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Abstract

The crystal structures, dimer stabilities, and kinetics have been analyzed for wild-type human
immunodeficiency virus type 1 (HIV-1) protease (PR) and resistant mutants PRy 241, PR;50v, and
PRg73s to gain insight into the molecular basis of drug resistance. The mutations lie in different
structural regions. Mutation 150Valters a residue in the flexible flap that interacts with the inhibitor,
L241 alters a residue adjacent to the catalytic Asp25, and G73S lies at the protein surface far from
the inhibitor-binding site. PRy 24; and PR|5qy/, Showed a 4% and 18% lower ke,i/Kmn, respectively,
relative to PR. The relative kgq/ K, 0f PRg735 varied from 14% to 400% when assayed using different
substrates. Inhibition constants (K;) of the antiviral drug indinavir for the reaction catalyzed by the
mutant enzymes were about threefold and 50-fold higher for PR| 24; and PR;5qyv/, respectively, relative
to PR and PRg73s. The dimer dissociation constant (Kq) was estimated to be approximately 20 nM
for both PRy 24; and PR;5qy, and below 5 nM for PRg735 and PR. Crystal structures of the mutants
PR 241, PRi50v and PRg735 were determined in complexes with indinavir, or the p2/NC substrate
analog at resolutions of 1.10-1.50 A. Each mutant revealed distinct structural changes relative to PR.
The mutated residues in PRy 24; and PR;5qy had reduced intersubunit contacts, consistent with the
increased Ky for dimer dissociation. Relative to PR, PR5gy had fewer interactions of Val50 with
inhibitors, in agreement with the dramatically increased K;. The distal mutation G73S introduced
new hydrogen bond interactions that can transmit changes to the substrate-binding site and alter
catalytic activity. Therefore, the structural alterations observed for drug-resistant mutations were in
agreement with kinetic and stability changes.
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Abbreviations used

HIV-1, human immunodeficiency virus type 1; PR, wild-type HIV-1 protease; PR 24), PR with L241
mutation; PR;5qy, PR with 150V mutation; PRg73s, PR with G73S mutation; Nle, norleucine; DMSO,
dimethylsulfoxide; RMS, root-mean-square

Introduction

Inhibitors of human immunodeficiency virus type 1 (HIV-1) protease (PR) are important
components in clinical therapy for AIDS. However, the long-term therapeutic efficacy of PR
inhibitors is limited, due to the rapid development of drug resistance. Extensive mutations in
the 99 residue PR have been found in clinical isolates that provide resistance to inhibitors. 1
2 PR acts during viral maturation to hydrolyze the peptide bond at specific cleavage sites in
the viral Gag and Gag-Pol polyprotein precursors and produce the viral structural proteins and
enzymes.3 Structurally, the PR dimer forms an extended binding site for about seven residues
(P3-P4") of a peptide substrate within subsites S3—S4’. Most clinical inhibitors bind primarily
in PR subsites S2-S2'. Hence, the observed drug-resistant mutations have been classified either
as substitutions in the active site (inhibitor-binding site) that directly influence inhibitor
binding, or as substitutions of non-active site residues with indirect influences. Man
commonly occurring mutations and specific combinations have been characterized.* PR
mutants have shown a range of structural and kinetic effects that depend on the specific
combination of mutation with substrate or inhibitor. Variations in catalytic activity, inhibition
constants, and stability relative to the wild-type enzyme were observed, independent of the
location of the mutation.3:°~9 The mutations of non-active site residues have shown significant
contributions to drug resistance. 10,11 Previously, we analyzed structural differences among
crystal structures of the mature HIV-1 PR bearing either single or double substitutions in
complexes with substrate analogs.&12

Indinavir was one of the first PR inhibitors in clinical use. High levels of resistance to indinavir
were associated with substitutions of up to 11 PR residues in different combinations.13 The
crystal structures of drug-resistant HIV PRs with multiple mutations have been reported in
complexes with indinavir.14-16 our analysis of the high-resolution crystal structures of HIV
PR, and the common indinavir-resistant mutants PRygoa and PR ggn in complexes with
indinavir, showed structural changes consistent with differences in their enzymatic activity.

7 However, biochemical and biophysical analyses have not been performed for other
mutations that are consistently observed at lower frequency. Mutations L241 and G73S are
observed in about 10% and 5%, respectively, of patients exposed to indinavir. These rare
mutations are generally observed in combination with other resistant mutations. Mutations of
Gly73 appear in patients exposed to multiple PR inhibitors, and are often found in combination
with LOOM.# The effects of these mutations have been compared to that of 150V, which is
rarely observed on exposure to indinavir (0.2%); however, it is found in 30% of patients
exposed to amprenavir as their first PR inhibitor. PR;50y showed higher K; values for
saquinavir, indinavir, and nelfinavir in biochemical studies.19 Mutations L241, 150V, and
G73S alter residues in different regions of the PR dimer structure, as shown in Figure 1. 150V
alters a residue at the tip of the flexible flap that forms part of the inhibitor-binding site. L24I
is next to the catalytic Asp25 but has no direct contact with inhibitor, while G73S is located
far from the inhibitor-binding site. These mutants provide good models to help dissect the
varied molecular mechanisms of drug resistance.

Here, we report the kinetics, dimer stability, and crystal structures of the HIV drug-resistant
mutants PR 24;, PR 50y, and PRg73s. Crystal structures were determined for PR 24,
PRs0v, and PRg735 in complexes with indinavir, while PR »4; and PR sy Structures were
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determined also with a peptide analog of the p2/NC cleavage site in order to analyze the
interactions with both substrate and inhibitor. Atomic details from these new crystal structures
will be important for the design of second-generation inhibitors to circumvent the development
of drug resistance.

Results and Discussion

Kinetics and stability

Inhibition

Kinetic parameters were determined for the resistant mutants using the spectrophotometric
substrate (K-A-R-V-Nle-p-nitroPhe-E-A-Nle-amide) (Nle is norleucine), which is an analog
of the HIV-1 CA/p2 cleavage site (Table 1). The two mutants PR| »4; and PR5gy showed lower
keat/Km values of 3.7% and 18%, respectively, relative to PR. The decrease in Keat/Kn, for
PR50v was primarily due to an increase in K,, whereas for PR| 54, it was due to both an
increase in K, and a decrease in Keat. PRg735 and PR showed similar kea/Kpy, values for this
substrate. Therefore, PRg735 was tested for the hydrolysis of three other peptide substrates,
representing different cleavage sites in Gag and Gag-Pol polyproteins: K-A-R-V-L*A-E-A-
M-S (CA/p2) and V-S-F-N-F*P-Q-I-T-K-K (p6F°!/PR) and E-R-Q-A-N*F-L-G-K-1 (NC/p1)
(where * indicates the hydrolyzed peptide bond) (Table 2). PRg735 showed more variation in
the Ky, values than in the kgt values. The relative keat/Kn, values were 14%, 27.5% and 390%
for the CA/p2, NC/p1 and p6P°l/PR peptides, respectively, suggesting significant differences
in substrate specificity compared to PR.

The stability of these three mutants, as assessed by urea-denaturation, was reduced to 50-60%
for PR 24 and PRys5qy/, and about 80% for PRg73s relative to the PR value (Figure 2(a)).
Consistent with the lower catalytic activity and susceptibility to urea-denaturation, the
dissociation constant (K4) was approximately 20 nM for both PR 24, and PR 50y (Figure 2(b)).
In contrast, PRg735 exhibited no significant decrease in specific proteolytic activity at the
lowest measured concentration of protein similar to PR, which showed no dissociation at a
concentration of 5 nM.20,21

The three mutants were assayed for inhibition by the clinical inhibitor indinavir, and two
substrate analog inhibitors, R-V-L-r-F-E-A-Nle (CA/p2) and Ace-T-I-Nle-r-Nle-Q-R (p2/NC)
(r is the reduced peptide bond), that represent two cleavage sites in Gag (Table 3). PR5qy Was
poorly inhibited by indinavir with about 50-fold higher inhibition constant (K;), and about 19-
fold higher K; with the p2/NC analog, and about threefold with the CA/p2 analog as compared
to PR. In contrast, PRy 24 showed relatively strong inhibition by the CA/p2 analog with K; of
0.05-fold of the PR value, while the inhibition by indinavir was 2.6-fold and by p2/NC was
similar to the PR value. Inhibition of the hydrolytic reaction catalyzed by PRg735 was similar
to PR for indinavir and p2/NC, and was 4.4-fold of the PR value for CA/p2 (Table 2). Therefore,
the mutant PR 50y had the largest effect on inhibition, while PRg735 was most similar to wild-
type PR.

Crystal structures

We determined the crystal structures of mutants PR| »4;, PRi50v, and PRg735 in complex with
indinavir, and mutants PR 24; and PR;5qy With the substrate analog p2/NC in order to identify
any structural changes compared to the wild-type PR. We did not obtain good diffraction data
for crystals of PRg735 with p2/NC. The crystallographic data collection and refinement
statistics are shown in Table 4. The crystal structures of PRy 24)-p2/NC, PR 24;-IDV and
PR50v-1DV were refined to R-factors of 10.6-10.8% at the highest resolution of 1.10 A. The
structures of PRyggy-p2/NC, and PRg735-1DV were refined to an R-factor of 11.1-14.4% at
resolutions of 1.30-1.50 A. The crystal structures had one dimer in the asymmetric unit of
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space groups P21212, or P21212, except for PRg735-IDV, which had two dimers in the
asymmetric unit of space group P24, as observed previously.7 Overall, the main-chain structure
of the dimers was very similar and superimposed with root-mean-square (RMS) differences
of <0.3 A for pairs in the same space group, and 0.5-0.6 A for comparison of dimers in two
different space groups. The indinavir was bound in two alternate conformations in the dimers
of PR50v and PRg735 With relative occupancies of 0.8/0.2 and 0.6/0.4, respectively. Both
dimers of PRg73s had similar relative occupancies for the inhibitors. The inhibitor showed one
orientation in all the other structures. The electron density map of indinavir in PRy 4/-IDV is
shown in Figure 3.

The atomic B-factors were especially low for the protein and inhibitor atoms in the structures
at 1.10 A resolution; the average B values were 8-11 A2 for main-chain and inhibitor atoms,
and 11-13 AZ for side-chain atoms. The average B-factors increased as the resolution
decreased. The 1.5 A resolution structure of PRg735-1DV had average B-factors of 18.3 A2
and 23.4 AZ for main-chain and side-chain atoms, respectively, and 15.2 A2 and 18.5 A2 for
the atoms of the two inhibitors, consistent with the lower resolution and greater difference (7%)
between Ryyork and Rgree. From 202 to 313 solvent molecules were modeled for the different
structures, with average B-factors of 24.1-28.4 A2,

Alternate conformations were observed for many amino acid side-chains and some main-chain
atoms, especially for the highest-resolution structures (Figure 4(a)). There were 42 side-chains
modeled with alternate conformations for PRy 4;-1DV, 39 for PR 24,-p2/NC, 33 for PR;5gy/-
IDV, 28 for PR50v-p2/NC, and 44 for the two dimers in the PRg735-IDV structure. Main-
chain atoms with alternate conformations were modeled for residues in the surface turns of
39-41in PR50y-IDV and 66-69 in PR 24;-p2/NC. There were alternate conformations for the
side-chains of Nle P1’ and ArgP3’ of the peptide analog p2/NC in the two mutant structures.
The crystal structures that were refined at 1.1 A resolution had the most alternate
conformations. However, none of the residues consistently showed alternate conformations in
both subunits of all structures. Moreover, the structures can show different relative occupancies
for the alternate conformations of the same residue. The side-chains of Glu21, Met46, Val82
and Leu97 had alternate conformations in both subunits of most structures. Met46 and Val82
are located near the inhibitor and frequently are mutated in drug-resistant variants. All the
mutated residues showed alternate conformations of the side-chains (Figure 4(b)). The side-
chain of l1le24 had alternate conformations in both subunits of both the PR o4 structures, Val50
had alternate conformations in one subunit of each of the PRsqy/ structures, and Ser73 showed
alternate conformations in three subunits of the two dimers in the PRg735-1DV structure.

Structural differences at sites of mutation

Each mutation introduced distinct structural changes compared to PR that can propagate to the
inhibitor-binding site and the dimer interface. The new mutant structures were compared to
structures of PR-IDV and PR—pZ/NC.17v18 Leu/lle24 lies in a hydrophobic internal pocket
formed by residues from both subunits: lle3, Valll, 1le66, 1185, Leu90, Leu97’, and Phe99’
in all the structures. The PR 24 showed two alternate conformations for the lle side-chain in
both subunits of the two crystal structures of PR| 241—-IDV and PR 24—p2/NC. The relative
occupancies were about 0.8/0.2 for 1le24 and about 0.6/0.4 for Ile24’. Similar interactions were
observed in both structures. The two alternate conformations of the side-chains of 1le24 and
[le24’ in the mutant enabled the formation of van der Waals contacts similar to those of the
side-chains of Leu24/24' in PR. One exception was the new interaction of the CG side-chain
atom of lle24 with the side-chain of Leu90, which was not observed for the wild-type PR
(Figure 5(a)). The mutant Ile24/24’ showed reduced interactions with 11e85/85' and Phe99'/99;
for example, the shortest interatomic distance increased from 3.8—-4.4 A between the side-chain
atoms of residue 24 and Phe99’ (Figure 5(a)). Leu/lle24 interacted with Leu97’ and Phe99’ at
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the C terminus of the other subunit. Therefore, structural changes can propagate from the
mutated residue 24/24’ to the dimer interface between the two C-terminal § strands formed by
residues 95-99. PR| o4, had one less intersubunit contact of residues 24/24' compared to PR in
the complexes with p2/NC, and two less in the indinavir complexes. The altered contacts at
the dimer interface appeared to be unfavorable, consistent with the lowered stability in urea
and increased dissociation of the dimer.

Residue 50 lies at the tip of the flap and interacts closely with the other flap of the dimer and
the inhibitor (Figure 1). The interactions with inhibitor are described in the following section.
The carbonyl oxygen atom of Ile/\Val50 from one subunit formed a conserved hydrogen bond
interaction with the amide group of Gly51 from the other subunit. The mutated residue in one
of the subunits, Val50 in PR5qy-1DV and Val50’ in PR;50y-p2/NC, showed two alternate
conformations for the side-chain, with relative occupancies of about 0.7/0.3 (Figure 4(b)). lle/
Val50 and 50’ showed slightly asymmetric van der Waals interactions (<4.2 A) in all the
structures (Table 5). In general, residue 50 interacted with residues from both flaps in the dimer
(Gly51, Gly52, lled7’, Gly48’, Gly49', lle/Val50’, 1le54") and residues Thr80’, Pro81’ and I1e84’
in the 80 s loop from the other subunit. Residue 50’ in the other subunit interacted with similar
residues except for 1le47. PR-IDV differed slightly from the mutant PR 5qy~-IDV in the loss of
contact of 11e50 with Thr80’, fewer interactions with Pro81’, more interactions of 11e50 with
Gly47' and Gly48’, and additional interactions with Gly49 and Gly49'. The interactions in the
PR-p2/NC structure also showed small differences from the PR ggv-p2/NC structure, such as
the improved interactions of 11e50 with 1184’ and Ile47’ (Figure 5(b)). Val50/50’ in both
PRi50v-IDV and PR 50y-p2/NC had approximately ten fewer intersubunit contacts than
11e50/50’ in the PR complexes (considering only major conformations). The loss of intersubunit
interactions of VVal50/50’ compared to those of 11e50/50" was consistent with the lower stability
and higher dimer dissociation constant of PR gqy,.

The mutant PRg735 showed two alternate conformations for the side-chain of Ser73 in three
of the four subunits in the crystal structure with indinavir (Figure 4(b)). In all four subunits, at
least one conformation of the Ser side-chain hydroxyl group formed a new hydrogen bond
interaction with the side-chain of Asn88, a hydrogen bond interaction with the amide group of
Thr74, and new van der Waals contacts with Leu89 (Figure 5(c) and (d)). The side-chain of
Asn88 formed conserved hydrogen bond interactions with the carbonyl oxygen atom and the
amide group of Thr74, and van der Waals contact with the carbonyl oxygen atom of Asp29 in
both mutant and wild-type PR structures.22 The new interactions of Ser73 can propagate to
the active site via the Asn88 interaction with Asp29 and Thr31, since Asp29, Asp30 and Val32
interacted directly with the substrate or inhibitor. This network of hydrogen bond and van der
Waals interactions provides a mechanism for non-active site mutations to transmit energetic
effects to the binding site for substrates and inhibitors. Little difference was observed in the
inhibitory effect of indinavir on PRg735 compared with PR, probably because indinavir did
not form hydrogen bond interactions with Asp30, unlike the peptide analogs. Therefore, the
new interactions of Ser73 in PRg73s are likely to be responsible for the observed differences
in inhibition by the CA/p2 analog and the relative kq;t/Km values for different substrates.

Protease—inhibitor interactions

Generally, the mutants and wild-type PR showed similar interactions with inhibitors. Indinavir
was bound by a set of seven direct hydrogen bond interactions to protease residues (Figure 6
(@), as described for PR.17 There were also conserved interactions mediated by four distinct
water molecules. The mutants showed changes in the hydrogen bond interactions with the
pyridyl group of indinavir. In PR| 24,-IDV, the major indinavir conformation in PR 5qy—IDV,
and in the first dimer of PRg735—1DV, the pyridyl group of indinavir can form a hydrogen bond
with the side-chain of Arg8’ (Figure 6(b)). A similar interaction has been observed in the
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indinavir complex with PR_ggp but not for PR and PRV82A.17 The pyridyl group of indinavir
appeared to have two possible positions, and the side-chain of Arg8’ was observed frequently
in alternate conformations. Consequently, indinavir can form a hydrogen bond interaction with
Arg8’ when the two groups are close enough. The minor conformations of indinavir in the
complexes with PR;5qy and PRg73s had lost interactions with Asp29 and Gly27. The first
dimer of PRg735 had lost interactions via water molecule C, although it is possible that this
water molecule was not visible due to the lower resolution of the crystal structure.

PR interacted with p2/NC substrate analog by 12 direct hydrogen bonds from PR residues
Asp25, Gly27, Asp29, Asp30, and Gly48 from both subunits that extended from the amide
group of P3 to the NH2 of P4’ (Figure 6(c)). Seven of these interactions involved main-chain
amide groups and carbonyl oxygen atoms in both PR and inhibitor, as described.23 Additional
PR-p2/NC interactions were mediated by eight water molecules. The highly conserved water
1 that interacted with the flaps and inhibitor was equivalent to water A in the indinavir
complexes. Water 2 was structurally equivalent to water B in the indinavir complexes, while
the others were not in equivalent positions. Water 2 mediated interactions of P3 C=0 with
Gly27 and Asp29, while water 3 had pseudo-symmetric interactions with P2’ C=0, Gly27’
and Asp29'. Water 4-8 interacted with the P3 Thr side-chain and with the termini of the
inhibitor. The hydrogen bond interactions of PR with p2/NC substrate analog were highly
similar in the mutant structures (differences in length of 0.1 A or less) (Figure 6(c)), with only
minor changes in the interactions with water. The hydroxyl group of P3 Thr had one interaction
with water in PR and two interactions in the mutants, while the P4’ NH2 only had one hydrogen
bond with water in PR gqy.

Residue 50/50" was the only mutated residue that had direct contacts with inhibitor. Val50
cannot form the van der Waals interactions of the Ile CD atom with indinavir. The loss of
interactions was partially compensated by movement of the PR;5qy flaps toward indinavir by
0.4 A at the C* atoms of residues 50 and 50’. Both structures of PR)5qy showed two alternate
conformations for inhibitor and for the side-chain of Val50 in one subunit of the dimer. The
presence of alternate conformations clearly increased the number of protease—inhibitor
contacts. However, the occupancy ratio was 0.8/0.2 for alternate conformations of indinavir,
and about 0.7/0.3 for p2/NC and the Val50/50’ side-chains. Therefore, the contacts involving
major conformations were expected to be more significant. The side-chain atoms of 11e50 and
11e50’ showed nine van der Waals contacts with indinavir in PR-1DV, while Val50 and Val50’
had five van der Waals contacts with indinavir for the major conformers. Some differences are
illustrated in Figure 6(d). Similarly, PR-p2/NC showed six van der Waals contacts between
the side-chains of 11e50 and 11e50’ and the p2/NC, while the mutant had three contacts of VVal50
and the major conformer of Val50’ side-chains with p2/NC. In both cases the mutant had lost
three or four contacts with inhibitor, consistent with the increased relative K; values for
PR|50v of 50-fold for indinavir and 20-fold for p2/NC.

Catalytic sites

The 1.1 A resolution crystal structures of PRy 24,-1DV and PR;5o\-IDV showed more
asymmetrical interactions between the carboxylate oxygen atoms of the catalytic Asp25 and
Asp25’ and the hydroxyl group of indinavir than observed for PR. The PR-IDV structure
showed interatomic distances of 2.7-2.9 A, while the mutant structures had two shorter
interactions of 2.6-2.7 A and two longer interactions of 3.0-3.2 A. The peptide analog did not
have a carbonyl group at the catalytic site and there was only one hydrogen bond formed
between the amide group of P1’ and the OD2 of Asp25, unlike the four possible with the
hydroxyl group of indinavir.

Crystal structures of HIV PR—-inhibitor complexes at a resolution of at least 1.1 A have shown
potential difference density for the hydrogen atom associated with the catalytic aspartate
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residues.2425 Positive difference density was observed near the catalytic aspartate residues
in the 1.1 A structure of PR 24-p2/NC. This difference density was between the two closest
inner carboxylate oxygen atoms of Asp25 and Asp25’ (Figure 7). A smaller peak was observed
between the Asp25 and the CH2 of the reduced peptide group after adding hydrogen. The peak
representing the proton between the Asp25 and Asp25’ oxygen atoms in the PRy 24-p2/NC
complex was not in exactly the same position as that in the PRy/goa—UI1C94017 complex.25
Therefore, the location of the proton may depend on the chemistry of the inhibitor.

Structural changes due to mutations may result in reduced affinity for inhibitor, altered protease
activity or stability, and consequently provide resistance to drugs. All three protease variants
showed distinct structural changes near the site of mutation and changes in catalytic activity
or inhibition relative to wild-type protease. The substantially reduced catalytic activity of
PR\ 24 agreed with the sensitive location of the mutation next to the catalytic Asp25. Although
this mutation has been observed in about 10% of patients exposed to indinavir, there was only
a small (2.6-fold) increase in K; relative to PR. Hence, the drug resistance is expected to arise
from the effect of L241 on reducing catalytic activity and dimer stability, which is consistent
with the observed presence of this mutation only in combination with other indinavir-resistant
mutations. In contrast, PR;5qy exhibited a dramatic 50-fold increase in K; for indinavir,
although this mutation is observed very rarely in isolates resistant to indinavir. The weaker
inhibition appeared to arise from reduced van der Waals interactions of inhibitors with Val50
in PR;50v compared to 11e50 in PR. PRg735 Was similar to PR in dimer dissociation and
inhibition, consistent with the location of residue 73 at the protein surface and far from the
active site. Interestingly, Ser73 in PRg73s formed new hydrogen bond networks that can
transmit changes to the substrate-binding site, consistent with the variation in activity for
different substrates. The rarity of this mutation, and its selection in combination with other
resistant mutations, are consistent with the relatively minor effects on protease structure and
catalysis.

Two of the three mutants PR 24 and PR5q\y appeared to have the major effect of reducing
intersubunit interactions and increasing dimer dissociation. The subunit-subunit interface in
the PR dimer is formed mainly by residues from the N and C termini (below the active site),
the catalytic residues, and the flaps (above the active site) (Figure 1). Increased dimer
dissociation was observed for both the PR;50, mutant that reduced the intersubunit interactions
of the flaps, and PR »4;, which altered intersubunit interactions with the C-terminal residues
located at the opposite side of the molecule from the flaps.

This analysis has confirmed that drug resistance can arise when mutations alter the PR dimer
interface at the flaps or the terminal  sheet, as well as when mutations alter the inhibitor-
binding site directly. Furthermore, distal mutations with relatively minor effects can transmit
changes to the substrate-binding site and contribute to viral resistance.

Materials and Methods

Preparation of HIV-1 protease mutants

The HIV-1 PR (Genbank HIVHXB2CG) clone was constructed with the substitutions Q7K,
L33l, and L63I to minimize the autoproteolysis of the PR, and C67A and C95A to prevent
cysteine-thiol oxidation.21 The kinetic parameters and stability of this stabilized PR were
indistinguishable from those of the mature enzyme.7’21 Plasmid DNA (pET11a; Novagen,
Madison, WI) encoding PR was used with the appropriate oligonucleotide primers to generate
the constructs PR 241, PRi50v, and PRg735 using the Quick-Change mutagenesis kit
(Stratagene, La Jolla, CA). The PR mutants were expressed using pET11a vector and
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Escherichia coli BL21 (DE3) and purified from inclusion bodies, as described.8 The mutations
were confirmed by nucleic acid sequencing and protein mass spectrometry.

Enzyme kinetic assays

The chromogenic substrate K-A-R-V-Nle-p-nitroPhe-E-A-Nle-amide (Sigma, St. Louis, MO),
a CA/p2 analog, was used to determine the kinetic parameters. PR at a final concentration of
70-120 nM was added to various concentrations of substrate (25-400 uM) maintained in 50

mM sodium acetate (pH 5.0),0.1 M NaCl, 1L mM EDTA, 1 mM B-mercaptoethanol, and assayed
by monitoring the decrease in absorbance at 310 nm using a Perkin EImer Lambda 35 UV/Vis
spectrophotometer. The absorbance was converted to substrate concentration via a calibration
curve. PR hydrolysis of the peptides K-A-R-V-L-A-E-AM-S (CA/p2) and V-S-F-N-F-P-Q-I1-
T-K-K (p6P°!/PR) was assayed using HPLC as described.8 The enzyme concentrations were

based on active site titration data. The Michaelis—Menten curves were fit using SigmaPlot 8.0.2
(SPSS Inc.).

The reduced peptide analogs R-V-L-r-F-E-A-Nle (CA/p2) and Ace-T-I-Nle-r-Nle-Q-R (p2/
NC) (r is the reduced peptide bond and Nle replaces M) were purchased from BACHEM.
Indinavir was a gift from Merck & Co. The K; values were obtained from the I1Csq values
estimated from an inhibitor dose-response curve with the spectroscopic assay and the
chromogenic substrate using the equation:

K =(Cgy—[E][2) [(1+[5]] k)
where [E] and [S] are the concentrations of PR and substrate, respectively.26

Urea-denaturation assay

The effect of urea-denaturation was measured using the spectroscopic assay. PR activity was
measured with increasing concentration of urea (0-4.0 M% at a final concentration of enzyme
of 300-500 nM and concentration of substrate of 400 uM." The UCsq values for half-maximal
velocity were obtained by plotting the initial velocities against concentration of urea and fitting
to a curve for solvent-denaturation of protein using SigmaPlot 8.02 software.

Kq determination

Specific activity was measured as a function of dimeric enzyme concentration at a final
iubstlrate concentration of 375 uM in 50 mM sodium acetate (pH 5.0), 0.1 M NaCl at °5 C.

Crystallographic analysis

Crystals were grown at room temperature by the vapor-diffusion, hanging-drop method.

PR 241, PRi50v, and PRg735 Were co-crystallized with indinavir. PR| 24 and PR5gy were co-
crystallized with the reduced peptide analog of the p2/NC Gag cleavage site. The protein (1.8—
3.5 mg/ml) was preincubated with the inhibitor at a molar ratio of 1:5-20. For PR 24, -IDV,
the reservoir contained 0.1 M sodium citrate/0.2 M sodium phosphate buffer (pH 5.0-6.0),
10% (v/v) dimethylsulfoxide (DMSO), and 20-40% saturated ammonium sulfate as
precipitant. For PR50y and PRg735 complexes with indinavir, the reservoir contained 0.1 M
sodium citrate/0.2 M sodium phosphate buffer (pH 4.6-5.8), 10% DMSO, 6-10% methyl-2,4-
pentanediol, and 20-40% saturated ammonium sulfate. The complexes with p2/NC were
crystallized using a reservoir containing 0.1 M sodium citrate/0.2 M sodium phosphate buffer
(pH 5.4-5.8), 8-13% DMSO, and 6-20% saturated ammonium sulfate as precipitant. The
crystallization drops had a 1:1 (v/v) ratio of reservoir solution and protein solution. The crystals
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grew in two to seven days and were frozen in liquid nitrogen with a cryoprotectant of 20-35%
(v/v) glycerol.

X-ray diffraction data for all the complexes were collected on the SER-CAT beamline of the
Advanced Photon Source, Argonne National Laboratory. Data were processed usinég
HKL2000.27 The structures were solved by molecular replacement using AMoRe, 8 refined
using SHELX,29 and refitted using 0.30 Alternate conformations were modeled for residues
when obvious in the electron density maps. The solvent was modeled with over 300 water
molecules, and ions present in the crystallization solutions, as described.2® Anisotropic B-
factors were refined for all the structures. Hydrogen atom positions were included 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 by superimposing their C*
atoms on each other as described.2® Structural Figures were made using MOLSCRIPT,31
Bobscript,32 and RasMol.33

Protein Data Bank accession codes

The structures have been submitted to the Protein Data Bank with accession code 2AVO for
PR24-IDV, 2AVS for PR50y-1DV, 2AVV for PRg735-1DV, 2AVW for PR24i-p2/NC, and
2AVQ for PR|sov-p2/NC.
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Figure 1.
PR dimer structure (green ribbons) with indinavir (red bonds). The sites of mutation are
indicated by black spheres for Leu24, 11e50 and Gly73. Only one subunit is labeled.
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Figure 2.

Protease stability. (a) Sensitivity to urea: L24l, filled circles and continuous line (UCsgq =
1.05M); 150V, open squares and dotted line (UCsq = 0.97 M); G73S, open circles and
continuous line (UCsq = 1.54M). (b) Dimer dissociation: L24l1, filled circles and continuous
line (Kq = 22 nM); 150V, open squares and dotted line (Kq = 19 nM); G73S, open circles (no
dissociation observed).
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Figure 3.
Omit map for indinavir in the crystal structure of PR o4/—1DV contoured at a level of 3.5¢.
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Figure 4.

(a) Residues with alternate conformations. Alternate conformations of residues in six dimers
of five new crystal structures. Alternate conformations for both side-chain and main-chain
atoms were included. (b) Omit maps for mutated residues contoured at a level of 3.5¢. Val50’
in PR50y—IDV had a single conformation for the side-chain. Two alternate conformations are
shown for the side-chains of Val 50 (relative occupancy of 0.7/0.3) in PR;ggy—IDV, lle24
(relative occupancy of 0.6/0.4) in PR 24—p2/NC, and Ser73 (relative occupancy of 0.5/0.5) in
PRg735—IDV structures.
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Figure 5.

Structural differences at sites of mutation. Broken lines indicate hydrogen bond interactions
(2.6-3.3 A). Dotted lines indicate van der Waals interactions (3.5-4.2 A). Dash-dot lines
indicate distances over 4.2 A for comparison. (a) Interactions of Leu/lle24 with Leu90 and
Phe99' in the indinavir complexes. PR is green and PR o4 is red. (b) Interactions of lle/Leu
50 with Ile 47" and lle 84’ in the complexes with p2/NC. PR is in green and PRy5qy is in red.
(c) Interactions of Gly73 with residues 74, 31, 29 and 88 in PR-IDV structure. (d) Interactions
of Ser73 with residues 74, 31, 29 and 88 in the second dimer of PRg735-1DV crystal structure.
The side-chain of Ser73' has two conformations.
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Indinavir

Figure 6.

Protease-inhibitor interactions. Only the residues involved in hydrogen bond interactions are
shown. Water molecules are represented as spheres. Hydrogen bonds are indicated by broken
lines. (a) PR 24 hydrogen bond interactions with indinavir. Water molecules are labeled A-
D. (b) Interactions of Arg8’ with the pyridyl group of indinavir in PR;5qy—IDV. The omit map
is contoured at 3.56. (C) PR 24 interactions with p2/NC. Water molecules are labeled 1-8.
Arg8and Arg8’ are omitted for clarity. (d) Selected interactions of the side-chains of lle/Leu50
and 50" with indinavir in the PR 50y and PR indinavir complexes. PR-IDV is in green and
PR50v—IDV is red. Only the central portion of indinavir is shown with van der Waals contacts
indicated by dotted lines with distances in A.
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Figure 7.

The catalytic site of PRy 24-p2/NC at 1.1 A resolution. The 2F, — F. map is in green and
contoured at 2.6c, and the positive F, — F. map is in purple, contoured at 3.5c.
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Table 3
Inhibition constants for indinavir (IDV), the reduced peptide analogs CA/p2 (RVL-r-FEA-NIe) and p2/NC (Ace-
TI-Nle-r-Nle-QR), where r is the reduced peptide bond

Inhibition constant (K;)

Protease IDV (nM) CA/p2 (nM) p2/NC (M)
PR 054 75 217
PR, 1.40 (2.6) 3.5 (0.05) 2.0(0.9)
PR,sov 27.0 (50) 230 (3.0) 41 (19)
PRa7ss 0.55 (1.0) 330 (4.4) 3.3(16)

Values relative to PR are given in parentheses.
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