptide found between positions 6 and 13 of angiotensinogen.

Current research from this laboratory (Figure 2) shows that
the blocked hexapeptide Ac-Ser-Pro-Phe-Arg-Ser-Gln-NH, inhibits
kallikrein in vitro (Ky = 61 M) and demonstrates that the sub-
strate analog approach is applicable to the design of inhibitors
of kallikrein.

IgAq Protease

Various components of the secretory immune system prevent coloni-
zation and penetration of mucosal tissues by pathogenic bacteria.
One of these, immunoglobulin IgAq1, is secreted onto mucosal sur-
faces where it is thought to prevent bacterial adherence. Patho-
genic members of the the Nelsseria, Streptococcus, and Haemophi-
lus produce highly specific proteases that inactivate secretory

IgA1 by cleaving a peptide bond in the hinge region (4). Non-

pathogenic commensal members of these bacteria do not make these
enzymes. Several IgAq cleaving proteases which clip the peptide
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1/v (10%min/Mol)

I (M)

Figure 2. Dixon plot of the inhibition of human urinary kalli-
krgin by the substrate analog KKI-6. Assay is done at pH 9.0,
37°C usingD-Val-Leu-Arg-pNA (S5-2266, Kabi).
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chain at slightly different locations have been isolated (Figure
3). Each IgAy protease is highly specific and splits a single
peptide bond in the hinge region. No other protein tested is a
substrate for the protease (23).

Initial research based on the substrate analog approach did
not yield effective inhibitors (gﬂ). Sequences containing as
many as 24 residues had IC5g9 values in the mM range, approximate-
ly three orders of magnitude higher than the Ky for the sub-
strate. Modeling experiments indicate that the two immunoglobu-
1lin heavy chains in the hinge region of IgGq may be wrapped
around each other in a poly-proline type of helix (25,26). Based
on the limited homology found between the IgGq and IgAq hinge re-
gions, we speculated that IgAq protease may need to bind both
peptide chains before cleavage of either. This led to the syn-
thesis of substrate analogs in which the two peptide chains are
held in proximity by a disulfide link.

Synthesis of the IgAq protease inhibitors was completed by
solid phase methods (27,28). After purification by chromato-
graphy on Sephadex G-25, the peptides were partly dimerized by
air oxidation and subjected to a final purification by high per-
formance liquid chromatography (HPLC) (Figure 4). 1In the system
employed, the HPLC column is eluted through an HP-8U450 spectro-
photometer which measures and stores the u-v and visible region
spectrum (200 - 800 nM) of the column effluent each second. For
ease of interpretation, the absorbance at only one wave-length is
plotted. The bottom half of Figure 4 however, compares the com-
plete u-v spectra of one of the dimeric octapeptides taken during
the begining and end of its elution from the column. The con-
stant ratio of the two u-v spectra indicates that the dimer is
homogeneous.

Results from the biological testing of the analogs obtained
when each hydroxy amino acid in the octapeptide is replaced with
cysteine are shown in Table V. IC5g values for inhibitors cross
linked around the cleavage site are, like the long substrate ana-
logs tested initially, in the mM range. When the disulfide link
is displaced from the putative cleavage site, the peptides are
considerably more effective inhibitors of IgAq protease. The
best inhibitor is however, the blocked monomeric octapeptide
which contains no cysteine and is not cross linked (29). These
results prompted a closer look at the mechanism of cleavage of
IgAq. Studies in which the dimeric IgA1 are treated with prote-
ase and then subjected to polyacrylamide gel electrophoresis show
that the four Fpp units are removed independently from the im-
munoglobulin. Fragments containing three, two and one Fpp units
linked to the dimeric Fca have been identified (30). Computer
modeling indicates that each Fpg unit is removed at the same
rate. Cleavage of the hinge region peptide does not appear to
require that both chains be present in the enzyme active site.
Furthur evidence for the lack of tertiary structure is obtained
from magnetic resonance studies of the free and blocked substrate
analogs whose IC5q values differ by an order of magnitude. Ex-
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Table V. Substrate Analog Inhibitors of IgAq Protease

N. Gonorrhoeae

ICsp (M)

Thr-Pro-Pro-Thr-Pro-Ser-Pro-Ser 180
Ac NH, 28
Ac—Cys: NHo 800

1
Ac—Cys/ NH,
Ac Cysg NHo 3000
i

Ac Cys/ NH2
Ac Cys_ NHo 6000
Ac CysE NH>
Ac CysciHp 220
Ac CysINHy
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cept for the expected differences, the cmr spectra are virtually
superimposable. In addition, temperature shift studies of amide
protons in the blocked and unblocked octapeptides do not indicate
that elther contains hydrogen bonds. Neither peptide has a pre-
ferred conformation (31). Blockade of the N- and C-terminal
functional groups may improve binding by removing unfavorable
charge interactions between the peptide and the enzyme which
prevent tight binding.

All Neisserial enzymes are inhibited by the substrate analogs
even though the type I and type II IgAq proteases cleave at dif-
ferent positions. The IgAq proteases from both Haemophilus and
Streptococci are not blocked by the peptides. The highly speci-
fic proteases from the latter organisms may have originated from
different precursors than the Neisserial proteases and thus have
very different active sites. DNA probes isolated from the Haemo-
philus protease do not bind to Neisserial DNA which also indi-
cates that the enzymes are not homologous. The evolution of dif-
ferent highly specific proteases to perform the same function in
pathogenic bacteria argues strongly for the importance of the en-
zyme in human disease.
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Structure-Behavioral Activity Relationships
of Peptides Derived from ACTH

Some Stereochemical Considerations

J. W. VAN NISPEN and H. M. GREVEN
Organon Scientific Development Group, 5340 BH Oss, The Netherlands

The influence of chain length and side-chain modifica-
tions of ACTH-derived peptides on active avoidance
behaviour in rats will be discussed. H-Met(0O5) -Glu-His-
-Phe-D-Lys-Phe-OH (Org 2766) emerged from these
studies as an orally active peptide with an increased
potency and selectivity of action. Physico-chemical
data (from the literature) on the reference peptide ACTH-
-(4-10) did not point to a preferred conformation in
solution, whereas in the crystalline state an antiparallel
f-pleated sheet structure was found. At the receptor site
we suggested an a-helical conformation in which the

Phe and Met residues are close together. Additional
support for this suggestion came from the behavioural
activity of [des-Tyr1, Met3]enkephalin and of cyclo-
-(-Phe-Met-gAhx-), EAhx merely serving as a spacer.

The relationship between the structure of a series of peptides
derived from the adrenocorticotropic hormone ACTH, and the
behavioural activity in an active avoidance behaviour test, has been
studied over the past 10-20 years. The results obtained were quite
different from those in which endocrine activity relationships were
studied. From the outcome of a quantitative study on the structure-
~-behavioural activity of the ACTH-related peptides, suggestions
about the spatial interactions at the receptor site were made. This
receptor-bound conformation differed from those suggested by
solution experiments or found in crystal structures.

In this paper we will illustrate the line of research that was
followed in the structure-behavioural activity work and that resulted
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154 CONFORMATIONALLY DIRECTED DRUG DESIGN

in a modified hexapeptide with an increased selectivity of action;
dissociation of active avoidance behavioural activity from other
activities will be mentioned briefly. We will also describe the
arguments that have led to the proposal of an a-helical conformation
for this hexapeptide at the receptor site.

Strategy and results of the structure-behavioural activity studies

ACTH, a straight-chain peptide of 39 amino acid residues (Figure 1),
has been the subject of extensive studies by many groups. In addi-
tion to stimulation of the adrenal cortex in vertebrate animals and
man, lipolytic and melanotropic effects are important, systemic,
extra-adrenal activities (1, _2_) . In the fifties it was found that ACTH
also affected behaviour in intact (9_) and hypophysectomized animais
(4) . The melanocyte-stimulating hormones «-MSH (comprising the
N-terminal 13 amino acid residues of ACTH but with blocked end
groups, see Figure 1) and B-MSH (containing, in general, the
sequence 4-10 of ACTH) were also able to correct behavioural
impairment in rats after removal of the pituitary or only its anterior
lobe (5). Since that time the influence of structural modifications
of these peptides on behaviour in rats has been investigated,
especially by de Wied and co~workers.

The first step in these studies has been the search for the short-
est fragment of the ACTH chain that is essential for {(maintenance
of) activity. Next, changes in the peptide backbone and modifica-
tion of the side-chains of the amino acid residues have been studied.
As a test system the delay of extinction of an active avoidance
response in rats as measured in a pole-jumping test after sub-
cutaneous administration has been used (l); this assay method
gives a graded dose-response relationship which allows the estima-
tion of an EDgq and thus potency ratio's. The heptapeptide ACTH-
-(4-10) has been used as the reference peptide (8). For a more
extensive review see ref. 9.

Influence of chain length. The fragments 1-24 and 1-10 were as
active as the whole molecule {weight basis) in delaying extinction
of the active avoidance response, whereas the C-terminal fragments
25-39, 18-39 (both porcine sequence) and 11-24 possessed 1/10th
of that potency. Stepwise shortening from the N- and, separately,
from the C-terminal end resulted in fragment 4-7 which contained
all the essential elements for a full response (10). ACTH-(7-10)
exerted a complete response only at a 10 times higher dose; this
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residual potency could be increased to the same leve! as the
reference peptide by extension to ACTH-(7-16) -NH, (11). 1t was
concluded that regions other than the 4-7 also contain information
for pole-jumping activity but that this is present in a latent form
which needs chain elongation in order to become fully expressed
(11).

-H-Ser1-Tyr—Ser-Met-GIu-His-Phe-Arg-Trp—GIy-Lys-Pro-VaI -Gly=-
-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val -Tyr-Pro?4-Asn-Gly-Ala-Glu-
-Asp-Glu-Ser-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe39-0OH

Figure 1. Amino acid sequence of human ACTH (6) . «-MSH is
[Ac-Ser1, Val-NH,13]ACTH-(1-13) . The underlined
sequence is ACTH=-(4-10) . Standard abbreviations are
used for amino acids : IUPAC-1UB Commission on
Biochemical Nomenclature, Eur. J. Biochem. 1975, 53,
1-14; 1972, 27, 201-7.

Influence of D-amino acids. As was found in an early stage of this
work, the Arg® residue could be replaced by LysB (which is simpler
in a synthetical sense) without loss of activity. Therefore, the L/D
replacements have been carried out on the Lyse-containing hexa-
peptide 4-9, i.e. H-Met-Glu-His-Phe-Lys-Trp-OH (which is as
potent as the sequence 4~10) . The analogues with D-Met4, D—Glus,
D-His® or D-Trp9 were as active as or more active than the all-L
reference peptide. Incorporation of D-Arg8 in ACTH-(4-10) resulted
in a 3-fold increase in potency whereas incorporation of D-Lys8 in
the sequence 4-9 resulted in a 10-30 times more active compound.
Replacement of Phe’ by D-F"ne7 however, gave a compound which

- showed a reversal of the effect i.e. acceleration instead of delay of
extinction (12) . Other ACTH analogues containing a D-amino acid
residue in position 7 also showed acceleration of extinction (9).
Combinations of two D-amino acid residues had different effects.
For instance, combining D-GIuS or D-His® with D-Lys8 resulted in
somewhat more active compounds. However, [D-Met4, D-Lys8 ]~
ACTH-(4-9) was less active than the reference peptide, meaning a
loss of the potentiating contribution of D-Lyse. The combination of
D-Met4 and D-Phe’ (in the L-Lys8 containing 4-9 peptide) resulted
in a loss of acceleration of extinction (typical for D-Phe’ modifica-

In Conformationally Directed Drug Design; Vida, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1984.



156 CONFORMATIONALLY DIRECTED DRUG DESIGN

tions), the new analogue being as active as ACTH-(4-10) in
retarding extinction. Also when combining D-Phe’ and D-Ly"s8 as in
[D-Phe’, D-LysB, Phe9]ACTH-(4-9) a delay of extinction was
observed with a relative potency of only 2.

Modifications of side-chains. Oxidation of the Met? residue to
Meat(O)% in ACTH-(4-10) resulted in a 3-10 times more potent
peptide. Further oxidation to the corresponding sulfone increased the
potency to 10 times that of the reference peptide. Finally, in
[D-Lysa, PhengCTH-(4-9) oxidation of Mat? to the sulfone gave a
product that was 1000 times as active as ACTH-(4-10) while the
corresponding sulfoxide analogue was slightly more active [3000
times ACTH-(4-10) ]. Replacement of Met? by p-Ala, Aib, or Val
did not yield peptides with potencies greater than that of the
Met(OZ) modification. Protection against an aminopeptidase-type
of degradation by replacement of Met4 by desaminomethionine
(Dam) or of Met(O2)4 by Dam(0O5), resulted in an increase of
potency by a factor of 3. Similarly, protection against a carboxy-
peptidase-type of degradation by introducing tryptamine (descarboxy-
tryptophan, Tra) or amphetamine (replacement of the COOH of Phe
by a CH3 group) at the C-terminal gave a 3-fold increase in potency.
A combination of both types of modification, [Dam(0,)4, D-Lys8,
Tra9]ACTH-(4-9) , resulted in a 10-fold potentiation; this new
analogue is 10,000 times as potent as ACTH-(4-10).

Although removal of Trp® from unmodified ACTH-(4-9) or
removal of Mat4 from ACTH-(4-10) resulted in no and some loss of
activity, respectively, leaving out the N- or C-terminal amino acid
residue in (Met(05)4, D-Lys®, Phe®]ACTH-(4-9) resuited in a
considerable loss of activity (by a factor of 1000 and 30-100,
respectively) . So for potentiation the presence of the side-chains of
Met(Oz) ’ D-Lys8 and Phe” seems to be of prime importance.

As mentioned above, elongation of the sequence 7-10 to ACTH-
-(7—'16)—NH2 increased the potency to that of the reference peptide
4-10. Replacement of Arga-Trp9 by D-LysB-Phe9 resulted in a 100-
-fold increase in potency. C- or N~terminal shortening of this 7-16
analogue by only one amino acid residue resulted, again, in a large
decrease of activity, as did omission of the Gly'10 residue (11). The
potency of [D-Lys8, Phe9]ACTH-(7-16)-NH2 was increased a
further 100-fold when Lys 11 was replaced by D-Lys11. An additional
10-fold increase in potency was observed after N-terminal elongation
of the latter analogue with Met(0O5) -Glu-His; the new peptide was
100,000 times as active as reference ACTH-(4-10) on a weight
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basis. The most potent analogue reported to date is H-Met(02) -Ala-
-AIa-AIa-D-Lys—Phe—GIy-D—Lys—Pro-VaI-GIy-Lys-Lys-NH2 which
is 3 million times as active as ACTH-(4-10), i.e. more than 4
million times on a molar base.

Discussion. The tetrapeptide H-Met-Glu-His-Phe-OH is the short-
est sequence which was as active as ACTH-(1-39) on a weight
basis. Additional information for extinction of pole-jumping
avoidance behaviour seems to be stored, in a latent form, in the
ACTH molecule in fragments 7-10, 11-13 and 25-39 (11). A
similar finding was reported by Eberle and Schwyzer for melanocyte-
~stimulating activity of a-MSH fragments; they found two discrete
message sequences for melanin dispersion, i.e. the fragments 4-10
and 11-13-NH5 (13).

The effects of L/D substitutions in ACTH-(4-10) or (4-9) on
pole-jumpi’ng behaviour were quite different from those on hormonal
activities. While Ar98 may be replaced by Lys8 without loss of
behavioural potency, a drastic decrease in steroidogenic and
lipolytic effects was observed when the same modification was
introduced in ACTH-(1-24) (14). D-Arg8 and also D-His® substitu-
tions showed an increase in behavioural potency but resulted in
inactive compounds when tested for melanocyte-stimulating activity
(in the 6-10 fragment) (15). [D-Phe’ ]JACTH-(6-10) has been
reported to be 30 times (15) and 5-10 times (16) more active than
the all-L-peptide in the latter test. Ac-[NIe s "D-Phe ]ACTH-(4 10) -
~-NH5 was 10 times as active as the L-analogue when measured in
the frog skin assay but about 160 times more potent in the lizard
skin assay (17). An increase in potency was also observed in the
mouse melanoma adenylate cyclase assay (17). In the pole-
~-jumping test, only the L-/D~ Phe’ replacement resulted in a
reversal of actlon i.e. acceleration instead of delay of extinction.
[D-GluS, Lys ]ACTH (4-9) was slightly more active than the all-
-L- peptlde in the pole-jumping test. When tested for lipolytic
activity, [D-GIuS]ACTH-(4-10) possessed only 2% of the activity of
its L-GIu® analogue (_‘@) . These results clearly indicated a dis-
sociation between requirements for behavioural activity on the one
hand and melanocyte~-stimulating or lipolytic activities on the other.
Further evidence for this statement came from data of other
substitutions : oxidation of the Met residue in ACTH or a~-MSH
resulted in a marked decrease of corticotropic (_1_2) and melanocyte-
-stimulating (Q) activity but to more active compounds in the
behavioural assay. Trpg, also important for the corticotropic
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activity of ACTH (21, 22), cannot be replaced by Phe without a
marked loss of steroidogenic potency; this is in contrast to a 3-fold
potentiation in the pole-jumping test.

The introduction of a D-Lys in position 8 in ACTH-(4-9) resulted
in a 10-30 fold increase in pole-jumping activity, by far the largest
increase of the L/D substitutions; interestingly, D-Arg8 gave only a
3-fold potentiation. Since the same metabolic stabilization may be
expected for those two compounds, the higher potency for the D-Lys
analogue might be attributed to an increase in receptor affinity. It
was suggested by Greven and de Wied that the flexible side-chain of
the D-Lys residue can function more efficiently as an electrostatic
anchor at the receptor site than the more bulky and rigid D-Arg8
side-chain (23).

Biological and physico-chemical properties of ACTH-(4-10) and
Org 2766

Biological activities in animals. In order to see how the 1000-fold
increase in potency of the modified hexapeptide H-Met(05) -Glu-
~His-Phe-D-Lys~Phe-OH, coded Org 2766, to delay extinction of
pole-jumping behaviour was related to its endocrine activities, the
effects on corticotropic, lipotropic and melanocyte-stimulating
activity were compared with those of ACTH-(4-10). Only 1% or less
of these mentioned activities was present (Table |). Studies
comparing ACTH-(4-10) and Org 2766 in other (behavioural) test
situations clearly showed different structure-activity relationships
(Table 1). In most cases a clear difference in potency (Org 2766
being more potent) and in some cases even a reversed action was
found (social interaction) ; when tested for grooming behaviour, both
peptides showed no effect. Recent studies of Fekete and de Wied
showed that Org 2766 had a longer time course of action in the active
and passive avoidance tests than ACTH-(4-10) after subcutaneous
administration (gi) . In these latter two tests, Org 2766 was also
found to be active after oral administration (a dose of approx.

10 pg/kg showed oral activity in the active avoidance test; ACTH-
-(4-10) was not active when given orally) . Wnen dose-response
relationships were studied after intracerebroventricular, subcuta-
neous and oral administration of these two peptides and the super-
active H-Met(02)-AIa-AIa-Phe-D-Lys-Phe-GIy-D-Lys-Pro-VaI-
-Gly-Lys-Lys-NH5 [ 1,000,000 timss as active as ACTH-(4-10) on
a weight basis], the relative potency ratio's remained fairly con-
stant irrespective of the route of application (23) . This indicates
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Table I. Comparison of activities of Org 2766 and the reference
peptide ACTH-(4-10) inrats.

Activity®@ ACTH-(4-10) Org 2766 Ref.
Corticotropic (cell suspension) 1 0.01 25
Lipolytic (in vitro, rabbits) 1 0.01 i
Melanocyte-stimulating (lizard) 1 0.001 i
Pole-jumping 1 1000P 10
Passive avoidance 1 1000P 24

(pre-retention®)
Attenuation of COZ-induced 1 10004 26
amnesia
Acquisition shuttle-box 1 100 27
(hypox. rats)
Affinity for opiate receptor yes, weak no 28
Grooming® inactive inactive 29
Social interactionf decrease; 1 increase; 1000 30
Self-stimulationf 1 1000 31
Stress-induced motor inactive prevents decline 32
activity in activity
Analeptic9 inactive active 33
Synaptic membrane stimulation stimulation 34
phosphorylationh
Axonal nerve regeneration 1 1 35
ibid. in adrenalectomized active 4-10 ng inactive in 36

rats

these doses

a. Subcutaneous administration unless stated otherwise.
b. Effect was of longer duration. Also active after oral administra-

tion.

c. Post-trial : ACTH-(4-10) no effect, Org 2766 effective.
d. Also active after oral administration.
e. Intraventricular administration.

f. Administration in septum.

g. Reversing pentobarbital-induced sedation; intraperitoneal and
intracisternal administration.

h. Stimulation of diphosphoinositide (DPI) formation, in vitro.

i« Unpublished data.
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that the combination of meatabolic stability and transport characteris-
tics is about the same for the three peptides, and suggests that the
increase in potency for the two analogues of ACTH-(4-10) is mainly
due to an increased affinity for the relevant receptor site.

Studies in man. The animal studies with ACTH-(4-10) and Org
2766 have suggested that these peptides enhance attention or
motivation and that they also may improve memory consolidation
(for areview see 37) Studies usmg acute system|c admlnlstratlon

mdlcated increased selective attention and or motivation both in
volunteers and in patients (38, 39) . Inconsistent effects of ACTH-
-(4-10) on tests of memory and other tests of cognitive performance
have been found (@) . Subcutaneous or oral administration of Org
2766 (acute studies) have led to essentially the same results (38,
39) . These peptides differ from (other) psychostimulant drugs in
that they do not show any unwanted side-effects.

Recent findings after subchronic, oral administration of Org 2766
in daily doses of 10-40 n;g'-:'-s-r'w-owgd a decrease in anxiety and
depression (self-rated) and an improvement of feelings of compe-
tence, sociability and ward behaviour (observer-rated) (39). No
side-effects like influence on autonomic activity and appetite, and
no sedative effects were reported. It seems that Org 2766 may be a
drug to be used in treating disturbanzes of mood in the elderly as
well as symptoms of demantia. Many studies in these areas are
underway .

Physico-chemical properties. In the fifties and sixties, several
studies on the conformation of ACTH in solution were carried out.
Among the usad techniques were ORD, CD, fluorescence depolariza-
tion studies and kinetics of deuterium hydrogen exchange (for a
review see ref. 2). The results pointed to a highly flexible random
coil in solutlon however, Eisinger (40) found that the distance
between Tyr2 and Trp® [in ACTH-(1-24) ] as measured by excitation
spectroscopy, was in better agreement with some form of loop or
helical structure. In addition, Squire and Bewley noted 11-15%
helical content, located in the N-terminal 1-11 part of the molecule,
when measuring the ORD of ACTH at pH 8.1 (41) (a random coil
was found at neutral and acidic pH values, _2_) .

Prediction of the secondary structure of ACTH using the rules of
Chou and Fasman (42) by Léw et al. (43), Jibson and Li (44) and
Mutter et al. (i§_) s revealed a preference for an a-helical structure
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for the fragments 3-9 (43) or 2-9 (44, 45) and 27-35 (43, 44) or
29-34 (45) and indications for a B-turn at 23-26 (43, 44, 45) and
12-15 (44) or 14-17 (45) . Applying Tanaka and Scheraga's method
(4_6) s Mutter et al. calculated the a-helical region to be fragment
2-9 (45).

In the mid-seventies, Léw et al. studying ACTH-(1-39) and
fragments, found a transition from random coil to a helix structure
when the solvent water was gradually replaced by trifluoroethanol
(TFE) (43). This latter solvent had been shown to favour the
establishment of ordered structures (p-sheet or a~helix) like a
membrane-receptor environment ("measmbrane-receptor mimetic"
properties) (ﬂ) . Subsequent work of the groups of Low and
Fermandjian on ACTH-(1-39) and several large fragments and
analogues making use of TH- and 13C-NMR spectroscopy, IR
hydrogen-deuterium exchange kinetics and CD all pointed to helical
structures of sequences in ACTH (ﬂ, 19_ and references therein) .

Small ACTH fragments related to ACTH-(4-10) have also been
investigated for the presence of ordered structure. CD of ACTH-
-(5-10) in TFE showsad a random structure (50) as was found with
TH-NMR for fragment 4-10 (51) The addition of anionic or cationic
surfactants to an aqueous solution of ACTH- (4-11) dit not promote
any a-helix or B-form in this peptide (CD experiments; 52) . When
ACTH-(1-14) and 1-10 were measured by CD and NMR respectlvely,
indications for a helical or ordered structure were found (50, 51).
Thus it seems that the addition of the non-helix "prone'" fragmeant
1-3 or 1-4 can promote the formation of a helical structure in the
adjacent sequence. Arguments in favour of this come from the
theoretical work of Argos and Palau (53) on amino acid distribution
in protein secondary structures. They found that Ser and Thr
frequently occur at the N-terminal helical position (cf. Serd in
ACTH) to provide stability; the position adjacent to the helical
C-terminus is often occupied by Gly or Pro (adjacent to Trp9 in
ACTH we have Gly10); acidic amino acid residues are frequently
found at the helix N-terminus (cf. Glu® in ACTH) and/or basic
residues at the C-terminus (cf. Arga) .

Crystal structure(s) of ACTH-(1-39) or 1-24 are not known.
Suitable crystals for X-ray diffraction experiments could be
obtained however, for the heptapeptide 4-10 (54, 55) and the
smaller tetrapeptide 4-7 (_5_4, @) . In the former case, an anti-
-parallel B-pleated sheet structure of the backbons was found with
clustering of hydrophobic (Met, Phe and Trp) and hydrophilic (Glu,
His, Arg) side-chains as remarkable features. ACTH-(4-7)
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crystallizes as a monohydrate horseshoe-like structure which is
again characterized by the proximity of the hydrophobic Pihe and Met
and the hydrophilic Glu and His residuss, but now via intra- and
inter-chain interactions. So in two quite different conformational
structures of ACTH-(4-10) and 4-7 a striking common feature is
that the Phe and Met side-chains are close together. Org 2766 has
not yet yielded crystals suitable enough for structure determination.
In summary, theoretical approaches point to the potential for
an a-helical structure for the fragment 4-10 and the conformation
found in solutions of this and several other fragments of ACTH seem
to be confirmatory; the crystal structure reveals an antiparallel
B-pleated sheet.

Suggestion for conformation at the receptor site for pole-jumping
activity

In 1977 a quantitative study on the relationshi p between the structure
and pole-jumping behaviour of ACTH-derived peptides (only those
that delayed extinction), was performed (11, 57) according to
method of Free and Wilson as modified by Fujita and Ban (58).
Apparently the data on 55 peptides satisfied the conditions for such
a mathematical approach which means that the potencies of the
analogues could be considered to be composed of the product of
independent group contributions from individual substitutions in the
peptide chain. For instance, the combination of D-Lys8 with either
D-Giu® or D-His® gave the same actual and calculated activities.
However, when D-Lys8 was combined with D-Met4 as in H-D-Met-
-Glu-His-Phe-D-Lys-Trp-OH, the observed potency was much
lower than the calculated one. Since this is one of the very few
exceptions where the calculation failed, i.e. the condition of
independent group contributions was no longer fulfilled (outlier), it
was suggested by Greven and de Wied (11) that this could be due to
steric interference of the D-Met? and D- Lys8 residues, which in
turn implies that positions 4 and 8 are close together at the receptor
site. The amino acids in between seem to serve merely as a spacer
as was shown by replacement of these amino acids by simple,
neutral alanine residues (_u) « This close proximity of the side=~
-chains of residues 4 and 8 is possible when the backbones assumes
an a-helical conformation (11) . In this helical structure the Met
and Phe’ residues are extra-chain neighbours.

The B-lipotropin fragments H-Tyr-Gly-Gly-Phe-Met-OH (Met-
-enkephalin) and H-Gly-Gly-Phe-Met-OH show the presznce of Phe
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and Met as intra~-chain neighbours. When these two molecules were
tested for delay of extinction in the pole-jumping test, they were
found to be approx. as active as ACTH-(4-10) (23, 9). In additlon,
oxidation of Met to Met(O) resulted in a similar potentiation as that
found in the ACTH series. The hypothesis that the close proximity of
a Phe and Met residue in ACTH- and enkephalin-like peptides is
essential for a delay in extinction was further checked by testing a
cyclic peptide containing Phe, Met and a spacer g~aminohexanoic
acid (eAhx) to close the ring [sAhx was chosen since it contains
no functional groups and does not distort the peptide groups signifi-
cantly from planarity or force them into the cis conformation (59)].
Cyclo-(~Phe-Met-gAhx-) (60) was found to be as active as ACTH-
-(4-10) in delaying extinction (9), thus supporting the hypothesis
of Greven and de Wied (11).

As mentioned before (section 1), introduction of the D-Lys
residue in the ACTH fragment 4-10 or 4-9 resulted in a higher
increase in active avoidance behaviour than the 3-fold increase in
activity when L-Arg was replaced by D-Arg, suggesting an additional
function of the D-Lys residue at the receptor site. The mere presence
of D-Lys, Met(O) or Met(Oz) and Phe in one molecule as in Org
2766 is not sufficient, however, for high activity in the pole-jumping
test. When H-Gly-Gly-Phe-Met(0O) -D-Lys~-Phe-0OH was tested,
acceleration instead of delay of extinction was found. The
corresponding all-L hexapeptide delayed extinction and was as active
as ACTH-(4-10) (Greven and de Wied, unpublished resuits). A
special spatial arrangement of these three residues at the receptor
for pole-jumping activity therefore appears to be a requirement for
high activity in delaying extinction of a conditioned avoidance
response.

Suggested preferred conformations can be fixed by cyclization.
Cystine has been used to obtain cyclic analogues of Org 2766 viz.
H-Cys-Glu-His-Cys-D-Lys-Phe-OH, H-Cys-Ala-Ala-Cys-D-Lys-
-Phe-0OH and H-C)‘ls—AIa-AIa-Phe—D-Lys-C)'ls-OH (patent applica-
tion 0052028 of Roussel-Uclaf), and the peptides were tested for
activity in the pole-jumping test. Unfortunately, one cannot con-
clude from their data if cyclization has resulted in an increase or
decrease in activity since no reference peptide has been included to
compare potencies. In the literature cyclization of [Lys® ]JACTH-
-(5-10) (the COOH group of Gly 10 with the £-NHy5 function of Lys®)
has been reported; the resulting peptide was inactive in
steroidogenesis (61) . Increase of the ring size with three atoms (a
Gly residue) , however, resulted in a peptide that was more active
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than the linear unmodified 5-10 sequence (61), indicating the
importance of the ring size. Cyclization of the message sequence
for steroidogenic activity by replacement of GluS and Gly10 by a
cystine residue in [2-§-aminovaleric acid JACTH-(2-19) resulted in
a 50-fold decrease in steroidogenic activity and 10-fold decrease in
lipolytic activity (6_2) . When a cystine molecule was incorporated
into a~-MSH in place of Met4 and G|y1o, a very potent analogue was
obtained with a potency > 10,000 times that of a-MSH in stimulating
frog skin darkening and about 30 times more potent when measured
in vitro in lizard skin (63).

Thus strong potentiation of biological activity can be obtained
either by substitutions which allow or enhance a preferred conforma-
tion at the receptor site or by fixation of such a preferred conforma-
tion via cyclization of the backbone.

Concludi@ remarks

For activity of ACTH-derived peptides at the receptor for pole-jump-
ing activity, the basic requirement seems to be the presence of a
Phe and Met residue in close proximity. It is interesting to see that
Phe and Met are close together in an a-helical structure in ACTH
peptides (and as intra-chain neighbours in Met-enkephalin) and in
the crystalline state in ACTH-(4-10) as a 3-pleated sheet and in
ACTH-(4-7) in the form of a horseshoe; this close proximity is in
line with the results of a Free-Wilson type of analysis.

In H-Met(05) -Glu-His-Phe-D-Lys-Phe-OH (Org 2766), the
large increase in activity in the pole-jumping test and the longer
duration of action can only partly be explained by an increase in
stability. It is suggested that in the form of an a-helix or loop-like
structure at the receptor site, the presence of D--Lys8 as well as
Met(02)4 and Phe9 contributes to an increase of receptor affinity.
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Design of Novel Cyclic Hexapeptide Somatostatin
Analogs from a Model of the Bioactive
Conformation

ROGER M. FREIDINGER and DANIEL F. VEBER
Merck Sharp & Dohme Research Laboratories, West Point, PA 19486

Novel cyclo retro isomers and N“-methyl lysine
analogs of somatostatin cyclic hexapeptides were
designed from a model of the biocactive conforma-
tion. Compounds of greater potency and stability
than somatostatin were prepared. The analogs
furnished additional information about the receptor
bound conformation which was consistent with the
working conformational model. Conformational
information from solution studies using NMR and CD
was generally consistent with inferences from the
biological data. These studies illustrate the
utility of a conformation-activity approach to
peptide analog design.

The naturally-occurring biologically active peptides represent an
almost untapped potential source of new therapeutic agents. The
spectrum of activities already known is large and new structures
with novel biology are continually being elucidated. The
increasing understanding of biochemical processes in which these
peptides are involved suggests numerous areas for new drug
development. The challenge to the medicinal chemist is to learn
how to develop useful agents based on these peptide leads.

There are a number of problems associated with the use of
peptides as drug molecules. Peptides are rapidly degraded by
proteases and, therefore, their biological half lives are
normally too short to be useful in a therapeutic sense. Most
peptides exhibit more than one type of biological effect making
lack of specificity a problem to be overcome. The size of even
"small" peptides is larger than most common drug molecules, and
it is usually desirable, if for no other reason than ease of
synthesis, to simplify the structures as much as possible.
Finally, for the small number of peptides which have been studied
by the oral route, poor bioavailability has been a problem.
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Conformational Approach to Peptide Analog Design

The traditional approach to peptide modification has entailed
systematic substitution for the various amino acids in the
molecule and determining the resultant effect on biological
activity. After a large number of these changes have been
completed, the most successful ones can be combined to produce a
peptide with improved properties. This approach still has its
place; however, in our laboratories, we have also been empha-
sizing the importance of information pertaining to the peptide
bicactive conformation in the design process (1l). The bloactive
conformation is defined as the conformation of the peptide bound
to a given receptor at the instant that a specific response is
elicited. If important features of the bioactive conformation
can be ascertained, it should be possible to modify peptlde
structures in a more rational manner.

Conformational Constraints. How is information about the bioac-
tive conformation obtained? An approach which we have emphasized
involves constraining the peptide backbone in various ways and
gauging the effect on biological activity (2). The conforma-
tional constraints may be noncovalent in nature such as D-amino
acids or Nq-methyl amino acids. Alternatively, covalent con-
straints such as cyclic amino acids, bridged dipeptides, or
cyclic peptides may be utilized. Normally a combination of
several different modifications is necessary to develop a hypoth-
esis for the peptide bioactive conformation. Computer modeling
of peptide structures has been an integral part of this approach
in our laboratories (3).

Besides obtaining information pertaining to the bloactive
conformation, there are other advantages to be galned from
successful application of conformational constraints. Potency
may be increased through stabilization of a bilologically active
conformer (1). Degradation by peptidases may be decreased by
destabilizing metabolized conformers. Biological selectivity may
also be improved by increasing the preference for a conformer
which interacts with a specific receptor but not with others
which lead to different responses (4, 5).

Conformationally Restricted Somatostatin Analogs. For several
years, we have been applying this conformation-activity approach
to the design of analogs of the tetradecapeptide somatostatin
(1). Somatostatin is a hypothalamic peptide which inhibits the
release of insulin, glucagon, and growth hormone and also
inhibits gastric acid secretions (6). These properties suggest
potential utility in the therapy of diabetes and ulcers (7).
Somatostatin has several shortcomings, however, deriving from
peptide limitations already discussed. It is inactive after oral
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administration and has a short duration of action after intra-
venous dosing. Multiple biological effects are produced with the
inhibition of insulin release being possibly the most serious
limitation. Flnally, the size of the molecule makes its avail-
ability through chemical synthesis difficult and expensive. A
goal of the work in our laboratories was to obtain simplified
analogs with improved stability to proteases and oral activity.

A further objJective was to develop compounds with selectivity for
inhibition of release of glucagon and/or growth hormone.

Studies leading to the development of highly active bicyclic
analogs of somatostatin such as 2 have been reported (8, 9).
Based on the potency of these conformationally constrained
structures, a working model for the bioactive conformation of
somatostatin emerged (10). Using this model as a basis with
input from computer modellng, further simplified cyeclic hexa-
peptide analogs such as 3 with potency greater than somatostatin
were designed (11). These analogs have increased resistance to
protease degradation and show activity after oral administration.
Only five of the original fourteen amino acids of somatostatin
remain in 3 and synthesis of these cyclic hexapeptides is much
simplified compared to that of somatostatin. The present discus-
sion will focus on recent results involving two types of confor-
mational modifications of 3 designed from the hypothesizgd
biocactive conformation. These cyclo retro isomers and N -methyl
lysine analogs would be expected to possess additional protease
stability which could prolong duration of action. These studies
also provide a further test for the utility of the working
bicactive conformational model in analog design.

H-Ala-Gly-Cys-Lys-Asn~-Phe-Phe-Trp
HO~Cys-Ser-Thr-Phe-Thr~Lys

1

Cys-Phe-D-Trp
Ah;
a\C)!s— Thr- Lys

2

X-Phe-D-Trp
Phe-Thr-Lys

3a, X=Pro
3b, X=N"-Me-Ala
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Retro Peptides

One approach to extending the duration of action of peptides
through stahllization of the structure to the action of proteases
has involved retro enantiomeric peptides (12) (see Figure 1). 1In
these compounds, the direction of the peptide backbone is
reversed and the chirality of each a-amino acid is inverted.
Linear peptides modified in this manner are termed "retro
inverso" analogs (13). The assumption underlying this approach,
which may not be generally true, is that only the side chains and
not the peptide backbone are important for eliciting the blolog-
ical response at a given receptor. If good topographic corre-
spondence between side chains of the parent peptide and its retro
enantiomer is possible, similar biological activities would be
expected for the two compounds. The latter structure containing
a number of D-amino acids should be more stable, if not totally
stable, to proteolytic degradation. In addition, a successful
application of this approach will yield considerable information
about the bloactive conformation.

Limitations. There are several limitations to the retro enantio-
mer approach (12, 13). If the amide linkages are involved in
important interactions with the receptor, reversal of the peptide
links would be expected to decrease receptor binding affinity and
therefore potency. For linear peptides, reversal of end groups
will be a problem; this is not the case for cyclic peptides such
as will be described in the present study. Secondary amino acids
such as proline or Na-methyl alanine cannot be accommodated
directly by the approach since the substituent attached to the
a~-amino group will always be misplaced. There is no guarantee
that the peptide backbone conformation of the retro enantiomer
will be similar to that of the parent peptide. A different set
of low energy conformations may be preferred in the modified
analog (1l4). Finally, even if conformation does not change,
nonequivalence of side chain topography may be a problem due to
small differences 1n corresponding peptide backbone bond lengths
and bond angles. We have demonstrated this nonequivalence with
the least squares fitting of the eyclic hexapeptide cyclo-(Ala-
Ala-Gly-Gly-Ala-Gly) and its retro enantiomer (15). Similar
comparisons using crystal structure data gave deviations from
topographic equivalence of similar magnitude (16). In spite of
the limitations of the retro enantiomer approach, we theorized
that its successful application should be possible through design
based on the overall shape of the molecules. The confirmation of
this idea through the design of modified somatostatin analogs
termed cyclo retro isomers (not enantiomers) (13) has now been
achieved (17).

Design of Cyclo Retro Isomeric Somatostatin Analogs. We have
described our working computer-generated model for the biloactive
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conformation of cyclo-(Pro-Phe~D-Trp-Lys-Thr-Phe), 3a (Figure 2)
(18). Key conformational features of this model believed impor-
tant for biological potency include Phe~D-Trp-Lys-Thr and Thr-
Phe-Pro-Phe B-turns of Types II' and VI, respectively, the latter
containing a cis peptide bond between Phell and Prof. The model
of 3b is very similar with Nu—methyl alanine replacing proline
(19) (see Reference 20 for definition of B-turns). In designing
cyclo retro isomeric analogs of 3, we wished to retain the
overall shape of the molecule resulting from these turns and
their attendant side chain relationships. The analog of 3b
obtained by reversing the peptide backbone and inverting all
amino acids is cyclo-(D-Phe—D-Thr-D-Lys—L-Trp-D-Phe—N -Me-D-Ala)
4 which would be expected to adopt a different shape due to
misplacement of the alanine N® -methyl group (Figure 3) as has
been already discussed. Indeed, compound 4 was synthesized and
found to be about 0.1% as potent as 3b (Table I) for inhibition
of growth hormone release in vitro. The misplaced N-methyl
probably results in a change in preferred conformation away from
the bioactive conformation. In particular, the crucial cis
peptide bond is likely to be trans in M.

Examination of molecular models revealed that the desired
two B-turmn conformation mifht be restored by moving the N-methyl
group from D-4lab to D-Phell in 4. This change would permit the
key cis peptide bond to form in the proper locatlon in the
backbone and should as a result achieve better overall side chain
correspondence with 3b. The resultant structure, cyclo—(Nu-Me-D-
Phe-D-Thr-D-Lys-L-Trp-D~Phe-D-Ala) 5, was prepared and in fact,
displayed a full biological response and had about 10% of the
potency of 3b and 25% of somatostatin itself.

At this point, we considered that good topographical corre-
spondence to the Type VI B8-turn of 3b had been achieved in 5, but
that adjustments to the B-turn contalning the key tryptophan and
lysine residues at the other end of the molecule were still

Table I. Potencies Cyclo Retro Isomeric Somatostatin Analogsa

Hormone Release Inhibitionb

Growth Hormone
Cpd in vitro Insulin Glucagon

3b 3.5 (2.6,4.5) 6.0 (3.8,10.9) 16.7 (4.3,200)
4 0.003 (0.001,0.005) 0.08 (0.03,0.17) 0.09 (0.0,0.50)
5 0.27 (0.2,0.36) 0.67 (0.31,1.3) 0.17 (0.04,0.4)
6 0.88 (0.7,1.10) 1.02 (0.41, 2.3) 0.3 (0.15,0.51)
7 2.4 (1.4,4.0) 0.8 (0.,5,1.5) 1.3 (0.5,3.1)
8 1.59 (1.33, 1.92) 4.5 (2.3, 25.0) 6

9 Inactive Inactive Inactive

2Relative to somatostatin=1.
For a description of assay methods, see Reference 1l.
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B, H
\N L
™0 w

Figure 1. Retro enantiomeric peptides. 0 RY

Figure 2. Bioactive conformational model of 3a. (From Reference
19 with permission. Copyright 1983 by Munksgaard
International Publishers Ltd., Copenhagen, Denmark.
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HsC” “OH HsC” TOH
3b 4
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Figure 3. Cyclo retro isomers of 3b.
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required. The D-Lys-Trp-containing turn in 5 would be predicted
to be Type II' (20). By inverting the chirality of these two
residues, a Type II B-turn should be favored. This turn is the
mirror image of the Type II' turn in 3b and might be expected to
provide a closer side chain correspondence to 3b. Such is
apparently the case since the analog cyelo-(Nu-Me-D—Phe-D-Thr-L-
Lys-D-Trp-D-Phe-D-Ala) 6 displays 25% of the potency of 3b and
is of comparable potency to somatostatin. The correspondence in
side chain topography for the bicactive conformations of 3b and 6
must be quite good because these relative potencies reflect a
difference of less than 1 Kcal/mole of receptor binding energy.

The potencies of U4-6 for inhibition of release of insulin
and glucagon in vivo follow trends similar to the growth hormone
data although the absolute magnitudes are somewhat different.

The in vitro potencies are most likely to reflect relative
receptor affinities since protease degradation in this system is
minimized. Improved metabolic stability should, therefore, not
appear as enhanced potency.

The potency of 6 is still not equal to that of 3b and this
remaining difference could be due to the effect on conformation
of small differences in backbone bond lengths and angles for each
pair of corresponding amino acids (15). Alternatively, a hydro-
gen bonding contribution from the backbone may have been lost in
6. The results do indicate that the peptide backbone contributes
at most a small amount to receptor binding by somatostatin and
its analogs. Incorporation of known potency-enhancing modifica-
tions into b6 gave 7, cyclo-(Nu-Me-D-Phe-D-Va1-Lys-D-Trp-D-Tyr-D-
Abu), the most potent cyclo retro isomer of 3b prepared to date.
This analog is more potent than somatostatin and nearly as potent
as the parent structure 3b in the growth hormone assay.

It has been reported that the L-Trp analog of 3a cyclo-(Pro-
Phe-Trp~Lys-Thr-Phe) (8) and 3a itself are equipotent (21). 1In
light of the results with 5 and 6, it was of interest to prepare
the cyclo retro isomer cyclo-(N*-Me-D-Phe-D-Thr-D-Lys-D-Trp-D-
Phe-D-Ala) (9). This compound, however, was not active. This
difference in potency may be a consequence of 8 and 9 adopting
noncomplementary conformations (especially in the Trp-Lys
regions) in which correspondence of side chain topography is
poor. Even if 8 and 9 adopt the predicted Type I and I' turns
for Phe-Trp-Lys-Thr and D-Thr-D-Lys-D-Trp-D-Phe, respectively,
our analysis shows that the inherent shape differences are
greater than for the flatter Type II' and II turns of 3b and 6.
Such differences have also been observed in a comparison of
different types of B-turns in cyclic hexapeptide crystal struc-
tures (16). Additional studies will be required to elucidate the
degree of generality of the approaches described here for various
B-turn types.

Solution Conformation. Knowledge of solution conformation of
constrained peptide analogs has proven very useful for corre-
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lating inferences about the bioactive conformation (18). 1In the
present example, evidence has been obtained from proton NMR
studies for the side chain topographic correspondence of 3 and 5
and 3 and 6 in solution. The NMR spectrum of 6 is shown in
Figure 4. The upfield shift of the y-methylene protons of lysine
due to shielding by the indole of tryptophan has been postulated
as important for good biological potency. As illustrated in
Table II, this shift is observed for each of compounds 3-6 and
provides evidence for similar side chain relationships for the
Trp and Lys residues. Another diagnostic shift is that of the
Ala B-methyl which for 3b is observed shifted upfield by 1.3 ppm
due to proximity of the ll-position aromatic side chain. Both 5
and 6 also exhibit the high field methyl, but the major conformer
of 4 does not. We conclude that for the two key B~-turn regions
of 5 and 6, the side chain relationships in water are very
similar to those found in 3. The two B-turn structure for 6 is
also supported by the observation of two solvent shielded N-H's
(slow exchange in Dy0) assigned to D-Thr and D-Phe. A similar
pattern was observed for 3 and is evidence for internally
oriented possibly intramolecularly hydrogen bonded protons which
are expected for the postulated B-turns (20). The NMR spectra of
8 and 9 also show shielded lysine Y-protons and 6-position
B-protons, although the magnitude of the upfield shift for the
former protons of 8 is less than for the other analogs. In this
case, it appears that the solution data, which favor appropriate
side chain relationships for bioactivity, do not correlate with
the observed biological results (9 is inactive). Less informa-
tion regarding the conformation of 8 than for 3 is currently
available, however, and it would be premature to draw direct
conclusions from these results.

Table II. Chemical Shifts of Upfield Shifted Protons in DZOa

Cpd LysY Y-CHo A1ab-B-CH3 Prob-g-CHo
3b 0.33, 0.52 0.20 -
yb 0.48, 0.98 1.28 -
5¢ 0.62, 1.05 0.20 -
6 0.53, 0.99 0.18 -
8 1.08 - 0.77 (1 H)
9 0.64, 0.79 0.35 -
Usual Position (22) ~1.25 1.5 2.0

parts per million (ppm) relative to sodium trimethyl-
silylpropanesulfonate as internal standard. bMaJor con~
former (+75%); the minor conformer has a high field methyl
resonance at 0.59 ppm. ©One of 2 conformers observed (+1:1
ratio); the second conformer does not exhibit shifts of this
magnitude.
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Both biological and solution data indicate that 3 and its
cyclo retro isomers 5 and especially 6 have similar shapes, thus
providing further support for the proposed bioactive conformation
of D-tryptophan-containing cyclic hexapeptide analogs. These
results show that the retro enantiomer concept can be applied
successfully through design based on the overall topography of
the molecules when sufficient conformational information about
the parent peptide is available. The key modification in these
examples was transferring the Na-methyl from the 6~ to the
1l-position residue to circumvent the secondary amino acid
problem discussed under Limitations and properly position the
necessary Type VI B-turn. Chirality changes in the other f-turn
further improved the overall topographical correspondence. Thus,
through conformational modification, it has been possible to
apply the concepts of Shemyakin (12) in spite of the inherent
topographical differences between retro enantiomers.

Analogs 5-T were stable to trypsin degradation under condi-
tions where 3b was cleaved with a half life of 80 hrs. This
increased stability was not reflected in an increase in duration.
Other processes, therefore, must be controlling the duration of
action of these peptides in vivo.

Synthesis. The synthesis of cyclo retro enantiomer 6 is outlined
in Scheme 1. Compounds 4, 5, 7, and 9 were prepared by an
analogous route. Initially, a protected linear hexapeptide was
prepared by solid phase synthesis on 2% crosslinked polystyrene
resin beginning with a protected lysine resin. The peptide was
then removed from the polymer by hydrazinolysis. Cyclization was

Scheme 1. Synthesis of 6
Bzl 2-Cl-Cbz

H-D-Trp-D-Phe-D-Ala~N"-Me-D~Phe-D-Thr-L-Lys-0(R)
NHZNH2
v Bzl 2-Cl-Cbz
H-D—Trp—D—Phe-D-Ala-Nu-Me-D-Phe—D-Thr-L-Lys-NH-NH2
1) Isoamyl Nitrite
2) Dilute

3) Base
¢ ¥) HF, anisole

Cyclo-(D-Trp-D-Phe-D-Ala-N*-Me-D-Phe-D-Thr-L-Lys)

6
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achieved using the azide method followed by anhydrous HF/anisole
deblocking. The crude product was purified by silica gel chroma-
tography and/or gel filtration on Sephadex G-25. Products were
characterized by amino acld analysis and 1y NMR and gave the
expected M + H molecular ions by fast atom bombardment mass
spectrometry. HPLC purity was >92% for all compounds except 9
which was 86% pure. For a detailed experimental procedure
describing synthesis of cyclie hexapeptide somatostatin analogs,
see Reference 19.

N®-Methyl Lysine Somatostatin Analogs

The working model for the bioactive conformation of 3 accommo-
dates a methyl group on the a-amino of lysine without obvious
steric interactions. This noncovalent constraint should further
restrict the conformation perhaps leading to greater protease
stability and/or increased biological selectivity. It would also
be another test for the necessity for the lysige N-H in receptor
binding. In addition, a biologically active N -methyl lysine
analog would provide further support for the progosed model of 3.

One precaution should be kept in mind for N -methyl amino
aclds. N-methylation of the peptide linkage results in the
energy of the usual trans amide becoming comparable to that of
the cis (23). The trans to cis transformation at a point in the
peptide backbone results in a significant conformational change.
This possibility must be considered in interpreting results based
on incorporation of Nu-methyl amino acids.

To fully explore the potential of the novel Nu-methyl lysine
in somatostatin cyclic hexapeptides, the four possible analogs
containing D- and L-tryptophan and D- and L-Nu-methyl lysine
combinations were prepared (See Table III). As predicted from
the working model, the D-Trp-N“-Me-L-Lys analog 10 was comparable
in potency for inhibition of growth hormone release in vitro to
the parent compound 3a. Surprisingly, the D-Trp-N“-Me-D-Lys
analog 11 was just as active. This result is in contrast to the
D-Lys analog of 3a (12) which hag about 3% the potency of the
parent compound. Both L and D-N"-methyl lysine analogs of 8 (13
and 14, respectively) are considerably less potent than 8 itself.
The D-lysine analog of 8 (15) also shows low potency. As
observed for the cyclo retro isomers, the insulin and glucagon
results in vivo follow the same trends as the in vitro data with
some differences in absolute potencies.

Solution Studies. The solution data for the Nu-methyl lysine
analogs show conformational trends similar to those deduced from
the blological data. Evidence pertaining to side chain and
backbone conformation favors similar shapes for 10 and 3a in
water. Proton NMR spectra for both compounds show high field
lysine Y-methylenes (0.02, 0.33 for 10; 0.40, 0.55 for 3a) and
single proline B~ and Y-methylene protons (0.91, v1.1 for 10;
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0.83, 1.0 for 3a) as well as proline a-methines (3.64 for 10;
3.54 for 3a). The circular dichroism (CD) curves have very
similar shapes and intensities with the minimum for 10 at 6-7 nm
higher wavelength than that for 3a (see Figure 5). The NMR
spectrum of the N® -methyl-D-lysine analog 11 shows high field
absorption in 0.4-0.5 ppm range indicative of lysine Y-methylene
shielding by tryptophan. In contrast, CD comparisons show the
backbone conformation of 11 to be different from that of 3a, and
also different from the D-lysine compound 12. Compound 13
exhibits multiple conformations in water based on the NMR
spectrum and comparisons with the more potent 8 are not possible.
Compound 14 shows largely a single conformer by NMR, and it does
show high field Lys ¥ and Pro B and Y protons. There are a
number of atypical chemical shifts in both the aliphatic and
aromatic regions of the spectrum, however, indicative of changes
from the usual conformational preferences in these cyclic hexa-
peptides.

Conformational Inferences. The biologlecal activity and solution
conformation results with analog 10 provide further support for
the bioactive conformational model of 3 and for its utility in
novel analog design. This same type of conformational modifica-
tion (Nu-methylation of leucine) was successful in LHRH (24)
which also contains a proposed Type II' B-turn in the receptor
bound conformation (1l). The high potency of the Nu—methyl
D-lysine analog 11 was unexpected. Based on literature prece-
dents (20), this compound would be predicted to assume a differ-
ent B-turn from either the Type II' turn in the conformational
model of 3 or the Type I B-turn which is likely in the active
L-tryptophan analog 8. It also must be assuming a conformation
different from that of the D-lysine compound 12, since this
analog 1s much less potent and displays different chemical shifts
in solution. The most likely explanation of these results 1s
that the peptide bond between D-Trp and N“-Me-D-Lys has become
cis. Models indicate that this backbone conformation has side
chailn topography similar to that found in the model of 3. This
type of cyclic hexapeptide conformation with two cis amides has
been observed previously (25), although the L-X-L-Pro and
D-Y-N"-Me-D-Z combination is apparently unique.

As with the cyclo retro isomers, these studies have shown
that there may be more than one peptide backbone conformation
which can produce similar side chain topography. The N -methyl
lysine analogs have also further confirmed that the N*-H of
lysine has no important role in receptor binding or conforma-
tional stabilization. These compounds did not, however, provide
any advantage over 3 in biological selectivity or duration of
action.

Synthesis. The novel synthesis of N*-Fmoc N€-2-C1-Cbz~protected
Na-methyl-DL-lysine was recently described (26). The synthesis
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MOLAR ELLIPTICITY (DEG Ch/DHOL)

cycLo-(PRo-PHE-D-TRP-LYs-THR-PHE), 3A ...
cvcLo-(PRo-PHe-D-TRP-N"-Me-Lys-Thr-PHe), 10 ——
PHOSPHATE BuFfer, PH 7.4

-13.0
1

)

~24.0 -18.5

T ¥ T L L) T A 1 L] 1
182.0  183.0 198.0 203,0 20,0 217.0 2.0 2.0 22380 245.0 252.0
WAVELENGTH (NM)

Figure 5. Circular dichroism spectra of 3a and 10.
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of the cyeclic hexapeptides containing Na-methyl lysine is shown
in Scheme 2. Aastandard solid phase synthesis through incorpo~
ration of the N -methyl lysine residue was followed. The Fmoc
protection was removed by treating twice, for 2 hr, with a 1l:1
mixture of diisopropyl amine-DMF. The degree of completion of
this reaction was monitored by measuring the liberated dibenzo-
fulvene by UV determination at 255 nm. The hindered secondary
amine base was used rather than the more common piperidine to
avoid the possibility of any cleavage of the benzyl ester linkage
to the resin. Recent results indicate that this precaution may
have been unnecessary (27). After Fmoc removal, the resin was
divided into two batches for incorporation of D- and L-trypto-
phan, respectively. The remaining solid phase synthesis,

Scheme 2. Synthesis of Nu-Methyl Lysine Cyclic Hexapeptides
2-C1-Cbz Bzl

Fmoc-Nu-Me-DL-Lys-Thr-Phe-Pro-O(:)

\l/ 1:1 Diisopropylamine/DMF
2 x 2 hrs.

2-C1-Cbz Bzl
H-Na-Me-DL-LJs-TAr-Phe-Pro-O(:)
Solid Phase Synthesis
2-C1-Cbz Bzl

TFAH-Phe-[D- or L]-Trp-N*-Me-DL-Lys-Thr-Phe-Pro-0(®)

1) NH,NH,/MeOH

2) Isgamyl nitrite, DMF

3) Dilute

4) Base

5) HF

¢-(Phe-[D- or L]-Trp-N*-Me-DL-Lys~Thr-Phe-Pro)

D-Trp L-Trp
Isomers Isomers
Silica
Gel
10 11 13 148
Trp-N*-Me-Lys=DL DD LL LD
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hydrazinolysis, azide cyclization, and HF deblocking followed
standard procedures (19). The two pairs of diastereomers were
purified and the isomers were separated by silica gel chromatog-
raphy. Products were characterized by amino acid analysis and 1y
NMR. HPLC purity was >92% for 10, 11, and 14; 13 was B85% one
component . -

Conclusions

The utility of a bioactive conformational model has been illus-
trated for the design of novel cyclic hexapeptide analogs of
somatostatin. Emphasis is on manipulation of the peptide back-
bone to eliminate undesired properties while maintaining neces-
sary side chain topography. The working conformational model is
re-evaluated on a continuing basis. This approach has the
potential for more rational design of peptide analogs with
improved properties as possible drug molecules. Carried to the
ultimate, it would lead to the design of completely nonpeptide
agonists or anagonists of the original bilologically active
peptide. Experience will tell whether this degree of modifica-
tion will be required in order to obtain molecules with thera-
peutically useful properties.
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Legend of Symbols

Abbreviations generally follow the IUPAC-IUB Commission recom-
mendations. Abu, a-amino butyric acid; LHRH, luteinizing hormone
releasing hormone; Fmoc, 9-fluorenylmethyloxycarbonyl; DMF,
dimethylformamide. Numbering of amino acids in cyclic hexapep-
tides follows somatostatin numbering.
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Design of Kinase Inhibitors

Conformational and Mechanistic Considerations

GEORGE L. KENYON and REBECCA E. REDDICK
Department of Pharmaceutical Chemistry, University of California, San Francisco, CA 94143

General aspects of enzymatic reactions catalyzed by
kinases are briefly mentioned. Many alternate sub-
strates, competitive inhibitors and affinity labels
based either on the structure of ATP or on the
structure of the non-ATP kinase substrates are de-
scribed. Several examples are presented that should
be of particular interest to the medicinal chemist.
Finally, the design of an affinity label for crea-
tine kinase is reviewed as an example of how such
information can be used in the search for agents
directed at an enzyme's active site.

The design of a drug that acts by altering the activity of a
kinase must begin with the study of the interactions of this class
of enzymes with their nucleotide substrates, their co-substrates
and regulatory molecules such as cyclic nucleotides. Once such
interactions are adequately understood, enzymes can potentially be
exploited in rational drug design in at least three ways. The
most often used is that of enzyme inhibition, the main subject of
this chapter. The second possibility is for the enzyme to be
involved in the conversion of a biologically inactive molecule 1to
one which is biologically active, i.e., the conversion of prodrug
to drug. The third possibility, which has not yet been exploited,
at least in a direct way, is that of activation of enzymes.

This chapter will briefly cover some important requirements
and properties of the general enzymatic reaction catalyzed by
kinases. There are many examples of the use of analogs of the
common substrate, ATP, as probes of the conformational and steric
requirements of kinase active sites. ATP analogs that function as
affinity labels have been used as tools for pinpointing amino acid
residues present at or near the active site. The kinases can be
divided into three groups based on the type of non-ATP substrate
phosphorylated enzymatically. Selected kinases from these three
groups will be discussed with respect to studies using substrate
analogs and inhibitors. These studies can be used in the design
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of specific substrates or inhibitors of potential use as drugs.
Lastly, the rationale for the design of a specific irreversible
inhibitor of creatine kinase, namely epoxycreatine, will be re-
viewed.

Kinases are proteins whose catalytic function is the
transfer of the y-phosphoryl moiety of ATP to a particular accep-
tor:

4= 3= 2= +
R-X-H + ATPY ——=—— ADP® + R—X-P03 +H
Both ATP and the phosphoryl acceptor become reversibly and selec-
tively bound to the enzyme during catalysis. So far, kinases that
have been shown to react by direct phosphoryl transfer between ATP
and the co-substrates show strict inversion of configuration at
phosphorus, while those with a phosphorylated enzyme intermediate
show retention of configuration at phosphorus (1,2).

A1l known ATP-utilizing enzymes have a requirement of diva-
lent metal cations for activity (2), although the roles that thes
metal igns play have not been fully elucidated. Typically_+Mgz
and+ Mn?" are activating whereas other metal ions such as Ca“ and
Ba?" are either less activating or inhibitory (4=6). For all
kinases one divalent cation is nucleotide bound. In addition, a
few kinases have been shown to bind a second divalent cation that
may be either activating as with pyruvate kinase (7,8) or inhib-
iting as with cAMP dependent protein kinase (9). It is the pres-
ence of this pair of cations at the active sites of these latter
two enzymes that has allowed detailed NMR studies to be carried
out and has aided in the formulation of detailed working models
of their active-site geometries (10-13). These studies will be
discussed elsewhere in the chapter.

ATP: The Common Substrate

ATP and numerous ATP analogs have been extensively studied as
substrates, inhibitors and as various other probes of the active
sites of kinases. Efforts have been made to pinpoint the confor-
mational and steric requirements of ATP at the active site of
kinases in order to distinguish between general and specific
characteristics of ATP binding.

ATP Triphosphate Chain Conformation. Much of the work in the area
of ATP triphosphate chain conformation has been performed by
Cleland and co-workers (14-16). Their studies on metal(III)ATP
interactions with kinases have led to the classification of ki~
nases according to the stereochemistry of the polyphosphate chain
as it binds to the active site. For the kinases they studied
(hexokinase, glycerokinase, creatine kinase, phosphofructokinase,
3-phosphoglycerate kinase, acetate kinase, arginine kinase, aden-
ylate kinase and pyruvate kinase) it was found that B, y-bidentate
chromium(III)-ATP (CrATP) and not a,B,y-tridentate CrATP is a
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substrate. However, the tridentate isomer is a strong competitive
inhibitor of some kinases (e.g., creatine kinase, phosphofructoki-
nase, 3-phosphoglycerate kinase, and acetate kinase)(14). In
addition, the two screw sense isomers of B,y-bidentate CrATP
(Figure 1a) were distinguished by the enzymes (14). Thus, hexoki-
nase, glycerokinase, creatine kinase and arginine kinase are spe-
cific for the A isomer (Figure 1a-1) whereas pyruvate kinase,
adenylate kinase and phosphofructokinase are specific for the A
isomer (Figure 1a-2). Recently, cAMP dependent protein kinase has
also been found to be specific for the A isomer (17).

Inhibition studies with CrADP complexes allowed these workers
to conclude that hexokinase and glycerokinase both release MgADP
as the B-monodentate form, whereas creatine kinase, pyruvate ki-
nase, adenylate kinase, acetate kinase, 3-phosphoglycerate kinase,
and phosphofructokinase all release MgATP as the bidentate form
(14). Creatine kinase was specifically inhibited by isomer I
(Figure 1a-3)(16) of bidentate CrADP, which is believed to be the
A isomer., Thus, the mechanism for phosphoryl transfer with re-
spect to the nucleotide bound metal appears to proceed according
to two pathways. The first is the reaction of B,y-bidentate MgATP
to form B-monodentate MgADP and the second is the reaction of the
bidentate MgATP to form a,B-MgADP (Figure 1b)(16).

Nucleotide Base Conformation. Using NMR data, a relationship
between the degree of specificity and the conformation of bound
ATP at the active site has been shown for a number of ATP utili-
zing enzymes. Two examples of these are cAMP-dependent protein
kinase and pyruvate kinase (18,19). It appears that enzymes that
exhibit higher nucleotide triphosphate specificity bind ATP so
that the glycosidic bond angle(x)( Figure 2a) is greatly distorted
from its free solution value of 40-44°. Based on x-ray data cited
in reference (18) hexckinase also appears to conform to this
trend.

8-BrATP (Figure 2b) is an ATP analog in which the glycosidic
bond angle (x) is restricted such that the syn conformation of the
base is greatly preferred (19,20). This compound has been found
to be an alternate substrate, albeit a rather poor one, for sever-
al kinases (pyruvate kinase, hexokinase, phosphofructokinase, and
adenylate kinase)(22,23). Isoenzymes sometimes display differen-
tial specificities for this analog (22). 8,5'-Cyclo-AMP and 8,5'-
cyclo-ADP are analogs locked in the anti conformation (Figure
2¢)(24). They are substrates for adenylate kinase and pyruvate
kinase, respectively (25). In the case of adenylate kinase, 8,5'-
cyclo-AMP is actually a better substrate than AMP itself, suppor-
ting the idea that the enzyme preferentially binds AMP in the anti
conformation.

Non-hydrolyzable ATP analogs such as adenylyl imidodiphos-
phate (AMP-PNP, Figure 2d) and B,Y-adenylyl methylene bisphospho-
nate (CH,-ATP,Figure 2e) have been used as inhibitors of kinases
because tﬁey can bind in a similar manner to the natural substrate

In Conformationally Directed Drug Design; Vida, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1984.



192 CONFORMATIONALLY DIRECTED DRUG DESIGN

°a.. ,o\'<° .*\\o R
0'153n -R O"};m g"b
A A
1) R=AMP 2) R=AMP
3) R=Adenosine
()
R C\ oo o) RR. @ 00 O
| PN
\/x i’-O—?/o\FEf/o\Ade _— \’x —‘P’O—T’O‘Q’O\M
H o_ cli> H' J)\ o] 5
: Mfo / M g
e e

NCW IR RQ L P O
3 o o |
x—=p" 0P~ ade \_.X—li" O—II’/ ~p~Ade
| I ; s |
/“ o o © /” o O\Mq,o
&" Mg }n

Figure 1. a) Structural isomers of B,y-bidentate M(III)ATP and
a,B-bidentate M(III)ADP complexes; b) Proposed mechanisms of
kinases.
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Figure 2. a) Glycosidic bond angle(x) in nucleotide triphos-
phates; b) 8-BrATP; c¢) 8,5'-Cyclo-AMP; d) Adenylyl imidodi-

phosphate; e) B,y-Adenylyl methylene bisphospho-
nate; f) Regions of bulk tolerance explored by Hampton et
al(28-31).
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yet do not undergo the phosphoryl transfer reaction (24). These
analogs allow close-to-normal binding of the co-substirate and
regulatory molecules so that the mode of binding of other sub-
strates or co-factors can be investigated in the absence of phos-
phoryl transfer.

Exploration of Bulk Tolerance at ATP Sites. Non-covalent type
inhibitors have also been used to study bulk tolerance around the
ATP binding sites. In this vein Hampton and co-workers have both
synthesized and tested as inhibitors a large number of adenine
nucleotide analogs (Figure 2f) to probe the bulk tolerance at a
number of positions on the parent compound (28-31). These com-
pounds have been used to study systematically the isoenzyme selec-
tivity of adenylate kinases, hexokinases, thymidine kinases and
pyruvate kinases with respect to bulk tolerance at many sites on
the ATP molecule. Some of the most isocenzyme specific results
were obtained with pyruvate kinase isoenzymes K,L and M using ADP
derivatives. Here 3'-OMe-ADP was found to inhibit pyruvate kinase
preferentially with a ratio of inhibitory potency of 7.6:6.0:1.0
for the K,M and L isoenzymes ,respectively. Another compound, 8-
NHEt-ADP, was selective for the M isoenzyme, giving a ratio of
7.1:1.2:1.0 for the M, K and L forms, respectively.

Affinity Labeling of Catalytic ATP Sites. Residues involved in
ATP binding are potentially revealed by the use of affinity labels
that are based on ATP's structure. Perhaps the most systematical-
ly studied of these compounds is 5'-flucrosulfonylbenzoyladenosine
(5'-FSBA) (Figure 3a), which has been reported to label at least
six kinases (32-41). In the case of rabbit muscle pyruvate kinase
such work has indicated the presence of a tyrosine residue within
the metal nucleotide binding site and an essential cysteine resi-
due located at or near the free metal binding site (32). A
similar reagent, 5'-FSBGuanosine, revealed the presence of two
cysteine residues at the catalytic site of this same enzyme, both
distinet residues from those modified by 5'-FSBA (33,34). With
yeast pyruvate kinase both tyrosine and cysteine residues were
modified by 5'-FSBA at the catalytic site (35), and with porcine
cAMP-dependent protein kinase a lysine residue was labeled at the
active site (36).

Unfortunately, as yet there emerges no clear pattern of a
general role for these residues either in binding ATP or in cata-
lyzing phosphoryl transfer. Indeed 5'-FSBA is not necessarily
specific for the catalytic ATP site but rather has been shown in
some cases to bind preferentially to regulatory ATP sites of
kinases (37,38). Nevertheless, such labeling experiments do offer
the possibility of characterization and comparison of peptide
fragments from the site modified, whether it be catalytic or
regulatory. A review of the use of 5'-FSBA with kinases and other
ATP-utilizing enzymes has very recently appeared (42).

The affinity labeling reagent ATP-dialdehyde (Figure 3b) has
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also been used for the purpose of identifying basic amino acid
residues at or near the ribose binding site(s) of creatine kinase,
pyruvate kinase and phosphofructokinase (43-45). It appears to
label a lysine residue in each case. With the latter two enzymes
it does not act as a straightforward affinity label since more
than one residue per active site is modified. Inactivation with
these two enzymes has been found to occur in the absence of either
NaBH, or NaBH,CN; thus the product of the reaction of this rea-
gent4 with 1ysine is proposed to be a dihydroxy morpholine-like
adduct rather than a Schiff's base as has been found with other
enzymes (46).

Isoenzyme specificity for other parts of the ATP binding site
has also been examined . Thus ATP derivatives (Figures 3c1-3ci)
bearing an iodoacetamide on C-8 or N® with a spacer arm of varying
length (2-19 atoms) consisting of methylene, amide or ether
linkages were designed to inactivate specific iscenzymes (47-50).
These exo-active-gite-directed reagents were tested for tissue
specificity on isoenzymes including the L, K and M rat pyruvate
kinases, four rat hexokinases and three rat adenylate kinases.
They were also tested for species specificity by comparing aden-—
ylate kinases from rabbit, pig and carp and adenylate kinases,
thymidine kinases, and hexokinases from yeast and bacteria. The
most 1isoenzyme-specific results were obtained for pyruvate kinase
isoenzymes M,K and L with compound 3c1(n=8), where the L isozyme
was 1I1nactivated to the extent of 80% while the M and K isoenzymes
were not affected (48). Similarly, with adenylate kinase from
rabbit, carp, and pig only the rabbit muscle enzyme (76% inactiva~
tion) was affected by interaction with compound 3c¢1(n=6), whereas
the other two isoenzymes remained unaffected (47).

Nucleic Acids As Cosubstrates

0f the kinases whose non-ATP substrates are nucleic acid deriva-
tives thymidine kinase and adenylate kinase are perhaps the most
studied. Thymidine kinase is of interest because of the existence
of a specific cellular isoenzyme induced by herpes simplex virus-
I(HSV-I){51). The strategy in drug design here is to search for
compounds that would both act as substrates for this enzyme and
exert their pharmacologic activities as their phosphorylated pro-~
ducts (52,53). Analogs of thymidine, cytosine, uridine, guanidine
and adenine have all been investigated. Bulk tolerance and phys-
icochemical requirements of nearly all possible sites of these
analogs have been studied, and, as a result, a figure similar to
Figure 2f could be drawn.(54-58). For many of these a correlation
between the ability to function as substrates and as anti-HSV-1
agents has been examined (55,57,58).
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Acyclovir is a particularly important alternate substrate for

thymidine kinase:
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Because 1t exhibits such good antiviral activity along with low
host toxieity, the binding, substrate and antiviral activities of
many guanosine analogs differing in their 9-ring substituent have
been investigated (57). Some compounds that are closely related
to acyclovir, namely those differing by either addition of one or
two methylene linkages on either side of the ether linkage, by a
branched methyl on the distal side of the ether oxygen, or by
substitution of -5 or -CH, for the ether oxygen, were substrates.
In contrast, those eitheér with added branched hydrocarbon groups
on the proximal side or with an amino functionality replacing the
acyclic hydroxyl were not substrates. Analogs bearing cyclic 9-
ring substituents on guanosine were also tested. Those with
ribose and deoxyribose moieties were found to have low substirate
activity, whereas those with arabinose (differing by having oppo-
site stereochemistry at the 2'-0H) were found to have none. Ad-
enosine and xanthine derivatives of acyclovir were inactive, with
the exception of 9-(2-hydroxyethoxymethyl)-2-methylthioadenine.
Mono- or dimethylation of N-2 of the guanosine moiety or substitu-
tion of N-2 by thiomethyl left reasonable activity (38-55%Z). It
is interesting to note that for the pyrimidine bases the enzyme is
quite specific for the natural deoxyribose moiety, whereas for
analogs of the purine base guanosine, which is quite different
from the natural substrate, the selectivity is altered greatly.
Thus, it seems that the acyclovir analogs must be binding in a
fundamentally different way from the natural substrate when they
exhibit substrate activity.

Proteins and Other Polypeptides as Cosubstrate

The next class of cosubstrates for kinases consists of proteins.
Protein kinases are very important in the regulation of cellular
processes. Investigations of both these mechanisms and the roles
that the protein kinases play might be aided by the use of selec-
tive inhibitors of these kinases. One indication of just how
little is known about the characteristics of protein kinase-
substrate interactions is the fact that many of these enzymes are
named by their activators rather than by their substrates.

One protein kinase, namely cAMP-dependent protein kinase, has
been extensively studied to relate primary polypeptide structure
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to substrate activity. The peptide sequences surrounding the
phosphorylation sites (serine residues) in several protein sub-
strates for cAMP-dependent protein kinases have been determined
(59-61). Small peptide analogs of these have beén synthesized and
found to be substrates (60,62-64). Systematic substitutions,
modifications and deletions of individual residues in these small
peptides have revealed that multiple basic residues on the amino-
terminal side of the phosphorylated serine residue are important
in determining the substrate specificity of the enzyme (65).

NMR and kinetic studies have been conducted with the hope of
providing more details about the position and conformation of the
polypeptide substrate in cAMP-dependent protein kinase. These
have served to narrow down the possible spatial relationships
between enzyme bound ATP and the phosphorylated serine. Thus, a
picture of the active site that is consistent with the available
data can be drawn (12,13,66,67). Although these studies have been
largely successful at eliminating some classes of secondary poly-
peptide structure such as a-helices, B-sheets or an obligatory B-
turn conformation (éé), the precise conformation of the substrate
is still not known. The data are consistent with a preference for
certain B-turn structures directly involving the phosphorylated
serine residue. However, they are also consistent with a prefer-
ence or requirement for either a coil structure or some nonspeci-
fic type of secondary structure. Models of the ternary active-
site complexes based on both the coil and the B turn conforma-
tions of one alternate peptide substrate have” been constructed
(12). These two models are consistent with the available kinetic
and NMR data.

The number of degrees of rotational freedom present in poly-
peptide substrates produces a staggering number of possibilities
for substrate conformation, even when the peptide is small and
many regular structures are eliminated. One way further to pin-
point the substrate conformation needed for optimal substrate or
binding activity is to use conformationally restricted analogs
(20). This idea has already been exploited in the use of proline
and hydroxyproline in some of the synthetic peptide analogs men-
tioned earlier. However, no work has yet been done on nonpolypep-
tide analogs, and in particular, conformationally restricted ana-
logs, but this may be a fruitful area for future research.

Studies similar to the substrate specificity studies outlined
for cAMP-dependent protein kinase have already begun for other
protein kinases such as cGMP-dependent protein kinase (68), phos-
?horyl§se kinase (69-71) and two tyrosine-specific protein kinases

72-75).

Small Molecules as Cosubstrates

The third class of cosubstrates for kinases encompasses substrates
that are neither nucleic acid derivatives nor proteins, but are
small molecules which serve many functions, often in energy
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metabolism. Rather than review substrate specificity for one rep-
resentative enzyme of this class it may be more useful to give
examples of some the most recent work on a few kinases with small,
non-nucleotide substrates. Three enzymes mentioned in this sec-
tion are involved in glycolysis (hexokinase, 3-phosphoglycerate
kinase and pyruvate kinase) and one (creatine kinase) is involved
in meintaining the energy reservoir in muscle cells which wuse
large bursts of energy. Creatine kinase has been the most sys-
tematically studied of these enzymes with respect to its bulk
tolerance and conformation of the non-ATP co-substrates. This
will be discussed in detail later in this chapter as an example of
how these types of studies can be used to map out the active site.

Hexokinase and pyruvate kinase constitute potential targets
for chemotherapy since the predominant isoenzymes in highly neo-
plastic rat tissue in both cases are the fetal rather than the
adult isoenzymes (48). Isoenzymes of these targeted kinases have
been compared and contrasted in their specificity for ATP analogs.
But the search for agents selective for one kinase isoenzyme could
also be conducted with analogs of the non-nucleotide cosubstrates.
These substrates are more likely to be selective for single
enzymes than are ATP analogs, which may affect many kinases and
other ATP-utilizing enzymes. For example, there are significantly
fewer enzymes which utilize PEP as substrate than ATP.

The substrate specificities of both mammalian and yeast hexo-
kinases have been extensively studied (76,77). Nevertheless, work
in this area continues both in the search for isoenzyme specific
inhibitors and in increasingly detailed investigations of the
catalytic mechanism. Recently potential transition state analogs
P1-(adenosine-5')-P3-glucose-6 triphosphate (Ap,-glucose) and P1-
(adenosine-5')-P4-glucose-6 triphosphate (ApA—giucose) were tested
as inhibitors of four hexokinase isocenzymes.  However, they were
found to exhibit less affinity for the enzyme than either of the
natural substrates alone (78).

Nine other glucose analogs were systematically studied with
yeast and mammalian brain hexokinases (22). Five of these analogs
exhibited substrate activity with the yeast isoenzyme, and two
were found to be competitive inhibitors. Two of the alternate
substrates were studied with the mammalian enzyme, but no signifi-
cant differences were found.

In another recent study it was concluded that both the py-
ranose and the furanose forms of the alternate substrate 5-keto-D-
fructose act as substrates. The pyranose form can be compared to
glucose lacking hydroxyl at C~1 and having a second hydroxyl at C-
2 (ketohydrate form). The furanose form is comparable to fructose
but bears an extra hydroxyl moiety at C-5. Correcting for the
amount of 5-keto-D-fructose in the pyranose form (98%), a K _ value
for the furanose form could be calculated that is more than an
order of magnitude smaller than that for fructose. This suggests
that there is a favorable interaction between the enzyme and the
additional C-5 hydroxyl. However, since no conclusive data for C-
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5 specificity have been reported, more work is needed to assess
accurately the effect of the extra C-5 hydroxyl (§g).

The =x-ray structure for yeast hexokinase is also available.
Thus, glucose analogs are now being used to elucidate minute
details of the catalytic mechanism. Recently D-xylose was used in
crystallographic work to show that the 6-hydroxymethyl group of
the natural substrate is necessary for substrate-induced closure
of the active-site cleft (81). This induced closure, which is
observed with glucose blndlng (82), is believed to be a part of
the induced fit mechanism postulated for hexokinase (83)

Since the discovery that glycolate was an alternate substrate
for pyruvate kinase (_4), several other a-hydroxy acids have also
been found to be substrates for this enzyme (85). This class of
alternate substrates provides a new approach the problem of sub-
strate specificity for pyruvate kinase. 3-Nitrolactate is one such
alternate substrate. Interestingly, the phosphorylated product of
this reaction inactivates the enzyme (86). However, 3-nitrolac-
tate does not behave as a straightforward affinity label since
covalent modification occurs nonspecifically. It is hoped that
this new information may lead to the design of an affinity label
of this enzyme, further serving to pinpoint amino acid groups at
the active site.

Recently, it was reported that the fasciolicide MK-401 (4~
amino-6-trichloroethenyl-1,3-benzenedisulfonamide) acts by inhib-
iting both phosphoglycerate kinase and phosphoglycerate mutase,
thus effectively blocking glycolysis (87,88). This agent is a
potent competitive inhibitor of phosphoglycerate kinase. In fact,
the K value of 0.29 mM is three-fold lower than the K value for

,3-d1phosphoglycerate. Using computer-generated model8 (_2), the
structures of the natural substrate, 1,3-diphosphoglycerate, and
the inhibitor, MK-401, were compared. The structures matched well
when tne carbon skeleton of the substrate was conformed to fit the
arrangement of the benzyl carbons of the inhibitor. Thus, this
inhibitor may be considered a conformationally restricted analog
of the natural substrate. Limited modifications of the MK-401
structure at the 6-position revealed a positive correlation be-
tween the size of ring substituent and potency as an inhibitor.

Affinity Labeling of Creatine Kinase: Rationale for the Design of
Epoxycreatine

In the course of studying the mechanism of action of creatine
kinase from rabbit skeletal muscle (M.M isoenzyme), Kenyon and co-
workers (4,90) have been involved in the design of specific irre-
versible inhibitors that are active-site-directed (affinity la-
bels). Creatine kinase catalyzes the reversible transfer of a
phosphoryl group ( the elements of "PO3") from ATP to creatine, as
shown in the following reaction:
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CH H ¢reatine ¢H, NH
~0,C-CH -ﬁ=gC\+ 24 MgATP2™ ———— MgADP + ~0,C-CH,- =20(+ 24 o
2 2 N kinase i 2 Ny 2=
2 NHPO3
creatine phosphocreatine

Efforts to synthesize an affinity label structurally related
to creatine were stimulated by the lack of detailed information
about the active site of creatine kinase. At the time of this
writing, the complete primary amino acid sequence of rabbit muscle
creatine kinase has not yet been published, although it may soon
be forthcoming owing to developments in recombinant DNA methodolo-
gy that should permit isolation and sequencing of the complement-
ary DNA to its messenger RNA. But even when the primary sequence
is known, the type of information provided by affinity labeling is
important in pinpointing the substrate binding site(s) on the
enzyme's surface.

The ability to inactivate creatine kinase with high select-
ivity in vivo should also permit detailed investigations con-
cerning the bioenergetics of ATP-utilization in muscle action
without the complicating features of the ATP-phosphocreatine in-
terconversion. This has provided a second motivating force for
finding an affinity label for the enzyme.

Designing specific enzyme inhibitors on a rational basis when
one does not have a detailed three-dimensional crystal structure
to which to relate is a rather sophisticated challenge. Some
viable approaches to such a challenge are discussed in a review
chapter by Santi and Kenyon (91). This discussion will focus on
our rationale for the design of an affinity label for creatine
kinaie, namely N-(2,3-epoxypropyl)-N-amidinoglycine (epoxycrea-
tine):

H, Ny + ZNH

2 ‘\; 2
H

0,6 _AN

o]

Exploration of Bulk Tolerance. Most affinity labels contain
functional groups added to the substrate's basic structure. Dis-
cerning just where added bulk can be tolerated by the enzyme 1is
therefore crucial information. In the case of creatine, it has
been determined (92,93) that the structures below, for example,
are good substitutes for creatine in the creatine-kinase reaction
(Vo2 25% that of creatine itself):
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H N« t ~NH
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2-carboxylic acid
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On the other hand, the following structures are some examples
that are very poor substrates at best:

HiIYNH-GH3 H2N \‘j_x 5
~0,,C '
T X
3 -0
2
L-N-methyl- N-methylamidino- L-N-
N-amidinoalanine N-methylglycine amidinoazetidine-
/——\ 2-carboxylic acid
HN ~.'j-/ NH _020 \t./NHz
“0,¢ VX B '
2w cr
3 3
N-[2-(4,5-dihydroimidazolyl)] D,L-2-iminoc-3-methyl-
sarcosine imidazolidine-4~-carboxylic acid

From these and other data, it is possible to propose a puta-
tive three-dimensional picture (see below)

region 2

region 1 _/’CHB\ /NH2>region ,

%G\G/N'-:CQ
N
region 4

of creatine as it is bound to creatine kinase, and, moreover,
pinpoint regions where steric bulk, in the form of methylene
groups, cen and cannot be tolerated (25). It should be emphasized
that this picture represents an absolute stereochemical projec-
tion.

When single methylene groups are added to regions 1 and 2,
and four- and five-membered rings are formed, good substrate ac-
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tivity is retained. The addition of methylene groups to regions
3 and 4 destroys all detectable substrate binding. Even an N-
propyl can be added to the central, tertiary nitrogen atom, with-
out obliterating activity. With this steric information in hand
the stage was set for the placement of a reactive, alkylating
moiety (an epoxypropyl group) on this same tertiary nitrogen to
generate the affinity label, epoxycreatine.

Target Funtional Groups at the Enzyme's Active Site. Shown in
Figure 4 1is a possible structure of the transition state for
phosphoryl transfer in the creatine kinase reaction. The picture
in Figure 4 is a summary of most of the facts about the enzyme's
active site (4) that are known at present. Of particular interest
here 1is the tentative placement of a carboxylate group of the
enzyme juxtaposed against the guanidinium moiety of the creatine
structure. This carboxylate group is presumably that of either an
aspartate or glutamate residue, although the carboxyl terminus of
the polypeptide chain cannot be ruled out. This carboxylate
group has been implicated in the binding of creatine to the enzyme
by pH studies on the kinetic mechanism (22). It may be involved
in polarizing the positive charge density on the guanidinium group
toward the tertiary nitrogen and, thus, away from the primary
nitrogen, the nucleophilic species that attacks the y-phosphoryl
group of ATP in the transition state (4,95). Epoxycreatine, shown
below, has the indicated degrees of rotational freedom about its

epoxypropyl moiety. It was felt that it could, by such rotations,
seek out an appropriate nucleophile at the active site.

Evidence that Epoxycreatine is an Affinity Label. All the avail-
able evidence is consistent with the hypothesis that epoxycreatine
behaves like an affinity label for the enzyme and that it is
attacked by a carboxylate group of the enzyme. That is, it inac-
tivated the enzyme rapidly at 0°C. Inactivation was complete and
activity did not return upon exhaustive dialysis. Creatine was
shown to give protection against the inactivation in the expected
manner. Most importantly, though, the irreversible binding of the
inhibitor was shown to be stoichiometric using [!*C)-epoxycrea-
tine; that is, one and only one inhibitor molecule becomes bound
per active site, even in the presence of excess inhibitor.
Additional evidence that epoxycreatine is capable of interac-
tion with the active site of creatine kinase is provided by the
observation that epoxycreatine can serve as a substrate in the
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Figure 4. Possible structure of the transition state for phos-

phoryl transfer in the creatine kinase reaction. Adapted
from Cook et al(95).

In Conformationally Directed Drug Design; Vida, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1984.



9. KENYON AND REDDICK Design of Kinase Inhibitors 205

enzymic reaction, By coupling of the ADP production with the
pyruvate kinase and lactate dehydrogenase reactions, Marletta and
Kenyon (90) were able to compare the rate of the reaction of
epoxycreatine as a substrate (turnover to generate phosphoepoxy-
creatine) and the rate of inactivation by epoxycreatine. At 25°C
a ratio of fifteen turnovers per inactivating event was found.

The enzyme could hydrogen bond to the oxygen of the epoxide
ring and therefore mimic, to some extent, an acid-catalyzed reac-
tion., This is illustrated below:

| B i
~A o) Du
H"’*) 0

Y+ H

“N¢r Y

Here the group Y hydrogen bonds to the oxygen and the group X
reacts with the epoxide ring carbon. The attack of X is shown at
the least sterically hindered position on the ring; however,
considering the potential constraints at the active site, reaction
at the other position is certainly possible.

The evidence so far for epoxycreatine, although not defini-
tive, suggests that a carboxylate group of the enzyme is the X
group in the above scheme, generating an ester linkage (90). This
is consistent with the finding that soluble carbodiimides rapidly
inactivate the enzyme (96). Efforts are currently underway to
isolate radioactive peptides from [!*C]-epoxycreatine-blocked
creatine kinase and determine the amino acid sequence surrounding
this putative ester linkage.

H N + NH,

__=<

I BANANA

H
!

H
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Design and Discovery of Aspartyl Protease Inhibitors

Mechanistic and Clinical Implications

DANIEL H. RICH, FRANCESCO G. SALITURO, and MARK W. HOLLADAY
School of Pharmacy, University of Wisconsin-Madison, Madison, W1 53706

PAUL G. SCHMIDT
Oklahoma Medical Research Foundation, Oklahoma City, OK 73104

The synthesis and mechanism of action of four new
aspartyl protease inhibitors related to pepstatin
are described. A lysine side-chain analog of sta-
tine (DAHOA) in a pepstatin derivative increases
binding to penicillopepsin 100-fold but decreases
binding to pepsin 100-fold. Statine is an analog
of a dipeptide reaction pathway intermediate be-
cause a hydroxyethylene isostere of a dipeptide can
replace statine in inhibitors without diminishing
binding to pepsin or renin. Pepstatin analogs con-
taining the new statine derivative, 3-methylsta-
tine, inhibit aspartyl proteases most effectively
when C-3 has the R configuration, suggesting a new
mechanism for inhibition of this enzyme class. NMR
studies of 13C Tabeled ketone analogs of statine
bound to porcine pepsin provide evidence for a
general acid-general base catalyzed mechanism for
hydrolysis of peptide substrates by aspartyl
proteases.
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Novel protease inhibitors are needed in increasing numbers for
medical and biochemical applications. The successful treatment
of hypertension with angiotensin converting enzyme inhibitors
(e.g., Captopril) (1) and the use of protease inhibitors to
elucidate mechanisms of enzyme action (2) and peptide biosyn-
thesis provide three examples where these compounds have proven
most valuable, New strategies for designing protease inhibit-
ors are needed in addition to a greater understanding of how
known inhibitors bind to enzymes. Together these efforts can
lead to signficant advances in enzymology and medicinal
chemistry.

At the present time, most efforts at designing protease
inhibitors start by synthesizing analogs of enzymatic reaction
intermediates, e.g., tetrahedral intermediates, collected sub-
strates or collected products. Several potent inhibitors of
proteases have been prepared in this way, including Captopril
and Enalapril (3), two clinically useful inhibitors of angio-
tensin converting enzyme, and KetoACE, a ketomethylene analog
of an inhibitor of ACE.{4) The former two compounds are re-
lated to a stable combination of the two products derived from
hydrolysis of angiotensin I by ACE more than to the transition
state or tetrahedral intermediate for amide bond hydrolysis and
thus can be classified as collected-product (bi-product) enzyme
inhibitors.(2) Other protease inhibitors have been designed to
more closely mimic a presumed tetrahedral intermediate for
amide hydrolysis. Examples of these include the peptide phos-
phoramide derivatives described by Galardy (5) and Bartlett.(6)
Inhibitors of other enzymes, e.g., enkephalinases (7) also have
been developed by these approaches.

An alternative approach for designing inhibitors begins
with naturally occurring inhibitors. The objective is to mod-
ify the parent structure to achieve selectivity for a particu-
lar enzyme without sacrificing the potency of the parent struc-
ture. This approach has been applied less often because only a
few naturally occurring inhibitors of proteases have been dis-
covered {e.g., pepstatin, bestatin and amastatin, phosphorami-
don, and the peptide aldehydes related to leupeptin) (8) and
because the relationships between most naturally-occurring in-
hibitor structures and the structure of either substrates or
reaction pathway intermediates are not always apparent, For
example, pepstatin [Iva-Val-Val-Sta-Ala-Sta, 1; Sta=statine:
{35,4S5)-4-amino-3-hydroxy-6-methylheptanoic acid, 2] inhibits
most aspartyl proteases with dissociation constants generally
in the range of 0.1 to 1 nM, renin being a notable exception
(Kj ~ 107®M). The central Sta residue contains structural
features, particularly a tetrahedral carbon at C-3 bearing a
hydroxyl group in the pro-S position, which are essential for
tight-binding inhibition.(9) On the basis of structural simi-
larities between the central Sta and the tetrahedral inter-
mediate for amide bond hydrolysis, it has been postulated that
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pepstatin acts as a transition-state analogy inhibitor.{10,11)
Here we reevaluate and clarify the evidence that statine-
containing peptides bind to aspartyl proteases in complexes
structurally related to the tetrahedral intermediate for sub-
strate hydrolysis, and, in so doing, raise the likelihood that
much of the inhibitory potency of pepstatin is attributable to
a collected-substrate type of mechanism. We also demonstrate
how these peptides can be used to elucidate the mechanism of
aspartyl proteases and provide important lead structures for
the development of selective and potent inhibitors of aspartyl
proteases with potential for clinical application.

Is Pepstatin a Transition-State Analog Inhibitor?

Pepstatin analogs lacking a pro-S C-3 hydroxyl group, e.g.,
dideoxypepstatin 3 and the (3R,4S) diastereomer 4 (Table I) are
much weaker inhibitors of aspartyl proteases than inhibitors
containing the pro-S hydroxyl group found in natural sta-
tine.(12,13) The importance of this hydroxyl group is rein-
forced by the x-ray crystal structure of the complex between
pepstatin and R. chinensis aspartyl protease which shows that
this C-3 hydroxyl group is within hydrogen bonding distance of
the carboxyl groups of the catalytically essential Asp-32 and
Asp-220 residues of the enzyme (Figure 2).(14) A remarkably
similar structure is observed for the complex between Iva-Val-
Val-Sta-0ET (5) and penicillopepsin, which includes hydrogen
bonds from the inhibitor hydroxyl group to the carboxyl groups
of Asp-33 and Asp-213.(15) Moreover, recent high resolution
refinements of these data (16) have revealed that the final
resting point of the hydroxyT group in tripeptide 5 is nearly
identical to the site occupied by a water molecule oxygen that
is hydrogen bonded to Asp-33 and Asp-213 in native penicillo-
pepsin;(17) thus inhibitor binding must be accompanied by
displacement of an enzyme-bound water molecule, a process
jllustrated schematically in Figure 1.

The significance of this result becomes apparent when one
considers the extent to which the positive entropy change asso-
ciated with water displacement will contribute to the strength
of inhibitor binding. Jencks (18) has estimated that the re-
turn of a "bound" water molecule to bulk solvent increases en-
tropy from 10-16 eu to produce 3-5 kcal of energy favorable to
inhibitor binding. It should be emphasized that the hydrogen
bonds formed between the statine hydroxyl group and the enzyme
must be considered only as replacements for the hydrogen bonds
between the bound water molecule and the native enzyme, so that
the net enthalpic change for the water displacement process
would be comparatively small,

Thus, although pepstatin still may be considered a
transition-state analog inhibitor owing to the tetrahedral
geometry at C-3 of statine, pepstatin is also a collected-
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Figure 1, Schematic representation of the relationships be-
tween proposed catalytic and inhibitory mechanisms. A.
Postulated general acid-general base catalyzed mechanism
for substrate hydrolysis by an aspartyl protease. The
water molecule indicated is extensively hydrogen bonded to
both aspartic acid residues plus other sites in the active
site (see Reference 16 for details). Hydrogen bonds to
water are omitted here. B. Kinetic events associated
with the inhibition of pepsin by pepstatin., The pro-S
hydroxyl group of statine displaces the enzyme immobilized
water molecule shown in Figure 1A. Variable aspartyl se-
quence numbers refer to penicillopepsin (pepsin, Rhizopus
pepsin), respectively.
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Figure 2, Stereo view of pepstatin bound in the R. chinensis
pepsin active site. (-3 of statine carrying an OH group
is indicated by the M . Availability for hydrogen bond-
ing is indicated by closeness of carboxyl groups of Asp-
220 and Asp-32 to the statine hydroxyl and to each other,
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substrate inhibitor because the statine pro-S hydroxyl group
mimics the enzyme-bound water molecule. The dissociation con-
stant for dideoxy pepstatin, 3, (Ki = 10°7M) is about 10-100
fold smaller than K. for comparable substrates, and addition of
a pro-S hydroxyl group to C-3 contributes an additional 1000-
4000 fold to inhibition binding (Table I, cf. 1 vs 3). It is
reasonable to attribute much of the tighter binding of 3, com-
pared with substrates, to the tetrahedral geometry of C-3, in
accord with transition state analog theory. To the extent that
steric interactions between a proton on C-3 of the central de-
oxy Sta residue and the bound water might interfere with op-
timal binding of 3, the contribution of tetrahedral geometry to
the binding of inhibitors (e.g., pepstatin) which displace
bound water (and thus do not encounter steric interference)
could be greater. Consequently, it is difficult to assign pre-
cisely the degree to which entropic considerations are respon-
sible for the considerably tighter binding of 1 compared with
3; but as discussed above, this contribution is likely to be
substantial. It is worthwhile to point out here that similar
entropic considerations may be important to the binding of
other postulated transition state analog inhibitors. In par-
ticular, hydrolase or deaminase inhibitors often resemble
substrate plus water as well as a tetrahedral intermediate,

Statine is an Analog of a Dipeptide

The structures of statine and the tetrahedral intermediate for
amide hydrolysis are compared in Figure 1. It is readily ap-
parent that statine is isosteric with the tetrahedral interme-
diate only from C-3 through C-7. Because of atoms C-1 and C-2,
statine is either two atoms too long to be isosteric with a
normal a-amino acid or one atom too short to be isosteric with
a dipeptide. Powers suggested on the basis of an extensive
comparison of pepsin substrate sequences that statine might be
closer to a dipeptide.(19) Using the x-ray data for pepstatin
bound to R. chinensis aspartyl protease, Boger proposed a more
specific model in which statine is an analog of an enzyme-bound
dipeptide in its tetrahedral intermediate form.(20) A compari-
son between pepstatin and the tetrahedral form of -Leu-Leu-Val-
Phe- generated by molecular modeling is shown in Figure 3.
Pepstatin residues are indicated by dashed lines and the tetra-
hedral intermediate of -lLeu-Leu-Val-Phe- is indicated by solid
lines. It is clear that in this conformation, the isobutyl and
hydroxyl groups of statine and the first Leu residue in sub-
strate can bind to the same enzyme site (S1) while, at the same
time, the isobutyl group of the second statine and the benzyl
group of the substrate Phe can bind to the $3' enzyme site, a
steric "match" possible only if statine serves as a dipeptide
replacement. The concept that statine is a dipeptide replace-
ment was utilized to generate the series of potent renin inhib-
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B
r,.

Figure 3. Ac-Leu*Leu-Val-Phe-NH, (solid), where * denotes a
tetrahedral carbonyl (-CHOH-NH-), matched onto isovaleryl-
Val-Val-Sta-Ala-Sta,l, (dashed, pepstatin) as in the com-
plex with R, chinensis aspartyl protease.

Reprinted with permission from Ref. 20.
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itors shown in Table 3 in which statine replaces the Leu-Val
unit in peptides derived from various renin angiotensinogen
sequences,(21) Szelke et al. recently described the synthesis
of a new series of renin inhibitors derived from the hydroxy-
ethylene isostere for a dipeptide.(22) As shown in Table III,
replacement of the Leu-Leu or Leu-Val sequences in peptides
derived from renin angiotensinogen sequences by the hydroxy-
ethylene isostere also produces very potent renin inhibitors,
and the close agreement between the hydroxyethylene- and
statine-based inhibitors is consistent with statine serving as
a dipeptide analog.

We synthesized the ketomethylene,7, and hydroxyethylene,8,
isosteres of a Leu-Ala dipeptide sequence in order to explore
the importance of the two extra atoms in statine relative
either to substrate or to the tetrahedral intermediate (Figure
1) in another aspartyl protease system. The compounds were
synthesized by the routes outlined in Scheme I. This route was
chosen so as to provide steric control at C-2 and C-5 of both 7
and 8 as well as to provide ready access to C-4 labeled ana-
logs. Details of the synthesis have been described else-
where.(23,24) Inhibitors were synthesized in which Leu-Ala
dipeptide isosteres replaced either Sta or Sta-Ala in known
pepstatin analogs. Inhibition of porcine pepsin was determined
using the reported spectrophotometric assay (Table I).(25)

Comparison of hydroxyethylene analogs 12 and 14 with the
Sta-containing inhibitor 16 reveals that the K; for 14, in
which the hydroxyethylene isostere of Leu-Ala replaces Sta, is
remarkably similar to that of 16, whereas 12, in which the hy-
droxyethylene isostere of Leu-Ala replaces Sta-Ala, is a ca.
10-fold weaker inhibitor than 16. A similar pattern is found
for the ketone analogs (6 vs 9 and 10). Other parallels in
enzyme inhibitory properties support the conclusion that
isostere-containing and Sta-containing peptides are acting by
similar mechanisms, Hydroxyethylene analog 14 exhibits slow
binding properties similar to those observed for the more po-
tent Sta-containing analogs, including 16. Moreover, replace-
ment of Ala with Gly in 14 (to give 15) and in 16 (to give 18)
results in similar losses of binding potency and in loss of the
slow binding properties of both inhibitors. Finally, a change
in stereochemistry at the hydroxyl-bearing carbon results in
dramatic losses of binding potency for both Sta- and
hydroxyethylene analogs (cf. 1 vs 4 and 12a vs 12b).

In summary, the results with pepsin extend the renin data
reported by Szelke and Boger and strongly support the postulate
of Boger that statine is an analog of a dipeptide tetrahedral
intermediate.(20) The C-3 hydroxyl group hydrogen bonds to
Asp-213 {220) and Asp-33(35) and displaces a "bound" water mol-
ecule from the active site. The isobutyl side chain of statine
corresponds to the Pl substituent that binds to the S1 subsite
on the enzyme. The C-1 and C-2 atoms of statine serve to span
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Table IITI. Substrate Derived Renin Inhibitors.

Compound No. Structure ICcq (M), Human
PTasma Renin

6 7 8 9 10 11 12 13

33 H His Pro Phe His Leu Leu Val Tyr OH (5.5 x 10'5)a
34 H Leu-Val-I1e-His-OH
35 Pro- Phe-Phe 7 x 1076
36 D-His LeuRieu 1 x 10-6
37 Pro- LeuRLeu 1 x 10-8
38 Iva-His —Sta—TIle-Phe-NH; 1.9 x 1077
39 Iva-His —Sta—I1e-Phe-0Me 0.6 x 10~9
40 Boc-His LeuPyal-T1e-His 0.7 x 10-9
a1 Boc-Phe-His—---Sta—~Ala-Sta-OMe 2.7 x 1078
1 Iva-Val-val Sta—Ala-Sta 22 x 1076

3 km value for substrate R = ~CH,-NH- OH = -CH(OH)-CH,-
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the distance between the P1 and P2' sites. Thus, the alanine
methyl group in pepstatin binds approximately to the S2'site on
the enzyme and not to the S1' site. This pattern is repeated
in the renin inhibitors with the Sta-Ile-Phe sequence serving
approximately the same binding role as the -Leu(CHOHCH,) Leu-
Ile-His- sequence. Surprisingly, the Sta analogs 16 and 17
which Tack an isobutyl group near the P1' site are as potent as
the hydroxyethylene isosteres which contain this group. It
must be noted that none of the side-chain substituents in ana-
logs 10-18 correspond to substituents known to favor rapid
hydrolysis of substrate by pepsin, and better inhibitors of
aspartyl proteases derived from the ketomethylene and hydroxy-
ethylene isosteres are likely to be found when the isobutyl and
methyl side chains in 10-18 are replaced by the hydrophobic
substituents known to favor binding to pepsin or other aspartyl
proteases.(26)

Specificity

Statine Side Chain. To explore the effect of structure in the
PI position of pepstatin analogs on inhibition of aspartyl pro-
teases, we carried out the synthesis of two new statine ana-
logs, 4 amino-3-hydroxy-5-phenyl pentanoic acid (AHPPA) and
4,8- d1am1no 3-hydroxy-octanoic acid (DAHOA). These compounds
are variations of statine modified so that the side chain more
closely approximates the side chain of a good substrate for the
target enzyme. Replacement of statine with AHPPA produces the
inhibitor, Iva-Val-AHPPA-Ala-laa,19, which is a slightly
stronger inhibitor of pepsin than the parent compound 16.(12)
The difference between the two inhibitors is not as great as
would be expected from the 10-fold differences in k. .4 Or K.

Ky for substrates in which Phe replaces a Leu res1due in the Bl
pos1t1on (26)

A much more remarkable example of side-chain specificity
is found with inhibitors derived from the lysine side chain
analog of statine, DAHOA, 20. The rationale underlying the
synthesis of the lysine side-chain analog 20 comes from the
substrate specificity of fungal proteases. One major differ-
ence between mammalian aspartyl proteases (e.g., peps1n) and
those isolated from fungi (e.g., penicillopepsin) is that the
fungal proteases have the ability to activate trypsinogen, an
activation process which requires specificity for lysine.
Mammalian aspartyl proteases prefer to hydrolyze amide bonds
between hydrophobic residues. The best pen1c1110pepsin sub-
strate, N-Ac-Ala-Ala-Lys-Phe(NO,)-Ala-Ala-NH , is cleaved
by penicillopepsin at the Lys-Phe(N0;) bond. %27 A specific
interaction between the positively charged e-amino group of
lysine and some negative?y charged group on the enzyme is in-
dicated because penicillopepsin cleaves Lys-Phe bonds faster
than amide bonds between hydrophobic residues, and because the
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kinetic parameters for cleavage of this substrate, and keats
depend on pH. Using the refined crystal structure of the com-
plex between penicillopepsin and Iva-Val-Val-Sta-OEt, 5, (15)
and molecular graphics simulations, James and Hofmann examined
a possible tetrahedral intermediate that would be formed during
penicillopepsin catalyzed hydrolysis of a substrate that con-
tains a Lys-Phe segment. These studies suggested it is possi-
ble to form a solvated ion pair from the bis-carboxylate pair,
Glulé and Aspll5, and the e-amino group of substrate
lysine.(28)

If the model proposed by James and Hofmann is correct,
then the pepstatin analog Iva-Val-Val-DAHOA-0Et, 22, formed
from replacing the isobutyl side chain of the statine residue
in 5 with a 4-aminobutyl side chain, should be a stronger in-
hibitor of penicillopepsin than the statine-containing inhibi-
tor 5 owing to the additional ionic attraction. A schematic
representation of the penicillopepsin-tripeptide inhibitor 22
complex is shown in Figure 4. The coordinates are based on the
x-ray structure of tripeptide 5 but use the lysine side-chain
in the DAHOA analog 22. The enzyme has been omitted here to
permit visualization of the appropriate interactions between
the side chain of inhibitor and the enzyme carboxyl groups.

(35,45)-4,8-Diamino-3-hydroxyoctanoic acid (DAHOA) deriva-
tives were synthesized by the route shown in Scheme II using
the known aldehyde Boc-Lys(Z)-CHO (29) and were converted to
the DAHOA peptide analogs shown. Inhibition of penicillopepsin
by all statine and DAHOA pepstatin analogs was measured using
substrate 21. The results of these determinations are shown in
Table I.

Replacement of (35,4S)-statine in 5 with (35,4S)-DAHOA
leads to tripeptide 22 in which Ki has been decreased by a
factor of about 100. Tetrapeptide 24 is 12 times more potent
than the corresponding statine analog 23. The decrease in Ki
for 22 relative to 5 corresponds to an increased binding in-
teraction of 2-3 Kcal, a value close to the interaction ex-
pected for a solvated ion pair.(30) An ionic interaction also
is suggested by the fact that Cbz protected DAHOA tripeptide
25, which cannot form an ion pair at the terminal nitrogen, is
a much poorer inhibitor of penicillopepsin. There is evidence
that the ionic interaction is with the acidic amino acid in
position 115 because tighter binding is seen with penicillo-
pepsin, a fungal protease, but not with pepsin, a mammalian
aspartyl protease, in which amino acid 115 is tyrosine rather
than aspartic acid.(28,31) The Ki of DAHOA tripeptide 22 is
greater than 1000 nM on porcine pepsin even though the corre-
sponding statine analog 5 has a Ki of 10 nM on porcine pepsin.
This very weak binding of 22 to porcine pepsin relative to 5
suggests the positively charged ion may actually be repelled
from the active site of pepsin.

In Conformationally Directed Drug Design; Vida, J., et al.;
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Effect of Pepstatin Chain Length on Specificity. Studies of
the susceptibility of peptides foward cTeavage by an enzyme
have established the importance of amino acid residues distal
to the scissile amide bond (i.e., outs1de of the P1-P1' posi-
tions) with respect to Keat and k. (26) The close struc-
tural relationship between the stag1ne residue and the tetra-
hedral intermediate for amide bond hydrolysis suggested that
more potent and more selective inhibitors might be developed
when the peptide sequences in the P2-P4 and P2'-P4' positions
were modified to inhibit a particular enzyme. As a first step
toward determining the enzyme specificity, several pepstatin
analogs (Table II) were tested for inhibition of aspartyl pro-
teases, The results show that each enzyme is inhibited by a
particular inhibitor chain length. In the case of pepsin,
maximal inhibition requires a branched hydrophobic residue in
the P3 position with the chain length extending to the P3' po-
sition.(32,33) When these criteria are met, e.g., compound 30,
pepsin inhibitors essentially equipotent with pepstatin are
produced., Cathepsin D requires a longer inhibitor, e.g., com-
pound 27, which spans the P4 to P3' positions. Penicillopepsin
is efficiently inhibited by analogs spanning the P4 to the P2’
positions, e.g., compound 32, but additional atoms in the P3'
position, e.g., compound 26, do not tighten the interaction
between the enzyme and the inhibitor. These results clearly
point to differences within the active sites of these closely
related aspartyl proteases and suggest that peptide sequences
that more closely resemble substrate should Tead to more potent
and more selective inhibitors. This expectation was realized
in the case of renin where exceptionally potent inhibitors are
produced when statine is incorporated in place of -Leu-Leu- in
renin substrate sequences.(20,21)

Renin Inhibitors. Inhibition of the renin-angiotensin system
via converting enzyme inhibitors is now a well-established
‘approach to the treatment of hypertension. Inhibition of the
first enzyme in this sequence, renin, has yet to yield a thera-
peutically useful drug although several very potent inhibitors
of renin have been developed. Burton and coworkers (34,35)
developed the first potent inhibitors of renin, e.g. compound
35, by replacing the leucine residues in the minimal porcine
renin substrate, His-Pro-Phe-His-Leu-Leu-Val-Tyr, 33, with
phenylalanine (Table III). Szelke et al. obtained potent com-
petitive inhibitors of canine renin by replacing the Leu 10-Leu
11 peptide bond in pig angiotensinogen(6-13) octapeptide 33
with the methylene amino isostere (-CH,NH-), formed by reduc-
tion of the amide group.(36) The improved binding of compounds
36 and 37 relative to substrate 33 is thought to result from
the tetrahedral geometry of the methylene group, which obviates
the need to expend energy to distort an amide carbonyl group
from trigonal to tetrahedral geometry, although a possible
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jonic bridge between Asp-32 and the methylene amino nitrogen
has not been excluded., This class of inhibitor still lacks a
hydroxyl group needed for hydrogen bonding to active site
aspartyl carboxyl groups. Boger et al, devised potent renin
inhibitors by replacing the Leu 10-Val 11 and Leu 10-lLeu 11 di-
peptide units in human and pig angiotensinogens with statine
and obtained both extremely potent and selective renin inhibi-
tors 38 and 39 that have demonstrated hypotensive activity in
animal model systems,.(20,21) Szelke et al. very recently
reported the synthesis of"—én1n inhibitors designed by re-
placing the Leu 10-Val 11 bond in human angiotensinogen octa-
peptide 34 with the hydroxyethylene isostere of Leu-Val, i.e.,
Leu(CHOHCH, )vVal, as in compound 40.(22) The potency of this
class of inhibitor is virtually identical with that of the cor-
responding statine derived renin inhibitors. Evin et al. also
obtained good renin inhibitors by replacing the C-terminal tet-
rapeptide in the porcine angiotensin octapeptide sequence 33
with Sta-Ala-Sta to form 41.(37) A1l of these compounds are
much better inhibitors of human and animal renins than
pepstatin and most are enzyme selective.

These results establish that very potent inhibitors of
renin have been designed by means of two independent ap-
proaches, The approach of Szelke begins with an assumed en-
zymatic mechanism and known substrate sequence to generate ana-
logs of the tetrahedral intermediate. The approach of Boger et
al. begins with a highly promising natural product and tailors
the peptide sequence in the inhibitor to produce the desired
selectivity and potency by incorporating renin substrate se-
quences. Boger's structure-activity studies were facilitated
by the recognition that statine binds to aspartyl proteases as
an analog of a dipeptide tetrahedral intermediate. This con-
cept was supported by early data for the crystal structure of
pepstatin bound to R. chinensis pepsin that were compatible
with a computer graphic molecular model of a plausible
transition-state geometry. The congruent structural features
of inhibitors generated by either strategy (Table III) is
remarkable. It is likely that modifications of naturally
occurring inhibitors of other proteases can be used to clarify
enzyme mechanisms and provide lead compounds for the inhibition
of therapeutically important proteases.

Other Types of Inhibitors of Aspartyl Proteases

An unusual inhibitor of aspartyl proteases that may be another
type of collected-substrate inhibitor, has been discovered as a
result of systematic modification of statine. Because x-ray
data (Figure 2) suggested that the pro-R hydrogen in statine
could be replaced by a methyl group without encountering steric
interactions with the enzyme, we synthesized new statine ana-
logs in which the C-3 proton was replaced by a methyl group,
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designated Me3Sta,42, and Me3AHPPA,43,.(38) Pepstatin analogs
containing these derivatives with known chirality were synthe-
sized and shown to be potent inhibitors of aspartyl proteases
only when the configuration of the C-3 hydroxyl group is R
(Table IV)! Because 3R-Sta and 3R-AHPPA analogs, e.g., com-
pounds 498 and 50B, which lack the added methyl group at C-3,
and 3S-Me3Sta and 3S-Me3AHPPA derivatives 44A-48A, which have
the same hydroxyl configuration found in statine, are very poor
aspartyl protease inhibitors, it follows that the 3R-Me3Sta and
3R-Me3AHPPA derivatives 44B-48B must have a new mechanism for
stabilizing the aspartyl protease-inhibitor complex relative to
previously studied pepstatin analogs.

One explanation for this surprising result is that the 3R~
Me3Sta and 3R-Me3AHPPA analogs are collected-substrate inhibi-
tors of aspartyl proteases in which the pro-S methyl group dis-
places the "bound" water molecule from the active site while
the pro-R hydroxyl group compensates for some of the lost hy-
drogen bonds between enzyme and water by hydrogen bonding to
the carboxyl group of Asp-33 (Figure 5). The poor binding of
the 3S-Me3Sta derivatives is harder to rationalize but may sug-
gest that placement of a pro-R methyl group adjacent to the
Asp-33 (35) carboxylate anion in these enzymes is a highly
unfavorable process.

The Catalytic Mechanism of Aspartyl Proteases

The presence of two catalytically active aspartic g~
carboxyl groups in the active sites of aspartyl proteases was
deduced from pH-dependence and alkylation experiments.(26)
These residues were subsequently assigned as Asp-32 and Asp-215
in the sequence of porcine pepsin.(31) The results of trans-
peptidation and 180-exchange studies led to numerous proposals
for a catalytic mechanism for aspartyl proteases which usually
featured direct nucleophilic attack by an active site carboxy-
late on a peptide substrate carbonyl, with the intermediacy of
either an "amino-enzyme" (usually formulated as a carboxamide)
(39-43) or of an acyl enzyme (formulated as a mixed carboxylic
anhydride).(44,45) However, amino-transfer transpeptidation is
observable only for specific substrates, suggesting that pro-
posed mechanisms involving covalent amino-enzyme intermediates
are inconsistent with a general mechanism for peptide hydroly-
sis.(46) Later studies of 180-exchange during transpeptidation
reactions convincingly discounted a carboxamide derived from an
enzyme carboxyl group and an amine product as a credible inter-
mediate.(47) The possibility that a general acid-base mecha-
nism could be operable, that is, one in which water attacks the
carbonyl of the scissile peptide bond with the active site car-
boxylates mediating the appropriate proton transfers, gained
attractiveness after it was recognized (26) that the resynthe-
sis of peptide bonds from final hydrolysis products was an
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energetically reasonable process under the appropriate condi-
tions.(48) Thus, most of the results of transpeptidation ex-
periments could be rationalized by invoking the microscopic
reversibility of a general acid-general base catalyzed forward
reaction, which includes a structure-dependent ordered release
of hydrolysis products.(26,49) Further evidence in support of
the latter mechanism as opposed to a covalent mechanism involv-
ing an acyl enzyme intermediate includes the failure to trap an
activated enzyme carboxyl group with nucleophiles (50) and x-
ray data which argue against a covalent mechanism on spatial
grounds.(14, 49) Results from 180.exchange studies (47,51,52)
are most consistent with a general acid-base mechan1sm;—ﬁbw-
ever, all possibilities consistent with covalent catalysis are
not rigorous]y excluded, and more conclusive evidence is
required to support the general acid-base mechanism.

We have approached this problem by studying the interac-
tions between pepsin and ketones with structures based on that
of pepstatin., Our strategy was to design ketones which would
serve as pseudosubstrates, that is, be subject to the catalytic
action of the enzyme, but only to the point of formation of a
tetrahedral intermediate which, because of the increased sta-
bility of a C-C vs a C-N bond, would not break down to prod-
ucts. Such a stable tetrahedral intermediate would then, in
principle, be amenable to study by the appropriate physical
methods. 13C-NMR appeared to be an ideal method since changes
in hybridization of the susceptible carbonyl carbon could be
followed readily. The results we have obtained provide the
first direct observation of a tetrahedral adduct in the active
site of an aspartyl protease, show that the transformation from
trigonal to tetrahedral geometry is an enzyme-catalyzed pro-
cess, and establish the origin of the added nucleophile as
water, Our data thus provide strong support for the general
acid-general base catalytic mechanism. Further, the methods
described here should be applicable to the study of mechanisms
of other enzymes.

The statone (4-amino-3-oxo-6-methylheptanoic acid) con-
taining peptide Iva-Val-Sto-Ala-laa, 6, was synthesized via
oxidation of the statine C-3 hydroxyl group in statine peptide
4 and was found to be a good inhibitor of pepsin (K1 56
nM).(53) The C-3 of 13C-3-Sto analog 6 is found to be >95%
trigonal in aqueous buffer by 13C-NMR spectroscopy. After the
inhibitor binds to pepsin, the 13C chemical shift (99 ppm)
indicates that the geometry at C-3 is tetrahedral and that the
added atom is oxygen,.(54)

It was necessary to establish unambiguously that the
transformation from trigonal to tetrahedral geometry was an
enzyme-catalyzed process, as opposed to one in which the ketone
was hydrated in solution followed by binding to the enzyme,
Thus, when statone analog 6 was incubated with pepsin in 99%
H,180 for three hours, recovered ketone contained < 10% 18 0 at
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C-3 as determined by mass spectral analysis.(55) In a mecha-
nism involving ketone hydration prior to binding, 180 incorpor-
ation in recovered inhibitor should be at least 50%, a value
corresponding to that expected for a single cycle of nonstereo-
specific addition/nonstereospecific elimination of water to the
ketone carbonyl. The actual results then indicate that
addition-elimination is a highly stereospecific process and
thus enzyme-catalyzed.

The origin of the oxygen nucleophile that adds to the Sto
C-3 carboxyl group was established by measuring the 13C chemi-
cal shift for the C-3 carbon of statone peptide 6 both in 2H20
and 2H,180,(55) In 2H,0 the C-3 carbon resonance is shifted
upfield 0.36 ppm. Since alcohol carbon resonances are shifted
upfield 0.15 ppm per hydroxyl upon changing the solvent from
water to 2HZO due to the addition of one deuterium, the 0.36
ppm shift is consistent with two hydroxyl groups on the statine
C-3 carbon in the tetrahedral species bound to the enzyme.

This conclusion was verified by a 13C NMR experiment carried
out in 2H,80 which gave a 0.05 ppm upfield shift in the reso-
nance for the C-3 carbon relative to the carbon resonance in
24,160, The upfield shift in the carbon resonance establishes
that the oxygen nucleophile that adds to the C-3 carbonyl group
when 6 binds to pepsin must come from water. These labeling
results are not consistent with the addition of the Asp-32
carboxyl group to the carbonyl group to form a covalent tetra-
hedral species as would occur during nucleophilic catalysis.

In order to establish that the addition process observed
for 6 in the active site of pepsin is analogous to that occur-
ring with peptide substrates, the 13C NMR experiments were
repeated using peptide 10 which contained the ketomethylene
dipeptide isostere 7 which was 99% 13C enriched at C-4. The
same ~ 100 ppm upfield shift of the carbonyl resonance (from C-
4 in compound 7) was observed. In 2HZO, the C-4 carbon reso-
nance was shifted farther upfield by 0.30 ppm relative to a
sample run in H,0 and shifted upfield 0.04 ppm when the 13C NMR
spectrum was obtained in 2H,180 compared to that in H,160.
These data unambiguously establish that a gem diol species is
formed in the active site of pepsin when the ketone analogs 6
and 10 are added to the aspartyl protease as shown in Figure 6
and exclude the formation of a covalent intermediate. Our data
strongly support the general acid-general base catalysis mecha-
nism for aspartyl proteases that is illustrated schematically
in Figure 1.
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Design of Peptide Analogs

Theoretical Simulation of Conformation, Energetics, and Dynamics

R.S. STRUTHERS and A. T. HAGLER

The Agouron Institute and the Peptide Biology Laboratory, The Salk Institute, La Jolla,
CA 92037

J. RIVIER
Peptide Biology Laboratory, The Salk Institute, La Jolla, CA 92037

The application of modern theoretical techniques for the confor-
mationally based design of peptide drugs is discussed. The early
developments in the theoretical treatment of peptides and peptide hor-
mones is briefly reviewed with emphasis on studies concerned with the
enkephalins. A recent molecular dynamics simulation of
Gonadotropin-Releasing Hormone(GnRH) is used to demonstrate the
application of modern techniques. This allows us to treat highly flexible
molecules such as GnRH, which is seen in the simulation to undergo
large conformational fluctuations and major transitions from an
extended to a folded state. The ability of a cyclic peptide to induce
high energy conformational states in given residues is also discussed,
and transitions in the phenylalanine residue in a molecular dynamics
study of vasopressin are used to illustrate this behavior. From the wide
range of conformations accessible to peptide hormones, as is found in
these and other studies, it becomes clear that a rational, conformation-
ally based approach to analog design requires supplementary informa-
tion. We show how we have gone about this problem by incorporating
theoretical simulations on additional constrained analogs, and developed
a "template forcing® procedure to determine the conformational compa-
tibility of these analogs. We also show how we designed a new analog,
a highly constrained transannular bridged analog of a GnRH cyclic anta-
gonist, using these methods and tested its proposed conformation
theoretically. Other analogs are being designed by similar methods and
routes for their synthesis are under study to test spectroscopically and
biologically, the conformational predictions made through these studies.

The importance of peptide hormones has long been realized and in
recent years there has been a renewed excitement, with new discoveries made almost
daily on the role of peptides in the regulation of physiologic function, and the isolation
and characterization of new peptide factors carrying out these roles. The fact that the
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roles served by these peptide messengers make them natural targets for development as
therapeutic agents has not escaped notice, and a large research effort has been devoted
to the development of useful analogs. Native peptide hormones have long played an
important role as diagnostic agents. Insulin has been used for some time in the treat-
ment of diabetes, and oxytocin for the induction of labor. Research is being carried out
on the use of gonadotropin releasing hormone(GnRH) antagonists as possible contra-
ceptive agents(1); GnRH super-agonists for the treatment of endometriosis(2), preco-
cious puberty(3), and some forms of cancer(4); vasopressin antagonists for treating
hyponatremias(5); somatostatin analogs for treating acromegaly(6), glucagonoma(7),
and juvenile diabetes(8); enkephalins as improved analgesics(9); and angiotensin anta-
gonists for control of hypertension(10); and the uses of antigenic peptides derived from
viral proteins as safe synthetic vaccines(11).

Solid phase synthetic techniques coupled to high pressure liquid chromatography
for purification allow for the synthesis of many analogs of new peptides almost simul-
taneously with the determination of the native sequence(12). A great deal of effort has
been expended in trying to determine the "active" structure of each new peptide, much
of it at the level of primary structure in order to define the residues necessary for
receptor recognition and to systematically optimize their steric and electronic proper-
ties(13). Veber and co-workers(14) have shown that only five residues of somatosta-
tin( the native peptide is 14 amino acids long) are sufficient for full biological activity
if the five residues are held in the "correct" conformation by the proper cyclic con-
straint. Introducing cyclic constraints into linear peptides greatly restricts the conforma-
tional space available to the molecule and has been a powerful technique successfully
applied to other peptides such as enkephalins(15), a-melanotropin(16), bradykinin(17),
and GnRH(13). These are some of many examples of successful application of confor-
mational restriction to the synthesis of bio-active peptides ( for a review on the topic
see Hruby(18)).

Conformational Information Required. A rational approach to the design of peptide
analogs most often involves a hypothesis, sometimes implicit, about the conformation
of the molecule and the relative spatial orientation of functional groups (the pharmaco-
phore) necessary to interact with the receptor. Cyclic analogs which bind to the recep-
tor, such as those mentioned above, yield much information about the overall folding
of the molecule. Spectroscopic techniques such as NMR, IR, raman, CD, and fluores-
cence may be used to give still further information about the spatial relation of specific
functional groups or conformational states of individual internal coordinates (such as
the torsion angle phi from vicinal coupling constants from NMR). Conformational
energy calculations, mainly rigid geometry calculations in which all bond lengths and
angles are held fixed and torsion angles are varied to find low energy structures, have
been carried out on numerous peptides and peptide hormones(19). Relatively little has
been done however, in calculating a variety of analogs and formulating a methodology
by which these can be compared systematically in order to derive the conformational,
steric, and electrostatic properties required for binding and transduction, and then using
these criteria to design new analogs for synthesis and biological evaluation. In addition
the imposition of fixed bond lengths and angles, and the omission of entropic and
dynamic effects in the first treatments of these molecules may introduce artifacts into
the conformations obtained.

In this paper we shall review briefly some of the early developments in the
theoretical treatment of peptides and peptide hormones. We shall go on to describe
some recent results we have obtained in which we have applied modern theoretical
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techniques including molecular dynamics and valence force field minimization to the
study of several peptide hormones and their analogs. In these techniques, all internal
degrees of freedom of the molecule are included (allowing flexibility of bond lengths
and angles), and the dynamic behavior of these flexible molecules is simulated. We
will also describe the techniques we have developed for using this information to derive
and compare the conformational properties of analogs, postulate the conformational
requirements for activity, and design analogs for synthesis in order to test these postu-
lated requirements.

CALCULATION OF PEPTIDE CONFORMATION

Early Techniques - Rigid Geometry Mapping and Minimization. In the early 1960’s,
Hendrickson (20) first proposed that the energy of a molecule could be calculated on a
computer. His interest was in the conformation of cycloalkanes, but the use of com-
puters quickly spread to biomolecules including peptides. The first application to pep-
tides was made by Ramachandran and co-workers(21) who generated a map of the ster-
ically allowed conformations of acetylalanine N’-methylamide(Figure 1). At that time
the available computer technology forced simplifications in the expression of the poten-
tial energy in order to make the problem tractable. To calculate a conformational
energy map of peptides allowing all internal degrees of freedom to vary at each value of
¢ and ¢ would have been a problem requiring the computers then available to work
continuously for weeks. Since the energy required to stretch bonds and distort angles is
significantly greater than the energy to twist about a single bond, it was assumed that
bond lengths and angles could be kept fixed at their equilibrium values. This is the so-
called "rigid geometry" approximation. In Ramachandran’s initial treatment the nature
of the interaction between atoms was approximated by a "hard sphere” model to account
for excluded volume effects. Using this approach the authors found that only certain
regions of phi-psi space were sterically allowed. Further, these allowed regions
accounted for the amino acid conformations known at the time from X-ray crystal stu-
dies. The "hard sphere” model was quickly superceded by the more realistic representa-
tion incorporating a softer van der Waals term and electrostatic interactions. This
advance made it possible not only to calculate allowed regions of phi-psi space, but also
to begin to examine the relative energetics of the various conformational states. This
work has been reviewed in detail by Scheraga(22), Ramachandran and Sasisekharan
(23), and Liquori (24).

Following the initial mapping work, minimization algorithms were introduced to
find the energy minima as a function of ¢, , and the sidechain torsion angles x (see
Figure 1), that is to solve for the conformation where the derivative of the energy with
respect to these variables is equal to zero. At this stage of development it is possible to
begin considering oligopeptides of biological interest.

Rigid geometry minimization has been a useful tool for generating plausible con-
formations of peptides with reasonable geometries and non-bonded interactions. It may
be used to generate conformations of peptide hormones which can help the peptide
chemist in appreciating the three dimensional structure of the peptide(25). Rigid
geometry studies of nearly all the smaller peptide hormones have been performed.
Among these, the enkephalins were studied by many groups and selected examples can
serve to illustrate the way in which these rigid geometry calculations have been applied
to the study of peptide conformation.
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Rigid Geometry Studies of Enkephalin: The enkephalins are linear pentapeptides, H-
Tyr-Gly-Gly-Phe-Met-NH, (see Figure 2a.) and H-Tyr-Gly-Gly-Phe-Leu-NH,, which
bind to several classes of opiate receptors in the mammalian brain including the same
receptor as morphine(26,27). Enkephalins have drawn the interest of theoretical
biophysicists for two reasons. First, because of their natural opiate activity, it is hoped
that improved analgesics can be developed. Second, as pentapeptides, enkephalins are
small enough that the molecule can be examined theoretically without excessive
expense of computer time.

Isogai and coworkers(28) carried out rigid geometry minimizations of Met-
enkephalin in order to search for conformations accessible to the molecule. Seventy-
one conformations were chosen as starting conformations for minimization. These ini-
tial conformations were constructed from regular repeating conformations of peptides,
various bend structures, combinations of amino acid and dipeptides in minimum energy
conformations, and compact conformations from model building. The authors found
52 minimum energy structures within 11 Kcal/mole of their lowest energy structure.
Of the 52 conformations generated, one group of conformations characterized by a type
II’ B-bend centered at Gly*-Phe* was lower in energy ("5 Kcal/mole) than other confor-
mations. This family of conformations was stabilized significantly by a hydrogen bond
from the phenolic hydroxyl of Tyr! to the mainchain carbonyl of either Gly® or Phe*.
Based on their energetic analysis and comparison to NMR results, the authors con-
cluded that when free in solution, enkephalin exists in this preferred conformation.
However, the authors also observed that because of the dependence of the stability of
this conformation on the presence of the Tyr(OH) hydrogen bond, the molecule would
be quite flexible in the absence of this hydrogen bond.

Subsequent experimental evidence appears to indicate that the Tyr(OH) hydrogen
bond is not present in aqueous solution(29) and that the tyrosine sidechain interacts
instead with the aqueous medium(30). Nevertheless, the fact that the results yield 52
minimum energy structures within 11 Kcal/mole indicates that there are a large number
of conformations of the pentapeptide, which, given the possibility of enhanced stability
through binding, cannot be ruled out a priori as being the binding conformation at the
enkephalin receptor.

It is clear from the existence of a large number of accessible conformations for
the native enkephalins, that if one wants to gain insight into the conformational proper-
ties required for binding, additional information is required. Loew and Burt (31)
attempted to chose among conformations by comparing enkephalin to the "rigid" opiate
7-[1-phenyl-3-hydroxybutyl-3] endoethenotetrahydrothebaine or PET(See Figure
2b).(32) The authors observed that the striking common feature between enkephalins
and most rigid opiates was the para-OH phenethylamine moiety circled in Figures 2a-b.
Sequence activity studies had previously shown that replacement of Gly? in enkephalin
by D-Ala? resulted in enhanced biological activity, (33) while the replacement with L-
Ala resulted in a loss of activity(34). Their stated goal was then "...the selection of the
lowest energy conformers that are local minima with at least tyramine-overlap with rigid
opiates and that could accommodate both Gly? and D-Ala? (but not L-Ala?) in similar
conformations.”

The authors pursued this goal by several different routes. In the first, torsion
angles of Met-enkephalin were adjusted sequentially, in order to maximize overlap with
corresponding functional groups on PET. Conformations were then taken at various
stages of the overlapping procedure and minimized. The second method employed the
52 minimum energy conformations obtained by Isogai(28). The values for the
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Figure 2. The native Met-enkephalin, NH,-Tyr-Gly-Gly-Phe-Met-
OH (a), and the opiate 7-[1-phenyl-3-hydroxybutyl-3Jendotheno-
tetrahydrothebaine, PET (b), are shown. The tyramine moiety
common to enkephalins and the rigid opiates is circled.
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sidechain torsion angles of Tyr! in these conformations were adjusted so that x ;=—90°,
x7=180° in order to obtain overlap with the tyramine moiety of PET (ie. the terminal
NH, and sidechain of Tyr!). Of the resulting conformations, those which were strained
by less than 30 Kcal/mole due to this adjustment were taken as starting conformations
for minimization. In the final approach, the Gly? residue in each of Isogai’s conforma-
tions was replaced with D-Ala and the resulting molecule minimized with and without
the constraint on x; and x, of Tyr. The D-Ala? in the resulting optimized conforma-
tions was then restored to Gly and the molecule optimized once more.

Using these approaches one conformation was found which satisfied the authors’
criterion for tyramine overlap (Tyr' x;= -90, x, = 180 degrees), and where the Phe*
sidechain also shows overlap with the phenethyl substituent of the model opiate. Con-
formations with the lowest energy were found to have no resemblance to PET. How-
ever, although most of the opiate is rather rigid due to the interconnected ring systems,
the phenethyl C,y moiety, which the authors discuss, has at least four free torsion
angles which control its orientation relative to the rest of the molecule. Therefore, if
other conformations of PET were examined, it is possible that other conformations of
enkephalin could be found which overlap the important functional groups of the opiate.

Manavalan and Momany(35) took the approach of comparing Met and Leu
enkephalins with seven peptide analogs ([D-Ala?]Met-Enk amide, [D-Ala?*]Met-Enk,
[D-Met?, Pro’]Enk amide, [D-Ala?, D-Phe’]Enk, [D-Ala?, D-Leu’]Enk, [D-Ala?,
NMe-Phe*|Met-Enk amide, and [D-Ala?, NMe-Met’]Met-Enk amide), in order to
determine the commonly accessible conformations.

Starting conformations for energy minimization were obtained for each analog by
combining the known dipeptide minima for the component residues and excluding
those resulting conformations which contained bad steric overlaps(36). Based on the
conformational states of the component residues (e.g. a,, a;, Cf9, C§* etc.) the authors
arrived at five conformations which are common to the nine molecules. The number
of conformational families was reduced to three by considering only the relative orien-
tations of the sidechains (ie. different backbone conformations presented similar
arrangements of the sidechains upon visual inspection). Although the authors note that
the presence of several different types of opiate receptors may recognize several
different "active” conformations of enkephalins, a more specific pharmacophore
hypothesis is necessary in order for it to be useful for the conformationally based
design of further analogs. Therefore, the logical next step would be to design analogs
which distinguish between the three conformational classes presented.

Along these lines, the recently synthesized highly active cyclic enkephalin analogs
of Dimaio and Schiller(15) and related structures(37, 38) may prove quite useful in del-
ineating the relationship between binding and conformation of the enkephalins. The
analog of Dimaio and Schiller takes advantage of the tolerance for D-amino acids at
position 2 in enkephalin, in this case incorporating D-y-diaminobutyric acid, and uses
the sidechain amine to close the ring by making the amide bond with the Leu® car-
boxyl. This analog is more potent than enkephalin in the standard assays and proved to
be resistant to degradation by enzymes present in rat brain suspensions. The authors
subsequently examined the potencies of this analog and the corresponding linear ana-
log, [D-aminobutyric acid?, Leu®Jenkephalin and found that the constraint imposed on
cyclization imparted a high degree of selectivity to the cyclic analog for the u receptor
type relative to the selectivity of the linear analog. Mosberg and coworkers(37) syn-
thesized the analog cyclo[D-penicillamine?, D-penicillamine®lenkephalin and found it to
be highly selective for the & receptor class. Comparing the accessible conformations of
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these two selective analogs with the less selective native Leu-enkephalin could lend
insight into the conformational basis for the receptor selectivity of enkephalins.

The lack of agreement between the structures calculated to date for enkephalin,
and the "binding conformation" inferred from the active cyclic peptides, may be due to
the intrinsic inability of the rigid geometry calculation to take into account strain in the
molecule. These tight ring systems (14 atoms) can be expected to show considerable
strain, especially in Mosberg’s bis-penicillamine containing analogs(37). The distortion
of bond angles might be expected to play an important role in the conformation of the
molecule. In fact, such distortions have been found to occur both in vasopressin and to
an even greater extent in a cyclic decapeptide gonadotropin-releasing hormone antagon-
ist (see below). Failure to account for the ability to distort bond lengths and angles,
yielding excessive stiffness, could render the rigid geometry approximation impotent for
intramolecular situations where these effects are an integral part of the molecular struc-
ture, such as those created by relatively strained ring systems.

Recent Techniques: Applications of a Valence Force Field. The necessity of account-
ing for the distortion of internal geometries has been recognized for some time(39) in
the application to hydrocarbons and in the field of "molecular mechanics”. As noted
above, Hendrickson took (20) angle deformation into account in his pioneering study
of hydrocarbons, but only recently has this occurred in the study of biologically active
peptides(40-42). Treatment of all degrees of freedom is taken into account by the use
of a valence type force field(43) or a related form called the Urey-Bradley force
field(43) to express the energy of a molecule(Equation 1). In Equation 1 the energy is
taken as the sum of the energies required to stretch and compress bonds, bend angles,
twist dihedral angles, distort planar groups, and the interatomic energies of van der
Waal’s and coulombic interactions between non-bonded atoms. In addition there are
coupling terms which reflect the fact that the energy to distort a given internal coordi-
nate may be "coupled” to the distortion of a neighboring internal coordinate. It is only
in the representation of these terms that the Urey-Bradley differs from the functional
form of the Valence Force Field(43).

V= Z(Dyl1 - ™2 - Dy} + 172 TK 6 - 692

+ 1/2 LKy (1 + scos ng) + 1/2 LK x?

+ TX Foy (b — by (' — by)

+ 23 Fo(@— 00)(0'— 0) + T Y Fip(b— bp) (0 — 8¢)

+ Y3 Fpoq cos 0 — 00) (0’ — 6¢) + LLFpxx’

+ Xel2(r*/D° - 3(*/08 + Tag/r ()

There are two types of quantities represented in the equation: constants characteristic of
the energy required to deform a given internal coordinate (Ky,Ky...Fyy,Fpe...), OF
characteristic of the strength of a given interatomic nonbonded interaction (r",¢,q); and
the internal coordinates specifying the geometry of the molecule (bond lengths, b; bond
angles, 8; dihedral angles, ¢; out of plane angles, x; and non-bonded interatomic dis-
tances, r). Therefore, given a molecular geometry and values for the potential con-
stants, we can calculate the energy of a molecule.
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Obviously, the accuracy of the calculation depends on the accuracy of the poten-
tial parameters. This is a crucial area which requires further extensive research. The
parameters used in our work have been derived by fitting a wide range of experimental
data including crystal structure of amides and carboxylic acids, unit cell vectors and the
orientation of the molecules in the asymmetric unit, sublimation energies, molecular
dipole moments, molecular structure, vibrational spectra, and strain energies of small
model amides, peptides, and other organic compounds. Ab-initio molecular orbital cal-
culations have also been used in conjunction with experimental data to give information
on charge distributions, energy barriers, and coupling terms, both to supplement and
confirm the results obtained from fitting the experimental data.(40, 44-51)

Properties Implicit In The Energy Surface. The ability to calculate the energy of a
molecule from the atomic coordinates is the foundation of all theoretical simulation
techniques.(19) Implicit in the energy surface of a molecule are all conformational and
dynamic properties of interest, (except quantum properties such as rearrangement of
bonds and charge transfer events). We can compare the relative energies of any two
conformations of a given molecule. By calculating the first derivatives of the energy
with respect to the Cartesian coordinates of the atoms and solving for the case where
these derivatives are equal to zero, we can find the minimum energy structures of a
molecule. Since the negative of the first derivatives gives the force on each atom, and
we know the mass of each atom, we can solve Newton’s equation of motion (F=ma)
for the accelerations of the atoms. By following these accelerations for a short time,
recalculating them from the new atom positions, then following the new accelerations
in an iterative manner, we can follow the trajectory of the atoms and "se¢” the dynamic
behavior of the molecule. We can also determine the second derivatives of the energy
with respect to the Cartesian coordinates, and by calculating the eigenvalues and
corresponding eigenvectors of the mass- weighted second derivative matrix, find the
vibrational frequencies and normal modes, respectively. Furthermore, applying classical
statistical thermodynamics we can use these frequencies to calculate the entropy, vibra-
tional energy, and free energy of a given conformational state. Thus, the structure,
dynamics, vibrational spectra, energetics and other properties derived from these (e.g.
vicinal coupling constants for NMR) are all accessible through the ability to calculate
the energy of the molecule.

We now turn to several examples where these techniques have been applied to
peptide hormones, and show how we can study the conformational properties, including
conformational minima and fluctuations, dynamics, and energetics of these molecules,
and how these properties can in turn be used to design analogs.

Structure, Dynamics, and Energetics of Gonadotropin Releasing Hormone. Gonado-
tropin releasing hormone(GnRH) is a member of the class of peptide hormones
secreted by the hypothalamus to regulate pituitary hormone levels. It controls the
release of luteinizing hormone (LH) and follicle stimulating hormone (FSH), which in
turn, are involved in the regulation of ovulation and spermatogenesis. The amino acid
sequence of GnRH, pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,, was elucidated
some 10 years ago(52, 53), and since that time GnRH has been the subject of an exten-
sive research effort involving the design of more than a thousand analogs. Among
these, antagonists to GnRH were developed which have been shown to inhibit both
ovulation and spermatogenesis and they have therefore elicited intense interest as possi-
ble contraceptive agents(1).

Conformational studies are of obvious importance. These studies, both experi-
mental and theoretical, have been limited to date by the relatively large size of the
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peptide. A number of spectroscopic studies have been performed utilizing fluorescence
(54), ultraviolet-visible(55), carbon-13 NMR(56), and proton NMR(57-59). Little or
no consensus was reached among these authors as to the conformation of the peptide.
Theoretical studies have been limited by the relatively large size of the peptide and only
a few studies have been carried out(36, 60, 61).

We have recently undertaken an extensive study of the conformational and
dynamic properties of GnRH and several analogs in an attempt to elucidate conforma-
tional properties which may underly binding and transduction, and to design new con-
strained analogs for synthesis and biological evaluation based on these features which
can then serve to test putative pharmacophore models. In this work we have utilized
modern theoretical techniques such as molecular dynamics, and developed a methodol-
ogy for the comparison of structural features to assist in analog design. The preliminary
results of this study provide an example of the use of these modern theoretical tech-
niques in the design of drugs based on peptide conformation.

We have carried out a 15 picosecond molecular dynamics simulation of the native
GnRH as a preliminary search of the conformational space accessible to the hor-
mone.(62) At the start of the simulation the molecule was in an extended conformation
and over the course of the simulation passed through various "local" minimum energy
conformations. These minima were characterized by minimization of coordinates taken
at one picosecond(ps) intervals along the molecular dynamics trajectory for the first 12
picoseconds of the simulation. In these minimizations all degrees of freedom in the
molecule were relaxed using the valence force field in equation 1. The minimum
energy conformations after 1, 4, 6, and 8 picoseconds are shown in Figure 3a-d.

The structure resulting from minimization after 1ps shows residues four through
ten to be in a repeating C; hydrogen bonded structure, where each residue is near ¢
= .80°,+80°(the hydrogen-bonds are shown in the figure as dotted or dashed lines).
An interesting feature of this conformation is the amphipathic organization of the
sidechains with pGlu, Trp, Tyr, Leu, and Pro on the right side of the chain, and the
hydrophilic sidechains His, Ser, Arg, Gly-NH, on the left. This is a relatively high
energy local minimum (77Kcal/mole), being ~20Kcal/mole above the lowest energy
minimum we have found for the molecule in this simulation. After 4 picoseconds, the
trajectory has taken the molecule into a more compact and lower energy(69Kcal/mole)
structure. Major transitions have occurred in the backbone of residues Tyr® and Leu’
bringing about the turn structure. Now, instead of the amphipathic organization, there
is a clustering of the hydrophobic residues (Trp, Tyr, Leu, and Pro) in the center of the
molecule. After 6 ps the peptide has returned to a more extended structure, again of
higher energy(74.5Kcal/mole). By 8 ps the peptide has undergone a major change in
shape to a very compact conformation where the guanidinium group of Arg? is found in
the center of the molecule and is involved in a hydrogen-bonding network with the car-
bonyl groups of Trp® and Tyr’, and the NH groups of Tyr® and Leu’. The conforma-
tional energy is now 60 Kcal/mole, or 17 kcal/mole less than the minimum energy
structure after 1ps. This is due mostly to an increase in favorable coulombic interac-
tions and a decrease in unfavorable van der Waals interactions. At one end of the
molecule we have an unorthodox open turn structure involving the five residues Trp-
Ser-Tyr-Gly-Leu, while at the other end we have hydrogen bonds between the NH of
the terminal amide and the CO of pGlu!, and between the NH of the His? sidechain
and the CO of Gly'®. These two features combine to give the conformation an overall
pseudo-cyclic appearance.
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Figure 3. Minimum energy conformations of gonadotropin-
releasing hormone (GnRH), pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-
Pro-Gly-NH,, obtained by minimization of the structures
along the molecular dynamics trajectory at 1, 4, 6, and 8
picoseconds.
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Figure 3. Continued.
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These four conformations are but a few examples. The lowest minimum energy
structure found was somewhat more compact and had an energy of 56.3 Kcal/mole.
Each of the other minimizations from the molecular dynamics gave unique minima
showing that for the 15 picoseconds of simulation the molecule was continually explor-
ing new regions of conformational space. A complete description of these structures
will be presented elsewhere(62).

Transitions of Leu’. Another way to appreciate the fluctuations the molecule
undergoes, and the difference between a dynamic and static representation of confor-
mation is by examining the conformational states of the individual torsion angles in the
molecule. The values of ¢, ¢ and any other torsion angle can be plotted as a function
of time along the dynamic trajectory in order to observe their fluctuations and transi-
tions. The example of Leu’ is given in Figure 4.

As can be seen from Figure 4, at the beginning of the simulation, Leu’ is in an
extended conformation, ¢, = 200°,165° (-160,165). For the first 6 picoseconds ¢
oscillates between values of -80° and -160°, while ¢ which begins at 165° quickly drops
to “80°, gradually returns to ~180°, then gradually declines back to values near 80°.
These fluctuations constitute excursions through most of the allowed regions in the top
left hand quadrant (-,+) of the Phi-Psi map(63). At “6ps a sharp transition occurs in
the psi angle, seen as a sharp drop in Figure 4. This transition from the CH (@, ¢ =
+80, -80) conformation to the a, (¢, y = -60, -60) is a step in the transition from the
more extended structure at 6 picoseconds (Figure 3c) to the very compact structures
such as that seen after 8 picoseconds (Figure 3d). The effect of the transition is to
bring the Arg sidechain into the proximity of the Tyr carbonyl. The resulting
hydrogen-bond interaction helps to pull the two ends of the molecule together to form
the open turn structure mentioned above. At the conclusion of the simulation Leu has
shifted to more negative phi angles visiting the a’ (¢, ¢ = -160, -60) region of the
map and producing more classical turn structures involving the four residues, Tyr-Gly-
Leu-Arg.

Vasopressin Dynamics: Conformational Transitions in Individual Residues: Vasopres-
sin is secreted by the posterior pituitary and acts both in the circulatory system, causing
vasoconstriction, and in the kidney, causing the increased uptake of water from the col-
lecting ducts. It is a disulfide bridged cyclic-hexapeptide with a tripeptide tail, [Cys-
Tyr-Phe-Gln-Asn-Cys)-Pro-Arg-Gly-NH,, and provides another example of the power
of the combined application of molecular dynamics and energy minimization for study-
ing accessible conformations of flexible biologically active peptides. It also serves to
demonstrate how structural fluctuations and induced strain in portions of the molecule
can be simulated by these techniques. Although the disulfide bond introduces a ring
constraint, we have found that vasopressin is still a very flexible molecule(64). Part of
this flexibility appears to arise from the enhanced stabilization of higher energy confor-
mational states for a given residue by intramolecular interactions, thus lowering the
energy difference between conformational states.

The energetics of Phe? provide an excellent example of this phenomenon. In our
molecular dynamics simulation of vasopressin, we found that Phe® underwent confor-
mational transitions between three regions of conformational space: the C;®? (¢, ¢ =
-80, +80), a, (¢, ¢ = -60, -60), and C (¢, ¢ = +80, -80) conformations(64).
These conformations in the isolated residue, taken as the N-acetyl, N'-methylamide
blocked phenylalanine, are well separated energetically as can be seen in Table 1. The
C;¥ is 3.1 Kcal more stable than the C;**, and 4.7 Kcal more stable than the a,. In
order to compare the relative stabilities of these phenylalanine conformations in the
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isolated form and when incorporated into the vasopressin molecule, we "cut' the N-
acetyl, N'-methyl blocked residue from minimum energy structures of vasopressin and
calculated the potential energy(Table I).

All three conformations show a significant degree of strain caused by geometric
constraints imposed by the rest of the hexapeptide ring. The three conformational
states are not strained to the same degree, however. The C;* is still the most stable
conformation of the residue when incorporated into vasopressin, but as is seen in the
last column of Table I, it has suffered the highest degree of strain (6.5 Kcal). The «,
conformation is accommodate best in the ring, being strained by 3.8 Kcal/mole relative
to its lowest energy minimum when isolated, while the C#* is strained 5.6 Kcal/mole
relative to the isolated amino acid minima. Thus in these minimum energy structures
of the vasopressin molecule instead of being 4.7 Kcal more stable than a, the C,* is
only 2.0 Kcal more stable. In addition, because of the difference in strain energies
imposed on Phe’ in the a, and C;** conformations, the C;**, which was more stable
than the «, in the isolated residue (1.6 Kcal/mole), is now slightly less stable than the
a;.

These results demonstrate that intramolecular constraints, especially in a cyclic
molecule, may accommodate some conformations of a residue better than others, in
this case bringing the energies of the various conformations closer together. This
results in an enhanced flexibility of the vasopressin molecule at this position, and
serves to demonstrate that knowledge of the relative stabilities of the minimum energy
conformations of the isolated residue may not be sufficient to predict the relative stabil-
ities of these conformations when they are incorporated into a peptide. These conclu-
sions can have serious implications for the interpretation of activities of analogs in
which so-called "conformation imposing” residues such as a-methyl amino acids, N*-
methyl amino acids and others have been used(65). Simply because one of these "con-
formation imposing” residues prefers, or even "strongly” prefers, one conformational
state over another in the isolated residue, it does not rigorously follow that this confor-
mation is maintained when incorporated into a larger, constrained peptide, which might
significantly destabilize the "preferred” conformation. An experimental observation of
this effect is seen in the crystal structures of a-methyl amino acid containing peptides,
where, this "a-helical" residue, although overwhelmingly found in the «-helical confor-
mation, is also found to take up significantly different conformations(66), induced in
this case either by the crystal lattice forces, or intramolecular constraints such as those
discuss‘;d above. Further, both C; and C; hydrogen bonds have been observed in solu-
tion(67).

ANALOG DESIGN

In the enkephalin studies we began to see how theoretical techniques can be used
to generate conformations of related molecules. With the results from GnRH and
vasopressin we saw how flexible these molecules are and how the conformational
fluctuations and dynamics of these molecules can be studied. We also saw how the
relative stabilities of conformations of a molecular fragment can be influenced by con-
formational constraints of the whole molecule. In the following section we will present
some ideas on how these calculations can be incorporated into a conformational based
approach to drug design.
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There are several levels at which the theoretical computer simulation techniques
can help the medicinal chemist to design analogs incorporating such properties as
increased potency, selectivity, etc. The first involves observation of the conformations
visited in movies of dynamic trajectories and stereographic figures of minimum energy
structures of the molecule of interest. The knowledge of the accessible structures and
spatial relationships of the functional groups in the native peptide, observable from
these movies or figures, may allow the chemist to postulate the importance of a given
conformation in interacting with the receptor. Analogs then may be designed based on
these structures in order to "lock” in or enhance the stability of these conformations.

The second level at which the theoretical analysis may be used is to extend the
use of the computational techniques to analyze the results of the simulation and charac-
terize similarities and differences between the conformational and energetic properties
of various analogs. Several tools are used at this level including: a least squares super-
position which gives the best overlap between specified atom sets of two analogs; the
calculation of the root mean square distance (RMS) between corresponding atoms in
the superposed analogs to quantitatively characterize the similarities of the conforma-
tions; energetic analysis to yield relative stabilities of classes of conformations in
different analogs and to locate differential strains due to modifications in sequence; and
"template forcing", a technique which we developed to force one analog along a
minimum energy path into the conformation of another. With these tools we can then
examine the similarity and difference between analogs quantitatively as well as display-
ing molecules which have been optimally superposed to observe differences systemati-
cally. From the template forcing we can look for common conformations of two ana-
logs directly, and also begin to ask why a desired conformation is inaccessible to a given
analog and propose modifications which could alleviate unfavorable interactions pre-
cluding the target conformation. Template forcing is emerging as an extremely power-
ful technique for analog comparison and design. Finally, observations of given struc-
tural features in these common conformations can lead to putative analogs which can
then be simulated theoretically to determine if the desired features are maintained,
before any synthesis takes place.

Comparison of GnRH Conformations With Those of a Cyclic Antagonist: As we saw
above, GnRH has a high degree of flexibility, and if we want to understand the confor-
mational requirements for binding and transduction of the message, it is necessary to
gain additional information. This is done by considering the conformational properties
of other analogs, especially constrained analogs, and comparing the allowed conforma-
tional states of these analogs to one another and to the native molecule.

The most powerful constraints, from the point of view of restricting the accessible
conformational space available to the peptide, are ring constraints introduced by linking
residues well separated in the sequence. We therefore decided to look at the cyclic
antagonist cyclo[A3-Pro-D-Phe(p-Cl)-D-Trp-Ser-Tyr-D-Trp-NMe-Leu-Arg-Pro-8-Alal,
which is the most active cyclic antagonist reported to date.(13) In cultured pituitary
cells a 3.5 fold excess of the antagonist is required, relative to GnRH, to reduce GnRH
induced secretion of LH by 50%, indicating that the binding of this analog is somewhat
weaker than that of GnRH. By defining the conformations accessible to this molecule,
and then determining those conformations that are available to GnRH as well, we
hoped to further define putative binding conformations, which could form the basis for
new conformationally constrained analogs whose synthesis and binding assays can, in an
iterative fashion, ultimately establish the binding conformation(s), and lead to new
therapeutic agents.
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In order to search the accessible conformational space of this molecule, a molecu-
lar dynamics simulation over a trajectory spanning a time of 24 ps. was carried out. As
with the native GnRH, configurations were taken from the resultant trajectory at 1 ps
intervals and minimized. Several identical structures were found from these minimiza-
tions leaving 18 distinct conformations. The fluctuations are much smaller than for
native GnRH and in fact only in going from the initial minimized structure to the struc-
ture after 1 ps. does any residue undergo a transition to a different conformational
state (e.g. A**-Pro from the a, region (¢4 = -84°, -74°). to the C; (p .y -78°,
+93°) and D-Phe? from the Cf9 (¢, = -79°,63°) to the a| (6.4 = 69°,40°)). This
difference in conformational flexibility of the cyclic antagonist and GnRH is dramatic.
Basically one conformational family (in this case one backbone conformation with
several variations in sidechain conformations) is observed. In fact this cyclic decapep-
tide antagonist appears more constrained and rigid than the six residue ring in vasopres-
sin. These preliminary results are the subject of further study in our laboratory. One
of the low energy members of this family can be seen Figure 5a. The structure is
characterized by a hydrogen bonded turn at the level of Tyr-D-Trp-NMe-Leu-Arg
(shown at the top of the figure) and a second chain reversal in the bridge region, 8-
Ala-A3-Pro-D-Phe-D-Trp.

Several of the folded structures of GnRH appeared to have conformations similar
to the cyclic antagonist. In order to compare the calculated conformations quantita-
tively, we superposed residues 4-9 of GnRH (Ser*-Tyr’-Gly®-Leu’- Arg®-Pro®) onto resi-
dues 4-9 of the cyclic antagonist (Ser*-Tyr>-D-Trp®-NMe-Leu’-Arg3-Pro®), with the
exception of the sidechain of D-Trp® in the antagonist (Gly® in GnRH) and the methyl
group on the nitrogen of NMe-Leu’ (Leu’ in GnRH). This was done by first translat-
ing GnRH so that the center of mass of the selected atoms coincided with that for the
selected atoms of the cyclic antagonist, and subsequently minimizing the root-mean-
square distance between corresponding atoms with respect to the three rotational
degrees of freedom of GnRH. This preliminary choice of residues was made since it is
the most common sequence to the two analogs and, not coincidentally, important to
high binding affinity. A measure of the similarity between the conformations is given
by the resulting optimized RMS distance between corresponding atoms in each pair of
conformations. The best fit is obtained between the GnRH minimum energy confor-
mation after 11 picoseconds and the cyclic antagonist minimum energy conformation
after 18 picoseconds with an RMS deviation of ~2.6A. On the other hand, as would be
expected, more extended conformations of GnRH have much poorer fits to the cyclic
antagonist (e.g. the GnRH minimum energy conformation at 1 picosecond has an RMS
distance to the cyclic antagonist minimum energy conformation after 18 picoseconds of
-6.43) To put these fits in some perspective, we note that the corresponding superposi-
tions of the different conformations of GnRH itself range up to 6.4.&, while the RMS
deviation for this region of the cyclic antagonist were found only as high as 27A.
These results indicate that GnRH can adopt conformations which are close to those
adopted by the cyclic antagonist, at least in the region 4-9.

Template Forcing. In order to answer the general question of how closely the rela-
tive spatial orientations of corresponding functional groups in two flexible molecules
can be, we have recently developed the technique of "template forcing” to solve for the
conformation which optimizes the overlap of these functional groups while maintaining
the lowest potential energy cost to the molecule. In template forcing we minimize the
energy of the molecule to be superposed onto an analog (the template), along with a
penalty function which is proportional to the RMS distance between the common atoms
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Figure 5. A minimum energy structure for the GnRH cyclic anta-
gonist cyclo[A3-Pro-D-Phe(p-Cl)-D-Trp~Ser-Tyr-D-Trp-NMeLeu-Arg-
Pro-B-Ala] (a) is compared with the conformation of GnRH ob-
tained by "template forcing" to the cyclic antagonist (b).

See text for a discussion of template forcing.
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to be superposed. That is, we minimize the energy of the molecule, subject to an
external force which forces the common atoms together(equation 2).

F= V4 KIS (e xOY N} @

In this equation, F is a function which is the sum of the the energy V from the normal
valence force field( equation 1) plus the penalty function, a constant, K, times the
root-mean-square deviation between the coordinates of the corresponding atoms of the
template (x?) and the forced molecule(x;) (N is the total number of atoms forced). As
the distance between the atoms of the forced molecule and the template goes to zero
the contribution of this penalty function vanishes. The balance between the degree to
which the superposed molecule is forced onto the template and strain energy caused by
the forcing is governed by the value of the constant K, which can be chosen arbitrarily
to give any desired degree of fit.

We have applied this technique to force GnRH into a conformation which best
superposed the residues 4-8 and 4-9 onto the corresponding residues of the cyclic anta-
gonist. The superposition of residues 4-8 is shown in Figure 5. A very close fit (0.293.
and 0.38A) can be achieved at a relatively low cost in energy as can be seen from Table
IL

Table II. Template Forcing of GnRH onto the Cyclic Antagonist

Residues Forced RMS  Energy of GnRH in forced Conformation!

4-8 0.29A 61.5 (5.2)2 Kcal/mole
49 0.384 61.2 (4.9) Kcal/mole

1 A stiffness constant of K = 10 was used for this forcing.

2 The number in parenthesis is the difference in energy between the forced
conformation and the lowest energy GnRH conformation found so far.

One of the powers of this technique is that we are not limited solely to the com-
parison or consideration of minimum energy structures. Indeed, the dynamic fluctua-
tions of a molecule are fluctuations about minimum energy conformations and the
actual minimum energy structure itself may seldom be adopted. More importantly,
binding to the receptor may well induce limited strain into the ligand(68) and possibly
into the receptor as well. Therefore, we see that when comparing two molecules it may
be important not only to compare the geometric distance between minima, but the
difference between conformations close to but not necessarily located at local minima.
In this regard it is also important to consider the energetic distance between the minima
and strained conformations. Template forcing gives us a method by which we can
directly find the common conformations of two molecules and compare their relative
stabilities. In the example above we are limited to having one fixed structure acting as
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a "template’, but in fact one could simultaneously minimize the energx of both
molecules, together with the superposition function, and remove this limitation. (This
modification to the technique is currently being developed.)

Design of a Transannular Bridged Analog of the Cyclic Antagonist: Testing the Putative
Binding Conformation. The next step after adopting a hypothesized binding conforma-
tion, is to design covalently bridged analogs based on close spatial relationships which
exist in the postulated conformation and which, ideally, are far removed sequentially.
Inspection of the low energy conformations of the cyclic antagonist (ie. Figure 5b)
reveal that the a-hydrogens of Ser* and Pro® are directed into the center of the ring,
roughly across from each other (~2.5A). 1t follows that we should be able to bridge
these «-carbon atoms with two or three methylene groups (-CH—~CH,- or
-CH;~CHy—~CH,-), without introducing any large perturbations into the structure. We
have built these hypothetical analogs on the computer and minimized their energy with
respect to all degrees of freedom. As postulated, the cyclic structure can easily accom-
modate the proposed modification according to the calculation, with only minor pertur-
bations of the structure. This may be seen by inspecting the resultant minimized struc-
tures shown in stereo for the ethylene bridged analog in Figure 6. The RMS deviations
of these structures from the parent cyclic antagonist are only .3.&(-CH2—CH2-) and
.6A(-CH~CH,CH,).

Figure 6. A minimum energy structure of the transannular
bridged analog of the GnRH cyclic antagonist designed to con-
strain the conformation to that found for the parent cyclic
antagonist. The a-carbons of Ser® and Pro% have been linked
by an ethylene bridge to accomplish this.
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Thus through these techniques we have now found a putative binding conforma-
tion, and based on this conformation designed a transannular bridge which results in an
even more constrained analog. A key feature is that the conformation of this analog
has been analyzed theoretically, and preliminary results indicate that the target confor-
mation will be maintained. This prediction can be tested by synthesis of the analog and
spectroscopic analysis (which should result in essentially equivalent spectra for the two
analogs). The equivalence of the conformations of the two molecules would be strong
evidence for the hypothesized binding conformation. If, in addition, the transannular
bridged analog itself were active, then this would essentially prove this to be the bind-
ing conformation. This analog presents a non-classical synthetic peptide problem and
we are investigating possible synthetic routes. We are also in the process of designing
more readily synthesizable analogs with similar objectives in mind.
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Antibiotics--Continued
See also Antitumor antibioties
Antibody
bound by synthetic antigenic sites
of lysozyme, 50t
bound by synthetic antigenic sites
of myoglobin, 47t-U49t
interactions, polarity, 36,40
with preselected specificities,
production, 56-57
production, by free small
peptides, 59-62
response, to free peptides, 55-56
response, to hemagglutinin, 2
submolecular specificities with
immunization, 51-55
titer and synthetic peptide
immunization, 55
See also Monoclonal antibodies, 57
Antigenic sites
continuous, synthesis, 32-33
determination and synthesis, 31
and disulfide cross-links, 40
in hemagglutinin, 45f
of hemoglobin, 41,43f
and hydrophilicity, 44
of serum albumin, 41,43f
monoclonal antibodies against, 57-59
myoglobin, extension, 64f
protein
definition, 44,46
induction of tolerance to, 63,68
localization and synthesis, 30-U46
location prediction, 44-46
Antigenic structure of ragweed
allergen Ra3, 44
Anti-idiotypes
definition, 5
general scheme, 3f
interaction with idiotypes, 2
monoclonal, binding, 5-6
as vaccines, 6f
Antitumor antibiotics, 131
derivatives and analogs, 77-90
Arphamenines, 94,97f
Aspartyl proteases, 138,140t
active site, tetrahedral adduct, 232
inhibitors, 211-235
catalytic mechanism, 229-33
inhibition mechanism, 231f
ATP analogs, glycosidic bond, 193f
ATP binding, isoenzyme
specificity, 196
ATP as kinase substrate, 190-96
ATP sites
affinity labeling, 194-96
bulk tolerance, 194
ATP triphosphate chain
conformation, 190-91

B

Base pair, purine-pyrimidine, DNA, 114
Baumycins, 84,87f
Bestatin, 94

Binding
of antagonist analogs to oxytocin
receptors, 19-20

of myoglobin by free synthetic
peptides, 53
Binding specificity of monoclonal
antibodies, 57-60

Biological activity, prolonged
antagonist analogs, 18-20
o-melanotropin analogs, 20-24

Biosynthesis of peptide
artificial, 81-82,83f
fluorescence, DNA quenching, 79
improved synthesis, 82
pyrimidoblamyl moiety, 79

Bleomycin, 77-82
biosynthetic intermediates, 77,79
total synthesis, 77
Cu2+-complex, 79,80f
iron-02 complex, 81

Bleomycinic acid, 82

Bovine serum albumin, antigenic

sites, 43f
Bradykinin, 142,143t
Bulk tolerance, creatine kinase, 201

C

Catalytic mechanisms, 215f
Chain length and activity,
ACTH, 15455
Circular dichroism spectra, somatos-
tatin analogs, 183f
Clones, T-lymphocyte, protein
specific, 62
Conformation and immune
recognition, 61-62
Conformation-activity relationships of
oxytocin, 18
Conformational model development for
hormone analogs, 10-11
Conformational restrictions
and prolongation of biological
activity, 22-24
and receptor selectivity, 16
Continuous antigenic sites
albumin, 41
definition, 40
Coriolin A, B, and C, 92-94
Coriolus consor, antitumor antibiotics
produced by, 92-94
Creatine kinase
active site, 201
affinity labeling, 200-205
bulk tolerance, 201
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Creatine kinase reaction, phosphoryl
transfer, transition state, 204f

Cross-reactive idiotypic
determinant, 2,3f

Crystal lattice, Z-DNA hexamer, 115

Cytosine methylation, Z-DNA stabi-
lization via, 118-20

Daunomycin, 125f
DNA hexamer complex, van der Waals
drawing, 126,127f
interaction with DNA, 124-29, 130f
molecules, intercalated, 126,128f
Decilorubicin, 84,85
Deoxyguanosine conformation
B-DNA, 117f
Z-DNA, 117f
Deoxynucleotides, furanose ring
pucker, 106-108
Determinants, structural, 2
Dialdehyde ATP, 195f,196
(3S,43)-4,8-Diamino-3-hydroxyoctanoic
acid derivatives, 224
synthesis, 226f
Diketocoriolin B, 92-94
Dipeptide analog, statine, 217-23
1,3-Diphosphoglycerate, 200
Discontinuous antigenic sites
albumin, 41
definition, 40
Disulfide cross-links and antigenic
sites, 40
Ditrisarubicins, 84,86f
DNA
biological activity and ring A
modification, 124
double-strand scission, 79,81
fragmentation, by biosynthesis of
peptide part, 81
helix rotation, 115
interaction with
daunomycin, 129,130f
molecular structures, 108,109f
quenching, biosynthesis of peptide
part fluorescence, 79
right-handed conformation, 106-108
RNA hybrid, conforma-
tion, 110-11,112¢
A-DNA
conformation, 106
modified, 108-10
B-DNA, 116f °
deoxyguanosine conformation, 117f
end views, 117f
van der Walls drawing, 116f
Z-DN&, 116f,119f
adenine-thymine base pairs, 120-23
biological systems, 123
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Z-DNA--Continued
deoxyguanosine conformation, 117f
end views, 117f
hexamer, crystal lattice, 115
hexamer structure, 118,119f,120
hydration, 121,122f¢
left~handed conformation, 115-18
stabilization via cytosine
methylation, 118-20
van der Waals drawing, 116f,119f

E

Enkephalin analogs
cyclic, development, 14-18
receptor binding affinities, 17t
Enkephalins,240,242,243f
eyelie, bis-penicillamine, 16-18
rigid geometry studies, 242-45
structure-activity relationships, 16
Enzyme inhibitors, low molecular
weight, 90-92
Enzymes, proteolytic--See Protease
Epitopes for reovirus type 3
hemagglutinin, 2
Epoxycreatine
affinity label, 203,205
structure, 203f
Esterastin, 94-96

F

5t-Fluorosulfonylbenzoyladenosine
(5'-FSBA), 194,195f

Forphenicine, 94-96

Free small peptides, antibody
production, 59-62

Freund's adjuvant in peptide
immunization, 55

Furanose ring pucker, ribonucleotides
and deoxynucleotides, 106-108

G

G5 domain of reovirus
hemagglutinin, Uf
Glycolysis, blocking, 200
Glycosidic bond, angle in ATP
analogs, 193f
Glyo II, cytotoxic action, 88,90
Gonadotropin releasing hormone (GnRH)
antagonists, 240
available conformations, 254-55
cyclic antagonist, minimum energy
structure, 256f,259f
minimum energy
conformations, 248f,249f
structure, dynamics, and
energetics, 246
Guanine residues, DNA,
conformation, 115

In Conformationally Directed Drug Design; Vida, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1984.



268 CONFORMATIONALLY DIRECTED DRUG DESIGN

H

Helix conformation changes with
intercalation, 123-24
Hemagglutinin
antibody response, 2
antigenic sites, U45f
binding, 5-6
as immunogen, 2
topography, 2,4f,5
and virus tropism, 1-2
Hemoglobin
antigenic sites, 41,43f
a-chain, 42f
nonantigenic regions, 46,51
1-N-X-Heptadeoxykanamycin, T4f
Herpes simplex virus, 196
Hexapeptides, N®methyl lysine
cyclic, 184
Hexokinase, 199-200
Hormone analogs, conformational model
development, 10-11
Hormones, peptide, 9-11
Human serum albumin, antigenic
sites, 43f
Hybridization by peptide
immunization, 61
Hydration
Z-DNA, 121,122f
somatostatin analogs, 177
Hydrophilicity and antigenic sites, 44
Hypertension, treatment, 227
Hypothalamic peptide--Sge Somatostatin

I

Idiotypes, general scheme, 3f
Ighq
hinge region, amino acid
sequence, 146f,147
structure, 146f
IgAqy protease, 137,138t,142,145-49
IghAq protease inhibitors
HPLC, 145,147f
IC5q values, 145,148f
synthesis, 145
Immune recognition and
conformation, 61-62
Immune response
to myoglobin, intersite
influences, 56
to protein, conformational
constraints, 61
Immunization
antibody titer and synthetic
peptide, 55
peptide, hybridization by, 61
Immunogens
free synthetic peptides, 51-68
hemagglutinin, 2

Immunoglobulin IgAq, 142
Immunomodifiers, low molecular
welght, 92-98
Information transfer for peptide
hormones and neurotransmitters, 10
Inhibitors, substrate analog, 137~49
Inhibitory mechanisms, 215f
Intercalation, helix conformation
changes, 123-24
Isoenzyme specificity, ATP
binding, 196

K

Kallikrein, 137,138t,142,143t
human, inhibition, 142,144f
Kanamycin, 73-76
Kanamycins A and B,
deoxyderivatives, T4
Kanamycins A, B, and C, T4f
Kasugamycin, T4,76f
Kinase classification, 190-91
Kinase cosubstrates
proteins and polypeptides, 197-98
nucleic acids, 196-97
small molecules as, 198-200
Kinase
cAMP-dependent protein, 198
conformational and mechanistic
considerations, 189-205
creatine~-Sge Creatine kinase
definition, 190
proposed mechanisms, 192f
pyruvate, 199
ribose binding sites, 196
thymidine, 196-97
Kinase substrate, ATP as, 190-96
Kininogen cleavage, 142,143t

L

L/D replacement
= Tn ACTH-(4-9), 155-58
in somatostatin analogs, 180
Lattice interactions, DNA, 111-14
Leucine residue of GnRH, phi-psi
fluctuation, 250,251f
Leukemia treatment, 84,124
Leupeptin acid, 92
Leupeptin, biosynthesis, 92
Lymph node cell response and
T-lymphocyte cultures, 65t
Lysozyme
antigenic sites, 32
antigenic structure, 33,36-40
nonantigenic regions, 46,51
synthetic antigenic sites,
antibodies bound by, 50t
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M

Melanocyte dispersion, 22
a-Melanotropin (a-MSH)
biological activities, 12
heat-alkali treatment, 12,20
reverse turn conformation at frog
skin receptor, 15f
superagonists, constrained,
development, 11-14
Melanotropin analogs
development, 20-24
potency, 12-14
potency variability, 14
with prolonged biological
activity, 20-24
relative potency and
prolongation, 23t
Memory consolidation and ACTH, 160
Met! oxidation in ACTH-(4-10), and
activity, 156
Met! replacement
in ACTH-(4-10), and activity, 156
ACTH-derived peptides, 156
Metabolites, new microbial,
secondary, 73-98
Metal-ATP complexes, bidentate, struc-
tural isomers, 191,192f
Minimization, rigid geometry
mmapping, 241
Monoclonal antibodies
against antigenic sites, 57
to nonimmunogenic protein sites,
production, 59
production, 56
Myoglobin
antigenic sites, 32
extension, 64f
antigenic structure, 33,34f,35f
binding of monoclonal
antibodies, 58t,60t
folding mold, 34f
immunogen, nonantigenic
peptides, 53,54f
intersite influences on immune
response, 56
peptides, synthetic, 35f,51f
synthetic antigenic sites,
antibodies bound by, 47t-49t

N

Negamycin, deoxy, T4,76f
Neisserial proteases, 149
Neutotransmitters, peptide, 9-11
3-Nitrolactate, 200
Nucleic acids
conformation, 105-34
interactions with drugs, 105-34
as kinase cosubstrates, 196-97
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Nucleotide base conformation, ATP
substrate, 191-94

0

Oxanosine, 96-98

Oxytocin, conformation-activity
relationships, 18

Oxytocin analogs, potency, 19t

Oxytocin antagonists, constrained,
development, 18-20

Oxytocin receptors, binding of
antagonist analogs, 19-20

P

Pagsage
T-cell clones response, 67t
T-cell cultures, 63
T-cell line response, 66t
Penicillamine cyclic
enkephalin, 16-18
(Q-Penicillaminez,
D-penicillamine5)enkephalin, 24445
Penizillopepsin substrate, 223-24
Penicillopepsiu-tripeptide inhibitor
complex, 224,225f
Peplomycin, 82,83f
Pepsin active site, pepstatin bound
in, 216f
Pepsin inhibitors, 227
Pepstatin
bound in pepsin active site, 216f
chain length and specificity, 227
transition-~state analog
inhibitor, 213-17,223
Pepstatin
analogs, 213,220t,227,229,230t
Peptide
ACTH-derived, structure-activity
relationships, 153-64
antibiotics and aminoglycosides,
cross-resistance, T4
biocactive conformation, 170
conformation
calculations, 241-53
intramolecular constraints, 153
valence force field, 245-46
drug, properties, 9
free, antibody response, 55-56
free synthetic, as immunogens, 51-68
hormones, 9-11,239-40
properties, 9-11
diagnostic agents, 240
immunization with Freund's
ad juvant, 55
intramolecular constraints, 153
neurotransmitters, 9-11
nonantigenic, with myoglobin
immunogen, 53,5u4f
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Peptide--Continued
retro enantiomeric,
limitations, 172-80
statone containing, 232
structures, conformationally
restricted, for drug design, 11
superagonists and antagonists,
design, 9-24
Peptide analog, solution
conformation, 176-T9
Peptide analog design
conformational approach, 170-71
theoretical simulation, 239-59
Peptide hormones
7-(1-Phenyl-3-hydroxybutyl-3)endo-
ethenotetrahydrothebaine, 242-44
Phenylalanine in vasopressin minimum
energy structures, 250,252t,253
Phi-psi fluctuation, leucine residue
of GnRH, 250,251f
Phi-psi space, peptides,
calculation, 241
Phosphoryl transfer in creatine kinase
reaction, transition state, 204if
Phosphoryl transfer
reaction, 1900,194,200-201
Polarity in antibody
interactions, 36,40
Pole-jumping activity
ACTH, 155,157-58
receptor site conformation, 162-64
Polypeptides as kinase

cosubstrate, 197-98
Proflavin, 114
Protease

fungal, substrate specificity, 223
highly specifiec, 137-49
See also Aspartyl protease, IgA
protease, Kallikrein, Renin
Protease inhibitors, 90,91f,212-13
Protein antigenic sites
definition, 44,466
induction of tolerance to, 63,68
localization and synthesis, 29-46
location prediction, 44-46
Protéin antigenic structures,
comparison, 33-43
Protein binding site determination,
general strategy, 31
Protein sites, nonimmunogenie, produc-
tion of monoclonal antibodies, 59
Protein as kinase cosubstrate, 197-98
Proton NMR spectra, somatostatin
analogs, 172,176
Purine-pyrimidine base pair, DNA, 114
Pyrimidoblamic acid, chemical
synthesis, 77
Pyrimidoblamyl moiety, biosynthesis of
the peptide part, 79
Pyruvate kinase, 199

Q
Quinoxaline antibiotics, 131
R

Ragweed allergen Ra3, antigenic
structure, 44
Receptor binding affinities of
enkephalin analogs, 17t
Receptor selectivity and conforma-
tional restrictions, 16
Receptor-virus interactions, 1-6
Recombinant viruses, 1-2 '
Renin, 137,138,138t
inhibitory peptide, 139
Renin inhibitors, 219,221t,223,227-28
amino acid sequences, 139,141f
angiotensin system, 139
Reovirus serotypes, 1
Reovirus type 3 hemagglutinin,
epitopes, 2
Reoviruses, mammalian, 1
Ribonucleotides, furanose ring
pucker, 106-108
Ribose binding sites of kinase, 196
Rigid geometry mapping,
minimization, 241-53
Rigid geometry studies of
enkephalin, 242-45

S

Serotypes, reovirus, 1

Serum albumin
antigenic sites, 41,43f
nonantigenic regions, 46,51

Side chain modifications and activity,

ACTH, 156-57
Simulation techniques, computer, in
drug design, 253-58

Somatic cell hybridization, 56-57

Somatostatin analogs, 240
bieyelie, 171,173,174r,175¢
circular dichroism spectra, 183f
conformational inferences, 182
from conformational model, 169-85
conformationally restricted, 170-71
eyclo retro isomers, 172,176
hxﬁration, 177
N% methyl lysine, 180-85
potencies, 173f,176,181t
proton NMR spectra, 178f
solution conformation, 180-82
synthesis, 180,182-85

Specificity
of drugs via anchoring

function, 129-31

enzyme, 138,140t
pepstatin chain length, 227
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Specificity--Continued
to protein sites, T-lymphocyte
lines, 62-63
side chain, of statine, 223-26
Spergualin, 88,89f
Statine
dipeptide analog, 217-23
side chain and specificity, 223-26
Statone-containing peptide, addition
of water, 234f
Structure-activity studies, ACTH,
strategy and results, 154-58
Substrate analog inhibitors, 137-49
Sugar pucker conformation, 125f
Superagonists, peptide, design, 9-24
Surface-simulation synthesis, 36

T

T-cell
clone response with passage, 6Tt
cultures, passage, 63
line response with passage, 66t
recognition, 62
recognition sites on myoglobin, 56
T-lymphocyte
clones, protein specific, 62
cultures and lymph node cell
response, 65t
lines with specificities to protein
sites, 62-63
Template forcing, in drug
design, 254,255-58
4'-0-Tetrahydropyranyladriamycin
(THP), 84,87f
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Thymidine kinase, 196-97
Tolerance, induction to protein
antigenic sites, 63,68
Triostatin A, 131
DNA hexamer complex, van der Waals
drawings, 133f
interaction with DNA, 131-32
Trp9? removal from ACTH-(4-10), and
activity, 156
Tyramine overlap, enkephalin, 24}

U

Urey-Bradley force field, peptide
conformation, 245-U46

v

Vaccines, anti-idiotypes, 6f
Valence force field, peptide
conformation, 245-46
van der Waals representation
daunomycin-DNA hexamer
complex, 126,127f
of Z-DNA and B-DNA, 116f
Z-DNA hydration, 122f
triostatin A-DNA hexamer
complex, 133f
Vasopressin
conformational transitions, 250-53
minimum energy structures,
phenylalanine, 250,252t,253
Vasopressin antagonists, 240
Virus-receptor interactions, 1-6
Virus tropism, hemagglutinin, 1-2
Viruses, recombinant, 1-2
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