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We have previously reported (Newlander et al., J. Med. Chem. 1993, 36, 2321—2331) the design
of human immunodeficiency virus type 1 (HIV-1) protease inhibitors incorporating C; mimetics
that lock three amino acid residues of a peptide sequence into a y-turn. The design of one
such compound, SB203238, was based on X-ray structures of reduced amide aspartyl protease
inhibitors. It incorporates a y-turn mimetic in the P,—P,’ position, where the carbonyl of the
C; ring is replaced with an sp® methylene group yielding a constrained reduced amide. It
shows competitive inhibition with K; = 430 nM at pH 6.0. The three-dimensional structure of
SB203238 bound to the active site of HIV-1 protease has been determined at 2.3 A resolution
by X-ray diffraction and refined to a crystallographic R-factor (R = X|F,| — |F.|/%|F,|, where F,
and F are the observed and calculated structure factor amplitudes, respectively) of 0.177. The
inhibitor lies in an extended conformation in the active site; however, because of the constrained
geometry of the C; ring, it maintains fewer hydrogen bonds with the protein than in most
other HIV-1 protease—inhibitor complexes. More importantly, the inhibitor binds to the enzyme
differently than predicted in its design, by binding with the P,—P;" a-carbon atoms shifted by
approximately one-half a residue toward the N-terminus from their presumed positions. This
study illustrates the importance of structural information in an approach to rational drug

design.

Introduction

Traditionally, the discovery of drugs has focused on
screening for lead compounds in nature and synthetic
chemical libraries. Although screening continues to be
a powerful tool in drug discovery, knowledge-based or
“rational” approaches have gained substantial accep-
tance, either to complement screening or for use inde-
pendently in the design of novel therapeutic molecules,
particularly enzyme inhibitors.! In the design of en-
zyme inhibitors, the success of the rational approach is
greatly accelerated by knowledge of the target enzyme’s
three-dimensional structure, preferably in the liganded
state. This knowledge is not only useful for the design
of an initial lead molecule, but can also help in lead
optimization through iterative cycles of structure de-
termination and chemical synthesis. Previously, we
reported the design and synthesis of novel inhibitors of
human immunodeficiency virus type 1 (HIV-1) protease
incorporating y-turn mimetics.? As a step toward the
design of better such inhibitors, we report herein the
determination and analysis of the crystal structure of
one of these inhibitors bound to HIV-1 protease.

HIV protease is a 99-amino acid protein whose
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function is vital for proper assembly and maturation of
HIV,3 the causative factor of acquired immunedeficiency
syndrome, AIDS.# This protease processes the gag and
gag-pol polyproteins into mature structural proteins and
the enzymes needed for viral replication: reverse tran-
scriptase, integrase, and the protease itself. The critical
role of the protease makes it an important therapeutic
target, where inhibition of the enzyme by synthetic
inhibitors during infection in vitro has been shown to
reduce the amount of infectious viral particles pro-
duced.® HIV protease is active as a homodimer and is
classified as a member of the aspartyl protease family
on the basis of its kinetic profile® and active-site
sequence similarity”® and structural homology® to the
well-characterized, monomeric enzymes renin and pep-
sin.

Since the initial characterization of this enzyme, rapid
progress has been made toward the development of
highly potent peptide analog inhibitors in which the
scissile amide bond of the substrate is replaced by a
nonhydrolyzable isostere with tetrahedral geometry to
mimic the putative transition state of the aspartic
protease-catalyzed reaction. These would include sta-
tine, hydroxyethylene, diflucroketomethylene, phosphi-
nates, hydroxyethylamine, and reduced amide isosteres
and have been reviewed elsewhere.l%11 Additionally,
pseudosymmetric and Cp symmetric inhibitors have
been designed to take advantage of the Co symmetric
nature of this protease.l? Recently, C2 symmetric non-
peptide cyclic ureas have been developed in an attempt
to mimic the structural water molecule anchoring the
flaps and provide a positive entropic effect with the
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Figure 2. Compounds III and VI, numbered according to
nomenclature of Newlander et al.2

conversion of a flexible, linear inhibitor into a rigid cyclic
structure with restricted conformations.!® Conforma-
tional restrictions have also been attained through
incorporating constrained macrocyclic ring structures
into peptide-based inhibitors in an effort to gain an
entropic advantage and enhance stabilization toward
proteolytic enzymes and increase target enzyme speci-
ficity.14

Conformational constraints can also be enacted
through secondary structure mimetics that force linear
peptide sequences into various defined turn conforma-
tions.!® Specifically, a C; mimetic has been designed
that locks three amino acid residues of a peptide
sequence into a y-turn conformation (Figure 1).16 In this
respect, while the peptide backbone of aspartyl protease
inhibitors in general and HIV protease inhibitors in
particular is extended, there is a pronounced kink at
the scissile bond mimetic that is suggestive of a back-
bone conformation resembling a y-turn.” This is espe-
cially true for reduced amide bond inhibitors, an obser-
vation not surprising since reduced amide bonds have
been shown to be comparable with y-turns in both small
molecule X-ray crystal studies!® and theoretical calcula-
tions.1® With this in mind, Newlander et al.? prepared
compounds III and VI (SB203238) incorporating a
y-turn mimetic between the P; and Py’ positions (Figure
2). Compound III was found to be a competitive
inhibitor with a K; of 147 uM. Reduction of the amide
bond in the C; mimetic resulted in the novel constrained
reduced amide mimetic VI with a K; of 430 nM.
Additionally, this was also found to be 44-fold better
than a similar linear reduced-amide containing inhibi-
tor.29 These kinetic data suggested that the C; mimetic
fits the active site and may be acting as a conforma-
tional mimetic. In order to explore this possibility, we
embarked on determination of the crystal structure of
HIV-1 protease complexed with compound VI and
determined that it does not bind to the active site as
previously predicted.
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Table 1. Data Collection and Processing Statistics for the
HIV-1-VI Complex

space group P6,;

cell dimensions a=6344A
b=6344
c=839A
a = 90.0°
B =90.0°
y =120.0°
molecules/asymmetric unit 1 dimer plus inhibitor
resolution limit 2.3
no. of measured reflections 36 970
no. of unique reflections 8051
data completeness
«—2.3 A 94%
Ry 9.5%

@ Roym = 23yn) — L)/ ZLim), where Iip, is the intensities of
multiple measurements of reflection 2 and (I3 is their mean.

Results and Discussion

Crystallographic Refinement of the Structure.
The details of data collection and reduction are sum-
marized in Table 1. Preliminary phases for the complex
were derived from the isomorphous A74704 inhibitor—
HIV-1 protease complex.?? Using the least squares
refinement program PROLSQ,?? a few cycles of rigid-
body refinement using data from 10.0 to 3.0 A resolution
for reflections with |F,| > 30|F,| (where F, is the
observed structure factor amplitude) were initially done
to obtain the optimal position and orientation of the
model. This was followed by several cycles of least
squares refinement where data with reflections |F,| >
20|F,| were added in 0.2 A increments to a final
resolution of 2.3 A, bringing the residual to 25.2%. At
this point, Fourier maps with coefficients {F, — F| and
|2F, — F.| (where F. is the calculated structure factor
amplitude) were calculated and displayed on a Silicon
Graphics Onyx workstation. The electron density of the
protease dimer was uniformly clear; however, that for
the inhibitor was somewhat discontinuous.

A model of VI was positioned in the electron density,
using the graphics program CHAIN.23 The starting
model was an energy-minimized structure obtained with
the program MacroModel (version 4.5) using the AM-
BER force field,?* in which the nitrogen atom in the
7-membered ring was protonated. Model adjustment
to conventional |F, — F.|, |2F, — F.|, and |3F, — 2F;|
maps failed to resolve ambiguity in the placement of
the inhibitor. However, this uncertainty was consider-
ably lessened by the calculation of simulated annealing-
refined omit maps,? using the program X-PLOR,?% in
which the inhibitor plus a 2 A radius around it were
omitted from the structure factor calculation. The
atoms in a 3 A radius around the omitted region were
harmonically restrained in order to prevent them from
moving into the omitted region. Subsequent maps
calculated using this procedure allowed a clear delinea-
tion of the inhibitor conformation. Additional simulated
annealing-refined omit maps were calculated. They
allowed the identification of residues with large devia-
tions from ideal geometry and permitted straightfor-
ward adjustment of these residues. Water molecules
were included in the refinement if they were at 3o above
the averaie density and eliminated if the B-factor rose
above 30 A%, A summary of the details of refinement is
outlined in Table 2.

Description of the Overall Structure. The protein
portion of the HIV-1 protease—VI complex is nearly
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Table 2. Refinement Statistics for the HIV-1-VI Complex

resolution range 10-2.3 A
no. of reflections |F| > 20]|F)| 6831
no. of protein atoms 1525
no. of inhibitor atoms 42
no. of solvent atoms 33
R-factor® 17.7%
rms deviations from ideal geometry
bond lengths 0.018 A
bond angles 3.545°

@ R-Factor = Y||F,| — |F.|I/%|F,|, where |F,| and |F.| are the
observed and calculated structure factor amplitudes, respectively.

identical with that of previcusly reported HIV-1 pro-
tease—inhibitor complexes. Superposition of a-carbon
atoms from this protease dimer structure with those
from other complexes gave root mean square deviations
ca. 0.5 A. The electron density (Figure 3) shows clear
delineation of the inhibitor, particularly the benzyl side
chain extending off the 7-membered ring. Originally,
compound VI was a separable mixture of diastereomers
where the chirality around the i+1 carbon (Figure 1)
was unknown.? Examination of the electron density
shows this benzyl ring substituent to be in an S
conformation at that position. The electron density also
reveals some disorder around the y-turn mimetic, where
precise placement of the part of the ring opposite the
benzyl substituent was not possible (Figure 3). This
disorder is consistent with the results obtained from the
Monte Carle?* simulation performed on the simplified
7-membered ring of the mimetic. The simulation pre-
dicted seven low-energy ring conformations within 5
kcal/mol of the global minimum (Figure 4), of which the
one with the lowest energy corresponded to the confor-
mation of the 7-membered ring bound to the enzyme.

Binding of the Inhibitor. Compound III was
designed on the basis of examination of crystal struc-
tures of complexed reduced amide aspartyl protease
inhibitors?” and, in particular, the HIV-1 protease
inhibitor MVT-101 (N-acetyl-Thr-Ile-Nle-W[CH,-NH]-
Nle-Gln-Arg-amide),?® where it was observed that these
compounds were binding to the aspartyl proteases in a
C; conformation, as can be seen in Figure 5. As
mentioned above, compound III showed competitive
inhibition (K; = 147 uM) and improved binding relative
to the linear substrate analog, leading to the hypothesis
that it was binding as a conformational mimetic.2 On
this basis, the carbonyl of the C; mimetic was replaced
with an sp® methylene group, affording the constrained
reduced amide VI. This compound was meant to both
stabilize the binding to the protease active site and
provide an sp® center that might engage the catalytic
aspartyl groups, thus improving the affinity of the
inhibitor. This was done in analogy to work with linear
inhibitors where reducing the amide bond, and therefore
incorporating the tetrahedral transition-state geometry
found during amide bond hydrolysis, has long been
recognized as an efficient method in the development
of protease inhibitors.?® Compound VI was subse-
quently shown to be a better inhibitor of HIV-1 protease
with a K; of 430 nM, providing a 300-fold improvement
in inhibitory potency over III, thus lending validity to
the transition-state hypothesis. However, the confor-
mation of the inhibitor in the crystal structure indicates
otherwise.

Figure 6 shows the binding of compound VI to the
active site of HIV-1 protease. Like other peptide analog
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inhibitors of HIV-1 protease, it is in an extended
conformation in the active site. The similarity ends
there, however, in that our inhibitor engages in few
hydrogen bonds with the protein and sclvent, mainly
because of the unusual conformation of the inhibitor
backbone caused by the y-turn mimetic ring. Only four
inhibitor heteroatoms engage in hydrogen bonds with
the protein either directly or through the centrally
located water molecule, found in all HIV-1 protease—
inhibitor complexes. Unlike other HIV protease—
inhibitor complexes, however, this water molecule is not
tetrahedrally coordinated, but instead it maintains only
one of the two hydrogen bonds with the inhibitor, that
at the carbonyl oxygen of Vals¥l. This result is not
surprising since the mimetic replaces the P,~P; amide
bond with a trans double bond. In many HIV-1 protease
inhibitors, it is the P; carbonyl group that makes an
important conserved hydrogen bond to the central water
molecule, which in turn is hydrogen bonded to Ile50 in
the flap, forming part of the hydrogen bond network that
holds the flap down over the inhibitor.

The compound VI-HIV-1 protease structure also
shows that there is only one hydrogen bond with a
catalytic aspartate residue, where the carbonyl oxygen
of Ala,"! is engaged in a hydrogen bond (3.3 A) with
the carboxylic acid moiety of Asp25. Notably, this sp®
carbonyl oxygen is not positioned such that acid hy-
drolysis could take place. Because of the geometry
imposed by the y-turn mimetic, there is only one
hydrogen bond between the inhibitor and the protease
along P; to P;. This is in sharp contrast to the
numerous hydrogen bond interactions at these sites
between HIV-1 protease and the linear reduced amide
inhibitor MVT-101, where there are six hydrogen bonds
extending from the main chain to the protein. It is, also,
noteworthy that the nitrogen atom of the 7-membered
ring makes no interactions with the protein. A sche-
matic representation with distances of potential hydro-
gen bonds between compound VI and residues of the
active site cleft is shown in Figure 7.

Despite the constrained geometry, the inhibitor does
engage in favorable van der Waals contacts with hy-
drophobic residues in the binding site of the enzyme.
Geometry of the C; ring allows the side chain of Ala,"!
to engage in favorable interactions with Ile84’, and the
inhibitor is positioned such that Val;¥! and Valg¥!
engage in favorable hydrophobic contacts at the S;” and
Sy’ enzyme-binding sites. However, comparison with
MVT-101 (Figure 8) shows that although compound VI
has a similar extended backbone conformation, the
geometry imposed by the C; ring permits fewer favor-
able hydrophobic interactions in the S;—S; pockets.
Specifically, positions of the B-carbon atoms of AlayV!
and PhesV! are different by ca. 1 and 1.5 A from those
of the Ile and Nle residues in MVT-101, respectively.
Also, the benzyl ring of PhezV! is extending toward the
solvent by 2.5 A as compared to Nle in the Py position
and thus avoids additional van der Waals contacts with
Ile84 and Ile50".

Most important, however, Figure 8 shows the reduced
amide within the C; ring to be far from the reduced
amide in MVT-101. It is not, as had been predicted,?
positioned between the catalytic aspartate residues as
if mimicking a transition state intermediate and is
instead 1.6 A from the reduced amide of MVT-101.
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Figure 4. Overlay of the seven low-energy conformations of
the simplified mimetic.

Structural Implications of Inhibitory Potencies
of y-Turn Mimetics. In spite of the constrained
geometry imposed by the C; ring, compound VI does
maintain enough electrostatic and hydrophobic contacts
to provide inhibitory activity that compares quite favor-
ably with the micromolar Ki’s for most published
reduced amide inhibitors.l” Favorable enzyme—inhibi-
tor contacts in the protein binding subsites are maxi-
mized mainly at the C-terminal end of the inhibitor at
Vals;V! and Valg¥! further from the C; ring, where three
of the four hydrogen bonds to the enzyme are found.

In view of the unexpected binding mode of compound
VI in the HIV-1 protease active site, it would be unwise
to speculate on the structural implications of the 300-
fold increase in inhibitory potency of VI over compound
II1, since they may not bind similarly in the active site.
However, if we assume that the two compounds bind to
the active site in a similar manner, then the C; amide
carbonyl will be within 1 A of both the Asp25 6, oxygen
and the Gly27’ carbonyl oxygen. Consequently, the
repulsion between these atoms would cause a confor-
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|F.| electron density map, where |F,| and |F.| are the observed and

mational change within the ring, thereby preventing
most of the favorable contacts seen between compound
VI and the protease in the present structure. Clearly,
only a crystal structure of compound III bound to HIV-1
protease would allow determination of the exact nature
of the interaction.

Conclusions

The rationale in the design of the reduced amide C-;
mimetic VI was based upon crystal structures of com-
plexed linear reduced amide inhibitors and supported
by the kinetic inhibition data, leading to the hypothesis
that the inhibitor was binding to the protease active site
as a conformational mimetic. However, the structure
determination of the VI-HIV-1 complex illustrated that
the C; y-turn mimetic inhibitor is not bound in the
predicted transition-state conformation and instead
appears to be binding in a distorted conformation in
which the P, and P; a-carbon atoms are shifted by
approximately one-half a residue toward the N-terminus
relative to the equivalent residues in the MVT-101
structure. As a consequence, the inhibitor was unable
to take full advantage of many possible backbone
interactions with the protein.

In summary, this study illustrates the importance of
structure determination of enzyme—inhibitor complexes
in order to understand the structure—activity relation-
ship within a series of compounds as part of the rational
design approach.

Experimental Section

Enzyme Preparation. Recombinant HIV-1 protease was
expressed in Escherichia coli and subsequently purified to
apparent homogeneity as previously described.?’3! The syn-
thesis of the inhibitor VI has also been previously described.?
The protease~VI complex was prepared by adding a 3-fold
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Figure 5. Overlay of the X-ray structure of the reduced amide inhibitor MVT-101 with an idealized C; turn, shown in yellow,
with hydrogens removed for clarity. The location of the hydrogen bond in the C; structure is shown in light blue. [Reprinted with
permission from: Moore, M. L.; Dreyer, G. B. Prespect. Drug Dis. Des. 1993, 1, 85. Copyright 1993 by ESCOM Science Publishers

B.V., Leiden, The Netherlands.]

Figure 6. Binding of VI to the active site of HIV-1 protease. The inhibitor is shown in thick lines, and hydrogen bonds are
dashed. The centrally located water, Wat501, is engaged in a single hydrogen bond with the inhibitor. Additionally, the carbonyl
of the P,” Ala residue is hydrogen bonded to a catalytic aspartate residue; however, the skewed geometry does not favor hydrolysis.
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Figure 7. Schematic representation of potential hydrogen
bond interactions between VI, HIV-1 protease, and solvent.
Distances are given in Angstroms.

molar excess of inhibitor per protease dimer and concentrated
to 2.0 mg/mL for crystallography in a buffer containing 50 mM
sodium acetate, pH 5.0, 2 mM EDTA, 5 mM DTT, 5% DMSO,

and 150 mM NaCl. The complex was stored for no longer than
1 week before crystallization experiments were set up.

Crystallization. Crystals were grown by vapor diffusion
in hanging drops.*? Briefly, 1 mL of precipitant solution
containing 16—28% ammonium sulfate and 200 mM sodium
acetate, pH 5.4-5.6, was equilibrated with 3 uL of protein
solution and 3 uL of precipitant at room temperature. Crystals
appeared in 2 days and grew to full size over 1 week. The
crystals were mounted into glass capillaries and used for data
measurement.

Data Collection. Diffraction data were collected on a
Siemens four-circle area detector mounted on a Siemens X-ray
generator operating at 50 kV and 96 mA and reduced using
the XENGEN software.?® The diffraction pattern revealed
symmetry consistent with the hexagonal space group P6,22
or P6, with strong noncrystallographic 22 symmetry reflecting
the 2-fold symmetry of the protein. Space group P6; was
chosen to be consistent with previously published reports of
HIV-1 protease complexes.?*?! The unit cell dimensions are a
=b =634 A and ¢ = 839 A, with the asymmetric unit
containing one complete copy of the complex (a protein dimer
plus an inhibitor). Approximately 37 000 reflections were
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Figure 8. Stereoviews of superposition of compound VI (dark
lines) with MVT-101, where the inhibitor chains run down
vertically from the N- to C- terminus. An r marks the location
of the reduced amide in both structures. Superposition was
achieved by aligning a-carbon atoms of the protease residues
of both complexes.

collected from a single crystal over 2 days and reduced to 8051
unique reflections representing 94% of the data to 2.3 A
resolution.

Energy Minimization. The conformational search of the
simplified 7-membered ring was performed using MacroModel
{Version 4.5).2* Monte Carlo simulation generated 2500 ring
conformations that were minimized using the Amber force field
within a water matrix. Seven conformations were obtained
that were within 5 keal/mol of the global minimum.
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