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Atazanavir, which is marketed as REYATAZ, is the first human immunodeficiency virus type 1 (HIV-1)
protease inhibitor approved for once-daily administration. As previously reported, atazanavir offers improved
inhibitory profiles against several common variants of HIV-1 protease over those of the other peptidomimetic
inhibitors currently on the market. This work describes the X-ray crystal structures of complexes of atazanavir
with two HIV-1 protease variants, namely, (i) an enzyme optimized for resistance to autolysis and oxidation,
referred to as the cleavage-resistant mutant (CRM); and (ii) the M46I/V82F/I84V/L90M mutant of the CRM
enzyme, which is resistant to all approved HIV-1 protease inhibitors, referred to as the inhibitor-resistant
mutant. In these two complexes, atazanavir adopts distinct bound conformations in response to the V82F
substitution, which may explain why this substitution, at least in isolation, has yet to be selected in vitro or in
the clinic. Because of its nearly symmetrical chemical structure, atazanavir is able to make several analogous
contacts with each monomer of the biological dimer.

The human immunodeficiency virus type 1 (HIV-1) protease
(PRT) enzyme is essential for viral replication. As such, it is an
attractive target for antiviral therapy. Indeed, a sustained, in-
ternational effort of structure-based drug design has led to the
development of potent HIV-1 PRT inhibitors (PIs) that bind
to the active site of mature PRT. Several of these drugs are
currently in use for the treatment of AIDS (18, 31, 36). The
seven FDA-approved PIs currently on the market (in order of
approval [http://www.fda.gov/oashi/aids/virals.html])—saquinavir,
ritonavir, indinavir, nelfinavir, amprenavir, lopinavir, and ataza-
navir—are competitive peptidomimetics (10, 15). Unfortunately,
the use of these PIs can lead to rapid selection for drug-resistant
PRT variants (1, 42, 50). Mutations of the conserved PRT resi-
dues V82, I84, and L90 are among those most commonly ob-
served in patients receiving PI-containing regimens. In addition,
the collective data from clinical failures of antiviral therapy show
considerable cross-resistance among the PIs (19). Both factors
threaten the long-term effectiveness of these drugs. Therefore, it
is important to understand the mechanisms that govern drug
resistance in order to develop more effective inhibitors and to
rationally formulate drug regimens.

Atazanavir, a highly potent azapeptide, is the most recently
approved HIV-1 PI. A favorable pharmacokinetic profile al-
lows once-daily dosing (37, 43, 47). More importantly, ataza-

navir has a distinct resistance profile relative to those of the
other approved PIs. Earlier in vitro studies demonstrated that
the substitutions M46I, A71V, N88S, I84V, and I50L, which
were identified in laboratory strains of PRT variants selected
against atazanavir, may play important roles in the resistance
phenotype and that multiple mutational pathways can lead to
resistance (17). In clinical studies of treatment-experienced
patients who received atazanavir-containing regimens, a reduc-
tion in atazanavir susceptibility required combinations of sev-
eral amino acid substitutions (7). High levels of atazanavir
resistance were observed only with HIV isolates cross-resistant
to all approved PIs, and these viruses were characterized by the
accumulation of several mutations (M46I, I84V, N88S/D, and
L90M). These studies also identified the signature I50L muta-
tion in treatment-naı̈ve patients who failed atazanavir therapy.
Although data are limited due to the overall low frequency
(�2%) of atazanavir-resistant isolates, the I50L mutation was
identified in 100% of subjects classified as having virological
failure. However, unlike other resistance mutations, the pres-
ence of the I50L mutation in clinical isolates obtained from
these treatment-naı̈ve patients was associated with increased
susceptibility and no cross-resistance to the other six approved
PIs (8). Phenotypic studies of engineered HIV strains contain-
ing the I50L mutation and cell-based PRT assays (8, 62) also
demonstrated this increased susceptibility to other PIs. Recent
calorimetric studies have also indicated increased binding af-
finities of the I50L mutation-containing PRT for all approved
PIs except atazanavir, correlating well with the hypersuscepti-
bility phenotype (67). While the clinical significance of these
observations is still under investigation, the emergence of the
I50L mutation during atazanavir therapy may potentially pre-
serve future PI-based treatment options.
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Detailed information from the crystallographic analysis of
HIV-1 PRT-inhibitor complexes has played a major role in the
structure-based development of potent inhibitors (57, 63, 64).
To better define the mechanism of action and the drug resis-
tance phenotypes associated with atazanavir, we determined
the X-ray crystal structures of two PRT variants complexed
with atazanavir, namely, (i) an enzyme optimized for resistance
to autolysis and oxidation, referred to as the cleavage-resistant
mutant (CRM); and (ii) the PI-resistant M46I/V82F/I84V/
L90M quadruple mutant of the CRM enzyme, referred to as
the inhibitor-resistant mutant (IRM). The loss of PRT suscep-
tibility of viral isolates with the IRM mutations to the approved
PIs, atazanavir included, varied between 7- and 71-fold (17).
The M46I and L90M substitutions were associated with ataza-
navir resistance in clinical studies (7). Furthermore, the V82F
and I84V subset, especially when present in tandem, has been
shown to adversely affect PRT susceptibility (17, 23, 55). This
work reports the structural characterization of an alternative
binding mode of atazanavir to HIV-1 PRT in response to the
V82F substitution, which is not associated with atazanavir re-
sistance unless it is present in combination with several other
mutations.

MATERIALS AND METHODS

Cloning. A pET3b-PRT construct that was codon optimized for Escherichia
coli was obtained from Tang et al. (21). This original PRT construct, referred to
as TANG, was subjected to several rounds of mutagenesis. Using the procedure
reported by Kunkel (24), four amino acid substitutions, namely, L10I, I13V,
S37N, and R41K, were introduced to duplicate the published PRT RF gene (54).
Two additional steps were taken to make the protein more amenable to struc-
tural biology. First, since uninhibited wild-type PRT is susceptible to autolysis,
three more amino acid substitutions, Q7K, L33I, and L63I, were introduced to
confer autolysis resistance as reported by Mildner et al. (30) and Rosé et al. (44).
This construct is referred to as RF-AUTO. Second, to overcome the tendency of
wild-type PRT to form disulfide-linked multimers, two more amino acid substi-
tutions, C67A and C95A, were introduced to generate the RF-AUTO-C con-
struct (33, 60, 61, 65, 66). The PRT product of the RF-AUTO-C gene is referred
to as the CRM. A final round of mutagenesis incorporated four additional amino
acid substitutions away from the wild-type PRT sequence, namely, M46I, V82F,
I84V, and L90M, and yielded the RF-AUTO-C-I construct. The PRT product of
the RF-AUTO-C-I gene is referred to as the IRM because, when present to-
gether, these four substitutions alter the cleavage activity of the protein and
render the PRT resistant to all currently approved PIs (17, 26, 34, 56). The CRM
and IRM proteins were used in the structural studies. The final proteins had
favorable biophysical properties (were cysteine-free, autocatalysis resistant, and
well folded) and were shown to be active on standard substrates by in vitro assay.
All mutagenesis procedures were performed with standard molecular biology
methods (for details, see Appendix SA in the supplemental material). The
sequences of the constructs were verified by DNA sequence analysis. The protein
and DNA sequences of the above series of mutants are summarized in Appendix
SB in the supplemental material.

Expression and purification. The pET24d-RF-AUTO-C (CRM) and pET24d-
RF-AUTO-C-I (IRM) plasmids were inserted into E. coli BL21(DE3) host cells.
Procedures similar to those described by Ohtaka et al. (34) and Yanchunas et al.
(67) were used to express and purify these proteins. For the CRM protein, the
yield was approximately 20 mg/liter of culture, with a refolding efficiency of 80%.
The activity assay and 1H-15N HSQC nuclear magnetic resonance (NMR) spec-
trum indicated that the protein was active and folded when routinely concen-
trated to 22 mg/ml and, on occasion, as high as 40 mg/ml. For the IRM protein,
a poorer yield of 1 mg/liter of culture was obtained. In addition, for storage, IRM
fractions were pooled and concentrated to approximately 1 mg/ml after sodium
dodecyl sulfate-polyacrylamide gel electrophoresis analysis. Detailed procedures
are given in Appendix SC in the supplemental material.

Crystallization. All complexes were generated by cocrystallization by the
hanging-drop vapor diffusion method at room temperature. The CRM and IRM
protein solutions consisted of 9.0 mg/ml protein buffered by 20 mM sodium
acetate, pH 5.5, incubated with 4.7 mM inhibitor (approximately 10� molar

excess). An evenly spaced six-by-eight grid of reservoir solutions, i.e., 20 to 45%
saturated ammonium sulfate in 5% increments (4.1 M taken as 100% saturated)
by pH 4.6 to 7.4 in increments of 0.4, was used to screen for crystallization
conditions. Based on experience gained from earlier crystallization trials, the grid
was designed to center successful conditions between the extremes. Similar, more
focused grids over smaller ranges were frequently used to further refine the
growth conditions. The optimal CRM reservoir conditions were 27.25 parts
(vol/vol) 0.1 M sodium citrate and 72.75 parts (vol/vol) 0.2 M disodium mono-
hydrogen phosphate (resulted in pH 6.6) with 30% saturated ammonium sulfate
(9, 29). The same conditions worked well for the IRM reservoir; however, many
other conditions based on the same ingredients also grew crystals. A reservoir
volume of 1 ml and a drop volume of 2 �l (1:1 ratio of protein and reservoir
solutions) were used. Once the 1 �l of reservoir solution for each drop was
withdrawn, 40 �l of 0.1 M �-mercaptoethanol, 40 �l of isopropanol, and 100 �l
of dimethyl sulfoxide were added to each reservoir (S. Foundling, personal
communication). Although de novo crystals were readily grown, seeding—both
micro and macro—was used to improve the likelihood of crystallization and to
increase the crystal size. Large crystals of up to 1 mm in length, suitable for
diffraction measurements, typically grew within 3 days. A 20% (vol/vol) glycerol
solution prepared with the reservoir solution was used as the cryoprotectant.
Additional details are given in Appendix SD in the supplemental material.

Data collection. (i) CRM. Diffraction images were recorded on an R-Axis II
image plate detector mounted on a Rigaku RU-200 X-ray generator run at 50 kV
and 100 mA (5 kW), with Yale/MSC mirrors focused at 200 mm. A collimator
with 0.5- by 1.0-mm pinholes was used to render the CuK� beam sufficiently
colinear. An Oxford Cryosystems model 600 liquid nitrogen cooler maintained
the mounted crystal at 100 K. The images were processed with the HKL suite
(35). The crystals exhibited symmetry consistent with space group P212121, with
unit cell dimensions as follows: a � 51.2 Å, b � 58.2 Å, and c � 61.3 Å.
Diffraction data were recorded over the resolution range of 40.0 to 1.8 Å.

(ii) IRM. Diffraction images were collected at the IMCA-CAT 17-ID beamline
at the Advanced Photon Source, Argonne National Laboratory, Chicago, IL,
tuned to 1.0-Å radiation. A Bruker two-by-two-mosaic charge-coupled device
detector set to the 1-K binned mode was used to record the images, while the
cold stream from an Oxford Cryosystems model 600 liquid nitrogen cooler
maintained the mounted crystal at 100 K. The images were processed with
HKL2000 (35). The crystals exhibited symmetry consistent with space group
P212121, with unit cell dimensions as follows: a � 53.4 Å, b � 58.2 Å, and c �
61.3 Å. Although diffraction data were observed to beyond a 1.5-Å resolution, in
the interest of throughput, collection was limited to one sweep, with 2� only
slightly offset. Complete data were recorded only over the resolution range of
20.0 to 1.6 Å. The statistics for the processed diffraction data for both structures
are given in Table 1.

Refinement. (i) CRM. Prior to refinement, the structure factors were placed on
an approximate absolute scale by the method of Sheriff and Hendrickson per
their equation 3 (53). The structure was determined by molecular replacement
with the program AMoRe (32), with 1HVI used as the search model.

(ii) IRM. Prior to refinement, the structure factors were placed on an approx-
imate absolute scale with TRUNCATE (16) in conjunction with several other
auxiliary CCP4 (6) routines. The structure was determined by molecular replace-
ment with the program AMoRe (32), with the CRM structure used as the search
model.

(iii) General. The structures were initially refined by several cycles of model
building with CHAIN (45) and refinement with X-PLOR (3). In preparation for
publication, both structures were further refined with CNX (release 2002;
Accelrys, Inc., San Diego, CA) to make the structures consistent, except as
dictated by electron density. The program QUANTA (QUANTA Modeling
Environment, release 2000; Accelrys, Inc., San Diego, CA) was used for model
building. The programs PROCHECK (25) and MolProbity (27) were used to flag
suspect features, with deference given to MolProbity. Overall refinement statis-
tics from CNX are presented in Table 2.

Structural analysis. (i) Selection of structures. X-ray crystal structures of the
FDA-approved peptidomimetic PIs complexed with PRT available as of 2 Sep-
tember 2004 were downloaded from the Protein Data Bank (PDB) (2). The HIV
Structural Database maintained by the National Institute of Standards and Tech-
nology (http://xpdb.nist.gov/hivsdb/hivsdb.html) and its precursor, the HIV Pro-
tease Database posted by the National Cancer Institute (http://mcl1.ncifcrf.gov
/hivdb/index.html), were also utilized in the search (58). Structures of PI
analogues and fragments, such as 1K6P, 1K6T, and 1K6V for indinavir, were not
included. The presence of the inhibitor was verified by inspection. A total of 21
structures, including 18 PI complexes (indinavir, 1HSG, 2BPX, 1C6Y, 1K6C,
1SDT, 1SDU, and 1SDV; ritonavir, 1HXW and 1N49; nelfinavir, 1OHR; sa-
quinavir, 1HXB, 1FB7, 1C6Z, and 1MTB; amprenavir, 1HPV; and lopinavir,
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1MUI), 1 CA-p2 complex (1F7A), and 2 apo structures (2HVP and 3HVP) were
identified.

(ii) Alignment of sequences. The full-length PRT sequences were easily
aligned by inspection because of the high degree of sequence identity between
the PRT variants. A list of residues in which at least one of the selected structures
differed from the consensus wild-type sequence taken from 1HVI was compiled
(Table 3). To aid in the structural analysis, this list of residues was populated with
wild-type residues as needed, and the pseudo sequences were arranged by mu-
tation pattern with the GCG PileUp (11; Wisconsin GCG package, version 10.3;
Accelrys, Inc. San Diego, CA) and Vector NTI AlignX/ClustalW (suite 8; Infor-
Max/Invitrogen, Carlsbad, CA) programs.

(iii) Alignment of structures. Three-dimensional structures were superim-
posed with the program ALIGN (48), complemented by numerous internal
programs and CCP4 (6) routines. The inhibitor structures were overlaid on 1F7A
(structure of PRT complexed with the 10-mer fragment KARVLAEAMS of the
CA-p2 natural substrate). 1F7A was selected as the reference structure because
the P4-to-P4	 features of CA-p2 have been described in detail (39) and the
directionality of the CA-p2 peptide is clear. Dimer asymmetry was used to guide

superposition. The orientation with the lowest C� root mean square deviation
(RMSD) was used to define the P3-to-P3	 directionality for each inhibitor, with
one exception. For 1MTB, the orientation that best aligned saquinavir with
nelfinavir from 1OHR was used. For cases in which the two monomers of the
PRT dimer are related by noncrystallographic symmetry and two inhibitor con-
formations are given (1HXB and 1C6Z for saquinavir and 1MUI for lopinavir),
the low RMSD alignment was used since the directionality of the ligand with
respect to the dimer asymmetry is purportedly bidirectional. In the case of 1FB7
for saquinavir, the symmetry between the two monomers in the biological dimer
is crystallographic, so the two orientations are indistinguishable.

When multiple related structures of protein-ligand complexes are compared,
they are typically superimposed based on C� or main-chain protein atoms.
Outliers are then often ignored to better align conserved cores. In the case of
monomeric, or even heteromeric, assemblies, this superposition is straightfor-
ward—the protein coordinates are superimposed and the ligands are positioned
by the same transformation. However, in the case of HIV-1 PRT, due to the
homodimeric nature of the protein and the quasi-symmetric nature of the PIs, it
is not as obvious how to align structures for comparison. For many of the

TABLE 1. Measures of diffraction qualitya

Parameter
Value for CRM Value for IRM

Overall First shell Last shell Overall First shell Last shell

Resolution range (Å) 40.0–1.80 40.0–3.88 1.86–1.80 20.0–1.60 20.0–3.44 1.66–1.60
Total no. of observations 72,994 �8,883 �3,703 87,023 �7,938 �4,531
Unique no. of observations 17,386 1,880 1,519 25,238 2,567 2,234
Redundancy 4.2 �4.7 �2.4 3.4 �3.1 �2.0
Rmerge (%) 4.7 2.8 14.1 6.9 6.2 29.8
I/
(I) 30.7 48.6 6.7 17.5 19.9 2.7
Completeness (%) 98.2 98.5 87.3 97.5 92.9 87.5
Mosaicity (°) 0.48–0.76 0.39–0.42
No. (%) of rejections 0 (0.0) 450 (0.5)

a A Perl script, read_scalepack.pl, written by Steven Sheriff was used to extract these statistics from SCALEPACK (35) output.

TABLE 2. Refinement resultsa

Statistic Value for CRM Value for IRM

Model contents and quality of fit Overall Last shell Overall Last shell
Resolution range (Å) 39.3–1.8 1.88–1.80 19.7–1.6 1.67–1.60
No. of reflections 17,318 1,906 25,196 2,691
R (%) 16.9 17.8 23.5 36.7
Rfree (%) 20.2 23.7 24.6 36.5

No. of protein atoms 1,514 1,529
No. of heterogen atoms 102 (atazanavir) 51 (atazanavir)
No. of solvent atoms 256 (225 HOH, 3 SUL,

2 GOL, 1 ACT)b
202 (193 HOH, 1 SUL,

1 ACT)
RMSD bond length (Å) 0.012 0.009
RMSD bond angle (°) 1.7 1.2
RMSD improper angle (°) 0.7 0.8
Mean B factor (Å2) 15.9 21.1

Estimates of coordinate error
Estimated coordinate error ESDc Cross-validated

ESD
ESD Cross-validated

ESD
Luzzati method 0.16 0.21 0.22 0.24
Sigmaa method 0.07 0.15 0.19 0.20

Avg atom-to-atom changes in B factor
Isotropic B-factor restraint RMS Sigma RMS Sigma
No. of main-chain bonds 1.1 1.5 1.3 1.5
No. of main-chain angles 1.6 2.0 2.0 2.0
No. of side-chain bonds 2.0 2.0 1.8 2.0
No. of side-chain angles 2.8 2.5 2.6 2.5

a Values were gathered from the PDB file output by the CNX (Accelrys, Inc.) (3) script xtal_pdbsubmission.inp.
b HOH, water; SUL, sulfate anion; GOL, glycerol; ACT, acetate anion.
c ESD, estimated standard deviation.
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commercially available PIs, the effective N-to-C-terminal directionality of each
individual peptidomimetic is ambiguous because plausible N–C�–CO atoms, or
pseudo atoms, can be assigned in either direction. Such is especially true for
atazanavir because of its high degree of quasi-symmetry. Furthermore, no crys-
tallographic requirement exists to consistently assign chain identifications to the
two molecules in the biological dimer from one structure to the next or even
within structures with multiple dimers in the asymmetric unit (e.g., 1N49 for
ritonavir). Typically, software used to align structures pairs atoms in the order of
input. Atoms are not treated as constellations to be superimposed irrespective of
order. In the PRT literature, PI orientations are largely, but not completely,
consistent (40, 67). To resolve this ambiguity, the asymmetry of the protein dimer
was found to be a reliable discriminator between alternative superpositions of
PRT complexes, with one exception, 1MTB, which happens to be the only
structure with saquinavir modeled in just one conformation. Conformational
changes in response to mutations do not explain this outlier because the se-
quences of 1F7A and 1MTB are identical except for a K7Q substitution. A more
detailed analysis of the 1MTB refinement and size, shape, and charge comple-
mentarities may be able to explain this discrepancy.

(iv) Clinical relevance. In addition to specific articles referenced in the text,
the HIV Drug Resistance Database maintained by Stanford University (http:
//hivdb.stanford.edu) was used to correlate mutations with clinical susceptibility
(41).

Protein database accession numbers. The coordinates for the CRM and IRM
structures were deposited in the PDB under entries 2FXE and 2FXD, respec-
tively.

RESULTS

Viability of protein used for structural studies. As previ-
ously described (67), the catalytic activities of the HIV-1 CRM
and IRM PRTs were analyzed by chromogenic peptide cleav-
age in the presence of five of the currently FDA-approved PIs
(all but amprenavir and lopinavir). All of the 50% inhibitory
concentrations (IC50s) against the CRM PRT were determined
to be in the range of 0.68 to 0.91 nM, whereas with the IRM
PRT the IC50s were 12 nM for atazanavir, 34 nM for saquina-
vir, 59 nM for ritonavir, 96 nM for nelfinavir, and 115 nM for
indinavir. Therefore, the CRM and IRM PRTs were consid-
ered to be active and appropriately susceptible to PIs to be
used for structural studies.

Structure of HIV PRT in complex with atazanavir. The
structure of at least one PRT complex is available from the PDB
(2) for each of the PIs on the market. In this study, the X-ray
crystal structures of the HIV-1 CRM and IRM PRTs complexed
with atazanavir (Fig. 1) were determined. The two atazanavir
complexes reported here crystallized in one of the more com-
mon PRT crystal forms, i.e., space group P212121, with unit cell
dimensions as follows: a � 52 Å, b � 58 Å, and c � 61 Å. Six
structures for four of the seven FDA-approved PIs also crys-
tallized in this form (for atazanavir, 2FXE and 2FXD; for
saquinavir, 1MTB; for indinavir, 1K6C and 1SDU; and for
nelfinavir, 1OHR). Except for the most recent indinavir
structures (1SDT, 1SDU, and 1SDV), the resolutions of the
structures reported here—CRM at 1.8 Å and IRM at 1.6 Å—
are toward the higher end for deposited structures. The cor-
relation between improved resolution and the more recent
structures is probably attributable to the increased use of cryo-
techniques and synchrotron sources. In terms of global folding,
all PRT structures are fundamentally the same. Even with
sequence and inhibitor variation, with all 198 residues taken
into account, the C� RMSDs from structure 1F7A for the
dimers ranged only from 0.3 to 0.8 Å. All of the CRM and IRM
mutations from the consensus wild-type sequence of 1HVI are
also present in at least one of the reference structures, with the
exception of I13V (Table 3). Five of the reference structures
(1HSG and 2BPX for indinavir, 1OHR for nelfinavir, 1HPV
for amprenavir, and 1MUI for lopinavir) have the wild-type
sequence. The C� deviations of the CRM monomers from the
wild-type structures are no more than the deviation within this
set. Therefore, despite the nine amino acid substitutions (Q7K,
L10I, I13V, L33I, S37N, R41K, L63I, C67A, and C95A) com-
pared to the wild-type sequence, the CRM structure can be
considered a wild-type structure. The surface Lys and Glu
residues for which the entire side chain could not be modeled
were consistent with those from structures of other PI com-

TABLE 3. Amino acid substitutions in PRT structures sorted by sequence homologya

PIb PDB
accession no.

Amino acid substitution at positionc

I3 Q7 L10 I13 K14 K20 L24 D25 L33 S37 R41 M46 G48 I54 L63 I64 C67 A71 V82 I84 L90 C95

RTV 1HXW M
SQV 1HXB V
SQV 1FB7 V V M
IDV 1SDT K I I A A
IDV 1SDU K I I A M A
IDV 1SDV K I I A A A
ATV 2FXE (CRM) K I V I N K I A A
ATV 2FXD (IRM) K I V I N K I I A F V M A
SQV 1C6Z V M I D I V P V T
IDV 1C6Y V M I D I V P V T
SQV 1MTB R N N K P V
CA-p2 1F7A K R N N K P V
RTV 1N49 K R N N K P V A
IDV 1K6C K R N P T V
Apo 2HVP N
Apo 3HVP R N K P V B B

a The data were arranged to cluster mutation patterns with more “wild-type” sequences toward the top, except for the apo entries, which were placed at the bottom.
The following amino acid sequences agree with the consensus wild-type sequence (1HVI) and are therefore not shown: 1HSG and 2BPX for indinavir, 1OHR for
nelfinavir, 1HPV for amprenavir, and 1MUI for lopinavir. Residues 67 and 95 of the apo PDB entry 3HVP, marked as B, are �-amino-N-butyric acid.

b RTV, ritonavir; SQV, saquinavir; IDV, indinavir; ATV, atazanavir.
c Positions shown in bold are those which differentiate IRM from CRM.
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plexes (see Appendix SE in the supplemental material). Yet, in
terms of discrete disorder, relatively few residues with alter-
nate conformations were noted compared to other structures
of similar or higher resolution (see Appendix SF in the sup-
plemental material). Two such residues, Ile66 and Ile72, both
from monomer A, were unique to the IRM structure. In the
IRM structure, atazanavir was bound in only one orientation
with the pyridyl moiety on the prime side (monomer A), but in
the CRM structure, atazanavir was bound in two orientations,
as also seen by Clemente et al. (5) and analogous to 1HXB and
1C6Z for saquinavir and 1MUI for lopinavir.

Atazanavir binds in two orientations in the CRM structure.
The electron density for the refined CRM structure is indicative
of an alternate atazanavir orientation (Fig. 2), much like that in
1HXB and 1C6Z for saquinavir, 1MUI for lopinavir, and 2AQU
for atazanavir (5). Even though both the CRM and IRM proteins
crystallized in the same space group with similar unit cell dimen-
sions, their crystal packing is very different in terms of some key
intermolecular contacts. With the IRM structure in this lattice,
the Phe82/pyridine-driven distortion limits atazanavir to only one
orientation in the IRM structure. When residue 82 is Val, as in
the CRM structure, this distortion cascade does not occur. Con-

sequently, in the CRM dimer, atazanavir can be accommodated
in either orientation. These differences demonstrate the interplay
between inhibitor geometry, protein sequence, quaternary struc-
ture, and crystal packing.

Distinction between global and local effects. The differences
in the two monomers in response to the pyridyl asymmetry of
atazanavir are illustrative of the distinction between local and
global effects. As already shown by the pronounced distortion
of residues 79 to 82 of monomer A compared to residues 79 to
82 of monomer B, the displacements in the IRM structure to
accommodate both Phe82 and the pyridyl ring connected at
C23, but not C14, are localized. In the IRM structure, the C�
RMSD between all 99 residues of the two monomers, at 0.9 Å,
is the largest of those for any of the compared structures (0.7
Å for 1C6Y is the second largest). Yet if the residues whose
deviations are �1.8 Å (residues 17, 67 to 69, and 80 to 82) are
treated as outliers, the IRM intradimer RMSD drops to 0.6 Å,
which is consistent with 0.5 Å for the same subset of CRM
residues.

In contrast, the relative displacement of monomers A and B
used to assign ligand directionality is a global effect. Compared
to the 3HVP apo biological dimer, the monomers in the PI

FIG. 1. Chemical structure of atazanavir, which is marketed as the sulfuric acid salt under the trade name REYATAZ, with the section attributed
to each PRT subsite highlighted and labeled in accordance with standard nomenclature (49). Atom labels are as found in the CRM and IRM structures.
The common group found at each end is colored red. All four chiral centers, as indicated by wedge bonds, are in the S configuration. The IUPAC name
for atazanavir is (3S,8S,9S,12S)-3,12-bis(1,1-dimethylethyl)-8-hydroxy-4,11-dioxo-9-(phenylmethyl)-6-[[4-(2-pyridinyl)phenyl]methyl]-2,5,6,10,13-penta-
azatetradecanedioic acid dimethyl ester, although it can also be described as 1-[4-(pyridin-2-yl)phenyl]-5(S)-2,5-bis{[N-(methoxy-carbonyl)-L-tert-leuci-
nyl]amino}-4(S)-hydroxy-6-phenyl-2-azahexane because of its peptidic nature. The molecular mass of the free base, C38H52N6O7, is 704.9 Da (802.9 Da
for the sulfuric acid salt). A schematic of the CA-p2 peptide fragment from 1F7A is included for reference. During the deposition process, the atom
names for atazanavir 1FXE and 1FXD were changed to match those used in 2AQU (5). A conversion table is given in Appendix SG of the supplemental
material.
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complexes are rotated approximately 10° with respect to each
other. A detectable directionality is associated with this rota-
tion. Relative to all 198 residues of the CRM dimer, the IRM
dimer C� RMSD of 0.8 Å is the largest for the examined
structures. Yet despite this apparent dissimilarity, the CRM
and IRM structures exhibit similar global asymmetry. The su-
perposition of the CRM coordinates on those of 1F7A, both as
deposited and with the order of the monomers reversed in the
PDB file, gives values of 0.46 and 0.60 Å, respectively (
 � 0.14
Å). The same numbers for the IRM coordinates are 0.63 and
0.76 Å, respectively (
 � 0.13 Å). This directionality is attrib-
utable to the consistent rotation of one monomer relative to
the other between structures.

Alternative atazanavir binding mode in response to V82F
substitution. Several reports have previously analyzed and/or
predicted the effects of various point mutations on the catalytic
activity, inhibition, and structural stability of PRT (10, 14, 22,
52). This analysis will focus on the V82F mutation, for which

the CRM and IRM structures provide clear insight. For ataza-
navir, unlike other PIs, the V82F mutation has yet to be se-
lected in vitro (17) or observed in the clinic (7, 41) unless it is
present in combination with three or more other mutations.
The V82F mutation appears to be better tolerated by ataza-
navir, which could be due to its ability to bind in different
conformations depending on which amino acid is present at
residue 82 (Fig. 3). In the CRM structure, Val82 forms a
hydrophobic pocket (P1/P1	) along with Leu23 and Ile84. The
phenylpyridyl moiety points between Arg8A (subscript “A”
refers to monomer A) and Pro81A toward the solvent. In the
IRM structure, Phe82A �-stacks with the pyridyl ring of ataza-
navir (ring interplanar distance, 3.8 Å), which causes residues
79A to 83A to move away from the binding site. The phe-
nylpyridyl moiety rotates 67° around the N18–C19 bond (and
also 20° around the C19–C20 bond) in order to move into the
hydrophobic pocket created by Leu23A and Ile84A as it aligns
with the side chain of Phe82A. The pyridyl moiety is partially

FIG. 2. Electron density interpreted as an alternate conformation for atazanavir in the CRM structure. The alternate conformation was
generated by the superposition of CRM on itself, with monomers A and B swapped (C� RMSD of 0.6 Å). Atazanavir superimposes on itself
remarkably well when reversed due in part to the ability of the sp3 N18 to approximate the chiral carbon C9. The F0-Fc difference electron density
contoured at �3
 (blue) for the hydroxyl oxygen off the central chiral center at C17 is modeled very nicely by the alternate conformation. Also,
unlike the bulk of atazanavir, the 2F0-Fc electron density contoured at �1
 (cyan) for the pyridyl ring is incomplete in both locations, suggestive
of partial occupancies associated with the alternate conformation. Atoms are labeled as in Fig. 1. The image was generated with the program
Discovery Studio Modeling (release 1.1; Accelrys, Inc., San Diego, CA).

FIG. 3. Stereo overlay of the CRM (monomer A, green; monomer B, orange) and IRM (residues 78 to 82, magenta; other residues, red)
complexes with atazanavir. Side chains for the four CRM-to-IRM amino acid substitutions (M46I, V82F, I84V, and L90M) are similarly colored.
Atazanavir (CRM, cyan; IRM, magenta) is positioned below the flaps which fold across the top. In the CRM structure, the phenylpyridyl moiety
of atazanavir points between Arg8A and Phe81A (not shown) toward the solvent. In contrast, in the IRM structure, the pyridyl group �-stacks with
Phe82A. Similar distortion of monomer B is not observed because no pyridyl group is present at C14, unlike C23 (see Fig. 1). The image was
prepared with the program RIBBONS (4).
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buried by the surface created by Phe82A. These rearrange-
ments represent more than minor steric shifts. They represent
two distinct binding modes in response to an amino acid sub-
stitution. When Ala is present at residue 82 instead of Phe, this
compensatory rearrangement of the phenylpyridine is not ad-
vantageous. Minor adjustment of the atazanavir pseudo-back-
bone torsion angles between P2 and P2	 allows the distal ends of
atazanavir in the CRM and IRM structures to be placed in much
the same orientation (Fig. 3), despite the conformational differ-
ences at P1	. This alternative binding mode is consistent with the
�V82F mutant activity reported by Clemente et al. (5).

Importance of V82F substitution. The V82F substitution is
of particular importance in the IRM structure. Of the four
CRM-to-IRM mutations (M46I, V82F, I84V, and L90M), the
V82F mutation is the only one associated with significant C�
displacement between the superimposed CRM and IRM struc-
tures (Table 4). In the presence of atazanavir, the main-chain
displacement of Phe82A displaces Pro81A, which, at 3.1 Å,
represents the largest C� displacement. Pro81A, in turn, dis-
places the position of the symmetry-related Trp6B and other
nearby residues. Only the PRT monomer near the pyridyl
moiety, monomer A, is subject to this local distortion. The
configurations of monomer B are much the same in the CRM
and IRM structures. The C� displacements for residues 79 to
82 of monomer B are of the same magnitude as those for the
bulk of the protein, which illustrates the localized nature of the
distortion cascade driven by the Phe82A-pyridine interaction.

Packing around residues 46, 84, and 90. In addition to the
V82F mutation described above, the CRM and IRM proteins
differ at three other positions, including the I84V mutation,
which has been associated with both in vivo and in vitro resis-
tance (7, 8, 51), and the M46I and L90M mutations. In the
CRM and IRM complexes with atazanavir, the environment
around residue 84 in monomer A differs principally due to (i)
the Phe82/pyridine-related rearrangement in the IRM complex
and (ii) atazanavir being bound in two opposite orientations in

FIG. 4. Two-dimensional schematics of the interactions between atazanavir and PRT in the CRM (A) and IRM (B) structures. The quasi-symmetry
of atazanavir (black) is reflected in its contacts. Residues from monomers A and B are colored green and orange, respectively. Hydrogen bonds are shown
as dashed dark green lines (refer to Tables 5 and 6 for interatomic distances). Hydrogen bonds between the central hydroxyl of atazanavir and Asp25,
the catalytic aspartic acid, of each monomer were omitted for clarity. A key conserved water molecule, W301 (red sphere), sits between the Ile50 residues
of the A and B monomers. The figure was created with the program LIGPLOT (59) and rearranged with ChemDraw.

TABLE 4. C� deviations between the superimposed
CRM and IRM structuresa

Residue or
substitution

C� deviation (Å)

Monomer A Monomer B �A � B�

K14 0.9 0.4 0.5
I15 0.9 0.5 0.4
G16 1.6 0.7 0.9
G17 2.3 1.2 1.1
Q18 1.9 0.7 1.2
L19 1.5 0.5 1.0
K20 0.9 0.2 0.7
M36 0.7 0.9 0.2
N37 1.5 1.4 0.1
L38 1.4 1.6 0.2
P39 2.3 1.9 0.4
G40 1.7 2.3 0.5
K41 0.8 1.4 0.6
W42 0.4 1.0 0.6
K43 0.3 1.4 1.1
P44 0.6 1.1 0.5
M46I 0.7 0.6 0.1
I66 1.5 0.1 1.4
A67 2.8 0.3 2.5
G68 2.5 0.4 2.1
H69 1.8 0.1 1.7
K70 1.1 0.2 0.9
P79 0.9 0.5 0.4
T80 1.5 0.4 1.1
P81 3.1 0.7 2.4
V82F 2.2 0.8 1.4
I84V 0.3 0.2 0.1
L90M 0.4 0.3 0.1

a Except for the four mutations between the CRM and IRM sequences (in
bold), only residues for which at least one of the deviations exceeded 0.8 Å are
shown. The rightmost column of double differences highlights residues for which
the quality of the superposition differs between the A and B monomers. In
addition to the large differences at residues 79 to 82, the differences at residues
66 to 69 appear to be caused by the formation of a hydrogen bond between His69
ND1 and a symmetry-related Gly51 O which draws this loop in monomer A of
the IRM structure closer to its neighbor than is the case for monomer A of the
CRM structure or monomer B of either structure.
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the CRM complex. In monomer A of both the CRM and IRM
structures, the side chains of Asp25, Ala28, and Val(Phe)82
are within 4 Å of the side chain of Ile(Val)84. Moreover,
pseudo-symmetrically related atoms C10 (C19) of the linker to
the phenyl rings and C7 (C35) of the t-butyls from the two
different atazanavir orientations are within 4 Å of Ile84, as is
C12 of conformer B in the CRM structure. In the IRM struc-
ture, atoms from the phenyl portion of the phenylpyridyl moi-
ety, i.e., C21, which pseudo-symmetrically corresponds to C12,
and C22, interact with Val84. However, the similarities in the
CRM and IRM structures outweigh any differences. In mono-
mer B of CRM, the interactions of Ile84 resemble those of
monomer A due to the different orientations of atazanavir, but
in monomer B of IRM, with just one atazanavir orientation,
Val84 interacts only with Asp25.

Residue 46 is part of the flap, and its side chain is on the
surface. In both the CRM and IRM structures, residue 46 of
monomer A points towards the aliphatic portion of a symmetry-
related Lys70 from monomer B, whereas residue 46 of monomer
B points towards Ile72 from a symmetry-related monomer A.

Finally, in three of the four monomers, the side chain of
residue 90 (Leu in CRM and Met in IRM) is within 4 Å of the
same sets of residues, including (i) Leu5 from the other mono-
mer of the homodimer and (ii) Leu24 and Ile85 from the same
monomer. Only in monomer B of the IRM structure are the
interactions different, where the Met90 side chain is within 4 Å
of the side chain of only Ala95. However, even here, this
apparent difference is more a function of the arbitrary nature
of the distance cutoff, as CRM Leu90 and IRM Met90 occupy
much the same space when the structures are superimposed.

FIG. 5. Stereo illustration of the interactions between atazanavir and PRT in the CRM (top) and IRM (bottom) structures. The quasi-symmetry
of atazanavir (cyan) is reflected in its contacts. Monomers A and B are colored green and orange, respectively. Hydrogen bonds are shown as
dashed dark green lines (refer to Tables 5 and 6 for interatomic distances). The view is down the noncrystallographic twofold axis of the dimer
shown from the flap side. A key conserved water molecule, W301 (red sphere), sits between the Ile50 residues of the A and B monomers and is
positioned on the noncrystallographic twofold axis located at the center. Residue 82 from each monomer is highlighted in magenta. Flap residues
47 to 54, which lie above the inhibitor and were omitted from the protein surface calculation, were drawn with thicker bonds than the underlying
protein. The image was prepared with the program PyMOL (DeLano Scientific, San Carlos, CA).
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DISCUSSION

Comparison of the relative binding affinities of various PIs
to the CRM and IRM PRTs. All PIs, atazanavir included, were
less potent against the IRM PRT than against the CRM PRT.
However, the potency loss was at least threefold less with
atazanavir than with the other PIs. Moreover, the IC50 values
are consistent with those published in a study by Clemente et
al. (5) in which three pairs of �V82F PRTs were assayed for
activity by chromogenic cleavage against all seven FDA-ap-
proved PIs. None of the �V82F PRTs contained any of the
other three IRM substitutions. With the notable exception of
atazanavir, all of the PIs exhibited either weak or diminished
inhibition against one or more of the F82 PRTs. Thus, at least
for these cases, PRT susceptibility to atazanavir was retained in
the presence of an isolated V82F substitution.

Exploitation of quasi-symmetry. The quasi-palindromic chem-
istry of atazanavir is more pronounced than that of any of the other
six approved HIV-1 PIs. Both the P2-P3 and P2	-P3	 ends of
atazanavir contain N-(methoxycarbonyl)-L-tert-leucine [-NH-CO-

C(CH3)3-NH-CO-O-CH3]. This quasi-symmetry is reflected in its
molecular contacts with the PRT dimer (Fig. 4 and Fig. 5). Hydrogen
bonds between atazanavir and PRT are the same for both monomers
A and B (Table 5). Except for the central hydroxyl (O17), all inhib-
itor-protein hydrogen bonds in both the CRM and IRM structures
involve the duplicated portion of atazanavir. Furthermore, but for
OD1 and OD2 of Asp25, only backbone amide nitrogen atoms and
carbonyl oxygen atoms of residues 27, 29, and 48 make direct hydro-
gen bonds with atazanavir; therefore, one might expect mutations at
these residues to have less of an impact on atazanavir inhibition of
HIV-1 PRT than would be the case if their side chains made specific
interactions with the ligand. Of the seven marketed PIs, atazanavir is
the only one to make such extensive direct hydrogen-bonding inter-
actions with main-chain atoms. In this regard, it most closely resem-
bles the peptide bound in the 1F7A structure, which forms 10 hy-
drogen bonds to main-chain atoms (38). In fact, the only main-chain
hydrogen bonds formed with the peptide but not atazanavir are with
Gly48 N. Atazanavir, saquinavir, and ritonavir form hydrogen bonds
with Gly48A O. However, because of its higher degree of quasi-
symmetry, atazanavir is the only marketed PI that also forms a hy-
drogen bond with Gly48B O. These hydrogen bonds are important
for substrate recognition. For example, a protein with the G48V
mutation retained 50 to 80% of wild-type activity with cleavage-site
peptides (28). In contrast, a protein with the V82S mutation, whose
side chain makes hydrophobic interactions with inhibitors and there-
fore, presumably, substrates, retained only 2 to 20% of wild-type
activity. In vivo saquinavir resistance has been linked to two muta-
tions, namely, G48V and L90M, as well as the G48V/L90M double
mutant (20). The increase in Ki compared to that of the wild-type
enzyme (14) was attributed to the Val48 side chain displacing the
inhibitor farther from the PRT, resulting in a larger gap between the
inhibitor P3 moiety and the S3 subsite contained in the flap region of
the enzyme (20).

Water-mediated hydrogen bonds are also largely conserved
(Table 6). This similarity extends to hydrophobic interactions
between the protein and the repeated t-butyl and methyl ester
groups. In contrast, the hydrophobic interactions between the
protein and the core inhibitor phenyl and 2-phenylpyridyl sub-
stituents show some uniqueness with their respective mono-

TABLE 5. Direct atazanavir-PRT hydrogen bonds, with interatomic
distances, observed in the CRM and IRM complexes

Protein
monomer Atazanavir atom-PRT atom

Interatomic distance
(Å)

CRM IRM

A O17–Asp25 OD1 3.0 2.9
O17–Asp25 OD2 3.0 2.6
O2–Asp29 N 3.0 3.0
N2–Gly48 O 2.9 2.9
N8–Gly27 O 3.3 3.1

B O17–Asp25 OD1 2.6 2.6
O17–Asp25 OD2 2.9 3.2
O37–Asp29 N 2.9 3.0
N37–Gly48 O 3.0 2.9
N31–Gly27 O 3.1 3.0

a For simplicity, only the primary monomer (alternate conformer A) of ataza-
navir in the CRM structure is reported. However, the same trend is observed for
alternate conformer B. But for the catalytic aspartic acid, Asp25, of each mono-
mer, only main-chain protein atoms form direct hydrogen bonds with atazanavir.

TABLE 6. Water-mediated hydrogen bonds, with interatomic distances, observed in the CRM and IRM complexesa

Protein monomer Atazanavir atom-HOH molecule-
PRT atom

Interatomic distance (Å)

CRM IRM

Atazanavir
to H2O

H2O to protein
atom

Atazanavir
to H2O

H2O to protein
atom

A O1–W212–Gly48 O 3.0 3.0
O1–W24–Gly48 N 3.4 2.8 3.2 2.7
O2–W7–Asp29 OD1 3.2 2.7 3.3 2.8
O2–W7–Gly27 O 3.2 2.9 3.3 2.8
O8–W301–Ile50 N 2.7 2.8 2.8 2.9
O31–W301–Ile50 N 2.7 2.8 2.8 2.9

B O38–W162–Gly48 O 3.3 2.8
O37–W6–Asp29 OD1 3.3 2.8 3.1 2.8
O37–W6–Gly27 O 3.3 3.0 3.1 3.0
O31–W301–Ile50 N 2.7 3.0 2.8 3.0
O8–W301–Ile50 N 2.7 3.0 2.8 3.0

Atazanavir-atazanavir O-8–W301–O31 2.7 2.8 2.8 2.8

a The high degree of quasi-symmetry of the ligand and of the PRT dimer is reflected in the interatomic interactions in terms of both the atoms and distances involved.
Similarly situated waters in both structures (e.g., W301) were assigned the same residue number to aid in such comparisons. A 3.3-Å cutoff was used, although entries
above this value were included to complete rows.
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mers. The ability of PRT to accommodate additional ligand
symmetry when available raises the question of whether this
feature could be exploited further to obtain more potent
and/or more resistant inhibitors. For instance, perhaps the
chirality at the scissile bond could be relaxed. While the use of
symmetry in the design of PIs is not new (12, 13), the impli-
cation of this quasi-symmetry is still not fully understood.

I50L mutation and atazanavir resistance. The clinical link
between the I50L mutation and atazanavir resistance was dis-
covered after these structural studies were completed. In the
absence of structures of Leu50-PRT–PI complexes, modeling
studies (67) were done based on the CRM and IRM structures,
both of which contain Ile50. Ile50A and Ile50B are located
between the S1-S2	 and S2-S1	 binding sites and interact with
the P1-P2	 and P2-P1	 groups of the PIs, respectively. These Ile
residues also coordinate the conserved water found in the
structures of most, if not all, PRT-PI complexes, even those
determined in solution by NMR (60, 61). Analogous to these
other structures, the conserved water (labeled W301) mediates
hydrogen bonds between the amide groups of Ile50A/Ile50B

and the O8/O31 carbonyl oxygen atoms of atazanavir (Table 6
and Fig. 4). Therefore, since this conserved water interacts
similarly with all PIs and its protein contact is limited to the
backbone amide nitrogen of residue 50, its role appears to be
conserved across PIs. Thus, subtle changes to the environment
of the conserved water were not considered to be the principal
reason behind the atazanavir-specific resistance linked to the
I50L mutation. Rather, in the case of atazanavir, the large
t-butyl groups at P2 and P2	 form close van der Waals contacts
with Ile50B and Ile50A, respectively. An I50L substitution
would introduce steric clash to these otherwise favorable in-
teractions. To relieve the clash, the flaps must undergo con-
formational changes to accommodate atazanavir. These
changes, which were predicted to be more pronounced for P2	
than for P2, would slightly open the active site and result in
reduced binding affinity (67). The I50L resistance substitution
is more readily accommodated by the PIs with smaller sub-
stituents at P2 and/or P2	. Fortunately, unlike other resistance
substitutions, the I50L mutation is associated with increased
susceptibility and no cross-resistance to other approved PIs
(8). Thus, even if I50L mutation-based atazanavir resistance is
encountered, it can potentially be addressed with other readily
available PIs.

Conclusions. This work presents the X-ray crystal structures of
two mutant forms of HIV-1 PRT complexed with atazanavir.
Atazanavir was shown to take advantage of its quasi-symmetric
chemistry and the homodimeric nature of the target in terms of
binding interactions. This work also highlights the ability of ataza-
navir to adopt a different but effective binding mode in direct
response to the clinically relevant V82F mutation. This ability of
atazanavir to adopt a different conformation in the presence of
the V82F mutation bodes well for the clinical use of atazanavir as
a component of highly active antiretroviral therapy against the
AE strain of HIV, where this particular mutation is routinely
found and against which Clemente et al. (5) have shown that
atazanavir, in comparison to all other PIs, remains potent in vitro.
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