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Abstract

The mature HIV-1 protease (PR) bearing drug-resistance mutation L76V (PR(7gv) is significantly
less stable, with >7-fold higher dimer dissociation constant (Kg) of 71 + 24 nM and twice the
sensitivity to urea denaturation (UCsg = 0.85 M) relative to PR. Differential scanning calorimetry
showed a decrease in Ty, of 12 °C for PR| 7y in the absence of inhibitors, and 5-7 °C in the
presence of inhibitors darunavir (DRV), saquinavir (SQV) and lopinavir (LPV), relative to PR.
Isothermal titration calorimetry gave a ligand dissociation constant of 0.8 nM for DRV, ~160-fold
larger than that of PR, consistent with DRV resistance. Crystal structures of PR 7gyy complexed
with DRV and SQV were determined at resolutions of 1.45-1.46 A. Compared to the
corresponding PR complexes, the mutated Val76 lacks hydrophobic interactions with Asp30,
Lys45, lle47, and Thr74, and exhibits closer interactions with VVal32 and Val56. The bound DRV
lacks one hydrogen bond with the main chain of Asp30 in PRy 7y relative to PR, possibly
accounting for resistance to DRV. SQV shows slightly improved polar interactions with PR_7gv
compared to PR. Although the L76V mutation significantly slows the N-terminal autoprocessing
of the precursor TFR-PR| 7y to give rise to the mature PR| 7y, the co-selected M461 mutation
counteracts by enhancing this rate but renders the TFR-PRwa461/L76v Precursor less responsive to
inhibition by 6 uM LPV while retaining inhibition by SQV and DRV. The correlation of lowered
stability, higher Kq and impaired autoprocessing, with reduced internal hydrophobic contacts
suggests a novel molecular mechanism for drug resistance.
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Human immunodeficiency HIV-1 protease (PR) is a major drug target for treatment of
AIDS. PR functions in the last step of the HIV-1 life cycle by catalyzing the cleavage of
viral polyproteins produced in the host cell. (1). Hydrolysis of polyproteins into functional
products is important for the maturation and production of infectious progeny virions.
Protease inhibitors (Pls) act to prevent the maturation process. Currently, nine Pls are
approved by the FDA as anti-viral drugs. However, the lack of a proofreading step of the
viral reverse transcription leads to a high frequency of mutations, and under drug pressure,
rapid selection of a combination of mutations confers drug resistance thus presenting a
severe challenge in current anti-HIV treatment (2).

PR is a homodimer with 99 amino acids in each subunit (Figure 1) (3). The Asp25-Thr26-
Gly27 triplets of both monomers form the catalytic site, where Asp25 and Asp25' (the prime
indicates the second subunit of the dimer) serve as general acid-base catalysts of polyprotein
cleavage in the proposed reaction mechanism (4). Two flexible interacting flaps are formed
by residues 44-57 of both subunits. The two characteristic triplets and two flaps make
important contributions to the active site cavity for the binding of substrates or inhibitors (5).
The PR dimer is stabilized via noncovalent interactions of the residues at the dimer
interface. Important intersubunit hydrogen bonds connect the catalytic triplets, flaps and beta
sheet formed by the 4 terminal strands (6). The tertiary fold of each monomer is stabilized
by hydrophobic interactions among the aliphatic residues in an internal hydrophobic core.
Mutations occurring in over 30 of the 99 residues in each subunit are associated with drug
resistance (7). Two major types of Pl-resistance mutations are proposed to influence the PR
activity (5). One type located near the active site can change the binding affinity and/or
specificity of PR with the inhibitor by altering direct interactions (8). Other mutations do not
change the binding cavity directly; however, they may affect PR stability and indirectly
influence the binding of inhibitors via long-range structural perturbations (9).

The L76V mutation has become more prevalent in datasets of HIV-1 mutants observed in
patients (7). Presence of L76V as a single mutation was shown to hamper viral replication
severely (10). L76V, generally accompanied by other mutations, is considered a major
mutation providing 2-6-fold decreased susceptibility to darunavir (DRV), fosamprenavir,
indinavir (IDV), and lopinavir (LPV) (11-12). It is also selected as a drug resistance
mutation in patients receiving LPV therapy (10). This mutation, however, is not associated
with resistance to atazanavir (ATV), nelfinavir (NFV), saquinavir (SQV) or tipranavir
(TPV). Instead, mutants containing L76V exhibit increased susceptibility to these drugs (11,
13-14). Hence, this mutation shows opposing roles in drug resistance, acting to increase
susceptibility to some drugs and decrease susceptibility to others (15).

We constructed PR with the single mutation of L76V in order to investigate its effect on the
structure, stability and activity of the enzyme. Crystal structures of PR 7gy with DRV and
SQV were determined to investigate the molecular basis for the responses of this mutant to
inhibitors. Leu76 is located in the hydrophobic core of PR close to the active site cavity,
although its side chain has no van der Waals contacts with most substrates or inhibitors.
Additionally, the effect of the mutation on the autocatalytic processing of the precursor,
which is required for onset of the catalytic activity characteristic of the mature, dimeric
enzyme, was assessed in vitro, and the effect of a second mutation, M461, was examined in
the precursor containing both mutations.

EXPERIMENTAL PROCEDURES

Protein expression and purification

The HIV-1 PR (Genbank HIVHXB2CG) clone optimized for structural and biochemical
studies contains mutations Q7K, L33l and L63I to minimize autoproteolysis, and C67A and
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C95A to prevent cysteine-thiol oxidation (16). The L76V mutation was introduced in this
PR template as well as the template encoding a PR precursor mimetic in which the full-
length transframe region (TFR) is fused to the N-terminus of PR (TFR-PR) by use of the
appropriate oligonucleotide primers using the QuikChange protocol (Stratagene, La Jolla,
CA) and verified by DNA sequencing. A second construct, containing two mutations, M461
and L76V, in the PR domain of TFR-PR was also made using TFR-PR| 76y as the template.
Proteins were expressed using pET11a vector and E. coli BL21(DE3), purified and refolded
using established protocols (17-19), and the identities of the products verified by ESI-MS.

Enzyme assays

Calorimetry

The kinetic parameters were measured using a fluorescence assay as described (20) with the
substrate Abz-Thr-lle-Nle-pNO,Phe-GIn-Arg-NH, (where pNO5Phe is para-
nitrophenylalanine, Nle is norleucine and Abz is anthranilic acid) (Bachem Bioscience Inc.,
King of Prussia, PA), which is based on the p2/NC cleavage site of the viral polyprotein. 10
ul PR | 76y at a final concentration of 34 nM from active site titration with SQV was mixed
with 100 pl of reaction buffer [L00 mM MES (4-morpholineethanesulfonic acid), pH 5.6,
400 mM NacCl, 1 mM ethylenediaminetetraacetic acid, and 5% glycerol] at 26 °C. The
reaction was initiated by adding substrate from a stock solution of 186 uM to give a final
concentration of 12-84 puM. PR activity was measured by monitoring the increase in
fluorescence over 5 min using an excitation wavelength of 340 nm and emission wavelength
of 420 nm (pNO,Phe as quencher-fluorescent acceptor; Abz as fluorescent donor) with a
POLARstar OPTIMA 96-well microplate instrument (BMC Labtech). Values for kgt and
K were obtained by fitting the curves to the Michaelis-Menten equation using the program
SigmaPlot (SPSS Inc., Chicago, IL).

For dimer dissociation and urea denaturation studies, enzyme activity was measured by
following the initial rates of hydrolysis of the chromogenic peptide substrate 1V that mimics
the CA/p2 cleavage site (Lys-Ala-Arg-Val-Nle-pNO,Phe-Glu-Ala-Nle-NH,, California
Peptide Research, Napa, CA) at 310 nm (Ae = 1797 M~cm™1) in 50 mM sodium acetate
buffer, pH 5.0, in 120 uL cuvettes at 28 °C. Substrate concentration (390 uM in the assay
mixtures) was determined from the UV spectrum of substrate stock solutions (¢ = 12,000
M~ cm™1). The dimer dissociation constant, Ky, was determined by fitting the curve of
activity (initial rate/protease concentration) vs. protease concentration (40-1200 nM as
monomers) to an equation described previously (19). For urea denaturation studies, activity
was measured at urea concentrations of 0-3.5 M (16, 21) and a enzyme concentration of
0.3-1.15 pM. The UCsgq value is the urea concentration at which the PR activity is half of
the maximum activity in the absence of urea.

Inhibitor concentrations were determined kinetically by active site titration against the wild-
type PR. Samples for differential scanning calorimetry (DSC) were prepared by the quench
protocol from stock solutions in HCI as previously described (18) to give a final enzyme
concentration of 14-15 pM (as dimer) in 50 mM sodium acetate buffer, pH 5.0. Final
concentrations of inhibitors DRV, SQV and LPV were 28-29 uM (~2-fold molar excess
relative to dimeric enzyme). DSC scans were run on a MicroCal VVP-DSC microcalorimeter
(GE Healthcare) at 90 °C/h from a starting temperature of 20 °C and terminated at 70-90 °C
depending on the position of the transition. Data were processed using the instrument's
Origin software as described (22). SDS-PAGE of the inhibitor-free enzyme on a 20%
homogeneous PhastGel (GE Healthcare) before and after DSC showed no evidence for
autoproteolysis during the course of the DSC experiment.
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For isothermal titration calorimetry, PR 7y (1.9 mg/ml in 12 mM HCI) was folded by the
quench protocol (18) to give final concentrations of 8-13.5 pM in 50 mM sodium acetate
buffer, pH 5, and titrated with 16 injections of DRV in the same buffer (60-140 uM
depending on the protein concentration) by use of a MicroCal iTCyqp microcalorimeter (GE
Healthcare) at 28 °C. Stock 160-200 pM inhibitor solutions were prepared in low ionic
strength buffers at a final concentration of 0.5% (v/v) DMSO, diluted from a stock solution
of inhibitor in 100% DMSO. All ITC experiments were performed at 0.5% or lower DMSO
concentration. DMSO equivalent to that in the titrant was added to the protein solution in the
cell to minimize thermal effects of changing DMSO concentration during the titration. As
reduced autoproteolysis is intrinsic to the optimized PRs after folding at pH 5,
concentrations of active PR 7gy Were verified from the known stoichiometry of inhibitor
binding to the active site (N = 1) on titration. Data were processed using the instrument's
Origin software. Three separate experiments at different concentrations of PR 74 and DRV
were consistent with an upper limit of ~10 nM for the dissociation constant (K ). A
displacement titration with 50 uM DRV in the presence of 16 uM RPB inhibitor (H-Arg-
Val-Leu-(r)-Phe-Glu-Ala-Nle-NH,; Bachem Americas, Inc., Torrance, CA) added to the
sample cell containing 4 uM PR 76y provided a more accurate value. Analogous
displacement titrations under the same conditions with SQV or LPV did not give adequate
thermal effect for reliable quantitation.

Autoprocessing of TFR-PR|_7gy Precursor

Isolation of PR precursors in significant quantities presents a substantial challenge because
the intrinsic autoprocessing of the precursors to mature protease results in their depletion
during expression. However, amounts of the full length precursors sufficient for small scale
experiments can be recovered. Thus, remnants of the unprocessed precursor TFR-PR| 7gv
and TFR-PRpug1/ 76y Were purified as described (16, 19). The precursor was folded by
addition of 5.66 volumes of 5 mM sodium acetate buffer, pH 5.3, with or without added
DRV, to TFR-PR| 76y in 12 mM HCI, to give a final pH of 4.5. Samples (5 ul) were
removed at times from 0-26 hours, mixed with 3 ul SDS-PAGE sample buffer and frozen
immediately. Samples were subjected to electrophoresis on 20% homogeneous PhastGels
(GE Healthcare), and visualized by staining with PhastGel Blue R.

Crystallographic Analysis

PR\ 76v at a concentration of 7 mg-mI~1 was mixed with the inhibitors DRV or SQV at 5-
fold molar excess. Crystals were grown by the hanging-drop vapor-diffusion method at
room temperature using 24 well VDX plates (Hampton Research, Aliso Viejo, CA). The
crystallization drops had equal volumes of the protein and reservoir solutions. Crystals of
PR_76v With DRV grew in solutions of 30 mM NaOAc buffer (pH 4.6-5.0), 1.4-1.8 M
NaCl and 3% (v/v) DMSO. Crystals of PR 7y With SQV grew in solutions of 100 mM
Tris-HCI buffer (pH 6.0-9.0) and 1.3 M NaCl with 3% (v/v) DMSO. The crystals were
frozen in liquid nitrogen with the cryoprotectant of 20-30% (v/v) glycerol. X-ray diffraction
data for the crystals were collected on the SER-CAT beamline of the Advanced Photon
Source, Argonne National Laboratory in Chicago.

X-ray data were processed with HKL2000 (23). The structures were solved by molecular
replacement using MolRep in the CPP4i suite of programs (24) and the starting model was
the wild type PR complex with DRV (PDB code 2IEN) (25) in the same space group as the
new structures. The structures were refined with SHELXL (26) and refitted using Coot 0.3.3
(27). Alternate conformations were modeled for PR residues, inhibitors and solvent
molecules based on the observed electron density maps. The solvent was modeled with over
200 water molecules, ions and other solvent present in the crystallization solutions, as
described (25). Anisotropic B, factors were applied for all the structures. Hydrogen atom
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positions were calculated in the last stage of refinement, using all data once all other
parameters, including disorder, had been modeled. The mutant crystal structures were
compared with the wild type PR by superimposing their C, atoms as described (25).
Structural figures were made using PyMol (28).

Protein Data Bank accession numbers

The structure coordinates and factors have been deposited in the RCSB Protein Data Bank
with access number 3PWM for PR 76y-DRV and 3PWR for PR 76y-SQV.

RESULTS AND DISCUSSION
Properties and Stability of Mature PR 7gy

Purified mature PR 7gy showed a Ky, of 37 + 6 uM and kg of 334 + 23 min~1 at pH 5.6
and 200 mM NaCl. The catalytic efficiency, Keai/Km, of 9.0 pM ~1 min~2 for hydrolysis of
the fluorogenic substrate based on the p2/NC cleavage site is essentially the same (1.2-fold)
as the value of 7.2 uM ~1 min™1 determined for PR under the same conditions (20). A plot
of the dependence of activity on urea concentration (Fig. 2A) shows a transition midpoint
(UCsxp) of 0.85 M urea for PR 7y, Which is approximately half the value of 1.78 M for PR
(Table 1). Increased susceptibility to urea denaturation is consistent with the lower stability
of the PR\ 76y dimer relative to the wild type enzyme as reflected by the Kq of 71 £ 24 nM
for the PR 76y (Fig. 2B), which is at least 7-fold higher than that of PR (29).

Inhibitor Binding

Differential scanning calorimetry (Fig. 3A) was used to assess the thermal denaturation of
PR 7gv in the absence and presence of inhibitors. The observed T, values for PR 7gy in
Table 1 are compared with those previously reported for PR under the same conditions (30).
In the absence of inhibitors PR 7y is markedly less stable to thermal denaturation than is
PR, with a Ty, that is 12 °C lower than that of PR. Although the mechanisms of heat- and
urea-induced denaturations are not necessarily the same, the low T, value for PR 7gv IS
consistent with the observed effect of urea on its catalytic activity, as both heat- and urea-
denaturations involve changes in the stability of the protein fold, which may precede and/or
accompany dimer dissociation. Even when complexed with inhibitors, which should
stabilize the proteases as dimers, the Ty, value for PR 76y is about 7 °C lower than that for
PR. The decreased thermal stability of PR 76\ contrasts with results reported for several
other PR mutants associated with drug resistance. For example, Ty, values for ATV resistant
mutant I50L/A71V (31) and multi-drug resistant mutant V82F/184V (32) were both higher
than the values observed for PR by 2.2 and 4 °C, respectively. A multi-drug resistant mutant
bearing 11 mutations also exhibited a slightly higher T, than the wild type enzyme (33).

An upper limit of ~10 nM for the dissociation constant (K ) of the PR 7gy-DRV complex,
with a range between 6.6 and 18 nM, was obtained by direct ITC titrations with the
inhibitor. A substrate-analog inhibitor (RPB) with a reduced peptide bond exhibits a good
negative thermal response (AH = —4.3 kcal/mol) on binding to PR 76y and a K of 61 + 13
nM (Fig. 3B). A displacement titration with DRV in the presence of RPB gave a value of
0.79 £ 0.29 nM (Fig. 3C), approximately 160—fold larger than K for the PR-DRV complex
(34-35). Lack of an adequate thermal response under the same conditions, either on direct
titration or by displacement of RPB (10-15 pM), precluded K; measurements with SQV and
LPV. Alternatively, a qualitative indication of the relative binding affinity of different
inhibitors to the same protein can be obtained from the increase in thermal denaturation
temperature (ATy,) in the presence of inhibitor (22, 30, 31). The values of AT, for DRV,
SQV and LPV binding to PR 7gy are significantly larger (by 5-7 °C) than for PR, reflecting
both the low thermal stability of the free PR 7gv and significant stabilization of the protein-
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inhibitor complexes. AT, values for DRV, SQV and LPV binding to the PR, 7gv (Fig. 3A)
differ by less than 2° C in the order DRV>SQV>LPV are consistent with large binding
constants (small K values), although the magnitude of their enthalpy values for thermal
denaturation decrease significantly in the same order. The effects of these three inhibitors on
autoprocessing of the TFR-PR| 76y precursor (cf. Fig 4 and following section) suggest that
K for SQV and LPV will be larger than the 0.8 nM observed by ITC for DRV. By contrast,
in vitro phenotype assays found the mutation L76V in PR derived from clinical samples to
be associated with enhanced susceptibility to SQV and resistance to DRV and LPV (11, 14).
However, in many, if not most, DRV resistant clinical isolates, a single resistance mutation
does not occur alone but is associated with other mutations such as M461 and L90M (13,
36), which are selected along with L76V in clinical settings. It is possible that the relative
responses to these inhibitors as well as the dimer stability may be altered by the presence of
such additional mutations.

Autoprocessing of PR 7gy and PRyusgi/L76v Precursors

During viral replication, the autocatalytic processing (autoprocessing) of PR from its Gag-
Pol polyprotein precursor is essential to generate the active mature PR and requisite
structural and functional proteins of the infective virion (3). Cleavage between the
transframe region (TFR), encoded in the Pol open reading frame, and the N terminus of PR
domain (TFR/PR site) is crucial for the formation of stable PR dimers with full catalytic
activity from the monomeric TFR-PR. Consequently, compromising this process will
adversely affect the viability of the virus. Previous studies with the wild type precursor,
TFR-PR, have identified the pathways for its maturation (3, 29). The time course of
autoprocessing in the absence of inhibitors and in the presence of LPV, SQV and DRV is
shown in Figure 4. At low pH an initial cleavage of TFR-PR (a) occurs between F8/L9 of
the TFR to give an intermediate (b) with low catalytic activity similar to the full-length
precursor. Subsequent cleavage at the TFR/PR site releases the fully active, mature PR (c)
and the fragment TFR9-56 (d). Autoprocessing was assessed in vitro with a precursor
comprising the 56-amino acid TFR fused to the N-terminus of the PR domain containing the
L76V mutation (TFR-PR| 76y). Reactions conducted at ~6 uM protein concentration permit
monitoring the autoprocessing of the precursor in small volumes suitable for SDS-PAGE on
PhastGels. In the absence of inhibitors, only ~50% of the autoprocessing reaction is
complete at 6 h (Fig. 4A), in contrast to that of wild type TFR-PR, which is complete in < 1
h (3, 37). Thus, the slower rate of autoprocessing of TFR-PR| 7g seems to correlate with the
lower stability of the mature PR| 76y, namely the higher K4 and increased susceptibility to
denaturation by urea. Processing was only partially inhibited by LPV (Fig. 4B), but
completely inhibited by DRV (Fig. 4D), using both inhibitors at a concentration of 6 uM.
SQV is intermediate in its inhibition of TFR-PR| 76y autoprocessing being slightly better
than LPV and poorer than DRV. Internal cleavages within the TFR have been shown to be
less responsive to inhibition than cleavages at the TFR-PR site (19). Thus in the presence of
LPV and SQV some cleavage occurred at F8/L9 to give the intermediate TFR9-56-PR| 76/,
but very little or no subsequent cleavage was detected at the N-terminus of the protease
domain to give mature PR 76y

The single mutation L76V severely compromises viral replication in cell cultures, whereas
coexistence of another mutation, M461, was found to increase resistance to LPV while also
partially restoring the ability of the virus to replicate (10). This presumably occurs by
increasing the stability and/or catalytic efficiency of the protease or its precursor.
Unfortunately, it was not possible to isolate the mature PRp461/176v because of its rapid
autoproteolysis and very poor accumulation during its expression. However, limited
quantities of the precursor TFR-PRpa461/76v could be obtained for comparison with TFR-
PR 76y under the same conditions. In the absence of inhibitors, TFR-PRp61/L 76V
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undergoes autoprocessing significantly faster (Fig. 4E) than TFR-PR|_7gy. The additional
M461 mutation has no effect on inhibition by 6 uM SQV or DRV (Fig. 4G and 4H).
Interestingly, however, TFR-PRpa461/L76v @lmost completely evades inhibition (Fig. 4F)
under conditions where LPV inhibits processing of the single mutant TFR-PR 7gy. These
results are consistent with the observations of Nijhuis et al. (10), and underscore the
potential importance of secondary mutations for precursor processing, both by improving
the intrinsic autoprocessing activity of an otherwise compromised precursor, and by
decreasing its susceptibility to inhibition.

PR 76v -Inhibitor Crystal Structures

Crystal structures of PR 76y in complexes with DRV and SQV were determined to identify
any structural changes caused by the mutation. The crystallographic data collection and
refinement statistics are displayed in Table 1. The crystal structures of PR 76y-DRV and
PRL76v SQV were refined to R-factors of 0.14 at the resolutions of 1.45 and 1.46 A. The
crystal structures had one PR dimer with residues labeled 1-99 and 1'-99' in each
crystallographic asymmetric unit in the space group of P2,2;2. DRV and SQV were
observed in two alternate conformations in the active site cavity of the dimer of PR 7gy With
relative occupancies of 0.63/0.37 and 0.73/0.27, respectively. Alternate conformations were
modeled for 10 and 17 residues in the PR 7g-SQV and PR| 7y-DRYV structures,
respectively. The flap residues 46, 50 and 51 exhibited alternative conformations in both
subunits of the two structures. The DRV complex also showed alternative conformations of
the side chains for Val82, Pro81', Val82' and 184" in the inhibitor binding site; however,
these residues showed a single conformation in the SQV complex. The structures were
refined with more than 200 water molecules. The solvent included one sodium ion, two
chloride and 3 acetate molecules in the DRV complex, while the SQV complex showed 8
glycerol molecules.

Structural Changes at the Site of Mutation

The PR_76yv complexes with DRV and SQV were compared with the corresponding PR-
inhibitor complexes. The PR-DRV (21EN) (25) structure was solved in the same space
group P21242 at 1.30 A resolution. The DRV complexes shared very similar backbone
conformations with a low RMSD of 0.11 A on Co atoms. The PR-SQV (2NMW) (8)
structure was refined at 1.16 A resolution in the same space group, although the unit cell
dimensions differed. Hence, the SQV complexes with PR 7y and PR superimposed with
the larger RMSD value of 0.65 A resulting from variations of up to 2.3 A in residues 37-41
and 36'-45', as typically seen for PR complexes in different space groups.

Leu76 lies in the inner hydrophobic cluster in each subunit of the PR dimer (38), and its side
chain makes hydrophobic contacts with the side chains of Asp30, Val32, Lys45, lle47,
Val56, GIn58 and Thr74. The mutation of leucine 76 to valine gives a shorter side chain,
which results in the loss of several van der Waals contacts. In the PR 76y-DRV complex,
hydrophobic contacts with the side chains of Asp30, Lys45, and Thr74 and one contact with
Ile47 are lacking in both subunits, as shown by an interatomic distance of more than 4.2 A
(Fig. 5A). Instead, the mutated Val76 forms more and closer hydrophobic interactions with
the side chain of Val32, with interatomic distances of 3.8-4.0 A rather than the longer 4.2 A
separation seen in the PR structure. Similar changes are observed in the PR} 7gy-SQV
complex, with the exception of contacts with VVal32 and Val56. The side chains of VVal56
and residue 76 exhibit multiple hydrophobic contacts in the PR 7 complexes with both
inhibitors and in the PR-DRYV structure; however, the PR-SQV structure shows only a single
van der Waals interaction between these residues (Fig. 5B and C). Similarly, the side chains
of Leu76 and Val32 show no hydrophobic contacts in PR-SQV, while multiple contacts are
seen in the PR 76y-SQV complex and both DRV complexes. Thus, PR-SQV shows fewer
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internal contacts around Leu76 compared to those of VVal76 in the mutant complex, whereas
similar contacts of residues 32, 56 and 76 are maintained in both DRV complexes.

The decrease in internal van der Waals interactions is correlated with the lower stability of
the mutant relative to the wild type enzyme described in the previous section. In contrast to
other mutants exhibiting lower stability such as PR| 24}, PR|50v and PRgs3 (9, 39),
however, no significant changes were seen at the dimer interface of the mutant structures.
Therefore, the major molecular change associated with the significantly lower stability of
PR 76V is the loss of internal hydrophobic contacts characteristic of Leu76. This loss of
hydrophobic contacts at the mutated residue stands in strong contrast to the minimal changes
reported for the majority of single mutants (9, 40). For example, our recent analysis of 6
mutants with single substitutions of residues in the hydrophobic clusters showed small
structural adjustments that tended to conserve the hydrophobic interactions (40). Hence, the
major loss of internal hydrophobic contacts for VVal76 in PR 7y, coupled with reduced
stability that is offset by secondary mutations, exemplifies a distinct mechanism for drug
resistance.

Protease-Inhibitor Interactions

In the crystal structure of PR 76v-DRV, the inhibitor is observed in two orientations bound
within the active site cavity by a set of hydrogen bonds, which are similar to those in the PR-
DRV structure (25). Both orientations of DRV show similar hydrogen bond interactions
with PR 7gv. DRV forms 4 hydrogen bonds with the main chain atoms of Gly27', Asp29',
and Asp30', and 5 hydrogen bonds with the side chain atoms of Asp25/Asp25' and Asp30 of
PR_76v (Fig. 6A). The water-mediated hydrogen bonds between 11e50/50' and DRV are
conserved in the majority of crystal structures of PR and its mutants with inhibitors and
substrates. Compared with the wild type complex, DRV shows weaker interactions with the
main chain of Asp30, which is associated with the shift of the aniline group of DRV away
from the Asp30 of PR\ 7gv (Fig. 6B). The interatomic distance representing a hydrogen bond
between the aniline amino group of DRV and the amide nitrogen of Asp30 in PR-DRV
increases from 3.2 to 3.6 A in the A subunit of PR| 76y-DRV, while the interatomic distance
between the DRV amino group and the carbonyl oxygen of Asp30 increases from 3.3 to 4.4
A indicating loss of a hydrogen bond in the PR 76y mutant. These changes may correlate
with the loss of internal van der Waals contacts of Val76, especially those with Asp30,
relative to those of the wild type Leu76.

SQV is bound at the active site in two pseudosymmetric orientations in PR 7y-SQV. The
major conformation of SQV forms 9 direct hydrogen bond interactions and four water-
mediated hydrogen bonds with PR| 7gyv (Fig. 6C). The mutant exhibits one improved direct
and one more water-mediated interaction with SQV as compared with those in the wild type
complex. Notably, a hydrogen bond interaction is formed between the carbonyl oxygen of
Gly27 and the amide of SQV at 3.3 A distance compared to the very weak 3.6 A-long
interaction observed in the wild type complex (Fig. 6D). The conserved water-mediated
hydrogen bonds are seen between 11e50/50" and SQV, and another water-mediated
interaction is conserved in reported high resolution crystal structures of PR and its mutants
with SQV (8). Compared with the PR-SQV crystal structure, one more water-mediated
hydrogen bond is observed between SQV and the amide of Asp29 in PR 76y. No water was
visible at the equivalent position in the wild type structure; however, the observation of
ordered solvent molecules partly depends on the crystallization conditions, quality and
resolution of the diffraction data. Overall, SQV has slightly improved hydrogen bond
interactions with PR 7gy/ relative to the wild type PR suggesting that the mutant may retain
high binding affinity for this inhibitor.
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Implications for drug resistance

The structural changes in the PR 7gy-inhibitor complexes suggest the molecular basis for
the lowered stability of this mutant and slower autoprocessing of its precursor. The reduced
hydrophobic interactions of Val76 can directly perturb the interactions of DRV with Asp30,
although no direct effect on the SQV interactions was seen. Also, the mutation is likely to
perturb the flaps through loss of contacts between residue 76 and flap residues Lys45 and
I1e47. Movement of the flaps is required for binding of substrate and release of products
(39). Inter-flap contacts also contribute to the dimer interface, so that destabilization of the
flaps will likely contribute to the higher dimer dissociation constant of PR 7gy and its
increased susceptibility to thermal and urea-induced denaturations. Consequently, precursor
processing, formation of the mature dimer and drug resistance depend on maintaining the
correct flap conformations and their contacts with internal hydrophobic residues like Leu76.

The properties of this mutant are discussed in relation to the interactions of the nine clinical
inhibitors in order to understand why the L76V mutation is associated with increased
resistance to some drugs while retaining effective binding affinity for other clinical
inhibitors. DRV forms no direct hydrogen bonds with flap residues suggesting that its
binding may allow changes in flap conformation (Figure 6A). In contrast, SQV forms a
hydrogen bond with the carbonyl oxygen of Gly48 in the flap, which suggests SQV binding
may restrict such conformational changes (Figure 6C). This analysis of the PR 76y crystal
structures and other PR complexes sheds light on the opposing clinical responses of this
mutant to different drugs (10-11, 13). L76V is associated with resistance to the inhibitors
LPV, DRV, APV, and IDV, which form hydrogen bond interactions with Gly27, Asp29 and/
or Asp30 near the catalytic Asp25, as well as the conserved water-mediated interactions
with 11e50/50' (25, 33, 40-41). On the other hand, inhibitors ATV, SQV and TPV, for which
mutants containing L76V show increased susceptibility, all form direct or water-mediated
hydrogen bond interactions with Gly48, while TPV is unique in forming direct, instead of
water-mediated, hydrogen bonds with the amides of 1le50 and 50' (33). NFV is the only
exception with no direct flap interactions (42), however, susceptibility to NFV is less
strongly associated with the L76V mutation compared to other drugs (11-12).

The observed structural changes provide insight into the effects of combining mutation
L76V with M461, which has been reported to contribute strongly to competence of the virus
to replicate and its clinical resistance to LPV (10). Analysis of the wild type PR crystal
structures suggests that the P2 group of LPV is unusual in forming multiple close
hydrophobic contacts with 1le47, whereas DRV and SQV show only 1 or 2 hydrophobic
contacts with Ile47. Thus, altered contacts with flap residues 45 and 47 associated with
mutation L76V may partially diminish the binding affinity of LPV and contribute to
resistance to this drug while having less effect on the other drugs. Residues 46 and 76 have
no direct contacts in the dimer structure, since residue 76 is part of the internal hydrophobic
cluster, while the side chain of residue 46 points away from the protein surface of the
flexible flap. Instead, Leu76 contacts the side chains of Lys45 and 1le47 on either side of
Met46. In PR| 76y, Lys45 and 1le47 show reduced interactions with Val76, suggesting that
M461 may indirectly compensate for the destabilizing effects of L76V. Notably, although
PR 76v shows a much slower rate of autoprocessing of its precursor relative to the wild
type, in agreement with reported defective viral replication (10), the rate is increased upon
introduction of M46l (Fig. 4D). Furthermore, the presence of both mutations significantly
restores autoprocessing capability in the presence of LPV, although inhibition by DRV is
retained. These results are consistent with previous data on viral replication in cell cultures
(10) and suggest that investigating effects on precursor processing and its inhibition will
provide a useful approach, which is complementary to studies of inhibitor interactions with
the mature protease, for understanding the role and interactions of multiple mutations in
drug resistance.
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Abbreviations

HIV-1 human immunodeficiency virus type 1

PR pseudo wild type HIV-1 protease optimized for structural and biochemical
studies by introduction of the mutations Q7K, L33I, L63I, C67A, and C95A

PR 76v PR with the L76V mutation

DRV darunavir

SQV saquinavir

LPV lopinavir

Nle norleucine

DMSO dimethylsulfoxide

RMSD root-mean-square deviation

DSC differential scanning calorimetry

ITC isothermal titration calorimetry

RPB H-Arg-Val-Leu-(r)-Phe-Glu-Ala-Nle-NH, inhibitor with reduced peptide bond
at position (r)
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Figure 1.

HIV-1 PR dimer structure (grey and yellow ribbons represent the two subunits) bound to
darunavir (red sticks). The site of mutation is indicated by magenta sticks for Leu76 on one
subunit. Positions of residues interacting with Leu76 are indicated and colored in green.
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Figure 2.

A. Urea denaturation of PR 7gy and wild-type PR (UC5p = 0.85 M and 1.78 M,
respectively, dashed intersect on X-axis). B. Kinetic determination of PR 7y dimer
dissociation. A. dissociation constant, Kg = 71 + 24 nM, indicated by the dashed vertical line
at 50% activity, was determined as described (see Materials and Methods). For the wild type
PR, Kq is < 10 nM [not shown, (29)].
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Figure 3.

Thermochemical data for interactions of inhibitors with PR 7gy. A. DSC thermograms of
PR 7gv in the presence and absence of inhibitors in 50 mM sodium acetate buffer, pH 5.0.
The thermal transition temperatures (curve maxima) are in parentheses. Inhibitors were in a
twofold molar excess relative to dimeric PR 7gy. B. ITC trace of 5 uM PR 7y, titrated with
80 uM RPB (K =61 nM) in 50 mM sodium acetate buffer, pH 5. C. Displacement of RPB
(total concentration of 16 pM) bound to 4.2 uM PR 76y by titration with DRV (50 pM; K
for DRV =0.79 nM).
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Figure 4.

Autocatalytic maturation of precursors (TFR-PR|_76yv and TFR-PR puas1/.76v) at pH 4.5 and
its inhibition. Inhibitors were present at a 1:1 molar ratio (6 uM) to precursors (as dimers).
(A and E) Controls without inhibitor. (B and F) In the presence of LPV. (C and G) In the
presence of SQV. (D and H) In the presence of DRV. Numbers indicated on top of the gels
denote autoprocessing reaction times in hours. Lane M corresponds to molecular weight
markers of 97, 66, 45, 30, 20 and 14 kDa from the top. Letter designations for the bands are:
a, full length precursor; b, TFR%-56-PR: ¢, mature, active PR; d, the fragment TFR9-56,
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Figure 5.

Hydrophobic interactions of residue 76 in the crystal structures of PR} 75y (Cyan), and wild
type PR (grey). A. Interactions of residue 76 in subunit A of PR 76y-DRV and PR-DRV.
Leu76 forms van der Waals contacts (3.6-4.2 A) with the side chains of Asp30, Val32
Lys45, lle47, and Thr74 (black dashed lines), while Val76 in PR 76y only has hydrophobic
contacts with Val32 and 11e47 (red dashed lines). Interatomic distances are indicated in A.
Neighboring residue GIn58 is not shown since it forms similar interactions with residue 76
in PR and PR|_76y. Val56 is omitted for clarity. B. Interactions of residue 76 with Val32 and
Val56 in PR 76v-DRV and PRDRV. C. Interactions of residue 76 with Val32 and Val56 in
PR 76v-SQV and PR-SQV. In B and C the number of hydrophobic contacts between the
side chains is indicated by black (with Leu76) and red (with VVal76) dashed arrows.
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Figure 6.

Protease-inhibitor hydrogen bond interactions. Hydrogen bonds are indicated by dotted
lines. Water molecules are represented as red spheres. A. PRy 7gv hydrogen bond
interactions with the major conformation of DRV (in yellow). B. Superposition of PR 7gy/-
DRV (cyan bonds) and PR-DRYV (grey bonds) showing PR| 7gy has fewer hydrogen bond
interactions with the aniline group of DRV. The side chain of Asp30 has two alternate
conformations in the PR-DRV structure. Interatomic distances are shown in A with black
dotted lines indicating the hydrogen bond interactions in the wild type complex, and red
broken lines show the larger interatomic separation in the mutant. C. PR_7gy hydrogen bond
interactions with the major conformation of SQV (in green). The red dotted lines indicate
the new hydrogen bond interactions formed by SQV in PR 7y relative to PR-SQV. D.
Superposition of PR 76y-SQV (cyan bonds) and PR-SQV (grey bonds) showing the
improved interaction of SQV with PR 76y arising from only slight structural changes. Red
dotted lines indicate the new hydrogen bond interaction in the mutant, and black broken
lines show the larger interatomic separation in the wild type SQV complex.
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Table 2

Crystallographic Data Collection and Refinement Statistics

Protease | PRL76V | PRL76V
Inhibitor | DRV | sQV
Space group | P2,2,2 | P2,2,2

Unit cell dimensions (A)

a 58.32 58.84
b 86.33 86.17

c 45.98 46.24
Resolution range (A) | 50-1.46 | 50-1.45
Unique reflections | 37805 | 38308
Rumerge (%) overall (final shell) | 5.29% (49.2%) | 6.4% (48.0%)
<lisigma> overall (final shell) | 349 (2.1) | 273(22)
Data range for refinement (A) | 10-1.46 | 10-1.45

Completeness (%) overall (final shell) | 91.9% (54.9%) | 90.1% (56.4%)

Ruork | 0.1404 | 0.1449
Riree | 0.1891 | 0.1971
No. of solvent (total occupancies) | 278 (209.9) | 191 (151.7)

RMS Deviation from Ideality | |

bonds (A) | 0.011 | 0.011

angle distance (A) | 0.032 | 0.029

Average B-factors (A2)

main-chain atoms 141 18.9
side-chain atoms 19.6 239
inhibitor 10.9 15.4
Solvent 28.1 36.8
Relative occupancy of inhibitor 0.64/0.36 0.73/0.27
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