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Abstract

HIV-1 protease (PR) and its mutants are important antiviral drug targets. The PR flap region is critical
for binding substrates or inhibitors and catalytic activity. Hence, mutations of flap residues frequently
contribute to reduced susceptibility to PR inhibitors in drug resistant HIV. Structural and kinetic
analyses were used to investigate the role of flap residues Gly48, 11e50 and 1le54 in the development
of drug resistance. The crystal structures of flap mutants PR5gy, PR|54v, and PRyg4p complexed
with saquinavir (SQV) and PRgagv: PRis4v, and PRsan complexed with darunavir (DRV) were
determined at the resolutions of 1.05-1.40 A. The PR mutants showed changes in flap conformation,
interactions with adjacent residues, inhibitor binding and the conformation of the 80’s loop relative
to the wild type PR. The PR contacts with darunavir were closer in PRgagy-DRV than in the wild
type PR-DRV, while they were longer in PRs4p-DRV. The relative inhibition of PRs with mutations
154V and 154M was similar for saquinavir and darunavir. PRgagy Was about 2-fold less susceptible
to saquinavir than to darunavir, while the opposite was observed for PR 5qy. The observed inhibition
was in agreement with the association of G48V and 150V with clinical resistance to saquinavir and
darunavir, respectively. This analysis of structural and kinetic effects of the mutants will assist in
development of more effective inhibitors for drug resistant HIV.
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INTRODUCTION

HIV-1 (Human immunodeficiency virus type 1) protease (PR) is an effective drug target for
antiviral inhibitors. Each subunit of the active PR homodimer has a glycine-rich region termed
the flap comprising residues Lys*>-Met-Ile-Gly-Gly-lle-Gly-Gly-Phe-lle-Lys>®, which fold
into two anti-parallel B strands. The flexible flaps participate in the binding of a substrate or
inhibitor in the active site cavity of PR 1 2 3, The importance of residues in the flap for PR
activity has been characterized through large scale mutagenesis 4. The residues Met46, Phe53
and Lys55 are the most tolerant of substitutions; 1le47, 11e50, lle54 and Val56 only tolerate a
few conservative substitutions; and Gly48, Gly49, Gly51, Gly52 are the most sensitive to
mutation. Therefore, mutations in the flap residues may alter the enzyme activity, conformation
and flexibility of the flap. Mutations in flap residues 46, 47, 48, 50, 53, and 54 are frequently
observed in drug resistant mutants of HIV and show various levels of reduced drug
susceptibility to different PR inhibitors (Pls) > 6. Altered flap conformations have been
reported for protease and its mutants in the unliganded form 7+ & 9 or with bound peptide 1°.
Previously, we have analyzed the structures, activities, inhibition and stability of PR variants
with the single substitutions of flap residues M46L, G48V, 150V, and F53L 8: 11 12;13; 14,
15, These studies use PR from HIV-1 subtype B, which forms about 10% of global infections
with HIV-1 group M compared to ~50% for subtype C 6. Recently, the PRs from subtype C
and F were analyzed 175 18, These subtypes contain 8-10 polymorphic substitutions in the
sequence outside of the flaps and inhibitor binding site, which can influence catalytic activity
and inhibition. The PR structures and interactions with inhibitors were very similar to those of
the B subtype PR, with larger structural variations in surface residues 34—42 for the F subtype
PR and 65-69 for the C subtype PR.

Saquinavir (SQV) was the first PR inhibitor to be approved by the FDA in 1995, and is still
widely used in AIDS therapy, along with nine other inhibitors. The latest, darunavir (DRV,
previously known as TMC114), a chemical derivative of the PR inhibitor amprenavir, was
approved in 2006 for salvage therapy and is extremely potent against the wild type PR and
most drug resistant mutants in vitro and in vivo 11 19: 20: 21 Darunavir, boosted with ritonavir,
is recommended for treatment-experienced patients who respond poorly to other Pls.
Saquinavir was designed to target the wild type PR and its chemical structure contains anumber
of peptidic main chain groups mimicking a natural substrate of PR as shown in Figure 1a22.
In contrast, darunavir was designed to be less peptidic while introducing more hydrogen bond
interactions with the main chain atoms of PR in order to maintain its effectiveness on PR
variants 20; 23,

In this study, PR variants with the individual flap mutations G48V, 150V, 154V and 154M were
analyzed to gain insight into their role in the development of drug resistance. G48V is one of
the primary drug resistant mutations selected during treatment with saquinavir 24 25, 150V
arises in treatment with amprenavir, and also confers resistance to darunavir . Mutations of
I54M and 154V are commonly observed during therapy with multiple PR inhibitors % 26; 27;
28 geveral mutations of Ile54 are present in isolates with reduced susceptibility to saquinavir.
Mutations 154M and I54L are frequent in clinical isolates resistant to darunavir 2%, Moreover,
Met was the most frequently identified substitution of residue 54 after treatment with
amprenavir, which is chemically related to darunavir 28, Residue 50 lies at the tip of the PR
flap, while residues 48 and 54 are located on opposite B strands of the flap (Figure 1b).
Previously, the crystal structure of the double mutant G48V/L90M with saquinavir was
analyzed 39, and we reported the structure of the PRjso mutant with darunavir 1. Here, the
crystal structures of flap mutants PRgagy, PRi50v, PRi54v, and PR sanv Were solved in
complexes with saquinavir and darunavir. Comparison of the mutant and wild type structures
revealed changes in the flap conformation, interactions between flap residues from the two PR
subunits, inhibitor binding and conformation of residues 78-82 (the 80’s loop). The kinetic
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data are discussed in relation to the structural changes. This analysis confirmed the important
roles of residues in the flaps and enhanced our understanding of the drug resistant mechanisms
used by the flap mutants.

RESULTS AND DISCUSSION

Kinetics

The wild type HIV-1 PR in these studies contains mutations Q7K, L33l, and L63I to diminish
autoproteolysis and C67A and C95A to prevent cysteine-thiol oxidation, and showed almost
identical kinetic parameters, stability and dimer dissociation as the unmutated wild type PR
31, Kinetic parameters were measured for the resistant mutants and the wild type PR using the
fluorescence substrate based on the p2-NC cleavage site of HIV-1 (Table 1). The mutants
PRgagv, PRisgv and PRys4y had reduced catalytic efficiency (Kqqt/Kpy,) of about 10-40% of
wild type PR value, while the catalytic efficiency of PRg4p was similar to that of PR. The
mutants showing reduced activity are likely to be less effective during viral replication.

The four mutants and the wild type PR were assayed for inhibition by saquinavir and darunavir
(Table 1). Compared to wild type PR, mutant PRg4gy Was poorly inhibited by saquinavir and
darunavir with 90- and 30-fold higher inhibition constants (K;), respectively. The K; values of
PR|50v for saquinavir and darunavir were increased 30-fold and 24-fold, and the K; values of
PR|54v Were moderately increased by 8-fold and 15-fold for saquinavir and darunavir, relative
to wild type PR values. In contrast, PR s4n Showed similar relative K values of 3 and 5for the
two inhibitors. Therefore, the mutant PRgagy Was the most resistant to those inhibitors, while
PR|54m Was the most similar to the wild type enzyme. PR;5qy Was inhibited more effectively
by saquinavir than by darunavir, in agreement with the presence of the 150V mutation in HIV
isolates resistant to darunavir and its rarity in saquinavir treatment. However, PRg4gyv Was
more susceptible to darunavir than saquinavir, in agreement with the presence of G48V in
clinical isolates failing saquinavir therapy. Hence, darunavir is likely to be a better drug for
patients carrying HIV PR with the G48V mutation selected by saquinavir treatment, while
saquinavir may be better for resistant HIV with the 150V mutation.

Dimer Stability

The dimer stability of the four flap mutants (PRgagv, PRisov, PRis4v, and PRs4p) and the
wild type PR was evaluated by assessing the PR activity with increasing concentrations of
denaturing urea. When the PR activity drops to 50% of the initial value, the concentration of
urea is defined as UCgq. The UCgq value of PR 5oy Was reduced to 60% of that for the wild
type PR, while the UCsq values of the other three mutants were very similar to that of the wild
type PR (90-110%). Earlier, we demonstrated that another flap mutant PRgs3, had reduced
UCsg of 60% of the value for the wild type PR 13. Therefore, the mutations of flap residues
11e50 and Phe53 adversely affect the PR dimer stability, while mutations G48V and 154V/M
had no significant effect on the dimer stability in this assay.

Crystal Structures

The crystal structures of PR5gv, PR|54vy, and PRys4p complexed with saquinavir and
PRgagv, PRisav, and PRis4m complexed with darunavir were determined at resolutions of
1.05-1.40 A. No crystals were obtained for the complex of PRg4gy With saquinavir, and the
structure of PR;5qy With darunavir was reported previously 1. Three data sets (PR540-SQV,
PR54v-SQV, PR|54y-DRV) reached atomic resolution (1.05 A). The data collection and
refinement statistics are provided in Table 2. All six structures crystallized in isomorphous unit
cells and the same space group P2;212. The R-factors were refined to the range of 0.12 to0 0.16.
One asymmetric unit accommodated one PR dimer, with residues labeled 1-99 and 1'-99’ for
each subunit. The electron density maps clearly showed the correct mutations in all the
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complexes as illustrated in Figure 2. Most of the atoms were clearly visible in the electron
density maps. An example from the flap region of PR|54y/-SQV is shown in Figure 2. Darunavir
was bound at the active site of PR with two pseudosymmetric orientations in the complexes
with PRgagy, PR54v, and PR san, While saquinavir showed a single orientation in the
complexes of PR54y/-SQV and two orientations in complexes of PR 54m-SQV and PR5qvy-
SQV. The omit maps of saquinavir (in PR54yv-SQV) and darunavir (in PR;54y-DRV) are
shown in Figure 3. Alternate conformations were modeled for side chain and main chain atoms
when observed in the electron density map. Met54 showed alternate conformations of the side
chain only in the PR 54m-SQV complex (Figure 2) and Val54 showed alternate conformations
of the side chain only in PRs4y/-SQV complex. As frequently observed in near atomic
resolution crystal structures, residue 50 showed alternate conformations for both main chain
and side chain atoms in all complexes, except in the lower resolution structure of PRg4gy-
DRV, 11; 13; 22. In addition, water molecules (161-223) and other solvent molecules including
glycerol, phosphate, sodium ions and chloride ions with full or partial occupancy were modeled
to fit the maps in the different structures.

Comparison of Protease Structures

The mutant PR complexes were compared to the PR structures with the corresponding inhibitor,
which were determined in our previous studies. The same PR sequence is used to construct all
mutants so any changes represent the effects of the introduced mutations. The wild type PR-
DRV (2IEN) 2 structure has been solved at 1.30 A resolution in space group P2;212, while
the PR-SQV structure has been determined to 1.16 A resolution in P21212;22. The mutations
in the flap are expected to alter interactions with neighboring residues, the flap conformation
and inhibitor binding. The overall structural differences between mutant PRs and the wild type
PRs are shown by the RMS deviations, which do not reflect significant local differences, as
observed in other PR structures 8 12, The pairwise overall RMS deviations of Co. were 0.1-
0.3 A for complexes with darunavir with the same unit cell and space group. The complex
PR|54v-DRV is the most similar to the wild type PR-DRV, while the other two complexes have
similar deviations (0.3 A) from the wild type PR. The pair-wise overall RMS deviations of
Ca. for the three complexes with saquinavir were very similar in the range of 0.6-0.7 A, as
observed for comparison of HIV PR structures in different space groups 13: 22 32, For all
complexes, larger deviations were consistently located around the tip of the flap and 80’s loop
(residues 78-82) in both subunits. The alternate conformations of the main chain of residues
50/50’ contributed to the higher RMS deviations in the flaps. Structural differences for flap
residues 47-54 are shown in Figure 4. PRg4gy had the biggest difference from the wild type
PR among all the complexes with darunavir. The Co. atom of 11e50 shifted about 0.8 A towards
the active site cavity in one subunit and 0.5 A at the equivalent position in the other subunit.
In high resolution (better than 1.5 A) structures, the atomic shifts over 0.3 A are considered to
be significant changes, using the estimation of crystallographic errors described in 33,

Notably, in all the mutant structures, the main chain atoms of residues 78-82 (the 80’s loop)
were shifted relative to their positions in wild type PR. The 80’s loop shows intrinsic flexibility
as described previously for atomic resolution structures of saquinavir complexes with wild
type PR and mutants V82A and 184V 22 and a 9X mutant with indinavir 34. The shifts appeared
in both subunits of the dimer, and were slightly larger in one subunit than the other. The shifts
of the 80’s loop were related to the size of the side chain in the mutated residues, independent
of the type of bound inhibitor. The 80’s loop shifts away from a longer side chain (as in
PR|54m) and towards a smaller side chain (as in PR;s4y) to maintain the separation between
residues 50, 54 and the 80’s loop. However, the observed conformational changes in the 80°s
loop did not produce substantial changes in the interactions with inhibitors. Furthermore, the
flap mutants showed varied effects for the interactions of the mutated residues with the bound
inhibitors, as discussed for each mutant individually.
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Protease Interactions with Saquinavir and Darunavir

The interatomic interactions that contribute to the binding of inhibitor in the active site cavity
of PR include: strong N-H...O and O-H...O hydrogen bonds, weaker C-H...O, C-H...
ninteractions, and the weakest van der Waals C-H...H-C contacts, as described previously for
darunavir 12, The different interactions are illustrated for the complexes of PR)54p with the
two inhibitors (Figure 5). Saquinavir with 49 non-hydrogen atoms is larger than darunavir with
38 non-hydrogen atoms. Saquinavir has larger hydrophobic groups at both ends of the molecule
and forms more van der Waals interactions with numerous PR residues compared to darunavir
22 gaquinavir forms eight direct hydrogen bonds, three water-mediated hydrogen bonds, and
one C-H...O interaction with Gly 49. However, darunavir forms two more direct hydrogen
bonds with the main chain atoms of Asp29 and Asp30 and two more C-H...O interactions with
main chain atoms than does saquinavir 21 22, Similar hydrogen bond interactions are retained
in the inhibitor complexes with wild type protease and the other mutants. The only exception
is the interaction of the aniline NH2 of darunavir with the carboxylate oxygen of Asp30, which
is a direct hydrogen bond in the wild type and other mutant complexes, and a water-mediated
interaction for the major darunavir conformation in the PR s4p-DRV complex. The van der
Waals and C-H...w interactions between PR and hydrophobic groups of saquinavir are likely
to be vulnerable to changes due to mutations of hydrophobic residues in the binding site. On
the contrary, darunavir was designed to form more hydrogen bond interactions with main-chain
atoms of PR, which cannot be directly altered by mutations 23. Therefore, the binding of
darunavir can adapt to the changes due to mutations of hydrophobic residues in the active site
cavity. Through this strategy darunavir retains its effectiveness for many drug resistant mutants,
with the exception of PR;5qy due to the loss of hydrogen bond interactions 11; 20; 21. However,
altered interactions are observed in some mutant complexes as described in the following
sections, which are organized by individual mutants.

PRgagy-DRV—Residue Gly48 is located in the active site cavity and its carbonyl O makes
C-H...O interactions with darunavir in the wild type PR complexes. Replacing Gly48 by Val
in PRg4gy is expected to disrupt the interactions with neighboring residues on the flap, and
possibly alter the interactions with the inhibitor, thus destabilizing the flap and reducing the
affinity for inhibitor. Despite extensive efforts, no crystals were obtained for the single mutant
PRg4gy in complex with saquinavir. Fortunately, crystals were obtained for PRgagy With
darunavir that diffracted to 1.40 A. The comparison of PRgagy-DRV with the wild type PR-
DRV complex showed that the Ca of Val48 in both subunits had lost interactions with the
Phe53 aromatic ring, while new hydrophobic interactions were observed for the Val48 side
chain (Figure 6a). In one subunit, residues Gly49 and Ile50 have shifted 0.7 A away from the
neighboring residues Gly52 and Phe53, while there is relatively little change in the position of
the Pheb3 side chain relative to the wild type. As a result, the Ca of Val48 has lost most of the
favorable C-H...w interactions with the aromatic ring of Phe53. However, the CB and Cy atoms
of Val48 have gained new interactions with the aromatic ring of Phe53. In the other subunit,
the side chain of Phe53’ had rotated about 180° relative to its position in the wild type PR,
which eliminated C-H...zinteractions with the Ca of Gly48'. However, a new C-H...O
interaction was formed between the Cy of VVal48’ and the carbonyl O of Gly52’, which partially
compensated for the lost contacts. Thus, the introduction of the larger Val side chain at position
48 has disturbed the interactions with the neighboring residues in the complex of PRgagy-
DRV, while structural adjustments partially compensated for lost interactions.

Other structural changes in the PRg4gy-DRV complex were observed for the 80’s loop.
Residue 48 is located near the 80’s loop of the same PR subunit, but no van der Waals contacts
shorter than 4.2 A were observed between the two regions. In the mutant, the 80’s loop has
shifted up to 0.7 A towards Val48 relative to its position in the wild type structure; nevertheless
the residues remained too far apart to make favorable interactions.

J Mol Biol. Author manuscript; available in PMC 2009 September 29.
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The main chain carbonyl group of Gly48 makes direct interactions with the major (60%) and
minor (40%) orientations of darunavir, as shown in Figure 5b. In the mutant the main chain
atoms of Val48 have shifted by as much as 0.9 A at the carbonyl oxygen relative to their
positions in wild type PR-DRYV structure. As a result, the carbonyl oxygen of Val48 has gained
additional interactions with darunavir, which are not observed in the wild type structure. There
are several shorter and stronger C-H...O interactions with the minor orientation of darunavir,
and the side chain of Val48 has gained a new van der Waals interaction with the aromatic ring
of the inhibitor (Figure 6b). On the other hand, the major orientation has similar contacts to
those of the wild-type complex. However, the favorable interactions described above are likely
offset by several repulsive short C-H...H-C hydrophobic contacts made with the side chain
atoms of Pro81, Pro81' and 11e84'. The P1 benzene ring of darunavir in both orientations is
involved in short 3.1-3.5 A contacts with residues 81 and 81', while the aniline part of the
minor darunavir orientation makes very short (2.7-3.2 A) interactions with C3 of 11e84'. These
short contacts were not observed in the wild type PR-DRV structures or other mutant
complexes examined 11: 12 13, 35 Therefore, PRgagy-DRYV represents a unique structure with
unfavorably close PR-ligand interactions, rather than longer or lost contacts as observed in
other mutant complexes. In agreement with the structural changes, the K; value for the
PRgagyv inhibition by darunavir increased ~ 30 times relative to the wild type PR, suggesting
that the repulsive contacts have a significantly negative effect on the darunavir affinity for the
mutant PR.

The crystal structure of PRg4gy-SQV is not available for comparison. However, the crystal
structure of the double mutant PRgagv/_gom With SQV (1FB7) shows that saquinavir moves
to accommodate the bigger side chain of VVal48, giving rise to weaker interactions than in the
PR-SQV structure 30, The carbonyl O of VVal48 loses the hydrogen bond interaction with SQV.
Inaddition, there are fewer van der Waals interactions between saquinavir and the flap (residues
47-50). These structural changes and reduced protease-inhibitor interactions, including loss
of a hydrogen bond, explain why G48V is a primary mutation observed in isolates that are
resistant to saquinavir. On the other hand, the G48V mutation is not considered to be resistant
to darunavir, although potentially repulsive protease-inhibitor contacts were observed in the
new structure of PRgagy-DRV.

PR50v Complexes—The new structure of PR 50y-SQV is described and compared with the
structure of PR;sgy- DRV (2FGG). Residue 50 lies at the tip of the flap and the carbonyl oxygen
forms a hydrogen bond interaction with the main chain amide of Gly51’ from the other subunit.
The role of 1le/Val50 in binding of indinavir or darunavir has been described previously 11
13 In the wild type PR, the side chain of 11e50 forms van der Waals interactions with Thr80’
and Pro81’. Thr80 has been proposed to maintain the mobility of the flap tips by pulling 11e50’
of the other subunit out of a hydrophobic pocket 36. In PRj5gy-SQV, the smaller side chain in
Val50 has induced a shift towards the 80°s loop to maintain favorable contacts (Figure 7a).
Moreover, the side chain of Val50 has rotated to gain van der Waals interactions with 1le54’.
Therefore, the PR50-SQV structure shows adaptations to improve intersubunit contacts,
unlike the PR soy-indinavir complex that showed reduced contacts between the two subunits
at the flap tip 13.

Overall, the interactions of PR 5oy and saquinavir show little change relative to those of wild
type PR-SQV, even for residue 50. Val50 in one subunit has lost two van der Waals interactions
with saquinavir compared with those of 11e50, while in the other subunit this residue has gained
a new van der Waals interaction with saquinavir. In contrast, our previous studies showed that
several attractive interactions between the side chain of 11e50 and inhibitor were lost in the
complexes of PR;5qy With darunavir and indinavir 11; 13. Moreover, the aniline of darunavir
had lost two hydrogen bonds with the main chain of Asp30, in agreement with the higher
relative Ki for the mutant. All three inhibitors show reduced interactions and higher relative
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Ki values forPR 50y compared to wild type enzyme. However, the loss of hydrogen bonds in
the mutant PR5q9y-DRV complex is consistent with the presence of this mutation in isolates
resistant to darunavir. Also, the absence of large structural changes in the saquinavir complex
agrees with the rarity of the 150V mutation during resistance to saquinavir.

PRi54m and PRisqy complexes with DRV and SQV—Residue 54 is located on the
opposite side of the flap from residue 48, and close to residue 50 and the 80’s loop (Figure 1).
Significant structural changes were observed at the 80°s loop in the complexes of mutants with
saquinavir and darunavir in comparison with the corresponding wild type PR complexes
(Figure 7). The 80’s loop was shifted away from Met54 in PR;54p and towards Val54 in
PR\54v to compensate for the different sizes of the side chains of residue 54. In PR54pm-DRV,
the carbonyl O of Pro79 has shifted away from the longer Met54 by 0.7 A and 1.4 A in the two
subunits, respectively, in order to accommodate the longer Met side chain. Despite this
movement, Met54 has gained more van der Waals contacts with Pro79 and the side chain of
11e50’ than are observed for wild type lle54. Moreover, the flap tip has shifted towards Met54
by 0.5 A at the carbonyl O of Gly51, because there is more space due to the absence of the p-
branched methyl group of lle in Met54. On the other hand, the mutation 154V introduces a
smaller side chain, so the 80’s loop has shifted towards Val54 by 0.6 A at the carbonyl O of
Pro79’ in only one subunit of PR;54y-DRV. However, no new interactions are formed between
Val54 and the 80’s loop (Figure 7¢). Unlike in PR;s4m-DRV, the tip of the flap had no
significant change in PR|54,—DRV relative to the wild type PR structure.

The shift of the 80°s loop caused by the mutation of residue 54 has modified the interactions
with inhibitor in PR54pDRV, but not in the other complexes. In PR54m-DRV, residues 78—
82 were further away from 54 in the flap, so the interactions between Pro81-Val82 and the
major conformation of darunavir were a little weaker (the interatomic distances are 0.3-0.4 A
longer) than in the wild type complex. For the major conformation of darunavir, the direct
hydrogen bond interaction between the aniline NH2 of darunavir and OD2 of Asp30 in the
wild type PR was replaced by a water-mediated interaction in PRs4pm-DRV (Figure 5). For
the minor conformation of darunavir, however, the direct hydrogen bond interaction was
maintained, while the hydrogen bond interaction between the NH2 of darunavir and the
carbonyl O of Asp30 was lost (interatomic distance is 4.5 A). On the other hand, no significant
structural changes in the PR-inhibitor interactions were observed in the PR;54y-DRV,
PR54v-SQV and PRis4m-SQV complexes relative to the corresponding wild type PR
complexes. In summary, the 154M mutation caused larger structural changes than 154V in the
flap and in the interactions with darunavir, which is consistent with the more frequent

occurrence of mutation 154M compared to 154V in the treatment with amprenavir and darunavir
28

Structural and kinetic changes and drug resistance

These new crystal structures of the drug resistant mutants revealed changes in PR conformation
and interaction with inhibitor relative to the equivalent wild type PR complexes. The
introduction of mutations in the flap caused conformational modifications of the flap in all the
complexes, with the biggest deviations observed in the PRgsgv-DRV complex. In all the
complexes, the 80°s loop has flexibly adjusted to accommodate the size of heighboring residues
50 and 54. It shifted towards smaller residues like VVal50 and Val54, and away from the longer
residue Met54. However, the shifts of the 80°s loop did not significantly alter the interactions
between inhibitor and PR, except in the cases of PRg4gy-DRV and PRis4-DRV. The van der
Waals interactions with darunavir were enhanced in PRg4gyv-DRV but were weakened slightly
in PRis4m-DRV in correlation with the shift of the 80’s loop.
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Analysis of the available structures of these flap mutants with saquinavir or darunavir showed
the largest changes in PRgagy/ gom-SQV 30 and PR5gv—DRYV relative to the corresponding
wild type complexes 11. In both cases, at least one PR-inhibitor hydrogen bond interaction is
eliminated in the mutant complex, and the differences relate to the chemical structures of the
two drugs. One notable difference is that saquinavir forms one hydrogen bond with the carbony!l
O of Gly48, while this interaction is replaced by two weaker CH...O interactions in the
darunavir complexes. The hydrogen bond between Gly48 and saquinavir was absent in the
structure of PRgagv/Loom-SQV 20, consistent with the 90-fold reduced inhibition. However,
the CH...O interactions between Val48 and darunavir in PRg4gy-DRV were even tighter than
in the wild type PR-DRV. This difference in polar interactions may explain why PRg4gv
provides resistance to saquinavir yet maintains susceptibility to darunavir. The opposite occurs
with the mutant PR;5qy/; the darunavir complex has lost hydrogen bond, as well as van der
Waals interactions, while only a few changes in hydrophobic interactions were seen in the
saquinavir complex. The loss of hydrogen bond interactions with inhibitor in PR;5qy, appears
to provide resistance to darunavir, and in PRgagv/Lgom t0 provide resistance to saquinavir, as
suggested in previous studies 11; 30,

Saquinavir appeared to adapt better than darunavir to the changes caused by 154M and 154V,
which is consistent with the increased prevalence of both mutations in HIV isolates showing
resistance to darunavir. PRsan showed reduced van der Waals interactions with darunavir in
correlation with the shift of the 80’s loop, and both darunavir conformations had lost a direct
hydrogen bond with Asp30. However, no significant reduction in inhibitor interactions was
observed in the structures of PR54y-DRV, PR|54v-SQV and PR|54p-SQV.

The observed changes in PR structure and activity in the flap mutants PRgagv, PRis0vs
PRis4v, and PRs4\ are in good agreement with the occurrence of these mutations in drug
resistance to darunavir and saquinavir. In addition to these structural changes, several other
factors must be considered since drug resistance to PR inhibitors can arise by various molecular
mechanisms, including reduced inhibition, altered PR activity and stability 8 13: 14, The
structure and activity of PR is especially sensitive to mutations in the flap region, consistent
with their frequent appearance in drug resistant HIV 6. In fact, PRgagy, PRisgv and PR;say
showed reduced catalytic efficiency and PR 5gy, had reduced stability, and these mutations are
likely to be deleterious for correct polyprotein processing and viral replication. Such
unfavorable mutations will only be selected under the severe pressure of drug treatment. The
Ile54 mutants showed relatively small changes in inhibition by saquinavir and darunavir, and
the mutants are similar to wild type in catalytic activity and stability. However, PR s4n Showed
significant structural changes and reduced polar interactions with darunavir consistent with
clinical resistance data. Moreover, an unusual mechanism for resistance was proposed for
mutant PR)s4y, which showed fewer hydrogen bonds with a peptide reaction intermediate 37.
The interactions with substrates or reaction intermediates have not been investigated for other
mutants.

These new structures revealed that saquinavir and darunavir differ in their interactions with
specific mutants. Importantly, saquinavir showed reduced inhibition and hydrogen bond
interactions for mutants containing G48V and less change with PR)sgy, While the opposite is
seen for darunavir, in excellent agreement with the resistance data and despite the reduced
activity of these mutants. Overall, the changes in polar interactions between PR mutants and
inhibitor have the best correlation with observed resistance mutations. Therefore, this structural
analysis will assist with predictive genotyping of clinical isolates and in the development of
new protease inhibitors to combat HIV drug resistance.
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MATERIALS AND METHODS

Preparation of HIV-1 Protease Mutants

The optimized HIV-1 PR clone with mutations Q7K, L33l, and L63I to diminish the
autoproteolysis of the PR, as well as mutations C67A and C95A to prevent cysteine-thiol
oxidation was used as the initial template for adding drug resistant mutations 31. This optimized
PR had almost identical kinetic parameters and stability with the mature PR (Genbank
HIVHXB2CG) 3L, Plasmid DNA (pET11a, Novagen) encoding PR was utilized to construct
mutant PR by the Quick-Change mutagenesis kit (Stratagene). The PR mutants were expressed
in Escherichia coli BL21 (DE3) and the protein was purified from inclusion bodies as described
38, The presence of the appropriate mutations was confirmed by DNA sequencing.

Enzyme Kinetic Assays

Kinetic parameters were determined by a fluorescence assay. The substrate was Abz-Thr-1le-
Nle-pNO2Phe-GIn-Arg-NH2, where Abz is anthranylic acid, Nle is norleucine, based on the
p2-NC cleavage site of the natural polyprotein substrate. Protease (10 pl, final concentration
of ~20-70 nM) was mixed with 98 pl reaction buffer (100 mM MES, pH=5.6, 400 mM NacCl,
1 mM EDTA, 5% glycerol) and 2 pl of DMSO or inhibitor in DMSO, and the mixture was
preincubated at 26°C for 5 min. The reaction was initiated by adding 90 pl of substrate from
stock solution of 240 uM (final concentration of 10-70 pM), due to the solubility limit of
substrate. The resulting mixture was assayed over 5 min for the increase in fluorescence using
340 nM and 420 nM bandpass filters for the excitation and emission. Data analysis was
performed with the program SigmaPlot 8.02. k¢4t and Ky, values were obtained by standard
data-fitting techniques for a reaction obeying Michaelis-Menten kinetics. Kj values were
obtained from the ICs( values estimated from an inhibitor dose-response curve with the
fluorescent assay using the equation K; = (ICsg — [E]/2)/(1 + [S]/Kr), where [E] and [S] are
the protease and substrate concentrations, respectively 3.

Urea Denaturation Assay

The effect of urea denaturation was measured using the spectroscopic assay 14. The decrease
of absorbance of chromogenic substrate (The Lys-Ala-Arg-Val-Nle-p-nitroPhe-Glu-Ala-Nle-
amide, where Nle is norleucine) was monitored at 310 nm by a PerkinElmer Lambda 35 UV/
Vis spectrophotometer. The substrate was concentrated at 400 pM and PR activity was
measured at urea concentration of 0-3.0 M with a final enzyme concentration of 300-500 nM.
The UCsq values were determined by plotting the initial velocities against increasing urea
concentration using SigmaPlot 8.02.

Crystallographic Analysis

PRisov, PRis4v and PRys4\m Were cocrystallized with saquinavir, while PRg4gv, PR)54v and
PR s4m Were cocrystallized with darunavir at room temperature by the hanging drop method.
The protein (2-5 mg/ml) was preincubated with the inhibitor in a molar ratio of 1:5-10. The
crystallization drops had a 1:1 ratio by volume of reservoir solution and protein. For PR;5qy -
SQV, the reservoir contained 0.2 M sodium citrate, phosphate buffer, pH 6.0-6.2 and 30-35%
saturated ammonium sulfate as precipitant; For PR;54y-SQV, 0.1 M sodium acetate buffer, pH
5.4, 1M NaCl as precipitant; For PR|54p-SQV, 0.2 M sodium acetate buffer, pH 4.8-5.2 and
10-15% NaCl as precipitant; For PR;5qy-DRV, 0.2M sodium citrate, phosphate buffer, pH
6.0-6.2 and 30-35% saturated (NH,4),SO4 as precipitant; For PRgsgy-DRV, 0.1 M citrate/0.2
M phosphate buffer, pH 5.6-5.8, 1.3M KCl as precipitant and 7-10% MPD; For PR;54y-DRV,
0.1 M sodium acetate buffer, pH 4.4, 1M NacCl as precipitant; For PR|54p-DRV, 0.2 M sodium
acetate buffer, pH 4.4-4.6, 25-30% NaCl as precipitant. The crystals grew from overnight to
10 days into bricks, plates, and rod shapes. Some of them formed crystal clusters and were cut
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into individual crystals before mounting. Crystals were frozen in liquid nitrogen after soaking
in 20-35% glycerol as a cryoprotectant.

X-ray diffraction data for all the complexes were collected on the SER-CAT ID beamline of
the Advanced Photon Source, Argonne National Laboratory. Data were processed using
HKL20004°, and the structures were solved by molecular replacement using CCP4i 41: 42,
refined using SHELX 43 and refitted using O #4. Alternate conformations for residues were
modeled according to the electron density maps. Anisotropic B factors were refined for all the
structures. Hydrogen atom positions were included in the last stage of refinement using all
data.

The mutant crystal structures were compared with the wild type by superimposing their Ca
atoms on each other and structural figures were made using Bobscript 4% 46 and PyMOL #7.

Protein Data Bank Accession Codes

The atomic coordinates and structure factors have been deposited in the Protein Data Bank
with accession code 3CY X for PR50y-SQV, 3D1Y for PR 54y-SQV, 3D1X for PR 54m-SQV,
3CYW for PRgagy-DRV, 3D20 for PRi54y-DRV and 3D1Z for PR5ap-DRV, respectively.
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Figure 1.

(a) The chemical structures of saquinavir and darunavir. (b) Structure of HIV-1 PR dimer with
the locations of mutated residues Gly48 (cyan), 11e50 (red), 1le54 (green) indicated by spheres
for main chain atoms in both subunits. Darunavir is shown in sticks colored by atom type. The
flap residues (45-55) and the 80’s loop (78-82) are colored in blue and purple, respectively.
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Figure 2.

The Fo-Fc omit maps showing the mutated residues and the flap residues (47-54) contoured
at 3.3 sigma. Val 48 is from PRg4gyv-DRV, Val50 from PR 50-SQV, Val54 from PR|54y-
SQV, Met54 from PR 54m-SQV and flap residues from PR 54pm-SQV. The cyan sticks indicate
the alternate conformations of main-chain and side-chain atoms in Val50 and Met54.
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Figure 3.

The Fo-Fc omit maps of saquinavir (upper panel) and darunavir (lower panel) contoured at 3.3
sigma. Saquinavir is colored by atom type from complex PR|s4y/-SQV. Darunavir is from
complex PRs4y-DRV showing alternate conformations of 60/40% occupancy. The major
conformation is colored by atom type and the minor is colored pink.
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Figure 4.

The flap regions for superimposed complexes with darunavir. The wild type PR is in green,
PRgagy in cyan, PR 54y in magenta and PRy s4p in red. The arrows indicate the shifts between
Ca atoms of PRgagy and of the wild type PR with distances in A.
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Figure 5.

PR\s4)m interactions with inhibitor. (a) The major orientation of saquinavir. (b) The major
orientation of darunavir. Hydrogen bonds are indicated in red, CH-= interactions in blue and
C-H...O in purple. Interatomic distances are shown in A. Note that the water-mediated
interaction of the NH2 of darunavir with the Asp30 side chain is replaced by a direct hydrogen
bond in the wild type PR and the other mutant structures.
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Figure 6.

(a) Comparison of the flaps of PRg4gy-DRV and of wild type PR-DRYV in the two subunits.
(b) Selected PRgagy interactions with darunavir in the minor conformation. The mutant
structures are colored by atom type and wild type PR is in grey. Dashed lines indicate van der
Waals interactions with interatomic distances shown in A. The arrows show the shift between
the two structures with distances in A.
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Figure 7.

The interactions of residues 50, 51, 54 and 79-81 in (a) PR50v-SQV, (b) PRi54m-DRV, and
(c) PRi54v-DRV. The structures of mutants are colored by atom types and the corresponding
structures of wild type PR are grey. Dashed lines indicate van der Waals interactions with
interatomic distances shown in A. The arrows show the shift between the two structures with
distances in A.
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