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While the chemist of today faces many exciting and
stimulating challenges, perhaps the most demanding,
promising, and rewarding one is the rational design of
novel therapeutic agents for the treatment of human
diseases. For many years, the discovery of new drugs has
been achieved by taking a lead structure and iterating
cycles of new compound synthesis with biological testing
of those compounds to derive a structure-activity rela-
tionship related to some measure of therapeutic efficacy
(Figure 1, black cycle).! Initiallead structures either were
the natural ligand or were discovered in a random screening
program of compounds or fermentation beers using in vitro
or even in vivo tests.2 Indeed, projects were frequently
chosen on the basis of the results of random screening.
Sometimes the leads came from literature compounds.
Analogs were selected for synthesis during the iteration
cycle on the basis of a combination of inspired trial and
error and medicinal chemistry experience and intuition.

In recent years, rational drug design has emerged more
widely in the pharmaceutical industry.? This approach
requires selecting a protein target molecule which plays
a critical role in a physiologically relevant biological
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pathway. The chemist typically begins with the natural
ligand as the lead and modifies it to produce a compound
with the desired properties. The natural ligand or
substrate of this protein is manipulated to produce an
enzyme inhibitor or an agonist or antagonist for a receptor,
depending upon the identified therapeutic need, capital-
izing upon knowledge of what is known about the
mechanism of action of the protein-ligand complex.

In order to allow the chemist to more fruitfully design
modifications of the lead structure, it is helpful to have
a three-dimensional structure for the bioactive conforma-
tion of the ligand as it binds to the receptor or enzyme.
Experience has taught that this conformation is not the
solution structure, nor is it the crystal structure of the
ligand. Rather it is the conformation of the ligand when
itis bound to its receptor or enzymeactive site. Knowledge
of the bioactive conformation should better permit the
chemist to modify analogs constructively to produce novel
structures that are potent and specific. A number of
methods have been developed to help in the selection and
design of better analogs. Quantitative structure activity
relations (QSAR), pharmacophore or receptor mapping,>$
and more recent 3D QSAR methods, such as CoMFA,’
have emerged to aid in the discovery of the bioactive
conformation and advance the analog design process
(Figure 1, blue cycle).

Beyond knowledge of the bicactive conformation of the
ligand, it would be valuable to understand the detailed
interactions of the ligand with its receptor protein by
examining the three-dimensional structure of the protein
target in complex with the ligand. This would allow the
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chemist to preserve the critical interactions with the
protein, while modifying the ligand or substrate analog to
interact more precisely with the receptor or enzyme and
to occupy subsidiary sites, resulting in better potency and
specificity. With the structure of the target protein-ligand
complex, one can better understand the structure—activity
relationships of existing compounds, suggest new analogs
tosynthesize in current series, and develop novel concepts
and ideas for completely new ligand moieties. This
methodology is now known as structure-based drug design.

Obtaining the experimental three-dimensional structure
of the protein target frequently requires considerable effort
to clone the appropriate DNA, express, purify, and
characterize multi-milligram amounts of the protein,
followed by crystallization and structure solution.® For
NMR studies, 15N and !3C isotope labeling is frequently
crucial to the structure determination.? Not only is the
three-dimensional structure of the protein target desired,
but especially complexes with the lead ligand compounds
that are of interest to the chemist.

Sometimes, when sufficient quantities of the protein
are not readily available, the structure of the protein can
be derived by homology modeling (Figure 1, green
cycle).1%11 The binding of the ligand to the protein can
also be examined in this way.12 The large protein structure
databasel® and the exploding protein sequence data-
bases!4-16 are making this approach ever more applicable.
While such models are not accurate in the details of their
structure, they can provide a good, rapid, albeit ap-
proximate, view of the active site and its interactions with
the ligand to the chemist to help generate new ideas and
designs early in a drug-design project.

Both the ligand-based and protein model-based design
strategies can be iterated with chemical synthesis of the
designed compounds and biological testing followed by
further rounds of ligand or protein model analysis,
synthesis, and biological testing (Figure 1, blue and green
cycles). However, this process is driven primarily by the
experimental data provided by the biological testing. From
the structural perspective, one is always extrapolating from
the original structural information, and the biological data
do not easily permit correcting errors in the structural
models.

The existence of an experimental structure for the
protein-ligand complex, besides being more accurate,
allows one to go beyond examining the details of the
binding site and using this information to design new
analogs. It allows one to take the designed, synthesized,
and assayed compound, return it to the crystal or NMR
tube, and redetermine the structure of this complex with
this new compound (Figure 1, red cycle). Thus, one can
determine experimentally whether the design concept was
structurally correct. If the molecule was potent, was it
potent for the correct reasons built into the design? Ifthe
compound was weaker than expected, how and why did
the design concept fail? Best of all, the new structure can
be used as the basis for another round of analysis, design,
synthesis, and compound testing. This process can be
iterated with further rounds of design, synthesis, testing,
and so on to ultimately produce potent and specific
compounds. This version of the design cycle has proven
to be the most powerful implementation of structurally
based drug design and is the subject of this review. Close
collaboration between the medicinal chemist, molecular
modeler/theoretical chemist, pharmacologist, molecular
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biologist, biochemist, and structural biologist is essential
to the optimal utilization of this design cycle.

Three examples are presented here to illustrate how
the above ideas are being successfully reduced to practice
in a number of important cases leading to the design and
synthesis of novel, more potent, and specific compounds
than would otherwise have been achieved. The examples
illustrate the value of structural information at different
stages of the drug-design process. Structural principles
and ideas led to the rapid design of a novel class of very
potent and highly specific HIV protease inhibitors for the
treatment of AIDS. Several iterations of the structure-
based drug-design cycle were utilized to optimize the
potency of carbonic anhydrase inhibitors for the treatment
of glaucoma. The final example describes the de novo
design, followed by iterative cycles of optimization, of a
dramatically new series of thymidylate synthase inhibitors
which can serve as anticancer agents. The structure-based
drug-design efforts in all of these three cases have led to
compounds which are currently in clinical trials.

Design and Structure of C; Symmetry-Based
Inhibitors of HIV-1 Protease

Background. One of the most active areas of drug
discovery research in the world today concerns efforts to
stem the tide of the AIDS pandemic. The world-wide
search for safe and effective therapies for AIDS has
prompted an intensive research effort on the structure
and biology of the human immunodeficiency virus (HIV-
1) which is the causative agent of this disease. This
research had led to the elucidation of a myriad of specific
viral targets for drug discovery and design with the result
that strategies now exist for targeting virtually every aspect
of the viral life cycle.l” HIV-1 protease (HIV PR) is a
virally-encoded enzyme that cleaves, or processes, viral
gag and gag-pol protein precursors during virus assembly
and maturation.1® In 1988, it was observed that deletion
mutagenesis of the HIV PR gene resulted in the production
of noninfectious, immature virus particles.!® This experi-
ment demonstrated that HIV PR performs an essential
function in the life cycle of HIV and thus makes this
enzyme an important target for the design of specific
antiviral agents for AIDS.

Structure-based drug design!® was used to design potent
and specific, C; symmetry-based inhibitors of HIV PR
and to optimize the pharmacologic properties of these
compounds. Thiswork ultimatelyled to the first structure-
based clinical compound for this important antiviral target.
Additional details of this work can be found in several
recent reviews.20-22 The crystallography of HIV PR is an
extremely fast-moving field; there are well over 150
published and unpublished crystal structures of various
inhibitor complexes in existence today. Many of these
structures as well as complexes with substrate-based and
asymmetric peptidomimetic inhibitors have also been
reviewed.2425

Structure-Function Considerations for Inhibitor
Design. The initial observationsthatretroviral proteases
contain the amino acid triplet, Asp-Thr(Ser)-Gly,and that
their proteolytic activity could be inhibited by pepstatin
led to the early proposal that these enzymes were related
mechanistically to the aspartic protease family of en-
zymes.2827 The latter are bilobal, single-chain enzymes in
which each lobe, or domain, contributes an aspartic acid
residue to the active site.?® The active site itself is formed
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Figure 1. Structure-based drug design cycle. The basic, traditional drug design cycle (labeled “Basic Cycle” in black) begins with
a biological assay that tests for the therapeutic use of the compounds. This test is crucial in that it provides the experimental
information (labeled in brown) that fuels the cycle. Lead compounds are either the natural ligand or the result of a random screening
program or from the literature (highlighted in gray). Analogs are synthesized and tested. On the basis of the testing results, the
chemist, using traditional medicinal chemistry, decides what compounds to prepare next, and these compounds are then tested for
activity. This basic cycle continues until a satisfactory compound is produced which can be taken for preclinical studies. In structure-
based drug design, a number of steps are added progressively as more information becomes available (shown as blue, green, and red
cycles). When noinformation is available about the structure of the receptor, ligand-based strategies, including QSAR, pharmacophore
orreceptor mapping, and the more recent 3D QSAR methods can be applied (blue cycle).*" On the basis of the results of these methods,
structure analysis and compound design are performed which lead to rationalization of existing SAR, new analog prediction, and de
novo lead design.8™% This process is more effective when a model three-dimensional structure can be produced for the receptor
protein-ligand complex from known 3D structures and sequences of related proteins using homology modeling methods (green cycle).1%1
When the experimental crystal or NMR structure of the receptor protein-ligand complex can be determined, then the most powerful
structural information can be brought to bear (red cycle). (The figure shows the steps necessary to obtain sufficient protein to perform
the experimental structural studies, which frequently includes cloning and expression of the cDNA or gene, and protein purification
and characterization.) The three-dimensional structure of the protein-ligand complex is examined in detail to understand the detailed
interactions between ligand and protein. On the basis of an analysis of the structure using a variety of increasingly sophisticated
computer-assisted drug design strategies and all medicinal chemical knowledge, and with close collaboration of the molecular modeler/
theoretical chemist with the medicinal chemist, a new series of analogs is designed. These compounds are synthesized and then tested
biologically. The process is iterated until a satisfactory compound is produced for preclinical testing. When an experimental structure
determination is available, the iteration process is most effective. The resulting new analogs are recrystallized with the protein or
reexamined by NMR to redetermine the experimental structure of the complex of the new analogs with the protein to see whether
the design concepts were correct or not. This leads to a new round of compound design, synthesis, and testing. This process isiterated,
with cycles of structure determination, analysis, design, synthesis, and biological testing, until a compound with the desired properties
is produced. This iterative process is the most powerful since two sets of experimental data fuel the discovery process, the biologicat
testing and the experimental structure determination (both labeled in brown).

at the interface of the N- and C-domains and exhibits PR by several laboratories®!-3* confirmed that the viral

approximate 2-fold symmetry at the protein backbone enzymes are homodimers. In the case of the tetragonal
level. Since the sequence length of retroviral proteases is crystal form of apo-HIV PR, the dimer exhibits exact
typically about one-third that of aspartic proteases, it was crystallographic C; symmetry. The active site is formed
proposed that the former enzymes are composed of two by the dimer interface and is composed of equivalent
identical subunits, each of which contributes a single contributions of residues from each subunit. Thesubstrate
asparticacid to the activesite.?? Crystal structure studies binding cleft is bound on one side by the active-site aspartic

of Rous sarcoma virus (RSV) protease® and later of HIV acids, Asp25 and Asp125, and on the other by a pair of
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Figure 2. Ribbon drawing of the backbone of HIV-1 protease
based on the crystal structure of the native enzyme.3? Theactive-
site aspartic acid side chains are drawn in stick fashion; the flaps
are the two hairpin structures at the top of the molecule. The
2-fold axis of the enzyme is vertical. Adapted from ref 24.

2-fold related, antiparallel 8-hairpin structures, or “flaps”
(Figure 2). In the crystal structure of RSV protease, the
flaps are disordered. In apo-HIV PR, crystal packing
forces maintain the flap in a conformation that is presum-
ably unsuitable for substrate binding.3

A detailed structural comparison of the retroviral and
cellular aspartic proteases revealed that, in contrast to
their limited sequence homology, they display considerable
structural homology at the backbone level.?¢ Fully one-
third of the main-chain atoms of RSV PR can be
superposed onto the backbone of porcine pepsin to within
a 1.5-A root-mean-square deviation (Figure 3). As ex-
pected, most of the structural correspondence is in the
active-site region. However, the overall chain topologies
of the two families of enzymes are more similar than a
simple superposition analysis reveals and are indicative
of adistant but definite relationship to a common, ancestral
aspartic protease gene. '

The close structural and functional relationships be-
tween the retroviral and cellular aspartic proteases,
together with knowledge of the HIV PR cleavage site
sequences, immediately opened the avenue of substrate-
based approaches that had been developed for designing
inhibitors of renin, an aspartic protease that has long been
an important target for the design of antihypertensive
agents.3” Substrate-based inhibitors are essentially pep-
tide substrate analogues in which the scissile peptide bond
has been replaced by a noncleavable, transition-state
analogue or isostere. This approach has been used to
design numerous, highly potent HIV PR inhibitors.38-4

Symmetry-Based Inhibitor Design. Despite the
enormous collective synthetic effort that has been applied
to the design of renin inhibitors, and more recently, HIV
PR inhibitors, the usefulness of peptidomimetics as drug
candidates has been hampered by their generally poor
pharmacologic properties such as oral bioavailability,
metabolic stability, and pharmacokinetics.#? The design
of symmetry-based inhibitors for HIV PR represents a
significant departure from traditional substrate-based
approaches, and one in which knowledge of aspartic
protease structure and function could be exploited to
conceptualize novel structural classes of inhibitors which,
itwashoped, might be more easily developed into potential
drug candidates for AIDS.444 Symmetry-based inhibitors
had never been designed a priori for any enzymatic target,
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although the concept of symmetry-based inhibitors had
been discussed for renin dipeptidase® and prostaglandin
receptors.*6

Formulation of the design principles for symmetry-based
inhibitors actually began in the absence of knowledge of
the structures of either RSV or HIV PR. The hypothesis
that HIV PR was a dimeric enzyme, composed of two
chemically-identical subunits, led to the postulate that
the left and right halves of the active site of this enzyme
would be structurally identical, or nearly so. This need
not necessarily have been the case; there are numerous
examples of symmetric, multisubunit enzymes, but few
examples of enzyme active sites that are composed of
equivalent, symmetry-related subunits. Similarreasoning
led to the construction of a three-dimensional model for
HIV PR which embodied exact, C; symmetry.4” If HIV
PR incorporates symmetry into its active-site structure,
it was reasoned that compounds that would mimic this
symmetry might be novel, potent, and specific inhibitors
and, furthermore, may be sufficiently non-peptidic in
character so as to be pharmacologically superior to the
classical peptide-based compounds.

The design strategy had two requirements: first, that
the inhibitor possess the same C, symmetry as the enzyme,
and second, that the symmetry elements of the inhibitor
and enzyme approximately superimpose when the inhibi-
toris bound in the active site.43# Initially a Cssymmetry-
based diaminoalcohol was designed in which a pseudo-C,
axis passes through the alcohol carbon atom and bisects
the O—-C-H angle (Figure 4A). Each side of the diamino
alcohol resembles a phenylalanine moiety which is a
common P; substituent for HIV PR substrates. This
compound obviously satisfied the first constraint. Inorder
to determine whether the second requirement would be
met by this design, a modeling experiment was performed
using the crystal structure of a reduced peptide inhibitor
complexed with rhizopuspepsin,*® a fungal aspartic pro-
tease, and the crystal structure of RSV PR which had
recently been determined and, importantly, made avail-
able.?® The structurally homologous active-site regions
of RSV PR and rhizopuspepsin were superimposed in order
to “dock” the rhizopuspepsin-bound inhibitor into the
active site of RSV PR (Figure 5A). Examination revealed
that there were no close contacts. Next, the C-terminal
portion of the inhibitor was deleted beyond the reduced
CH; group, and the N-terminal half was rotated by the
enzyme 2-fold axis to produce a pseudo-C; symmetric
inhibitor (Figure 5B). The deviations from ideal geometry
for the computer-generated inhibitor were small enough
to suggest that the corresponding diamino alcohol might
bind favorably in the orientation as modeled in this
experiment. The decision to design symmetric inhibitors
with N-terminal properties was based on the experience
with renin inhibitors which retain considerable activity
after C-terminal truncation.*®

Symmetry-Based Diamino Alcohols. The prototype
compound 1 (Table 1) was synthesized on the basis of the
fact that aromatic amino acid side chains are prevalent in
the P; position of naturally-occurring substrates for HIV
PR. This molecule, which closely resembles the central
“core” structure of the computer-modeled inhibitor, is
pseudosymmetric owing to the secondary OH group on
the central carbon atom. Compound 1 was a weak inhibitor
of HIV PR (ICsy value >200 pM) and did not exhibit
significant anti-HIV activity in vitro.4® Examination of
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Figure 3. Structural homology of Ca backbones of porcine pepsin (left) and RSV protease (right). Structurally equivalent segments

are in white. Adapted from ref 36.

Figure 4. Design of C; symmetric inhibitors of HIV-1 protease:
(A) placement of the C; axis through the carbon atom produces
the diamino alcohol; (B) placement of the C; axis through the
midpoint of the C-N peptide bond produces the diamino diol.
Adapted from ref 44.

the substrate binding site region of the modeled structure
and reference to the structures of other aspartic protease
binding sites suggested that the binding site region of HIV
PR should encompass an inhibitor equivalent to at least
a hexapeptide in length. These considerations led to the
extension of 1 by the symmetric addition of NHs-blocked
amino acids.

The inhibitory potency for a series of diaminoalcohols
was measured using a fluorogenic assay®® and ranged from
>10 000 nM for the core structure, 1, to 3 nM for the

bifunctionalized, Cbz-Val compound, 7 (Table 1).4¢ Both
acetylated and unprotected core compounds, 2 and 1,
respectively, which contain a benzyl moiety in the P,
position were ineffective inhibitors. Protection with the
bulkier Boc group, 3, resulted in some improvement in
potency and suggested a requirement for Py substituents.
Replacement of Boc by Val, 4, gave a 5-fold enhancement,
and protection of the free amino groups of 4 by acetylation,
5, resulted in a further 50-fold enhancement. The sym-
metric addition of acetyl-Val in the Pj position, 6, did not
yield any improvement over 5, but substitution of the acetyl
group in 5 by Cbz, 7, resulted in a further 3-fold lowering
of the ICsy value.

The most potent HIV PR inhibitor of this series, A-74704
(compound 7), exhibited measurable anti-HIV activity in
vitro with an ICsy value <1 uM. Compound 7 also
demonstrated good specificity for HIV PR over human
renin (>10 000:1), low cellular toxicity (ECsq: TCsq = 500:
1), and was resistant to proteolytic degradation in a renal
cortex homogenate at 37 °C (¢1;2 > 3 h).#® Thus, the idea
that symmetry-based inhibitors could be specific, potent,
and exhibit non-peptide character was partially realized
in 7.

Crystal Structure of Compound 7/HIV PR Com-
plex. Toverify that the diamino alcohol inhibitors bound
in the predicted symmetric fashion, 7 was cocrystallized
with recombinant HIV PR, and the 2.8-A crystal structure
of the complex was solved in the hexagonal space group,
P6,.4% The inhibitor formed a symmetric pattern of
hydrogen-bonding interactions with the enzyme (Figure
6) and included a buried water molecule, Wat301, that
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Figure 5. Modeled structures of (A, left) a reduced peptide inhibitor docked into the active site of RSV protease via the superposition
of the homologous active site regions of a rhizopuspepsin/inhibitor complex and RSV protease. (B, right) Docked structure of a
computer-generated C, symmetric inhibitor produced from (A) by C-terminal truncation of the reduced peptide inhibitor beyond the
reduced carbon atom and subsequent operation on the remaining N-terminal segment using the dyad of RSV protease. View is down

the enzyme dyad. Reprinted with permission.?

Table 1. Structure-Activity Relationships for Cs
Symmetry-Based Diamino Alcohols#
OH

X-NH \/K(NH %
P Ph
no. X Y ICs (nM)
1 H- H- >10,000
2 Ac- Ac >10,000
3 Boc- Boc 3,000
4 H-Val- H-Val 590
5 Ac-Val- Ac-Val 12
6 Ac-Val-Val- Ac-Val-Val 10
7 Cbz-Val- Cbz-Val 3

makes bridging hydrogen bonds between the inhibitor P,
and Py’ CO groups and the enzyme Ile50 and Ile150 NH
groups on the flaps. Wat301 is located within 0.2 A of the
enzyme C; axis and exhibits approximate tetrahedral
coordination. This water is unique to HIV PR and was
not predicted from the modeling studies with aspartic
proteases. The inhibitor and enzyme C, axes pass within
0.2 A of each other and make an angle of approximately
6°. The symmetry of the inhibitor is nearly exact: 20
non-hydrogen atom pairs from both halves of the inhibitor
superimpose to within 0.36 A rms by an approximate dyad
(177.9°). The enzyme 2-fold axis (179.9°) superposed all
99 Ca backbone atoms of the two subunits to within 0.42
A rms after a rotation of 179.9°.

The crystal structure analysis confirmed the proposed
symmetry-based mode of binding for the diamino alcohols.
This was important since these compounds had been
designed on the basis of the RSV PR structure in the
absence of knowledge about the flap conformation.
Moreover, the crystal structure of native HIV PR indicated
that the flaps occupied a position that would not permit
them to participate in binding, and it was not easy to
predict how the flaps would dock with an inhibitor. The
latter question was answered by the determination of the
P2,2,2; crystal structure of a complex of HIV PR with the
reduced peptide inhibitor, MVT-101, which revealed that
the flaps moved in toward the core by up to 7 A and
assumed a markedly more closed conformation when
bound to an inhibitor.5!

Design of Symmetry-Based Diols. Analysis of the
crystal structure of the compound 7/HIV PR complex
revealed that the short spacing between the P; and Py’
NH groups resulted in hydrogen bonds with poor geometry
between the inhibitor P; and P’ amides and the carbonyl
groups of Gly27 and Gly127. Thereplacement of an ethyl
alcohol by a glycol isostere has been shown to result in
potent renin inhibitors.52 Thus, a second series of sym-
metry-based HIV PR inhibitors was designed by applica-
tion of a C; axis placed at the midpoint of the scissile bond
(Figure 4B). Theresulting diol compounds were generally
10-50-fold more potent than the symmetry-based alco-
hols.#* Theadditional hydroxymethyl group leads to three
distinct diastereoisomers for the diolanalogues. Theshort,



Perspective

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 8 1041

Figure 6. Hydrogen-bonding interactions (dashed lines) between A-74704 (red) and HIV PR. A buried water molecule (white) bridges
the inhibitor and the flaps. The active-site carboxylate groups (white) interact with the central hydroxy group on A-74704. Enzyme
atoms (yellow) are shown superimposed against the Ca backbone (blue). Reprinted with permission.??

Table 2. Structure-Activity Relationships for Cs
Symmetry-Based Diamino Diols

X-NH
Ph
no. X conf ICsp (nM)
8 Boce 3R 4R 40
9 Boc 3R.4S 12
10 Boc 35,48 280
11 Cbhz-Val 3R 4R 0.22
12 Cbz-Val 3R 4S8 0.22
13 Cbz-Val 35,48 0.38

Boc-protected diols, 8—10, were moderately potent (Table
2). Replacement of Boc with Cbhz-Val led to a more potent
series, 11-13, in which the stereochemistry of the two
hydroxy groups exhibited surprisingly little effect on
inhibitor potency, in sharp contrast to the case for the
shorter, Boc-Phe compounds and for substrate-based,
hydroxyethylene-containing peptidomimetic inhibitors.
The synthesis of the diamino alcohols and diamino diols
has been reported.*53 Recent and more extensive struc-
ture—activity relationships for these compounds have also
been reported.23:54

The potential usefulness of 11-13 was limited by their
poor solubility. Efforts to improve the solubility of this
series were aided by examination of the solvent-accessible
surface of the compound 7/HIV PR complex which
indicated that the terminal portions of the inhibitors were

Table 3. Structure-Activity Relationships and Solubilities for
Diamino Diols with Different End- Group Substituents“

A

solubility
no. X conf  K;j(nM) ECg (uM) (pH 7.4, uM)
14 0 3RA4R 0.16 0.12-0.67 6.5
15 0 3RA4S 0.09 0.02-0.14 3.1
16 0 35,48 0.19 0.05-0.18 0.27
17 NCH:; 3RA4R 1.66 0.28-1.5 292
18 NCH; 3RA4S 0.15 0.07-0.20 256
19 NCH; 3S4S 0.18 0.06-0.17 4.7

exposed (Figure 7). Thus, solubility enhancement efforts
were directed primarily toward making modifications at
the inhibitor termini. This strategy led to a new series of
compounds with markedly improved solubilities without
sacrificing either enzyme inhibition or antiviral potency
(Table 3). A-77003 (compound 18) was chosen as a clinical
candidate and entered phase I/II clinical trials as an
intravenous antiviral agent.>®

Crystal Structure of an (R,S)-Diol/HIV PR Com-
plex. Modeling analysis of the diols suggested that they
could interact with the active-site aspartic acids in two
fundamentally different hydrogen bonding configurations
(Figure 8). Inasymmetric binding mode, each carboxylate
group would interact mainly with one hydroxy group, and
both hydroxy groups would play nearly equal roles in
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Figure 7. View of a 10-15-A-thick section of the active site of the A-74704/HIV PR complex. A solvent-accessible sur_face (dots) of
the active-site region was computed after removal of the inhibitor. Color scheme: enzyme backbone (blue); Asp25/125 (pink); {\-7_4704
(yellow); hydrophilic and hydrophobic solvent-accessible surfaces (red and green dots, respectively). Reprinted with permission.?

binding. In an asymmetric mode, one of the two hydroxy
groups would be located near the enzyme 2-fold axis in a
position close to that of the alcohol group of 7 where it
could interact with both carboxylate groups. The second
hydroxy group would contribute in a minor or perhaps
even negative way to the overall interaction energy.
Analysis of the crystal structure of the compound 18/HIV
PR complex at 1.8-A resolution, which was solved in space
group P2,2,2,,% revealed that this pseudosymmetric, R,S-
diastereoisomer bound in an asymmetric fashion with
respect to the central diol (Figure 9). The (R)-OH group
on the inhibitor was located between the two active-site
asparticacids, close to the enzyme dyad, where it can form
multiple hydrogen bonds to both carboxylate groups. The
second (8)-OH group is oriented away from the active site
and is able to form only a single hydrogen bond. Despite
the increased spacing of the P,—P;" amides, the geometries
of the hydrogen bonds involving Gly27/127 remain poor;
one of the distances, 3.8 A, is too long for an effective
hydrogen bond to be formed.

The asymmetric binding observed in the case of 7 could
not simply be attributed to the pseudosymmetry of this
inhibitor since the pseudosymmetric diamino alcohol,
A-74704, bound in a symmetric fashion. Recent crystal-
lographic studies on complexes with two different C,
symmetric (R,R)-diols, compound 1125 and SKF-108,361,57
solved in different space groups, both demonstrated that
these compounds bound in an asymmetric fashion. In
these complexes, one (R)-OH group interacts with both
aspartic acids while the second (R)-OH group interacts

with a single carboxylate group and apparently also with
Gly27. Similar results have been observed in a complex
with 17.5%8 Thus, even in the case of an inhibitor that can
assume an exact Cy symmetric conformation, asymmetric
binding may be observed. These observationssuggestthat
there must be a balance of attractive forces between the
central core of the inhibitor and the two aspartic acid
residues of the enzyme, on the one hand, and between the
peripheral enzyme subsites and the side-chain substituents
of the inhibitor, on the other. Preliminary local density
functional and semiempirical calculations suggest that the
electronic environment surrounding the active-site aspartic
acids is asymmetric and this asymmetry may help to
promote asymmetric binding modes (I. Topol, S. Burt,
and J. Erickson, unpublished). A detailed understanding
of the protonation states and charges of the aspartates for
different inhibitor complexes is obviously of crucial
importance for accurate modeling studies and for quan-
titative assessments of binding affinities.

Design of Orally Bioavailable Analogs. The diamino
diols were designed with the idea that the addition of a
second hydroxyl group in the core of the inhibitor would
make added hydrogen bonds with the active-site carboxy-
late groups and that this would lead to an increase in
potency over the alcohols. The fact that the (S)-OH group
in 18 could make only a single additional interaction
indicated that this moiety may play a minor or perhaps
negative role in binding, since an exposed hydroxyl group
in solution may make several hydrogen bonds with water.
A-78791, a deshydroxy analogue of 18, inhibited HIV PR



Perspective

with greater potency than the parent diol (Figure 10A).23
To examine the influence of the presence or absence of
the (S)-OH group on binding of the (R,S)-diol, the crystal
structure of the complex with A-78791 was solved.5®
Comparison of the two structures indicated that the
inhibitors bound in identical conformations, and that the
(S)-OH in the (R,S)-diol had no effect on conformation
(Figure 10B). These results strongly suggest that the
greater potency of the CH(OH)CH;analogue over the diols
isdue to less unfavorable desolvation effects of the former.
The greater potency of the diols over the alcohols is still
unclear, but may result from a better overall fit of the
former in the S’ half of the HIV PR active-site region.
Knowledge of the superior potency of the deshydroxy diols
led to A-80987, a shorter, orally bicavailable analogue of
A-78791 that entered clinical trials.58

Summary. The concept of active-site symmetry along
with structural and mechanistic considerations of aspartic
proteases, has been used to design novel, C; symmetry-
based inhibitors of HIVPR. Two classes of compounds—a
pseudosymmetric diamino alcohol and a diastereomeric
set of diamino diols—were initially designed on the basis
of the concept of C; active-site symmetry. The structure
of 7 complexed with HIV PR confirmed the proposed
symmetric mode of binding based on initial modeling
studies and also proved useful in subsequent efforts to
improve the solubility of the more potent diol series. The
structure determination of 18 and A-78791 revealed the
importance of desolvation effects for inhibitor binding
and provided a rationale for the improved potency of the
C,symmetry-based deshydroxy diol analogues which have
been shown to possess superior pharmacological properties,
particularly enhanced oral bicavailability.

Symmetry-based inhibitors have subsequently been
reported by several groups who have found symmetry to
be a useful paradigm for design.5"%® Symmetry is not a
requirement for HIV PR inhibitors as many potent
asymmetric substrate-based inhibitors have been designed
and several are now in clinical trials.®0 Apparently, the
high degree of conformational flexibility of asymmetric
peptides and peptidomimetics cancels the structural
constraint of having to bind to a symmetric binding cleft.
On the other hand, the design of rigid inhibitors, which
are often desirable for entropic reasons, should be more
tightly constrained by subsite symmetry and will likely
require more attention to symmetry to achieve high
potency than has been required in the design of pepti-
domimetic inhibitors. The recent report of cyclized, C;
symmetric, urea-based inhibitors of HIV PR partly
supports this view.! While it is not yet possible to
extrapolate from structural data to binding potency in a
rigorously predictive fashion, it is clear that structure-
based approaches to inhibitor design are mature enough
to contribute to the conceptualization of medicinal
chemistry strategies that can lead to useful clinical
candidates for AIDS, cancer, and other diseases.

X-ray Crystallographic-Based Optimization of
Carbonic Anhydrase Inhibitors

Background. A long-standing goal of medicinal chem-
istry has been to move drug discovery from an empirical
science toward one based on a structural analysis of ligand-
macromolecule interactions. Thetools required to achieive
this objective of rational design and optimization have
become available through advances in molecular biology,
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Figure 8. Symmetric vs asymmetric hydrogen-bonding con-
figurations, or binding modes, for symmetry-based diols. The
C, symmetric (S,S)-diol is shown in this example. Reprinted
with permission.?

macromolecular X-ray crystallography, computer-assisted
modeling, and computational analysis.

The optimization phase of a drug discovery program is
especially suitable for an approach based on understanding
or rationalizing relative affinities through structural
analysis of enzyme-ligand complexes. Such information,
coupled with computational chemistry, can define these
interactions and suggest further design modification
setting the stage for a full iterative cycle.

This iterative approach has been used to facilitate the
optimization of carbonic anhydrase inhibitors, the goal
being to maximize potency in a series having a proper
balance between aqueous solubility and lipophilicity,
permitting topical use in the treatment of the ocular disease
glaucoma. Such an inhibitor should influence fluid
dynamics in the eye through the local blockade of the
conversion of carbon dioxide to bicarbonate. This con-
version is a critical step in the active secretion of aqueous
humor, the fluid that fills the anterior and posterior
chambers of the eye. The carbonic anhydrase isozyme
found within the secretory cell is carbonic anhydrase II
(CAII). Recentevidencesuggeststhata membrane-bound
isozyme, CA IV, may also be involved in the secretory
process.52%4 Both of these isozymes are highly efficient
ones being essentially diffusion controlled with a second-
order rate constant Ko/ Kym of 1.5 X 108 M-1s-1 for CAII.

Of the two, CA II is the better characterized in terms
of its three-dimensional structure based on X-ray crystal-
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Figure 9. Hydrogen-bonding interactions (dashed lines) between A-77003 and HIV PR. The aspartic acids are on top, the flaps on
the bottom, and the inhibitor and buried water molecule (both in red) are sandwiched between them in this view. The (R)-OH of
A-77003 is shown interacting with both carboxylates; the (S)-OH points behind the plane of the figure, away from the aspartates.
Numbers refer to hydrogen-bond distances, in angstroms, between heavy atoms (the third decimal place should be ignored). Reprinted

with permission.?

lographic analyses.556 It is this isozyme that served as
the model for understanding differences in inhibitory
activity based on the structure of enzyme-ligand com-
plexes. Human CA II (HCA II) is a globular enzyme
containing 260 amino acid residues with one zinc atom
permolecule. The active-site cavity is composed of twisted
A sheets being 15 A across at the surface and descending
16 A to the zincatom. The active-site cavityis cone shaped
and becomes very narrow at the catalytic hydrophobic
pocket where the zinc atom is coordinated in a tetrahedral
fashion to three histidine residues: His 94, His 119, and
His 96. The active-site cavity is amphiphilic; one wall is
dominated by hydrophobic and the other by hydrophilic
residues. Both surfaces are important in defining the
interaction between ligand and enzyme.65-70

Structural Basis for Differences in Inhibitory
Potency. Thegeneralstrategy for the design of a topically
effective HCA ITinhibitor is illustrated with 20, a structure
which allowed for manipulation of both solubility and
lipophilicity. The prototype 21, MK-927, is water soluble,
rapidly penetrates ocular tissue, and lowers intraocular
pressure (IOP) in animal models. Resolution provided
two enantiomers which differed 100-fold in potency, as
determined in a functional enzymatic assay (ICsp), and
affinity, as measured in a competition assay versus dansyl
amide (K;) (Table 4).

Both the more active S- and the less active R-enanti-
omers were cocrystallized with HCA II (Figures 11 and

20 21

12). The X-ray crystallographic results allowed the
structure of the bound ligands to be compared with the
aim of understanding this 100-fold difference in affinity.
With both enantiomers, the sulfonamide group was
coordinated to the zinc at the catalytic site through the
presumably deprotonated sulfonamide nitrogen while the
thiophene ring lay between the hydrophobic and hydro-
philic walls of the active-site cavity. Both enantiomers
placed the alkyl amino group in the less favored pseudo-
axial orientation. Ab initio calculations at the 6-31 G*
level suggest that the pseudoequatorial conformer would
be preferred by about 1 kcal/mol. The potential for
hydrogen bonding between both enantiomers and the
enzyme involved one oxygen of the SO; and the side chain
of Glu 92, a polar interaction also was possible between
the second oxygen of the SO; and the aromatic ring of Phe
131.

The overall geometry of the two inhibitors was similar
and analogous to the thiadiazole sulfonamide of aceta-
zolamide. However, twosignificant differences were found
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Table 4

compound

Iso (nM) HCAIL K; (nM) HCATI

HaG-Clly 0.54 0.61
hNI

]

45 T

between the enantiomers. The first involved the N-S-
C-S dihedral angle which was 150° for the S-enantiomer
and 170° for the R. This represents a 20° twist of the
thiophene ring in the R-isomer relative to the 5. Ab initio
molecular orbital calculations at the 3-21 G* (Gaussian
88) level suggest that the preferred dihedral angle is 72°;
this implies that the angle formed in the S-enantiomer,
while not ideal, is preferred by a AH of 1 kcal/mol. A
second conformational difference between the two enan-
tiomers involved the geometry of the 4-isobutylamino
substituent. The side chain is trans in the S-enantiomer
and gauche in the R. Abinitio calculations at the 3-21 G*
level suggest that the trans geometry should be preferred
by 1 kcal/mol. These two conformational features, dif-
ferences in the NSCS dihedral angles and the trans vs
gauche geometry of the side chain, can account in large
measure for the 100-fold difference in affinity and potency
observed experimentally for the two enantiomers (Figure
13).M

Optimization of Inhibitors. Since accommodation
within the active-site cavity requires the isobutylamino
group to be oriented in the higher energy pseudoaxial
conformation, enhanced affinity could presumably be
obtained by decreasing this energic penalty. In one such
approach, that of conformation preference, amethyl group
was introduced into the 6-position of the thienothiopyran
ring system; ab initio calculations suggest that this should
eliminate the pseudoequatorial preference. To counter
the enhanced lipophilicity introduced by the methyl
substituent, the 4-isobutylamino group was modified to
an ethylamino moiety. All of the four possible optical
isomers were prepared and cocrystallized with HCA II,
and the structure of each complex was determined by X-ray
crystallography. AsshowninTable 5, the isomer with the
greatest inhibitor potency and affinity had the trans S,S-
configuration and a K; value of 0.37 nM. The structural
information gained from X-ray crystallography established
that the major difference in the conformation of the four
optical isomers as bound within the active site was the
thiophenesulfonamide NSCS dihedral angle. This torsion
angle ranged from 140° for the S,S-isomer to 175° for the
R,R form (Figure 14).

Calculations at the 3-21 G* ab initio level suggests this
35° difference amounts to ~1.5 kecal/mol favoring the S,S-
isomer over its R,R-enantiomer. This feature alone
accounts for the 20-fold difference found experimentally
between the two optical isomers. Likewise, the difference
in affinity observed between the two cis isomers can be
accounted for by differences in the NSCS dihedral angles.

X-ray crystallographic analysis indicated that the 6-
methyl group was immediately abave a lipophilic groove,
one wall of which is formed by Phe 131. In theory,
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Figure 10. Comparison of A-77003 with its deshydroxy analogue,
A-T8791: (A, top) chemical structures and inhibition constants
for HIV PR; (B, bottom) overlay of inhibitor structures after
superposition of the enzyme active sites from the structures of
the two inhibitor-enzyme complexes; the two inhibitor structures
agree to within 0.15 A rms for all non-hydrogen atoms.** Atoms
are color-coded by type.

Table 5
HMN J
g S
HC” g
HEAT dihedral AH

compound Is (nM) K;(nM) angle (deg) NSCS (kcal/mol)
trans S,S 0.23 0.37 140

cis S,R 1.1 2.0 153 0.5
trans R,.R 7.1 5.5 175 1.5
cis R,S 29.5 15.3 168 1.5
MK-417 S 0.54 0.61 150 0.5

extending the size of this alkyl substituent should increase
thenonbonded interaction with the enzyme. Asindicated
in Table 6, increasing the size of the substituent from
methyl to ethyl to propyl results in only a modest
improvement in affinity for the trans S,S-enantiomers
whereas a 10-fold enhancement in K; was observed with
the cis S,R-isomers. Modeling studies suggest that failure
to improve potency in the trans series is likely due to
negative 1,5-synpentane interaction that occurs between
the side chain and the lower oxygen of the ring sulfone.
Thus, a balance between the increased lipophilic interac-
tion is compensated by a negative steric interaction
estimated to be ~1.5 kcal/mol by ab initio calculations
using a 3-21 G* basis set. With the cis S,R-isomers,
modeling suggests that the 6-alkyl substituent can engage
innonhonded interactions in the lipophilic groove without
unfavorable steric interaction with the sulfone oxygen.
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Table 6
HN J HN J
,(jf%-sozw2 m'sozNHz
S S RY s S
R O, O,
trans S,S cis S,R

R KimM)HCATI R K;i(mM) HCA II
HsC 0.37 H;C 2.0
CyH; 0.3 C,H; 1.0
CsH, 0.14 C3;H, 0.17

Table 7
R
HIN
m— SOZNHZ
H,e” 8”7 8
O,
R KimM)HCAII AH (kcal/mol)

H 1.52

CH; 1.88

C;H; 0.37 1

In all of the examples studied by X-ray crystallography
in this iterative approach, the side chain of His 64 rotated
3.1 A from its position in the native enzyme. His 64 is a
key residue in the enzymatic active site of CA II through
its hydrogen-bound waters. This amino acid is believed
tobeacritical elementinthe protonshuttle which operates
as part of the catalytic mechanism.’28¢ To determine if
this movement of the His 64 side chain, induced by the
4-alkylamino group was a positive factor in binding, the
size of the substituent was reduced from ethyl to methyl
to hydrogen. As shown in Table 7, the 4-amino and
4-methylamino derivatives have 5-fold lower affinity for
HCA II than the 4-ethylamine analog. X-ray crystal-
lography established that only the 4-ethylamino example
induced movement of His 64, and this movement appeared
to be associated with the loss of one ordered water molecule.
This suggests that the loss of ordered water from the
hydration layer around His 64 and the resulting increase
in entropy is responsible for the 5-fold enhancement in
affinity found with the larger 6-substituents.

Summary. Thisiterativeapproach with multiple X-ray
crystallographic analyses established several factors which
determine the relative affinity of the thienothiopyran-
sulfonamides for HCA II. Theseincludethe conformation
the inhibitor must adopt in order to be accommodated
within the active-site cavity, the polar interactions between
the inhibitor and Glu 92, Phe 131, the rotation of the side
chain of His 64 with the displacement of an ordered water
molecule and lipophilic interactions between the 6-sub-
stituent and the surface of the enzyme. Differencesin the
experimentally determined affinities of these ligands for
HCA II can be rationalized by comparing the structures
of the enzyme inhibitor complexes in light of these
determinants.

Crystal Structure-Based Design of Novel
Inhibitors of Thymidylate Synthase

Background. Protein structure-based drug design as
it is currently practiced begins with the structure of the
target protein solved to atomic resolution using X-ray
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crystallography. The key to the success of this approach
isits iterative nature in that each cycle of design, synthesis,
and bioassay is followed by the determination of the high
resolution structure of the ligand complexed with the target
protein (Figure 1,red cycle). The approach is general and
can be applied to any protein or enzyme for which suitable
crystals can be grown.

It can be utilized for two distinct purposes. The first,
and probably the most powerful, is de novo design,
essentially the design of completely novel chemical
structures fromscratch. The structures are designed using
the empty active site, created by removing an existing
ligand from the protein structure on a graphics machine,
and are conceived using the protein structural information
asthe primary guide. Such a process allows for the design
and discovery of structurally unique classes of lead
compounds.

The second use of the iterative design process is analogue
design or lead optimization. This process begins with the
structure of the target protein complexed with a lead
compound, sourced from de novo design as described
above, the chemical or patent literature, or from arandom
screening of libraries of organic molecules. Analysis of
the complex of the lead and target protein results in the
design of analogues intended to optimize the chemical or
biological properties of the lead. Such properties could
include intrinsic enzyme inhibition, plasma protein bind-
ing, water solubility, cell permeability, and ease of
metabolism. The optimization process is itself iterative
and has advantages over traditional structure-activity
approaches because the designer knows which portions of
the lead interact directly with the protein and which do
not. This important information can be used to design
modifications to the lead that alter drug properties without
compromising inhibition. Taken together, these two
design modes result in an integrated lead design and
optimization drug-discovery method.

Strategies for de Novo Compound Design. Once a
particular protein structure has been solved, and before
the design process can begin, the active site must be
characterized as discussed above. This characterization
process is critical to the early phases of this type of
discovery program because contained within any protein
structure is an enormous amount of information that, if
extracted in a systematic fashion, can by exploited for the
purposes of design. Both the morphological and electronic
properties of the design site are evaluated. This will guide
design decisions on the size of substituents, where to place
rings, and how to complement discreet or partial charges.
In addition, correct orientation of bound water molecules
and other hydrogen bonding functionality is established.
Finally, a qualitative feeling for the flexibility of active-
site side chains and backbone atoms is assessed using
temperature factors. Information relating to the flexibility
of the protein can greatly influence design decisions
particularly with respect to the bulkiness of particular
substituents.

During a de novo design exercise, filling space is one of
the most important properties a novel lead must possess.
Once a large portion of the available space is filled by a
new skeleton, a hydrogen-bonding functionality can be
placed to complement those functional groups presented
either by the protein or water molecules. Each bound
water molecule is considered individually and may or may
not be displaced. Conformational energy calculations are
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Figure 11. The bound conformation of S-2 within the active site of HCA II as determined by X-ray crystallographic studies.

performed on each design idea in order to determine both
the internal and desolvation penalties required for the
new ligand to attain its binding conformation inside the
protein. The internal energy that is required for the small
molecule to reach its binding conformation is energy lost
in binding. New design ideas are prioritized on the basis
of a combination of the above design criteria in addition
to ease of synthesis and classical medicinal chemistry
principles. The ones with the highest scores are synthe-
sized.

In a structure-based design program, the criteria for
defining a lead compound is different from a more
traditional approach. Inorder to be useful, an initial lead
compound must have a solubility in the crystallization
drop of at least 10 times its inhibition constant. Itismore
important that a compound be amenable to crystallization
with the target protein than that it have a tight binding
constant. However, from a practical point of view,
compounds with inhibition constants lower than 100 uM
aredesired. Inaddition,early compoundsin aseriesshould
be somewhat flexible and have positions for further
elaboration. One does not wantto designalead compound
that has all of the positions on a ring substituted and
therefore have no room to place substituents during the
optimization process.

The design of somewhat flexible leads is highly desired
because the positions of protein atoms, even in a highly
refined structure, are generally only accurate to 0.2-0.4 A.
Allowing the ligand and the protein to adjust during the
binding process can increase the likelihood of optimal
overlap. Designated interactions that are placed too rigidly

might not be optimal because of even small errors in the
positions of atoms in the protein structure. As the design
and synthesis cycles progress, rigidity can be built into
new ligands once the geometry of desired interactions has
been well defined.

De Novo Design of a Novel Thymidylate Synthase
Inhibitor Series. The initial area of interest has been
in the design of novel inhibitors against the enzyme
thymidylate synthase (TS).8%86 TS is the rate-limiting
step is the conversion of deoxyuridylate monophosphate
(dUMP) to thymidylate monophosphate. Inhibitors of
TS have been shown to be broad-spectrum antiprolifera-
tives and in particular antitumor agents. TS binds two
ligands, the substrate dUMP and the cofactor 5,10-
methylenetetrahydrofolate. All of the design work which
will be described was conducted in the cofactor binding
pocket using the structure of the E. coli TS complexed
with 5-fluoro-2’-deoxyuridylate.

Using a Connolly surface and the methyl probe GRID#
contours shown in Figure 15 as a guide, a naphthalene
ring was positioned into the deep part of the active site
such that a maximum overlap occurred between the
aromatic ring and the GRID map. Next, the naphthalene
ring was used as a scaffold, and hydrogen bonding groups
were placed in the 1- and 8-positions to complement an
aspartic acid with an NH and a bound water molecule
with a carbonyl oxygen. Linkage of the two hydrogen-
bonding groups gave a benz[cd]indole ring. Empty space
off the 6-position of benzindole ring was filled with a
dialkylated nitrogen atom. A nitrogen atom was used as
the linker atom because it would not create a chiral center
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Figure 12. The bound conformation of R-2 within the active site of HCA II as determined by X-ray crystallographic studies.

when substituted, and changing its substituents for
subsequent designs could be accomplished by simple
alkylation chemistry. The fit of this initially designed
fragment isshown in Figure 16 superimposed oh the methyl
probe from GRID. In order to fill the remaining space at
the opening of the active site, a benzyl group was used as
one of the nitrogen alkyl substituents. To complete the
molecule, a solubilizing group (in this case a basic
piperazine ring) was placed at the 4-position of the benzene
ring. Modeling indicated that the piperazine ring would
sit at the interface of protein and bulk solvent. Shown in
Table 8 is the initial lead compound 22 along with its
inhibition constants against human T'S. Solution of the
crystal structure of compound 22 complexed with E. coli
TS was accomplished and is shown in Figure 17. Com-
pound 22 was found to bind in a similar fashion to the
original model with one major exception. In the actual
fitted structure, the lactam carbonyl oxygen makes an
unfavorable interaction with the Ala 263 carbonyl oxygen
and as a result moves the Ala 263 oxygen about 1 A from
its previous position. This movement breaks a hydrogen-
bond between water 430 and Ala 263 carbonyl oxygen and
the water is displaced by the lactam oxygen of the
benzindole. It appears that the naphthalene ring wedges
itself deeper in the pocket than the model because of more
favorable hydrophobic interactions at the top and bottom
of the active site. It accomplishes this at the expense of
water 430.

Optimization of the New Inhibitor Series. Analysis
of this structure resulted in the design of a second
generation compound 23 shown in Table 8. Replacement

of the lactam carbonyl oxygen with a nitrogen atom was
intended to accomplish two goals. The first was that the
lactam would be converted to an amidine functionality
which should be protonated while bound and therefore
make a charged hydrogen bond with Asp 169, and second,
the exocyclic NH; of the amidine should be an excellent
hydrogen-bond donor to the Ala 263 carbonyl oxygen. Since
hydrogen-bonding atom distances are inside their respec-
tive van der Waals radius, the Ala 263 carbonyl oxygen
should be able to move back to its original position and
restore the hydrogen bond to water 430. The result would
be that the empty space left by the displaced water in the
compound 22 complex would be filled. This single atom
change resulted in an improvement in binding of roughly
a factor of 50 (see Table 8).

The structure of compound 23 complexed with E. coli
TS is shown in Figure 18. Analysis of this structure
revealed the assumptions to be correct. The water 430
had returned and was hydrogen bonded to Ala 263 carbonyl
oxygen. The NH; of the amidine was hydrogen bonded
to both Ala 263 carbonyl oxygen and water 430. In
addition, there was a hydrogen bond between the ami-
dine and Asp 169 as predicted.

Using the structure of compound 23 as a guide, a number
of derivatives intended to fill remaining space in the deep
part of the active site and at the protein solvent interface
were designed. Compound 25 has two additional methyl
groups on the benzindole ring, both intended to fill the
remaining hydrophobic space, and the inhibition constant
of this compound is 2 nM against the human enzyme.
Compound 24 has replaced the original piperazine ring
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Figure 13. A superposition of the bound conformation of S-2 (white) and R-2 (blue) illustrating the difference in the N-S-C-8
dihedral angle and the gauche versus trans geometry of the amino side chain.

Table 8. Rapid Optimization of a Novel Lead
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with a morpholine ring and it, too, is a 2 nM inhibitor of
human TS. For these two inhibitors, this is an improve-
ment of almost 1000 over the initial lead compound 22.
Table 8 shows selected biological data on the four
compounds described. Compound 24 is currently under-
going clinical trials as an antitumor agent.

In summary, an iterative approach to novel inhibitor
design has been used that has as its basis structural
information gained from X-ray crystallography. De novo
design of a novel lead and subsequent optimization has
resulted in a series of novel and potent benz[cd]indole
containing TS inhibitors.

Perspectives for the Future

The previous three sections described examples of the
success that is currently being achieved using structure-
based rational drug design based upon the iterative
determination of experimental three-dimensional protein—
ligand structures. Since this methodology has been in
practice at pharmaceutical companies for at most only
5-10 years, compounds designed using these techniques
are only now entering clinical development.

Successes such as the above are fueling the expansion
of this still young field and fostering the development of
the science and methodology necessary to better design
new compounds. An important and rapidly developing
part of the structure-based design cycle (Figure 1) is the
structure analysis and compound design component. Each
of the examples described different strategies used to
perform this crucial part of the cycle. There are a broad
range of methodologies that have been and are being
developed to take advantage of structural information for
the design of analogs that are of increasing use and interest
to the chemistry community.

It is instructive to consider where the areas of growth
and scientific development are in this field. The major
purpose of the analysis step in the cycle is the design of
the first and subsequent analogs based upon the three-
dimensional structure. In the short term, significant
efforts are being devoted to the development of better
methods for de novo lead structure generation, a critical
need of the medicinal chemists. De novo design is
frequently necessary to find a non-peptide lead to mimic
or antagonize the actions of a peptide ligand, to identify
an alternate series with different pharmacological proper-
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Figure 14. A comparison of the conformation adopted by the four isomers having the 4-(ethylamino)-6-methyl substituents (Table
5) illustrating the differences in the N-S—C-S angle required for accommodation of the inhibitors within the active site cavity of HCA
IL.

Figure 15. Stereo drawing showing the deep hydrophobic portion of the E. coli active site of thymidylate synthase. Shown in purple
are the contour maps from GRID, indicating the areas of the active site that are most favorable for a hydrophobic functionality.

ties, or to provide a versatile means for developing a novel
geries with a consequent strong patent position. Many
groups are currently engaged in developing a broad and
complementary range of methods to perform de novo
design based upon the three-dimensional structure of the
protein target-ligand complex.58-91

Another area of research of considerable importance
involves the evaluation of the ligand—protein interactions
within the context of a three-dimensional structure of the
complex. Better methods are needed to help predict new

analogs to be synthesized on the basis of the structural
information, providing answers to such questions as:
Where are the sites for additional methyl groups that will
give a 10-fold increase in potency? Which hydrogen-
bonding properties need to be satisfied to improve
selectivity? What substituent will properly fill a particular
hydrophobic pocket?

Central to the above problem of analog and lead design,
indeed to full utilization of the structural information, is
the proper evaluation of the free energy of binding of the
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Figure 16. Stereodrawing showing the structure of the initially designed benz[cd]indole ring overlaid onto the GRID contours in

the active site of T'S.

Figure 17. Stereodrawing showing the crystal structure of compound 22 complexed with E. coli TS. The position of water 430 has

been displayed for illustrative purposes only.

e

Figure 18. Stereo drawing showing the crystal structure of compound 23 complexed with E. coli T'S. Important hydrogen bonds are

indicated with white dashed lines.

ligand to the protein enzyme or receptor. Since both
inhibition and antagonism are generally directly related
to the energetics of binding of the ligand, calculation of
this quantity is crucial to structure-based drug design.
The limitation that currently exists in the ability to
correctly calculate such energies is what makes it so
essential today to use an iterative scheme requiring
redetermination of the experimental structure of the

protein-ligand complex, such as was described and utilized
in the previous sections. If the conformation and associ-
ated energetics of binding could be properly computed,
experimental structures would not be so necessary. Much
effort is being expended in many laboratories to improve
our ability to calculate these free energies to predict binding
constants and thereby inhibitory or antagonist poten-
cies.92% When it is possible to perform this calculation



1052 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 8

in a reliable manner, structure-based drug design will
become an indispensable part of the drug discovery process.

Looking further in the future, the advent of the human
genome project is beginning to provide an explosion of
sequence information on new potential protein targets for
drug discovery. The enormous rate at which these
sequences are being and will be developed suggests that
experimental structure determinations for these proteins
will lag years to decades behind the sequence data. It is
crucial therefore to expand on the ability to derive the
three-dimensional structure of a protein fromits sequence.
Unfortunately, the general protein folding problem is likely
toremain difficult to solve in the foreseeable future,100-104
However, homology methods!®! do exist for constructing
model structures for proteins by extrapolation from
experimentally derived structures of related proteins with
homologous, or similar, sequences. These methods are
likely to become increasingly more important to provide
three-dimensional structural information rapidly from
sequences. While this can be done at the present time,
the structures are in general only approximate, and many
of the structural details are not quite correct, limiting its
usefulness in drug design, where accurate details are often
critical.1?2 Significant advances are needed to properly
improve and refine these models. Required are both
accurate energy evaluation of the protein structures,
especially the conformations of external loop seg-
ments,195-112 g5 well as robust strategies to deal with the
multiple minimum problem,!13-116 je, that there exist
many local minima to the energy function of the protein
and it is therefore very difficult and time consuming to
find the correct one. Proper refinement procedures,
however, would make these models sufficiently accurate
for drug-design purposes and greatly expand the possible
targets in which structure-based drug design would be an
effective aid to the medicinal chemist.

The current successes reported here and elsewhere in
the literature, combined with the promise of even more
exciting results as the field advances, further indicate that
structure-based drug design is a method that is likely to
have a significant impact on rational drug design and
provide new and better therapeutic agents more effectively
and more efficiently in the foreseeable future.
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