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ABSTRACT: High-resolution crystal structures are described for seven macrocycles complexed with HIV-1
protease (HIVPR). The macrocycles possess two amides and an aromatic group within 15-17 membered
rings designed to replace N- or C-terminal tripeptides from peptidic inhibitors of HIVPR. Appended to
each macrocycle is a transition state isostere and either an acyclic peptide, nonpeptide, or another
macrocycle. These cyclic analogues are potent inhibitors of HIVPR, and the crystal structures show them
to be structural mimics of acyclic peptides, binding in the active site of HIVPR via the same interactions.
Each macrocycle is restrained to adopt aâ-strand conformation which is preorganized for protease binding.
An unusual feature of the binding of C-terminal macrocyclic inhibitors is the interaction between a positively
charged secondary amine and a catalytic aspartate of HIVPR. A bicyclic inhibitor binds similarly through
its secondary amine that lies between its component N-terminal and C-terminal macrocycles. In contrast,
the corresponding tertiary amine of the N-terminal macrocycles does not interact with the catalytic
aspartates. The amine-aspartate interaction induces a 1.5 Å N-terminal translation of the inhibitors in the
active site and is accompanied by weakened interactions with a water molecule that bridges the ligand to
the enzyme, as well as static disorder in enzyme flap residues. This flexibility may facilitate peptide
cleavage and product dissociation during catalysis. Proteases [Aba67,95]HIVPR and [Lys7,Ile33,Aba67,95]-
HIVPR used in this work were shown to have very similar crystal structures.

Human immunodeficiency virus type-1 (HIV-1)1 is the
causative agent of acquired immunodeficiency syndrome
(AIDS). Since the aspartyl protease enzyme from HIV-1
(HIVPR) is essential for viral replication, it is a target for
therapeutic intervention in the disease (1-3). The enzyme
processes viral proteins from precursors encoded by thegag
andgag-polHIV genes, and its inhibition has been shown
to prevent viral maturation and the production of infectious
progeny virus (4-6).

The crystal structure of the uncomplexed form of HIVPR
was determined in 1989 (7, 8). The first cocrystal structure
of an HIVPR-inhibitor complex was also reported in 1989
(9). Since then, the structures of many HIVPR-inhibitor
complexes have been determined (for reviews, see refs10-
12). Structures of HIVPR complexes have been deposited
in the Protein Data Bank (PDB) (13), and more recently,
the HIV protease database was established (14) (http://www-
fbsc.ncifcrf.gov/HIVdb) as a repository for structures of
HIVPR-inhibitor complexes.

Computer modeling based on crystal structures of known
HIVPR-peptide inhibitor complexes suggests that the
enzyme can accommodate cyclized tripeptide analogues
corresponding to the linear sequences of peptidomimetic
inhibitors. Inhibitors designed in this way would have the
advantage of being conformationally restrained and preor-
ganized for protease binding, binding with reduced entropy.
In addition, the cyclic inhibitors are more resistant to
proteolytic degradation than linear peptidomimetic inhibitors
(15). Furthermore, these constrained macrocycle templates
can be used to independently optimize inhibitor components.
Macrocycles corresponding to both the N- and C-termini of
HIVPR inhibitors have been synthesized and are potent
inhibitors of HIVPR (16, 17).

Here we describe the crystal structures of complexes
formed between HIVPR and seven macrocycles that each
inhibit the enzyme at nanomolar concentrations (Chart 1).
Four of these inhibitors contain macrocycles as mimics for
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N-terminal tripeptide sequences. Two inhibitors have a
macrocycle which replaces a C-terminal tripeptide, and one
compound connects both N- and C-terminal macrocycles via
a hydroxyethylamine transition state isostere to form a
bicyclic surrogate for a hexapeptide sequence. The seven
high-resolution crystal structures reveal the molecular basis
for the effectiveness of using such macrocyclic peptidomi-
metics as components of protease inhibitors and show that
most interactions made by peptides with HIVPR are repro-
duced by the macrocyclic analogues.

EXPERIMENTAL PROCEDURES

Inhibitor and Protein Synthesis and Preparation.Synthesis
of the macrocyclic peptidomimetic inhibitors was carried out
as described previously (15-17). [Aba67,95]HIVPR (SF2
isolate) and [Aba67,95]HIVKI were chemically synthesized
in our laboratories by solid phase peptide synthesis (18, 19).
The two cysteine residues (Cys67 and Cys95) of the native
sequence were replaced with the isosteric analogueL-R-
amino-n-butyric acid (Aba) for ease of synthesis and handling
to yield [Aba67,95]HIVPR (7). This enzyme was fully active
and had the same kinetic properties as the cloned enzyme
(19). [Aba67,95]HIVPR, which we refer to as HIVPR, was
used in the HIVPR-1 cocrystallization experiment. For all
other cocrystallizations, there were two additional changes
to the sequence at autocleavage sites (Q7K and L33I) to limit
autolysis (20, 21). This gave the enzyme [Lys7,Ile33,Aba67,95]-
HIVPR which we refer to as HIVKI. This enzyme retained
biochemical activity and had kinetics similar to those of both
synthetic HIVPR and recombinant HIVPR (HXB2 isolate);
Km values for substrate are 46 (HIVKI), 21 (synthetic

HIVPR), and 45µM [recombinant HIVPR (HXB2 isolate)]
(D. A. Bergman, unpublished). Details of comparative
kinetics will be published elsewhere.

For preparation of the enzyme for crystallization, we
followed the method described by Hui et al. (22) for purifying
and refolding expressed HIVPR from inclusion bodies. The
lyophilized synthetic protein was dissolved in 50% acetic
acid to a concentration of 1.5 mg/mL and then diluted into
25 volumes of 0.1 M acetate buffer (pH 5.5), 5% ethylene
glycol, and 10% glycerol. The diluted enzyme solution was
exchanged into the crystallization buffer [0.1 M acetate buffer
(pH 5.5)] and the protein concentrated to 5 mg/mL using
Centriprep-10 and Centricon-10 ultrafiltration devices (Ami-
con) over a period of 8 h. This method was used for all
enzyme preparations except that used for the HIVPR-1
complex, in which the guanidine refolding and dialysis
method described by Wlodawer et al. (7) was used.

HIVPR Inhibition Assay.Enzyme activity was measured
using a continuous fluorimetric assay described previously
(19, 23). Inhibition of HIVPR was assessed using the
following conditions: 37°C, 100 mM MES buffer at pH
6.5 [containing 10% (v/v) glycerol and 50µg/mL bovine
serum albumin], and 50µM substrate [2-(aminobenzoyl)-
Thr-Ile-Nle-Phe(p-NO2)-Gln-Arg-NH2]. The amino acid con-
tent of inhibitors was quantified, after decomposition (6 N
HCl for 24 h at 110°C) and derivitization, by RP-HPLC
with norleucine as the internal standard.

Crystallization.Inhibitors were dissolved in DMSO at a
concentration of 50-150 mM, depending on the solubility.
The purified and concentrated HIVPR or HIVKI (5 mg/mL)
in 0.1 M acetate buffer (pH 5.5) was mixed with inhibitor
in a volume ratio of 10:1, and left on ice for at least 30 min
prior to crystallization. The final concentrations were∼5 mg/
mL HIVPR (or HIVKI) and 5-15 mM inhibitor.

Crystallization was achieved by the method of hanging
drop vapor diffusion. The enzyme/inhibitor solution was
mixed in a 1:1 ratio with precipitant solution, with final
volumes varying from 1 to 5µL. One milliliter of the
precipitant, consisting of 30-60% ammonium sulfate and
0.1 M acetate buffer (pH 5.4-5.6), was placed in the
reservoir. Rod-shaped crystals appeared in the hanging drop
within 7-10 days and continued to grow over the following
7 days. Crystals used for data collection varied in size from
0.05 mm× 0.05 mm× 0.4 mm (for the HIVPR-3 cocrystal)
to 0.2 mm × 0.2 mm × 0.5 mm (for the HIVPR-1
cocrystal). The average crystal size was 0.1 mm× 0.1 mm
× 0.2 mm.

Data Collection and Data Processing.Crystallographic
diffraction data were measured at 16°C using an RAXIS-
IIC imaging plate area detector with an RU-200 rotating
anode generator. For the HIVPR-1 cocrystal, a graphite
monochromator was used, the crystal-detector distance was
100 mm, and the oscillation range was 3°. For all other
cocrystals, a Yale mirror monochromator with a Ni filter
was used, the crystal-detector distance was 75 mm (except
in the case of the cocrystal with HIVPR-3, where it was 82
mm), and the oscillation range was 2°. Frames were
integrated, scaled, and merged using Denzo and Scalepack
(24).

HIVPR or HIVKI crystals diffract to 2 Å or better and
are isomorphous with previously described cocrystals of
synthetic HIVPR and inhibitor (9, 25). They belong to space

Chart 1: Structures of Macrocyclic Peptidomimetic
Inhibitors of HIV-1 Protease
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groupP212121, with the following unit cell parameters:a )
51.2-51.8 Å,b ) 58.8-59.2 Å, andc ) 61.9-62.3 Å; there
are two HIVPR (HIVKI) monomers (corresponding to the
active homodimer) and one inhibitor molecule in the asym-
metric unit. Statistics from data processing are given in Table
1.

Crystallographic Refinement.Initial phases for each of the
cocrystal structures were obtained by difference Fourier
synthesis using the structures of either the HIVPR-JG365
complex (PDB file name 7HVP) or the structure of the
HIVPR-1 complex (PDB file name 1CPI) as the starting
model. Solvent and inhibitor atoms were removed from the
models prior to the first round of refinement. Refinement
was carried out using XPLOR 3.1 and later XPLOR 3.851
(26), and cross validation was performed with the use of
the R-free values from 10% of the reflections (27) (5% of
the reflections for HIVKI-3). First, simulated annealing
molecular dynamics was performed using the standard
X-PLOR protocol (temperature of 3000 K) to decoupleR
andR-free. Several rounds of X-PLOR refinement (positional
and individualB-factor) and rebuilding using the graphics
program O (28) were carried out on each of the structures.
The parameters used for refinement were those of Engh and
Huber (29). Water molecules were included if electron
density was present at 3σ above the background inFo - Fc

maps and 1σ above the background in 2Fo - Fc maps, and
if at least one hydrogen bonding partner was found within a

radius of 3.4 Å. Three sulfate ions (ammonium sulfate is
used in the crystallization medium) were also identified and
modeled in the structures. A low-resolution cutoff of 8.0 Å
and structure factor amplitude cutoff of 0σF were used. A
high-resolution cutoff was also used in those cases where
the highest-resolution shell had poor values forF/σF and
R-free. Refinement statistics are given in Table 2.

Several residues on the surface of the enzyme are mobile
in the crystal structures. These have been modeled as alanine,
or with two alternate conformations, or with half-occupancy
for side chain atoms. In some cases, enzyme main chain
atoms (Ile50 and Gly51 in the flap region) and inhibitor
atoms were modeled with alternative conformations (see the
text for details).

Coordinates and structure factors of all seven protein
crystal structures have been deposited with the Brookhaven
Protein Data Bank (13) and the HIV Data Bank (14). PDB
file names are as follows: 1b6j for HIVPR-1 (replaces 1cpi),
1b6o for HIVKI-2, 1b6n for HIVKI-3, 1b6l for HIVKI-
4, 1b6k for HIVKI-5, 1b6m for HIVKI-6 (replaces 1mtr),
and 1b6p for HIVKI-7.

Figures were generated using Setor (30), Molscript (31),
and Raster3D (32, 33).

RESULTS

Chart 1 shows seven macrocyclic compounds (1-7) which
we have previously designed and synthesized. They are all

Table 1: Statistics for Crystallographic Data Measurement

HIVPR-1 HIVKI -2 HIVKI -3 HIVKI -4 HIVKI -5 HIVKI -6 HIVKI -7

resolution (Å) 1.85 1.85 1.80 1.75 1.85 1.76 2.0
no. of observed reflections (I/σI > 1) 84427 35422 35879 54139 45805 52836 27045
no. of unique reflections 14847 14904 15458 17359 15429 17002 11387
Rsym

a (top shell)b 0.066 (0.230) 0.073 (0.295) 0.064 (0.293) 0.079 (0.272) 0.065 (0.276) 0.046 (0.276) 0.090 (0.216)
completeness (%) (top shell)b 89.1 (50.4) 89.8 (76.5) 84.6 (66.2) 88.1 (75.9) 91.5 (80.8) 87.5 (71.2) 85.6 (81.0)
I/σI (top shell)b 12.5 (3.9) 9.8 (2.2) 10.4 (2.2) 9.6 (2.5) 10.7 (2.7) 12.3 (2.7) 8.7 (3.5)
mosaicity (deg) 0.25 0.55 0.45 0.3 0.52 0.42 0.20

a Rsym ) Σh(Ih - 〈Ih〉)/Σ〈Ih〉. b The top shell is the highest-resolution shell for each data set. For HIVPR-1 it is 1.92-1.85 Å, for HIVKI-2
1.92-1.85 Å, for HIVKI-3 1.86-1.80 Å, for HIVKI-4 1.81-1.75 Å, for HIVKI-5 1.92-1.85 Å, for HIVKI-6 1.82-1.76 Å, and for HIVKI-7
2.07-2.00 Å.

Table 2: Crystallographic Refinement Statistics

1 2 3 4 5 6 7

resolution range (Å) 8-1.85 8-1.85 8-1.85 8-1.75 8-1.85 8-1.85 8-2.0
no. of protein atoms 1529a 1512a 1581a 1560a 1515a 1556a 1525a

no. of inhibitor atoms 49 46a 45a 39 49 43 52a

no. of water atoms 120 102 115 99 95 95 99a

no. of sulfate atoms 3× 5 3× 5 3× 5 3× 5 3× 5 3× 5 3× 5
no. of reflections (F > 0σF) 14540 14672 14204 17014 15126 14777 11099
R-factorb (top shell)c 0.175 (0.231) 0.193 (0.287) 0.192 (0.287) 0.202 (0.306) 0.209 (0.292) 0.195 (0.282) 0.185 (0.234)
R-freed (top shell)c 0.219 (0.246) 0.223 (0.260) 0.244 (0.308) 0.226 (0.301) 0.239 (0.312) 0.227 (0.262) 0.240 (0.286)
rmsd from ideal

bond lengths (Å) 0.006 0.006 0.007 0.006 0.006 0.005 0.005
bond angles (deg) 1.4 1.3 1.3 1.3 1.3 1.2 1.3
dihedral angles (deg) 27.1 27.2 27.0 26.7 27.0 27.0 26.8
improper angles (deg) 1.48 1.13 1.29 1.21 1.16 1.15 1.15

Ramachandran statistics
% in most favored region 95.5 96.8 95.5 94.2 96.8 97.4 95.5
% in disallowed region 0 0 0 0 0 0 0
coordinate error (Å)e 0.18-0.21 0.19-0.22 0.20-0.24 0.20-0.23 0.21-0.24 0.20-0.22 0.20-0.27
〈B〉 for all atoms (Å2) f 19.4 18.0 21.4 20.8 16.8 22.7 17.6
〈B〉 for inhibitor atoms (Å2) f 18.4 13.6 19.6 17.3 13.1 20.3 18.2

a Including alternative conformations.b R ) Σ|Fo - Fc|/ΣFo. c The top shell is the highest-resolution shell for each data set. For HIVPR-1,
HIVKI -2, HIVKI -3, HIVKI -5, HIVKI -6 it is 1.96-1.85 Å, for HIVKI-4 1.86-1.75 Å, and for HIVKI-7 2.12-2.00 Å. d Cross validation
R-factor using 5-10% of the data.e Coordinate error from Luzzati plot analysis (41). f 〈B〉 is the averageB-factor.

7980 Biochemistry, Vol. 38, No. 25, 1999 Martin et al.



potent inhibitors of HIV-1 protease withKi values in the
range of 0.6-12 nM. The enzyme (HIVPR) used for
determining inhibition constants and for cocrystallization with
inhibitor 1 was chemically synthesized with a sequence
corresponding to the SF2 isolate with cysteines 67 and 95
replaced by isostericL-R-amino-n-butyric acid as used in the
original structural studies of HIVPR-inhibitor complexes
(7, 9, 25). The enzyme used for cocrystallization with
inhibitors 2-7 was also chemically synthesized, but with
two additional mutations to limit autoproteolysis (see Ex-
perimental Procedures). Protein crystal structures for each
of the seven inhibitors complexed with HIVPR were
determined by difference Fourier analysis and refined to high
resolution (Tables 1 and 2). All seven inhibitors bind in a
single orientation in the active site substrate-binding groove
of the homodimeric enzyme. A water molecule (Wat301)
mediates interactions between backbone oxygens of the
inhibitor and backbone nitrogens of enzyme flap residues
Ile50 and Ile150.

An N-Terminal Macrocyclic Mimic for Leu-Asn-Phe.The
macrocyclic inhibitor,1, was computer modeled into the
active site of HIVPR (16) as a possible mimic of the
heptapeptide inhibitor, JG365 (25). The acyclic JG365 has
the sequence Ac-Ser-Leu-Asn-Phe-[(S)-CH(OH)CH2]-Pro-
Ile-Val-OCH3 with a hydroxyethylamine isostere replacing
the peptide scissile bond. Compound1 incorporates a cyclic
mimic of the N-terminal tripeptide Leu-Asn-Phe of JG365
(P1-P3) with the P4 N-terminal group (Ac-Ser) of JG365
removed. The isostere and C-terminal sequence (Pro4-Ile5-
Val6) of JG365 are retained in1, albeit with a C-terminal
amide rather than an ester. This shortened structural mimic
of the acyclic JG365 imitates the function of JG365 by
potently inhibiting HIVPR [for JG365,Ki ) 1.8 nM (19);
for 1, Ki ) 12 nM (16)].

A preliminary structure of the HIVPR-1 complex has
been communicated previously (16), but the more detailed
structure reported here is improved with respect to both
resolution (1.85 vs 2.0 Å) and the final crystallographic
statistics. The quality of the electron density for1 (and the
other six macrocyclic inhibitors) is shown in Figure 1. The
bound inhibitor is well-ordered, having an averageB-factor
similar to that of the enzyme (17-18 Å2). The crystals used
for structure determination of the enzyme complexes with
both JG365 (25) and1 were grown from the same form of
synthetic enzyme ([Aba67,95]HIVPR), allowing a direct
comparison of the binding modes to be made. The enzyme
structures in both complexes are very similar (rmsd of 0.34
Å for all 198 CR atoms). The macrocyclic inhibitor1 and
JG365 bind to the enzyme in a very similar manner (Figure
2) via similar intermolecular hydrogen bonds (Figure 3).
Hydrogen bonds between the enzyme and atoms of the Ac-
Ser N-terminus of JG365 (which is not retained in1) are
replaced with interactions with water molecules in the
HIVPR-1 complex. Differences that are observed between
the HIVPR-bound conformations of JG365 and1 are as
follows.

The isostere hydroxyls of1 and JG365 are separated by
0.6 Å; the hydroxyl of1 is within hydrogen bonding distance
(cutoff of 3.3 Å) of both carboxylate oxygens of Asp125,
but only one of Asp25. Conversely, the hydroxyl of JG365
is within hydrogen bonding distance of both side chain
oxygens of Asp25, but only one of Asp125 (Figure 3).

A hydrogen bond between the Ile5 backbone oxygen of1
and the backbone nitrogen of HIVPR Asp129 is not observed
in the HIVPR-JG365 complex (Figure 3).

The backbone dihedral angles of the P1-P1′ region of
the two inhibitors vary (Table 3).

These apparent differences in binding mode between the
macrocyclic and acyclic inhibitors probably result from the
difference in resolution of the experimental data used for
refinement (HIVPR-1 determined at 1.85 Å and HIVPR-
JG365 at 2.4 Å). However, one difference between the bound
conformations thatis due to the conformational constraints
imposed by the macrocycle of1 is the orientation of the
inhibitor phenyl ring (Figure 2). Theø1 dihedral angles of
this aromatic residue differ by 25°. As a consequence, the
hydrophobic contacts observed between the phenyl ring of
JG365 and atoms from Gly49 and Ile50 are much weaker in
the HIVPR-1 complex, but interactions with Ile184 and
Val182 are stronger than in the JG365 complex.

Atoms forming the macrocyclic link between the aromatic
ring and Asn residue of1 form the most flexible part of the
inhibitor in the HIVPR-1 complex. These atoms have
reasonable electron density (Figure 1) but are less ordered
than the rest of the inhibitor; the two central atoms in the
macrocycle haveB-factors of∼26 Å2. The crystal structure
of HIVPR-1 has a close contact between the macrocycle
atom Cη1 and the side chain Nη2 of Arg108 (3.3 Å). This
type of interaction is usually considered unfavorable, and
so could contribute to the higherB-factor for this region of
the bound inhibitor. However, a similar close contact (3.1
Å) is also observed in the HIVPR-JG365 complex between
Arg108 Nη2 and Leu Cδ2 of JG365. In any event, we know
that in solution this macrocycle is still quite constrained since
the aromatic ring is not able to rotate at ambient temperature
(15).

Comparison of [Aba67,95]HIVPR and [Lys7,Ile33,Aba67,95]-
HIVPR Structures.The macrocylic inhibitors2-7 were
cocrystallized with HIVKI, which is modified at two

Table 3: Dihedral Angles of Isostere Rotatable Bonds

inhibitor
complex

dihedral 1
(deg)

dihedral 2
(deg)

dihedral 3
(deg)

dihedral 4
(deg)

HIVPR-JG365 47 151 -12 -57
HIVPR-1 57 97 47 -98a

HIVPR-VX478 153 -59 94 84
HIVKI -2 179 -69 110 93
HIVKI -3 179 -71 110 97
HIVKI -4 170 -74 162 -61a

HIVKI -5 60 179 -134 63
HIVKI -6 60 178 -133 65
HIVKI -7 59 179 -133 58

a This dihedral angle is constrained in1 and4 because it represents
the bond in a proline and piperidine cycle, respectively.

Macrocyclic Peptidomimetic Inhibitors of HIVPR Biochemistry, Vol. 38, No. 25, 19997981



FIGURE 1: Stereoview of electron density for each of the seven inhibitors bound at the active site of HIVPR. The 2Fo - Fc maps are shown,
calculated from the final refined structures and contoured at 1.2σ. For the bicycle,7, the density for a part of the N-terminal macrocycle
(left-hand side of structure) is poor and two atoms in this macrocycle are not modeled.
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additional positions (Gln7Lys and Leu33Ile) compared with
HIVPR (Aba67 and -95). These additional synthetic muta-
tions to the enzyme sequence were made to limit autopro-
teolysis (20, 21) and do not significantly change the kinetics
(D. A. Bergman, private communication). The overall folds
of HIVPR (as refined in the HIVPR-1 complex) and HIVKI
(as refined in the HIVKI-2-7 complexes) are very similar
with rmsds of 0.15-0.32 Å for all 198 residues of the
homodimer. These rmsds are within the range of the
estimated coordinate errors of the structures (Table 2). The
local structure around the site of the two mutations is also
very similar. Enzyme residue 7 is solvent-exposed and poorly
ordered with the backbone being similar in all cases, but
the side chain is flexible. In some of the structures described
here, this residue was modeled with an alanine side chain
or with a lysine side chain with half-occupancy. Where the
lysine side chain was modeled, it had dihedral angles similar
to those of the glutamine side chain in the HIVPR-1
structure. Residue 33 is buried with its backbone and side
chain conformations being similar for leucine or isoleucine.
Overall, replacement of Gln7 with lysine and Leu33 with
isoleucine in HIVPR produces no change in the local or
global structure of the enzyme.

Stereoisomer Preference and Binding Conformation.The
well-known effect of switching stereoisomer preference at
the isostere chiral carbon of HIVPR inhibitors (34) is also
observed for the macrocycle mimics. Thus, for1 the (S)-
diastereomer is the more potent inhibitor of HIVPR. When
the proline P1′ residue of 1 is replaced with a larger
hydrophobic group, such as theN-alkyl groups of2 and3,
the piperidine ring of4, or the phenyl rings of5-7, the
stereoisomer preference switches from the (S)- to the (R)-
diastereomer. This is because the larger hydrophobic groups
at P1′ in the (S)-diastereomers cannot fit into the enzyme
active site. The isomer preference therefore changes, with
(R)-diastereomers making optimal interactions between the
isosteric hydroxyl and catalytic aspartates through a confor-
mational change centered around the transition state isostere
(Table 3).

N-Terminal Macrocycles with a Nonpeptidic C-Terminus.
Inhibitor 1 incorporates a macrocyclic analogue of the P1-
P3 residues of JG365 with no changes in the C-terminal P1′-
P3′ residues. We investigated the enzyme binding mode of

other N-terminal macrocyclic HIVPR inhibitors (2-4) in
which alternative and shorter nonpeptidic groups replace the
C-terminal tripeptide.

Compounds2 and 3 incorporate the same N-terminal
macrocycle as in1, although compound3 has a valine rather
than an asparagine side chain at P2. In both2 and 3, the

FIGURE 2: Stereodiagram showing (top) the comparison of the HIVPR-bound conformations of1 (black) and JG365 (gray) and (bottom)
the comparison of the HIVPR-bound conformations of2 (black) and VX-478 (gray). The superimpositions are taken from the crystal
structures of the HIVPR or HIVKI complexes, after alignment of the enzyme structures.

FIGURE 3: Hydrogen bond interactions with HIVPR for JG365 (top)
and1 (bottom). A 3.3 Å distance cutoff was used to define hydrogen
bonds (dashed lines).

Macrocyclic Peptidomimetic Inhibitors of HIVPR Biochemistry, Vol. 38, No. 25, 19997983



hydroxyethylamine isostere of1 is retained, but the C-
terminal tripeptide is replaced with a sulfonamide moiety
similar to that used in the HIVPR inhibitor VX-478 (PDB
file name 1HVP) (35). The sulfonamide groups of2 and3
are identical, but differ from that in VX-478 in that the
N-alkyl group is lengthened by one methylene and the
p-amino group of VX-478 is absent. The sulfonamideN-alkyl
substituent corresponds to a P1′ side chain and the aromatic
ring to a P2′ side chain of a conventional peptidic inhibitor
of HIVPR. There is no P3′ equivalent to the valine of JG365
in compound2 or 3. Inhibitor 4 has the same N-terminal
macrocycle (with Asn at P2) and scissile bond replaced with
hydroxyethylamine isostere as in1 and 2. Compared with
1, 4 has a piperidine rather than a proline at P1′ and atert-
butyl group in place of Ile at P2′. Although compounds2-4
have no structural equivalent to the P3′ group, they are all
more potent than the parent N-terminal macrocyclic com-
pound1 (Chart 1).

There is little difference between the structures of the
proteins in the complexes with1-3, except that the observed
side chain rotamer of Ile84 changes depending on whether
Asn (ø1 ∼ 60°) or Val (ø1 ∼ -60°) is present at P2. This
change in rotamer preference optimizes the van der Waals
interaction between the hydrophobic P2 side chain and the
Ile84 side chain. This same Ile84 rotamer preference is
observed in the structures of the C-terminal macrocycles and
bicycles (5-7) which, like3, have a small hydrophobic group
at P2.

The macrocyclic components of2 and3 interact with the
enzyme in the same manner as that described above for1,
with the same hydrogen bonds forming between the enzyme
and inhibitor. Inhibitor3 has a valine in place of asparagine
at P2 and therefore loses two hydrogen bonds but gains the
van der Waals interaction with Ile84, compared with1 and
2. The loss of hydrogen bonds could explain the 10-fold
lowerKi of 3 compared with that of2. The isostere hydroxyls
of 2 and 3 are positioned almost exactly between the two
catalytic aspartates (within hydrogen bonding distance of all
four catalytic aspartate carboxylate oxygens). The conforma-
tion of the aromatic group in the macrocycle is constrained
in the same way as in1 (ø1 ∼ -40°) so that van der Waals
interactions with Gly49 and Ile50 are weaker than in the
HIVPR-JG365 complex and interactions with other residues
(Pro181 and Val182) are stronger. The equivalent angle for

the aromatic P1 group in the acyclic VX-478 inhibitor is
-52°, more like that observed for the acyclic JG365. As
was found for1, the connecting trimethylene atoms of the
N-terminal macrocycle in2 and3 are the least ordered of
both inhibitors (Figure 1). The unfavorable contact between
the macrocycle atom Cη1 and Arg108 Nη2 observed in the
HIVPR-1 complex is also present in these two structures.

The acyclic nonpeptidic sulfonamide regions of2 and3
interact with the enzyme in a similar manner. These
interactions are also similar to those observed in the HIVPR-
VX-478 complex (Figure 2). The electron density for the
sulfonamideN-alkyl groups of both2 and 3 suggests that
this group is flexible when bound to the enzyme; two
conformations were modeled in both enzyme complexes
(Figure 1). TheN-alkyl substituent interacts with the enzyme
at the S1′ subsite. Hydrophobic interactions are formed with
Pro81, Val82, and Val132. The sulfonamide phenyl ring
binds in the enzyme S2′ subsite and interacts with Ile50,
Ala128, Val132, and Ile147. One of the sulfonamide oxygens
interacts with enzyme flap residues through Wat301, as is
also observed in the crystal structure of the HIVPR-VX-
478 complex.

The two bulky groups of4 at P1′ (piperidine) and P2′ (tert-
butyl) bring different constraints to the binding mode of the
N-terminal macrocylic inhibitor. The conformation about the
isostere region of4 is like that of2 and3 rather than that of
1. This is to be expected given that4 has a large hydrophobic
group at P1′, so the (R)-stereoisomer is preferred. The first
two dihedral angles of4 that define the isostere conformation
are within 10° of the equivalent angles observed for2 and
3, but the third dihedral angle (see Table 3) differs by∼50°
from those of2 and 3. This is because the very bulky
piperidine andtert-butyl groups of4 impose a preference
for a trans conformation at this point. Furthermore, the
binding position of4 in the enzyme active site is translated
in the direction of its C-terminus by∼0.5 Å compared with
the other three N-terminal macrocycles (Figure 4). This
translation apparently helps to optimize favorable contacts
and minimize unfavorable interactions between the enzyme
and the bulkytert-butyl group at P2′. Despite these confor-
mational and binding adaptations, there is an unfavorable
interaction observed in the crystal structure of the HIVKI-4
complex between the C3 atom of thetert-butyl group and
the main chain oxygen of Gly148 (3.4 Å). These findings

FIGURE 4: Stereodiagram showing the comparison of the bound positions of HIVPR-macrocyclic inhibitor complexes, after alignment of
the HIVPR and HIVKI enzyme structures. The N-terminal macrocycle inhibitors, represented by3 (blue), bind to the enzyme in a manner
similar to that of the acyclic inhibitor JG365 (see Figure 2). Inhibitor4 (yellow) is translated to the right (C-terminus) with respect to the
other N-terminal macrocycle inhibitors, due to the bulky substituents at P1′ and P2′. The C-terminal macrocycles, represented by6 (green),
and the bicycle7 (orange) are translated to the left (N-terminus) with respect to1-4, to enable interaction of the protonated secondary
amine (dark blue sphere) with the catalytic aspartates. The P1 aromatic rings (top left) and the isostere hydroxyls (red spheres) are useful
reference points for assessing the relative translations of the inhibitors in the HIVPR active site. Note that two atoms of the N-terminal
macryocycle of7 (orange) are disordered in the HIVPR complex (see Figure 1) so that the cyclic connection is not shown.
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suggest that a secondary rather than a tertiary alkyl substitu-
ent may be optimal at the P2′ position of HIVPR inhibitors
if the P1′ group is also large and bulky.

A C-Terminal Macrocyclic Mimic for Phe-Ile-Val.Inhibi-
tors 5 and6 have the same C-terminal macrocycle derived
through cyclization of phenylalanine and valine side chains
of a C-terminal tripeptide, Phe-Ile-Val (Chart 1). They also
have the same hydroxyethylamine transition state isostere
that was used in the N-terminal macrocycle inhibitors.
However, a major difference is that the nitrogen of the
isostere in compounds1-4 is a tertiary nitrogen (in proline
or piperidine for1 and4), but in the C-terminal macrocycles,
it is a positively charged secondary amine nitrogen. As a
consequence, there is an additional rotatable bond between
the N-terminal P1 and C-terminal P1′ side chains compared
with the previous macrocycles so that the bonds about this
protonated nitrogen in5 and6 are less constrained than in
the other inhibitors.

The high-resolution crystal structures of HIVKI complexed
with the two C-terminal macrocyclic peptidomimetics show
that the hydrogen bonds formed between the backbone atoms
of JG365 or the N-terminal macrocycle inhibitors and HIVPR
(Figure 3) are generally retained in the complexes with5
and 6. However, a significant difference occurs in the
interaction with the hydroxyethylamine isostere (Figure 5).
The hydroxyl groups of1-4 are positioned between and can
interact with both catalytic aspartates. For5 and 6, the
hydroxyl of the isostere interacts with only one aspartate
(Asp125) and the protonated secondary nitrogen interacts
with the second aspartate (Asp25). To achieve this unusual
interaction, the C-terminal macrocycle in5 and6 is translated
in the active site in the direction of the inhibitor N-terminus
by ∼1.5 Å compared with the bound position of N-terminal
macrocylic compounds1-3 (Figure 4). This translation is

in the direction opposite of that observed for4. Furthermore,
the isostere dihedral angles of5 and6 are very different from
those observed for1-4 (Table 3) due to the additional
flexibility in this region and, presumably, the need to
optimize interactions of both the hydroxyl and the amine
with the catalytic aspartates. As a consequence, the isostere
hydroxyls of the N-terminal and C-terminal macrocyle
inhibitors (1-4 vs 5 and6) are separated by∼2.5 Å in the
enzyme active site (Figure 4).

The interaction between the protonated nitrogen of the
C-terminal macrocycle inhibitors and the catalytic aspartate
of HIVPR appears to be unique for inhibitors of HIVPR,
though it has been proposed theoretically for an amino-diol
isostere (36).

The quality of the electron density for ring atoms of the
C-terminal macrocycles of both5 and6 is excellent (Figure
1). Furthermore, theB-factors for these atoms are similar to
those of other inhibitor atoms. This suggests that these atoms
are well-ordered in5 and6, in contrast to the more flexible
ring atoms in the N-terminal macrocycles.

The N-terminal component of inhibitors5 and6 retains
the backbone hydrogen bond interactions described above
for inhibitors1-4, but hydrophobic interactions with P1 and
P2 side chains are weaker than those of1-4 or JG365. The
less sterically encumbered and protonated secondary amine
of 5 and 6 allows strong ionic contact with the catalytic
aspartates, and this presumably induces the translated fit of
the inhibitor to the enzyme. However, the ionic interaction
and inhibitor translation may be at the cost of weaker P1
and P2 hydrophobic interactions. There are no unfavorable
interactions observed between atoms of the C-terminal
macrocyle inhibitors and atoms of Arg8.

A Bicyclic Mimic for a Hexapeptide (Leu-Val-Phe-Phe-
Ile-Val). The bicyclic inhibitor 7 consists of both an
N-terminal and a C-terminal macrocycle, each corresponding
to a tripeptide mimic. These two macrocyles are linked
together by a hydroxyethylamine transition state isostere. The
N-terminal macrocycle of7 has a valine at the P2 position,
similar to that of3, but there is an additional atom in the
macrocycle compared with1-4 (Chart 1). The C-terminal
macrocycle and the transition state isostere of7 are exactly
the same as those of inhibitors5 and6.

The question to be addressed was whether the bicyclic
inhibitor would interact with the enzyme in the manner of
the N-terminal or C-terminal macrocyle inhibitors. The
crystal structure of the HIVKI-7 complex shows that the
bicyclic inhibitor binding mode has the same distinguishing
features as the C-terminal macrocycles, consistent with the
idea that the amine-aspartate interaction is the principal
determinant of inhibitor location. A similar interaction occurs
between the inhibitor-protonated secondary amine and
enzyme catalytic aspartate; similar dihedral angles are
observed for the isostere rotatable bonds (Table 3), and a
similar translation of the inhibitor in the active site with
respect to the N-terminal macrocycles is also evident (Figure
4). Also, the quality of the electron density is excellent for
all atoms of the C-terminal macrocycle of7, and two
conformations were modeled for the P2′ isoleucine side chain
(Figure 1). However, electron density for the connecting
trimethylene group of the N-terminal macrocyle is again poor
(Figure 1), and two of these N-terminal macrocycle atoms
were not modeled in the final refined structure.

FIGURE 5: Representation of hydrogen bond interactions between
the HIVPR active site, Wat301, and the scissile bond isostere of
the C-terminal macrocycle (5 and 6) and bicycle (7). Note the
interaction between the secondary amine of the inhibitor isostere
and the HIVPR catalytic aspartates (Asp25 and Asp125).
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Interactions between Water and the HIVPR Flap Region.
The two enzyme flaps that form part of the inhibitor-binding
site can adopt open (uncomplexed) or closed (bound)
conformations. In crystal structures of the open HIVPR form
(7, 8), the two flaps adopt identical (symmetry-related)
conformations. Upon the binding of a peptidic inhibitor, there
is a conformational change and the bound flap conformations
become nonidentical (9). Crystal structures of the closed
HIVPR conformation show that a water (Wat301) mediates
interactions between the bound inhibitor and flap residues
(Ile50 and Ile150) of the enzyme through formation of four
tetrahedrally coordinated hydrogen bonds (9). This change
in the conformation of the HIVPR flaps upon binding
inhibitors is thought to be critical for catalytic function.

In several of the crystal structures described here, two
alternate conformations (static disorder) are observed for the
backbone amide of flap residues Ile50 and Gly51 and Ile150
and Gly151 (Figure 6). A weaker interaction with Wat301
appears to accompany the static disorder of the flap residues.
For example, in the structures of the three complexes where
there is no evidence for static disorder of the flap residues
(N-terminal macrocycles1-3), Wat301 makes the usual
strong hydrogen bond interactions with surrounding tetra-
hedrally arranged inhibitor carbonyl oxygens (2.7-2.8 Å)
and amide nitrogens of enzyme residues Ile50 and Ile150
(2.8-3.0 Å). TheB-factor of Wat301 in these three structures
is low (7-12 Å2), suggesting that it is bound tightly in the
complex. Crystal structures of HIVKI complexed with the
N-terminal macrocycle4 or the C-terminal macrocycle6
incorporate the flap residues modeled with two alternate
backbone conformations. In these two structures, Wat301
has a higherB-factor (15-17 Å2) and the hydrogen bond
distances to the inhibitor carbonyl oxygens (2.9-3.0 Å) and
to the flap amide nitrogens (2.9-3.1 Å) are lengthened. The
crystal structure of HIVKI complexed with the bicycle7
exhibits this same static disorder of the flap residues and
lengthened hydrogen bond distances to Wat301. However,
the B-factor of Wat301 in the HIVKI-7 structure (11 Å2)
suggests that it is well-ordered.

In the HIVKI-5 complex, the geometry in this region is
different again. A single backbone conformation is present
for the flap region, but the peptide conformations of Ile50

and Gly51 and Ile150 and Gly151 are inverted (Figure 6)
compared to those found in most HIVPR complexes (and
compared with those observed in complexes with1-3). The
usual hydrogen bond interaction between the peptide bond
of Ile50 and Gly51 and the peptide bond of Ile150 and
Gly151 is lost (>3.3 Å). The flap of residues 48-52 is in a
more open conformation in the HIVKI-5 complex (the
distance between Ile50 CR and Asp125 CR is 13.2 Å
compared with 12.4-13.0 Å for the other six crystal
structures), while the flap of residues 148-152 is in a more
closed conformation than usual (distance between Ile150 CR
and Asp25 CR is 12.1 Å compared with 12.3-12.8 Å for
the other six). Furthermore, hydrogen bond distances to
Wat301 (B-factor of 22 Å2) are lengthened in the HIVKI-5
complex so that only two of the usual four hydrogen bond
interactions are formed (using a 3.3 Å distance cutoff for
hydrogen bonds); interactions with one of the flap amide
nitrogens and one of the inhibitor carbonyl oxygens are lost.
Instead, this inhibitor carbonyl oxygen interacts with another
water (3.0 Å) (pink in Figure 6) that also forms hydrogen
bonds with the hydroxyl group of the inhibitor isostere (2.6
Å) and with Wat301 (3.1 Å). This water (B-factor of ∼30
Å2) is not observed in the other six HIVPR/KI-macrocyclic
inhibitor structures reported here and may be present in
HIVKI -5 because of the slightly more open conformation
of the enzyme flap (residues 48-52).

DISCUSSION

A number of key results have emerged from this work,
including the advantages of using a mutant enzyme in
crystallography studies, the remarkable ability of cyclic
compounds to structurally and functionally mimic peptide
inhibitors of a protease, the importance and structural
influence of charged interactions in the active site of the
protease, and the disorder and flexibility of HIVPR flap
residues.

HIVKI in Crystallography.HIVKI has important advan-
tages over HIVPR in crystallization work in that it is
significantly more stable to autolysis because the autocleav-
age sites of HIVPR are mutated (Gln7Lys and Leu33Ile).
Preventing self-degradation through removal of these auto-
cleavage sites not only maximizes the enzyme concentration

FIGURE 6: Disorder in HIVPR flap residues. Flap residues 50 and 51 and 150 and 151 are shown together with the bridging water, Wat301,
and the central part of the macrocyclic inhibitor. Three different arrangements of the enzyme flap residues are observed in the crystal
structures, shown here in the left, middle, and right panels. The conformation shown in the left panel (blue) is that most commonly observed
in HIVPR-inhibitor crystal structures. In the middle panel, the flaps have two alternate conformations as observed in the enzyme complexes
with 4, 6, and7. In the enzyme complex with5 (right), an additional water (pink) interacts with the inhibitor near the flaps and interactions
between Wat301, the inhibitor, and flap residues are weakened. A 3.3 Å distance cutoff was used to define hydrogen bonds (shown as
dotted lines).
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for inhibitor binding but also prevents formation of self-
degradation peptides that can compete as inhibitors for
binding to the enzyme active site. The structures of2-7
reported here were determined from cocrystals with HIVKI,
while the cocrystal of1 was derived from HIVPR. The
structures of the HIVKI and HIVPR enzymes in these seven
crystal structures are equivalent, within coordinate error. This
result implies that HIVKI could be a useful alternative to
HIVPR in experiments where autocleavage can be a problem.

ImproVed HIVPR Inhibitors.The crystal structures of
complexes with1-7 show that the macrocyclic component
of the inhibitors mimics very well the binding mode of
acyclic peptidic inhibitors. However, macrocyclic peptide
inhibitors are also much more stable than acyclic peptide
inhibitors because they are less susceptible to proteolysis
(15). Furthermore, there is an entropic advantage in using a
peptidic macrocycle since it is conformationally pre-
organized for receptor binding compared with the acyclic
peptide. Peptide inhibitors are reportedly (1) difficult to
optimize because the local structure of both the enzyme and
the inhibitor can be influenced by each other as well as by
more remote conformational changes. The results reported
here show that the macrocycle can be used in a modular
fashion as a template, in combination with peptidic or
nonpeptidic portions of other HIVPR inhibitors, without
significantly altering the binding location or mode of
interactions. A corollary to this is that a charged group in
the inhibitor can apparently override these interactions and
dictate the final position of each macrocycle as illustrated
by results herein.

The unusual interaction observed between the protonated
secondary amines of inhibitors5-7 and the HIVPR catalytic
aspartate opens up new possibilities for the design of novel
HIVPR inhibitors. In particular, it shows how additional
interactions can be made in the active site and how charged
interactions can influence structure. The results also suggest
that better combinations of charged interactions, hydrogen
bonds, and hydrophobic effects are likely to lead to inhibitors
with an affinity for HIVPR even higher than those of the
inhibitors described here. Within the macrocycle class of
inhibitors, it should be possible to analyze the contributions
to inhibitor affinity of charged amines by (i) replacing the
tertiary nitrogen from the N-terminal macrocycle isostere
with a secondary amine nitrogen, (ii) replacing the secondary
amine nitrogen from the C-terminal macrocycle isostere with
a tertiary nitrogen, and (iii) replacing the secondary amine
nitrogen from the C-terminal macrocycle isostere with a
methylene group.

Implications for HIVPR Function and Inhibitor Design.
An important finding from several structures of the macro-
cycle inhibitor complexes reported here was the observation
of static disorder and flexibility in the region of the enzyme
flaps. The dual conformations of the Ile50-Gly51 and Ile150-
Gly151 regions of the enzyme are best described as a∼180°
flip of these peptide bonds. A similar peptide flip was
observed in solution by NMR for a HIVPR complex with
the cyclic urea inhibitor DMP323 (37) and in the crystal
structure of a substrate complex of D30N feline immuno-
deficiency virus protease (38). Furthermore, in crystal
structures of HIV-1 PR and HIV-2 PR inhibitor complexes
(39, 40), an increased distance between the enzyme flaps
and bound inhibitor was accompanied by weaker binding of

the flap water (Wat301) and increased flexibility of the flap
residues.

In our work, the flap disorder appears to be correlated with
a “translation” of the inhibitor in the active site, either toward
the P1′, C-terminal end of the inhibitor (4, with bulky P1′
and P2′ groups) or toward the P1, N-terminal end of the
inhibitor (5-7, with protonated secondary amine binding to
the catalytic aspartates). The observed changes in the flap
region of the enzyme may therefore resemble the changes
that occur during the catalytic cycle where the two products
derived from the substrate move apart in the active site.
Separation of the cleavage products (or translation of the
inhibitor in the active site) could be the trigger for opening
of the flaps and release of product by disrupting hydrophobic
interactions and weakening the interaction with Wat301.

Presumably, it would be important to minimize flap
flexibility to optimize inhibitor binding to HIVPR. The
flexibility of the flap residues in the enzymes bound with
4-7 may contribute to the reduced potency of these inhibitors
compared with2, for example. Now that the binding of these
inhibitors is known, it may be possible to design improved
HIVPR inhibitors that have a charged group for binding to
the catalytic aspartate without causing a translation of the
inhibitor in the active site.
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