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Abstract

HIV-1 protease (PR) and two drug-resistant variants — PR with the V82A mutation (PRy/g2a) and
PR with the 184V mutation (PR;gay) — were studied using reduced peptide analogs of five natural
cleavage sites (CA-p2, p2-NC, p6P°l-PR, p1-p6 and NC-p1) to understand the structural and kinetic
changes. The common drug-resistant mutations V82A and 184V alter residues forming the substrate-
binding site. Eight crystal structures were refined at resolutions of 1.10-1.60 A. Differences in the
PR-analog interactions depended on the peptide sequence and were consistent with the relative
inhibition. Analog p6P°!-PR formed more hydrogen bonds of P2 Asn with PR and fewer van der
Waals contacts at P1' Pro compared with those formed by CA-p2 or p2-NC in PR complexes. The
P3 Gly in p1-p6 provided fewer van der Waals contacts and hydrogen bonds at P2—P3 and more
water-mediated interactions. PR;g4y showed reduced van der Waals interactions with inhibitor
compared with PR, which was consistent with kinetic data. The structures suggest that the binding
affinity for mutants is modulated by the conformational flexibility of the substrate analogs. The
complexes of PRygoa showed smaller shifts of the main chain atoms of Ala82 relative to PR, but
more movement of the peptide analog, compared to complexes with clinical inhibitors. PRy/goa Was
able to compensate for the loss of interaction with inhibitor caused by mutation, in agreement with
kinetic data, but substrate analogs have more flexibility than the drugs to accommaodate the structural
changes caused by mutation. Hence, these structures help to explain how HIV can develop drug
resistance while retaining the ability of PR to hydrolyze natural substrates.
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HIV-1 protease (PR) plays an essential role in the viral replication cycle because it cleaves the
Gag and Gag- Pol polyproteins to yield the viral structural and functional proteins during
maturation [1]. The catalytic activity of the mature PR and ordered processing of the
polyproteins have been shown to be critical for the liberation of infective progeny virus [2].
Thus, inhibitors of HIV-1 PR are very effective antiviral drugs that prolong the life of patients
with acquired immune-deficiency syndrome. However, the long-term use of these drugs is
limited by the development of cross resistance and multidrug-resistant variants during
treatment.

HIV-1 PR has 99 amino acid residues and is enzymatically active as a homodimer. Crystal
structures have been determined for HIV PR in the presence and absence of inhibitor [3].
Mutations in the substrate-binding site can cause resistance by reducing the PR-binding affinity
by two- to fivefold for inhibitors [4]. Resistant mutations are commaonly observed at D30, M46,
150, V82 and 184 [5,6]. Mutations of residue 82 show decreased susceptibility to indinavir,
ritonavir and lopinavir in vitro. The most common mutation at position V82A is observed
predominantly in HIV-1 isolates from patients receiving treatment with indinavir and ritonavir.
Mutation 184V has been reported in patients receiving indinavir, ritonavir, saquinavir and
amprenavir. 184V tends to develop in isolates that already have the mutation L90M and is rarely
the first major mutation to develop in patients receiving a PR inhibitor [7].

HIV PR hydrolyzes several different cleavage sites in the natural polyprotein substrates that
show little sequence similarity. The mechanisms for how the resistant mutants maintain
sufficient enzymatic activity for viral replication can be better understood by studying the
structures of PR with natural cleavage sites. Two strategies have been applied to overcome the
difficulty of crystallizing catalytically active enzyme with peptide substrates. Our strategy has
been to analyze structures of active PR with substrate analogs, while other groups have used
an alternative strategy of crystallizing an inactive enzyme with peptide substrates. Crystal
structures at~1.9 A resolution have been reported of the inactive PR variant (D25N) in complex
with peptides representing eight cleavage sites, and inactive mutant V82A-D25N with patients
[8-10]. We have reported crystal structures of PR, single mutants in complex with substrate
analogs CA-p2 and p2-NC, and double mutants with CA-p2 at resolutions ranging from 2.2 to
1.2 A [11-13]. Here, we present higher resolution crystal structures of PR and the common
drug-resistant variants — PR with the V82A mutation (PRyg2a) and PR with the 184V mutation
(PRygav) — in complexes with reduced peptide analogs that represent the CA-p2, p2-NC,
p6Pl-PR and p1-p6 polyprotein cleavage sites. These structures and kinetic data provide details
of the PR interaction with reaction intermediates and a better understanding of the substrate
specificity. Comparison of protease complexes with clinical inhibitors will assist in the
structure-based design of more potent antiviral inhibitors.

Results and Discussion
Inhibition of PR, PRyg2a and PRiggy

The reduced peptide analogs represent five different HIVV-1 cleavage sites (Table 1). The p2-
NC site is the first and CA-p2 the last in sequential processing of the Gag precursor [14].
Cleavage of p6POl-PR is essential for the release of mature active protease [15]. Mutations in
the NC-p1 and p1-p6 sites contribute to drug resistance both in vitro and in vivo [16-18]. These
two cleavage sites show significant sequence polymorphism [19,20], and the specificity of
cleavage has been studied with PR and several mutants [21]. CA-p2 and p2-NC were the two
shortest peptides, extending from P3 to P4’ and from P3 to P3’, respectively. The analogs NC-
pl and p1-p6 extended from P5 to P5’, while p6P°!-PR extended from P5 to P6’ because lysine
was added to provide greater solubility.
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The catalytic activities of PR and of the mutants PRy/goa and PR,g4y Were found to be
competitively inhibited by the five substrate analogs (Table 1). Previous studies have
demonstrated that reduced peptide bond-containing analogs of natural cleavage site sequences
actas competitive inhibitors of HIVV-1 PR [22,23], and the same type of inhibition was assumed,
in this study, for the mutants. The inhibition constants for PR were in the order CA-p2 < p2-
NC < p6P°l- PR < p1-p6 < NC-p1. The CA-p2 analog was the best inhibitor of PR and the
mutants. The NC-p1 analog had no substantial inhibition for all enzymes at a peptide
concentration of 0.5 mw. PRy/goa Was better inhibited than PR (approximately threefold) by all
the analogs, except for p6P°-PR. PR g4y was poorly inhibited, relative to PR, for all analogs,
with two to sixfold higher K; values, and no significant inhibition by p1-p6. This variation in
Kj was smaller than observed for the clinical inhibitors, which showed two- to 11-fold relative
inhibition of the mutants PRygoa or PRg4y compared with wild-type PR [24].

Description of the high-resolution crystal structures

Eight crystal structures were determined of PR and of the drug-resistant mutants, PRy/goa and
PRjgav, in the complexes with four different substrate analogs. Crystallographic statistics are
summarized in Table 2. Seven of these are new structures, while the PR—-CA-p2 complex was
determined at the higher resolution of 1.4 A compared with 1.9 A for the previously reported
structure [12]. Crystals and diffraction data were obtained for PR complexed with the NC-p1
analog; however, the electron density was disordered and not interpretable for the analog,
probably as a result of weak binding and consistent with the high K; values of >500 p.
Diffraction quality crystals were not obtained for the other possible complexes. The
asymmetric unit of the crystals contained a PR dimer with the residues in the two subunits
numbered 1-99 and 1'- 99'. All structures are in space group P2;2,2 and were refined to R-
factors of 0.12-0.18, including solvent molecules, and anisotropic B-factors. The resolution
ranged from 1.10 to 1.60 A. The complex PRygoa—p2-NC was determined at 1.1 A resolution,
the highest resolution to date for a substrate—analog complex. The quality of the electron density
map is shown in Fig. 1. The crystal structures showed clear electron density for all the PR
atoms, P4-P4' residues in the peptide analog, and solvent molecules. All the peptide analogs,
except for p2-NC, showed two pseudosymmetric conformations bound to both subunits of the
PR dimer. The p6P°-PR and p1-p6 analogs had 11 and 10 residues, respectively, compared
with six to seven for the CA-p2 and p2-NC analogs. The longer analogs extended out of the
PR-binding pocket and showed poor electron density at both termini. The average B-factors
ranged from 8.0 AZ at the higher resolutions to 22.4 A2 at the lower resolutions for protein
main chain atoms, and 10.6-29.9 A2 for protein side chain and inhibitor atoms.

Alternate conformations were modeled for the side chain atoms of =30 residues in all the crystal
structures, based on the shape of the electron density (Fig. 2). Only Lys7 had alternate
conformations in both subunits of all structures, while Met46 had alternate conformations in
all but one subunit. Most of these alternate conformations were observed for residues with
longer and flexible side chains, such as Lys. The number of alternate conformations was in the
order of Lys (68 with alternate conformations), lle (41), Glu (35) and Met (15), followed by
GIn, Arg, Serand Leu at about 10 each. Some residues, including 33’, 34’ and 35’ were observed
to have two conformations only in one subunit of the dimer. These residues were located on
the PR surface and were either very flexible or interacted with symmetry related molecules.
The presence of alternate conformations of side chains for Leu23, Lys45/45', Met46/46’,
11e50/507, Val82/82’ and 11e84/84' in the inhibitor binding site was consistent with previous
descriptions [12,25]. Alternate positions with a 180° flip of the main chain atoms of 11e50 and
50" were observed in complexes PR—p1-p6, PRygoa—pl-p6, PR—p6PO-PR and PRy/goa—p6PO!-
PR, as described previously [25].

FEBS J. Author manuscript; available in PMC 2006 February 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tieetal. Page 4

Overall comparison of the crystal structures

Comparison of ligand bound and unliganded PR structures [26,27] and theoretical studies
[28,29] have suggested that resistant mutations can alter the conformational flexibility of the
PR flaps and dimer interface. Our high resolution, low temperature crystal structures of
liganded PR showed mostly static disorder, which does not address the question of dynamic
flexibility. Moreover, the PR and mutant dimers shared almost identical backbone structures,
with the root mean square deviation for all Ca. atoms ranging from 0.09 to 0.26 A compared
with the PR—p2-NC complex (Fig. 3). The least variation was observed for the complexes with
p2-NC. The deviations for residues in subunit A (within 1 A) were larger than those of subunit
B (within 0.8 A). Larger deviations for all the structures were located at external loop residues
38-41 and residues 79-84 near the mutations. The biggest difference from PR—p2-NC was
observed for the complexes with the p6P°l-PR analog, and occurred at residues 47-53 in the
hairpin loop that links two B-strands in the flap in both subunits. Residues 25-28 at the active
site had the least deviation in both subunits and all structures.

Protease interactions with substrate analogs

This series of high resolution crystal structures allowed more precise description of the PR
interactions with transition state mimics. Figure 4 shows the super-imposed substrate analogs
in the PRygoa complexes. The P2-P2’ side chains were in similar positions, while the more
distal residues had greater conformational variation. PR recognizes substrates by means of a
series of hydrogen bond interactions with the main chain atoms of the peptide (Fig. 5). Similar
hydrogen bond interactions were observed between PR and P3-P3' positions of the anologs,
as described previously [12,25], while there was more variation at the distal ends. Two water
molecules are conserved in all eight structures and mediate the interactions between the PR
and the inhibitor. One conserved water molecules lies between the flap region (11e50 and 50")
and P2 and P1’ of the inhibitor, which has been proven to be important for catalysis [30,31],
and the other mediates the interactions of P2’ with Gly27’' and Asp29'.

Complex with CA-p2 analog

The CA-p2 analog bound to PRygoa in two orientations with a relative occupancy of 0.65/0.35.
Residues P3-P4’ of CA-p2 interacted with PR (Fig. 5A). Compared with p2-NC, the CA-p2
analog lacked an acetyl group at P4 and cannot form the same van der Waals interactions with
PR. However, the CA-p2 analog with P2’ Glu had two proton-mediated hydrogen bond
interactions with the Asp30 carboxylate side chain, instead of the single hydrogen bond of P2’
GlIn in p2-NC (Fig. 1B), as described previously [12]. The norleucine (Nle) at P4’ in CA-p2,
instead of the NH, in p2-NC, allowed formation of hydrogen bonds with the carbonyl oxygen
of Met46’ and the side chain of Lys45'. Furthermore, P3 is Arg in CA-p2 and Thr in p2-NC.
As a result, the carbonyl oxygen of P3 Arg interacted with the amide of Asp29 instead of the
interaction of the amide of P3 Thr with carbonyl oxygen of Gly48 in the flap. In addition, the
longer Arg side chain provided more van der Waals interactions with PR. These differences
corresponded with the 25- fold stronger inhibition observed for the analog CA-p2 compared
with p2-NC.

Structural comparison of the complexes with the p2-NC analog

Crystal structures were determined of complexes of the substrate analog p2-NC with PR and
the two mutants PRygoa and PR g4y. The p2-NC showed one conformation in all three
structures. The PR interactions extended over P4-P4’. The conserved hydrogen bond
interactions with main chain amide and oxygen atoms extended from P3 O to P4'-N, and the
P2’ GIn side chain formed hydrogen bond interactions with Asp29’ and Asp30’ in all three
structures (Fig. 5B). Multiple conformations were modeled for the side chain of P1'- Nle in
the mutant complexes. The main chain oxygen and hydroxyl of P3 Thr had water mediated
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interactions with Gly27, Asp29 and Asp30. These conserved waters may stabilize the PR—
inhibitor complex, as suggested previously [12].

There were small compensatory changes in the interactions with p2-NC in the complexes with
PRyg2a and PR. P3’ in PRygoa—p2-NC showed more interactions with water molecules than
observed in the PR complex. However, it is possible that more water molecules were identified
as a result of the higher resolution of the PRygoa—p2-NC complex. In mutant PRy/goa, Ala82
had lost the van der Waals interaction with P4 Ace, and interacted more weakly with P1
(interatomic distances of more than 4.0 A). However, the interactions at P1’ and P3’ were
enhanced (Fig. 6A) mainly by movements of the side chains of P1 Nle and P3’ Arg and partially
by the small (0.3 A) shift of the CA atom of Alag82/82’. P1'-Nle showed three conformations
for the side chain and had closer contacts with the CB atom of Ala82 in PRy/g>a than observed
for Val in the PR. The CE atom of P3’ Arg moved ~1.2 A and formed closer interactions with
the CB atom of Ala82. All of these observed structural changes and closer van der Waals
interactions with p2-NC were consistent with fourfold better inhibition for PRy/gya than for
PR (Table 1). Similar small changes in the backbone atoms of residue 82 in mutant PRygoa
were described for complexes with nonpeptidic inhibitors [32].

Val84 in the PR g4v—p2-NC complex had fewer interactions with P2 compared with those of
[1e84 in the PR—p2-NC structure. Similarly to the PRygoa complex, the flexibility of the P1’
Nle side chain compensated partially for the loss of van der Waals interactions caused by the
shorter side chain of Val compared with lle (Fig. 6B). These changes agreed with the sixfold
weaker inhibition of p2-NC for PR g4y than for PR. These structures suggest that p2-NC analog
had modulated the binding affinity for mutants through small conformational changes of the
side chain of P1’-Nle. Similarly, the conformational flexibility of the Met side chain in the
natural substrate is expected to compensate for the drug resistant mutations, such as V82A and
184V.

Structural comparison of the complexes with the p6P°!-PR analog

The structures had two conformations of p6P°!-PR with relative occupancies of 0.6 and 0.4 and
0.8 and 0.2 for PR—p6P?!-PR and PRy/goa—p6P°!-PR complexes, respectively. As the p6P!-PR
analog had 11 residues and extended out of the PR-binding pocket, both N- and C-terminal
residues were quite flexible, with poor electron density. On the other hand, the longer peptide
provided interactions extending from P5 to P5’, as illustrated in Fig. 5C. P2 is the polar Asn,
unlike the hydrophobic Val and lle in CA-p2 and p2-NC. Hence, the side chain of P2 Asn
formed hydrogen bonds with Asp29 and Asp30, which cannot occur in CA-p2 or p2-NC. The
p6Pl-PR had the larger hydrophobic Phe at P3 compared with Arg, Thr or Gly in the other
analogs. The P3 Phe occupied more space in the binding pocket, and fewer water-intermediated
interactions were observed. The smaller amino acid, Pro, at P1’ resulted in fewer van der Waals
contacts with PR than for other analogs with Phe, Nle or Leu at P1'. The two complexes showed
the largest deviation from PR—p2-NC for the residues 48-52 in the flap region of both subunits.
This structural change in the flaps and the differences in interactions with the substrate side
chains were consistent with the poorer inhibition of PR by p6P°!-PR compared with CA-p2 and
p2-NC analogs.

PRyg2a and PR showed almost identical hydrogen bond and van der Waals interactions with
p6POl-PR, except for interactions with the terminal P5 Val and P4’ Thr. As noted previously,
the N terminus was very flexible and had two different orientations when bound to PR or
PRysgoa. Thus, the N-terminal residues had van der Waals interactions with totally different
residues in the two complexes. In the case of PRygoa, the N terminus had lost the hydrogen
bond at the P5 position and, instead, had a water-mediated interaction of P4 with Met46. PR-
p6P°l-PR showed interactions of the C terminus of p6P°!-PR with Asp60 and GIn61 through a
water molecule, while PRy;goa—p6P°!-PR did not have those interactions. Residue 82 interacted
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with P1 and P1’ of p6P°!-PR and small shifts were observed for both Ala82 and P1 Phe in
PRy/g2a—p6P°l-PR compared with these positions in the PR complex (Fig. 6C). These structural
changes resulted in good van der Waals interactions of Ala82/82' CB atoms with P1’ Pro—P1
Phe and compensated for the loss of the methyl groups of Val82 in PR. The structural
adjustment of the PRy/goa mutant to accommodate inhibitor binding was consistent with the
similar inhibition constants observed for PRygya and PR with p6P°l-PR (36 and 22 pw,
respectively).

Structural comparison of the complexes with the p1-p6 analog

The two complexes of PR—p1-p6 and PRygoa—p1-p6 had two orientations of the analog with
a relative occupancy of 0.6 and 0.4. Residues P5-P5' of p1-p6 interacted with PR and
PRys2a (Fig. 5D). As in the p2-NC complexes, the N-terminal P4 and P3 of p1-p6 showed
similar hydrogen bond and van der Waals interactions with protease; however, these differed
from the interactions with p6P°!-PR. The long side chain of P4’ Arg at the C terminus formed
extra water-mediated interactions with PR residues Trp6, Arg8, Asp29’, Asp30’ and Arg87'.
The major difference from the other substrate analogs was the presence of the small Gly at the
P3 position in p1-p6. The P3 Gly had fewer van der Waals interactions with PR, and p1-p6
had more space to move around the binding pocket. As a result, although both p1-p6 and
p6POl-PR had Asn at P2, it showed different hydrogen bonds with PR. In p6P°-PR, the large
ring of P3 Phe restricted movement in the binding site and pushed P2 Asn more towards the
active site, which enabled P2 Asn to form hydrogen bonds with Asp29 and Asp30. Mean-while,
with Gly at P3, the backbone of p1-p6 had moved in the binding site and provided more
flexibility for P2Asn. The side chain of P2Asn in p1-p6 adopted two conformations, which
differed by a rotation of ~90°. One conformation of P2 Asn maintained weaker hydrogen bonds
with Asp29 and 30, while the other conformation was surrounded by the hydrophobic side
chains of 11e50, 11e84 and P1' Leu. Furthermore, there were more water-intermediated
interactions of PR with p1-p6. The loose binding of PR and p1-p6, primarily caused by P3 Gly,
was consistent with its more than 50 times weaker inhibition than that of CA-p2 and p2-NC.

Similarly to the other complexes, subtle structural changes allowed improved van der Waals

interactions between PRygoa and P1" and P1 of the substrate analog compared with those of

PR (Fig. 6D). The improved interactions with p1-p6 were consistent with the threefold better
inhibition of PRygoa than PR, and with the higher relative keat Ky, for hydrolysis of the p1l-p6
substrate [21].

PR interactions with substrate analogs compared to those with clinical inhibitors

Substrate analogs showed more flexibility than clinical inhibitors in binding to the mutant PRs.
The high-resolution crystal structures of PR, PRygoa and PR g4y complexes indicated that the
binding affinity for mutants was modulated by the conformational flexibility of P1 and P1’ side
chains in the substrate analogs (Fig. 6). Similarly, molecular dynamic studies suggest that
flexibility of substrate residues P1 and P1’ can affect catalysis [33]. It is instructive to compare
the PR and mutant complexes with the clinical inhibitors. The crystal structures of PR,
PRygoa and PR ggy With UIC-94017, an inhibitor in phase 1B clinical trials, and of PR,
PRysg2a and PR gom With the drug indinavir, were determined at resolutions of 1.1-1.6 A
[25,34]. All these structures were superimposed on PR— UIC-94017 with root mean square
deviations on alpha carbon atoms of 0.15-0.25 A. The clinical inhibitors maximize the
interactions within PR subsites S2 to S2', while the longer substrate analogs have more
extended interactions within S4 to S4'. UIC-94017 is smaller than the substrate analogs but
formed similar hydrogen bonds to PR main chain atoms. Compared with indinavir and other
clinical inhibitors, UIC-94017 formed more polar interactions with the main chain atoms of
Asp29 and Asp30 [24]. These interactions resembled those of the P2’ GlIn or Glu side chain of
peptide analogs (Figs 1B and 5).
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Similar rearrangements of residue 82/82" and of P1/P1’ were observed in PRygoa and in PR
complexes (Fig. 6). These shifts allowed closer contacts of Ala82 and 82’ with the inhibitor,
and partially compensated for the smaller side chain of Ala compared with wild-type Val.
However, Ala82/82' showed smaller shifts (0.1-0.4 A of Ca) with substrate analogs and larger
changes (0.5-0.8 A) with clinical inhibitors. These changes were coupled with larger
movements or multiple conformations of P1/P1’ side chains in substrate analogs (Fig. 6A-D)
than observed for the inhibitors UIC-94017 or indinavir (Fig. 6E,F). In contrast, Val84 in
PRg4v Was less flexible than Ala82 in PRygoa, SO that adaptation in the PRg4y—p2-NC
complex was caused by the alternate conformations of P1' Nle (Fig. 6B). Consequently, similar
Kj values for PR and PRy/goa Were observed for both substrate analogs and UIC-94017 (0.3-
1.6-fold) and increased by threefold for indinavir [31], while the K; values increased from two-
to sixfold for PR g4y [25]. Similar structural changes were reported for the inactive double
mutant V82A-D25N compared with the D25N mutant in complexes with peptides or ritonavir
[10]. These observations suggested that the substrate analogs have more flexibility to
accommodate the structural changes caused by mutation of PR. Hence, the comparison of PR
complexes with substrate analogs or drugs helps to explain how the virus can develop drug
resistance while retaining the ability to catalyze the hydrolysis of natural substrates.

Structure of the active site and implications for the reaction mechanism

These crystal structures of PR with reduced peptide analogs represent a transition state in the
reaction. ldeally, the reaction mechanism would be analyzed using a series of crystal structures
of active PR with peptide substrates and transition-state analogs representing different steps in
the reaction. However, it is difficult to obtain crystal structures of active PR with peptide
substrates. Two strategies have been used to analyze the structures of the transition state(s).
We have analyzed structures of active PR with reduced peptide analogs that mimic the
transition state of the hydrolytic reaction because they contain an amine and a tetrahedral carbon
at the nonhydrolysable peptide bond. Other groups have used an alternative strategy of
crystallizing an inactive enzyme with the D25N mutation in complex with peptide substrates
[8-10]. There were several differences between our crystal structures of PR with peptide
analogs and those of the D25N inactive enzyme with peptides. The PR sequence differed in
six amino acids, in addition to the D25 N25 difference. Moreover, most of the peptides had
different sequences. The two structures of D25N-p1-p6 (1KJF) and PR—p1-p6 that share
similar peptide sequences were compared. Overall, the RMS differences were 0.6 A for main
chain atoms, as usually observed for PR crystal structures in different space groups. The most
striking difference was in the conformation of the peptide or reduced peptide backbone atoms
between P1 and P1’ (Fig. 7A). These differences arise from the presence of the planar peptide
bond (CO-NH) in the peptide instead of the tetrahedral carbon in the reduced peptide (CHo-
NH). The tetrahedral carbon in the reduced peptide was much closer to the Asp25 and 25’ side
chains than was the carbonyl carbon in the peptide bond (the two carbon atoms were separated
by 1.1 A). The tetrahedral carbon atom of the reduced peptide interacted with the four
carboxylate oxygen atoms of Asp25 and 25’ at distances of 3.1-4.0 A. In contrast, the peptide
carbonyl oxygen of D25N—p1-p6 showed one hydrogen bond interaction and one van der Waals
interaction with the carboxylate oxygens of Asp25'. Furthermore, the tetrahedral carbon in the
reduced peptide was in a similar position to the tetrahedral carbon of CH-OH in the UIC-94017
inhibitor, which mimics the transition state and showed interactions of the hydroxy! group with
all four Asp25/25’ carboxylate oxygen atoms (Fig. 7B). Therefore, the PR complexes with
reduced peptide analogs more closely represented the tetrahedral transition state of the reaction,
while the D25N—peptide structures are likely to represent the initial step of substrate binding
to the PR.
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Special feature in electron density map around the active site

The atomic resolution structure of PRygoa—p2-NC showed unusual Fo—Fc difference density
at the catalytic site that may relate to the reaction mechanism. The other crystal structures
showed little or no difference density around the catalytic site. In these substrate analogs, the
carbonyl group of P1 has been reduced to a methylene group to prevent hydrolysis. However,
significant Fo—Fc positive difference density was observed close (= 1.4 A) to the reduced
carbon atom on P1 Nle (Fig. 8). Previous crystallographic studies of HIV-1 PR in complex
with a pseudo-C2 symmetric inhibitor, and molecular dynamic calculations, suggested that the
difluoroketone core was hydrated and that the hydration of the carbonyl group is the initial step
for HIV-1 PR catalysis [35,36]. Therefore, a hydroxyl was tested in the positive density. No
reduction in the difference density was observed in tests with various other atoms (H, Na or
O). The positive difference density was decreased, but not eliminated, only when a hydroxyl
group was added to the reduced carbon atom. The refinement used a standard Nle and a
hydroxyl-Nle with relative occupancies of 0.7 and 0.3. Mass spectroscopic studies of crystals
and separated peptide analog showed no significant change in molecular mass of either PR or
inhibitor. Therefore, any modification of the p2-NC analog must be transient at best and
occurred only in the crystal structure. Moreover, hydration of the reduced carbon is an
energetically unfavorable event. Thus, it is not clear whether the hydroxyl-Nle exists. Further
analysis of the data by charge density analysis or quantum calculations will be necessary to
understand this difference density at the active site, and help elucidate the catalytic mechanism.

These high-resolution crystal structures of HIV PR with natural cleavage substrate analogs
provide new molecular details for understanding the specificity of substrate recognition and a
basic framework for the design of new inhibitors that are more effective against resistant HIV.

Experimental procedures

Expression and purification

The HIV-1 PR has been optimized for structural and kinetic studies with five mutations, as
follows: Q7K, L33l, L63I to minimize the autoproteolysis of the PR, and C67A and C95A to
prevent cysteine-thiol oxidation [37]. The construction and expression of HIV-1 PR, PRygoa
and PR;g4y Were carried out as described previously [3,38]. The refolding and purification
procedures were similar to those reported previously [37,38]. Mutations were confirmed by
protein mass spectrometry.

Substrate and peptide analogs

The chromogenic substrate, L6525, was purchased from Sigma-Aldrich (St Louis, MO, USA).
CA-p2- and p2-NC-reduced peptide analogs were purchased from Bachem Bio-science (King
of Prussia, PA, USA). The NC-p1, p1-p6 and p6P°!-PR reduced peptides were synthesized by
I. Blaha (Ferring Leciva, Prague, Czech Republic). The substrate analog inhibitors were
dissolved in deionized water by vortexing for several minutes, and then centrifuged briefly to
remove any insoluble material.

Crystallization and data collection

The PR or mutant was concentrated to 5 mg-mL~1 and then mixed with the inhibitor at a 20-
fold molar excess. The mixture was incubated at 4 °C for 1 h and then centrifuged.
Crystallization was achieved by the hanging-drop vapor-diffusion method at 297 K using 24-
well VDX plates (Hampton Research, Aliso Viejo, CA, USA). Equal volumes of enzyme-
inhibitor and reservoir solution were used. The screening was performed with combinations
of the following solutions: 0.1 » sodium acetate buffer (pH 4.2-5.0), 0.1 v citrate phosphate
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buffer (pH 5.0-6.4), 5% (v/v) dimethylsulfoxide, 0-5% (v/v) dioxane, 0.4-1.2 v sodium
chloride and 15-40% (w/v) saturated ammonium sulfate.

The crystals were frozen in liquid nitrogen using glycerol as a cryoprotectant, which was added
to the reservoir solution to a final concentration of 30% (v/v). X-ray diffraction data were
collected at National Synchrotron Light Source, beamline X26C or Advanced Photon Source,
beamline SER-CAT 22.

Data processing and refinement

The datasets collected at the National Synchrotron Light Source were processed using the HKL
suite 1.96, and the other datasets collected at the Advanced Photon Source were processed by
the HKL 2000 package [39]. Molecule replacement was performed using amore [40]. The
starting model for molecular replacement was chosen from the highest resolution structure
available in the space group P21212. The structures were refined using the program swecxc
[41], and map display and refitting used the molecular graphics program o [42]. Structure
solution in the P24 space group was tested when the structures showed two alternate
conformations of inhibitor. Alternate conformations for PR residues, water and other solvent
molecules were modeled when observed. The type of ion and other solvent molecules was
identified by the shape of the 2Fo—Fc electron density map, the potential for hydrogen bonding,
the coordination state and the interatomic distances, for molecules present in the crystallization
conditions. Anisotropic B factors were applied. Hydrogen atoms were calculated in the last
round of refinement by s (except for p6P-PR complexes which are low resolution).
Structures were superimposed as described previously [34]. Structural figures were made using
wmoLscriet [43] and wesas Viewer (Molecular Simulations Inc., San Diego, CA, USA).

Inhibition measurements

Measurements of the inhibition constant, K;, for peptide analogs of the CA-p2, p2-NC, p6P°l-
PR and p1-p6 natural PR cleavage sites, were made by spectroscopic assay with the
chromogenic substrate (Lys-Ala-Arg-Val-Nle-p-nitro- Phe-Glu-Ala-Nle-amide, L6525;
Sigma-Aldrich), which is an analog of the CA-p2 cleavage site. The assay solution contained
50 mwm sodium acetate, pH 5.0, 0.1 » NaCl and 1 mm EDTA. The reaction concentrations of
enzyme and the substrate were 70-120 nv and 300 pw, respectively. The PR concentrations
were determined by active site titrations with indinavir, and the substrate concentration was
determined by converting the absorbance of the substrate to concentration via a calibration
curve. The decrease in absorbance at 310 nm of the reaction mixture was measured on a Hitachi
U-2000 spectrophotometer. The inhibition curves were fit by siemarior 8.0.2 (SPSS Inc.,
Chicago, IL, USA). Inhibition constants of each analog inhibitor were obtained from the 50%
inhibitory concentration (1Csp) values estimated from a dose—response curve using the equation
Kj = (IC50-0.5[E])/(1 + [S] Km), where [E] and [S] are the PR and substrate concentrations,
respectively, and K, values were determined earlier [25].

Protein databank accession numbers

The structures have been deposited in the protein databank as 2A0OD (WT—p2-NC), 2A0C
(184V—p2-NC), 2A0E (V82A-CA-p2), 2A0F (V82A—p1-p6), 2A0G (V82A—p2-NC), 2A0H
(V82A—p6-PR), 2A0I (WT—p1-p6) and 2A0J (WT—p6-PR).
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Fig. 1.

Electron density map of HIV-1 protease with the V82A mutation (PRygza)—p2-NC crystal
structure. The 2Fo—Fc map was contoured at a level of 2.26. Hydrogen bond interactions are
shown with distances in A. (A) Residues 78-82. (B) Asp30 interacting with P2’ GIn.
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Fig. 3.

Superposition of the wild type HIV-1 protease (PR), PR with the V82A mutation (PRyg2a)
and PRygoa in complex with p2-NC. The ribbons represent the backbones of the dimers and
the p2-NC analog. The sites of mutations Val82 and 11e84 are shown by red bonds for PR, blue
for Ala82, and green for Val84 in both subunits.
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Fig. 4.
Superposition of four complexes of HIV-1 protease with the V82A mutation (PRyga) With
the inhibitors CA-p2, p2-NC, p6P°!-PR and p1-p6.
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Fig. 5.

Hydrogen bond interactions between protein and inhibitor. Hydrogen bond interactions are
shown for interatomic distances of 2.5- 3.3 A. Water molecules are indicated by red spheres.
Water-mediated hydrogen bonds are shown as red dashed lines, while direct interactions
between the protease and inhibitor are in black. (A) Hydrogen bond interactions between HIV-1
protease with the V82A mutation (PRyg2a) and CA-p2. (One water-mediated interaction
between P3 Arg and Pro 81’ is not shown.) (B) Hydrogen bond interactions between PR and
p2-NC. (Water-mediated interactions of both termini of inhibitor with Arg8 and 8’ are not
shown.) (C) Hydrogen bond interactions between PR and p6P°!-PR. (Water-mediated
interactions of the C termini of p6P°!-PR with Asp60 and GIn61 are not shown.) (D) Hydrogen
bond interactions between PRy/goa and p1-p6. (Water-mediated interactions of the C termini
of p1-p6 with Trp6, Arg8 and Arg87’ are not shown.)
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Fig. 6.

Structural variation around residues 8184 in p2-NC, p6P°!-PR, p1-p6, UIC-94017 and indinavir
complexes. The protease (PR) structure is shown in purple, PR with the 184V mutation
(PRjg4v) in green and PR with the V82A mutation (PRyg»a) in blue bonds. Interatomic
distances (A) are indicated as dashed lines. (A) PRygoa—p2-NC superimposed on PR-p2-NC.
(B) PR gay—p2-NC superimposed on PR-p2-NC. (C) PRygoa—p6P°!-PR superimposed on PR-
p6POL-PR. (D) PRygoa—p1-p6 superimposed on PR-p1-p6. (E) PRygoa—UIC-94017
superimposed on PR-UIC-94017. (F) PRygya—indinavir superimposed on PR—indinavir.
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Fig. 7.

Structural variation around the active site. (A) PR—p1-p6 is shown (colored by atom type)
superimposed on D25N-p1-p6 (1KJF) in green bonds. Distances within 4.0 A are shown. (B)
PR- UIC-94017 is shown as yellow bonds superimposed on PR—p1-p6 complex (colored by
atom type).
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Fig. 8.

Electron density maps at the active site of the PRygoa— p2-NC complex. The 2Fo-Fc map is
green and was contoured at a level of 2.2, whereas the Fo-Fc map is contoured at 3.2 and
colored purple for positive.

FEBS J. Author manuscript; available in PMC 2006 February 3.



Page 21

Tie et al.

00§ < 005 < I-M-9-1-4--N-v-0-4-3 1d-ON

(5 <) 00§ < (e0)evFese d-4-5-0-1-4-4-N-9-d-d 9d-1d
(Te)esF ooy (OT) r'sF €9 M-M-L-1-0-d-4-4-N-34-S-A Hd-joq9d
(09)STF0€ET (r2'0) 82007 €50 -O-8IN-1-3|N-1- 1-90V ON-zd
(L'€) TE0'0 ¥ 5220 (€°0) ¥00°0 ¥ ¥20°0 3IN-V-3-4--1-A-H 2d-v2o
A8l 4 Ve84 od aouanbas apndad a11s abenes|D

NIH-PA Author Manuscript

Ta|qeL
NIH-PA Author Manuscript

‘uolreINW AF8I 83Ul Yim dd “Ar8IYd iuoneinw WzgA syl Yum Hd ‘Ye8AYd tasesjoud T-AlH 8dA1 piim
“Ydd "Hd 01 annejal by ay aJe sisayiuated ul sanjea pue ‘wil ui ‘'yj 10) paisi| aJe SanjeA 'SIUBISUOD UONIGIYul pue sioligiyul Bojeue a1es1sqns ayl Jo aduanbas

NIH-PA Author Manuscript

FEBS J. Author manuscript; available in PMC 2006 February 3.



Page 22

Tie et al.

"Pappe 10U aJaMm swiole usBolpAy Yo1ym ul sainjonis

a

"D9ZX duljWweaq ‘924n0S 1YBIT U0JI0IYOUAS [RUOIIEN T8 P3lIs]|02 819M Blep JaY10 ||V "Z2Z LD-d3S auljweaq ‘93In0S Uoloyd PaoueApY e palosa||od erep uonoeIIa,,

192 €12 6°0€ 6'.€ 8'se Ve L'€T gIE JUBAJ0S
02 €8T 16T 6'62 L'yT 90T 0T gz Jouquyu
0'LT 7’81 112 9'/2 ¥'ST L'€T T 612 ureyo apis
0T A 19T v'ee 90T 06 08 6'ST ureyo ureiy
(py) s1010e}-g abesony
¥£0°0 0£0°0 1€0°0 620°0 0£0°0 €€0°0 6200 620°0 ) douessip 8|fuy
2100 0100 1100 6000 €100 G100 1700 0100 () spuog
An[eapi wouy uoreInsp SINY
(113ys [euyy)
(00T) 6°66 (z'96) 7’68 (00T) €06 (T'e6) 766 (r'2L) 096 (#'89) 8'%6 (9°99) 9°'56 (001) 9'66 11e1910(9%) ssauaia|dwo)
(sarouednaoso
162 06T 66T GsT §'eee 902 88T 6T [101) SI8TEM JO "ON
870 120 €20 €20 910 1T0 6T°0 6T0 (%) *y
€10 910 810 ST ZT0 €10 ST'0 10 (%) v_:m;mv
Y.
2101 8¢ 10T 10T 09'T-0T 0£'1-0T 0T'T-0T 0r'1-0T ¥S'1-0T JusWaulal oy %CEASS
118ys
(62 ¥0T (8D THT (CRAR WA (Le)zer (o) vv1 (T2 vot (1268 (8'9) €T [euy) [[eiano Amem_m\_v
[18ys
(219)¥'8 (9'82) 01 (802) 86 (€TY) T6 (oee) 6L (L18)zot (osv) TOT (T28) 59 euly) |[1aA0 (06) My
LT€ 8§ 8Ty L L¥8 O G500 2€ 600 G§ 81€ 56 162 v S vE suonoaal anbiun
210§ 8¢'T-05 7105 09'T-0S 0€'T-05 0T'T-0S 0¥’ T-0S 75105 () 8bues uonnjosay
659 vS9y vy ey Tl 19°9% €591 6T°9Y 8]
G8'G8 1098 1298 0028 6598 68'G8 8198 96'G8 q
985 1685 88'85 A 085 20°88 0085 68°LS e
() suoisuawip (130 HuN
Z'eted Z'eted Z'eted Z'eted Z'eed Z'eted Z'eted Z'eted dnoub aoeds
9d-1d 9d-1d dd-joq9d dd-j0g9d ON-zd ON-zd ON-zd Zd-vd Jonqiyul
VA qeditx q *Nd Hd A8l e ud etd e ud aseslold

uoneInw A8l 8yl Yum Hd ‘Ar8lyd ‘uoneinw wzg8A syl Uim dd ‘Ve8AYd ‘asealold T-AlIH adA1 plim ‘Hd 'sansiels elep aydesbofeishin

NIH-PA Author Manuscript

¢ dlqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

FEBS J. Author manuscript; available in PMC 2006 February 3.



