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Two new X-ray structures of an HIV-1 protease mutant (A71V, V82T, I84V) in complex with inhibitors
SE and SQ, pseudotetrapeptide inhibitors with an acyclicS-hydroxyethylamine isostere, were determined.
Comparison of eight structures exploring the binding of four similar inhibitorssSE, SQ (S-hydroxyethylamine
isostere), OE (ethyleneamine), and QF34 (hydroxyethylene)sto wild-type and A71V/V82T/I84V HIV-1
protease elucidates the principles of altered interaction with changing conditions. The A71V mutation, which
is distant from the active site, causes changes in the structure of the enzyme detectable by the means of
X-ray structure analysis, and a route of propagation of the effect toward the active site is proposed.

Introduction

Human immunodeficiency virus (HIVa) types 1 and 2 are
retroviruses known as causal agents of acquired immunodefi-
ciency syndrome (AIDS). HIV-1 protease, one of the targets of
anti-AIDS drug design, is a 22 kDa dimeric aspartic protease
that participates in maturation of the virus, cleaving the
polyprotein precursor into functional viral proteins.

The HIV-1 protease structure has been known since 1989,
when its first X-ray diffraction studies were published.1-3 It is
a homodimer, consisting of residues marked 1-99 (chain A)
and 101-199 (chain B, Figure 1). Both monomers are related
by pseudo-2-fold symmetry. The catalytic residues Asp25 and
Asp125 lie at the bottom of the binding cavity covered by a
pair of protease flaps (residues 44-55 and 144-155). Triads
25-26-27 and 125-126-127 form the base of the catalytic
site, connected by hydrogen bonds in a so-called “fireman’s
grip”; it is the central rigid part of the dimer. In contrast, the
protease flaps covering the binding cavity are flexible and their
movement is thought to accompany ligand entry and binding.
Two conformations of the protease flaps were repeatedly experi-
mentally confirmed by X-ray crystallography. The complex
with an active-site-bound ligand shows the flaps in a closed
conformation connected by a hydrogen bond above the ligand.
Nonliganded HIV-1 protease has flaps slightly risen in crystal
struc-
tures (e.g., PDB code 1HHP).4 Recently, a new conformation of
HIV-1 protease in complex with metallacarborane inhibitors was
observed in which the flaps adopt a wide open conformation.5

The binding modes of substrates and peptidomimetic inhibi-
tors to HIV-1 protease were described generally in a number
of reviews.6,7 The scissile peptide bond or a reaction intermediate
isostere binds to the catalytic residues Asp25 and Asp125, and
the other ligand peptide bonds are bound to Gly27, Asp29, and
Gly48 on one side of the chain and to Gly127, Asp129, and

Gly148 in the opposite direction from the cleaved peptide bond.
The ligand side chains are inserted into protease pockets S1-
S4 and S1′-S4′.

It is known that HIV-1 protease occurs in various mutant
forms and that protease-targeted drug therapy leads to the
selection of specific mutations in HIV-1 protease isolated from
patients.8 The mutated residues appear along the whole protease
chain, both close to the active site and in distant parts of the
molecule. It was found that the binding tunnel mutations
decrease inhibitor and/or substrate binding affinity.9 Some
nonactive site mutations alone increase catalytic efficiency, and
in combination with the active site mutations, they partially
compensate for the reduction of catalytic efficiency caused by
active site mutations.9 Another study showed that some non-
active site mutations might also contribute significantly to
destabilization of inhibitor binding.10

From a structural point of view, Munshi et al.11 concluded
that the 80s loop, the location of the most common active-site
mutations, is highly flexible and adaptable. The conformation
of the loop depends significantly on the bound inhibitor and
can also be influenced by mutations in the loop. However,
mutations are not necessary for conformational changes in the
loop. To the best of our knowledge, a mechanism for the effect
of the nonactive site mutations on inhibitor binding based on
structural data has not yet been described.

Here, we present two new X-ray structures of mutant HIV-1
protease-inhibitor complexes. The mutations A71V, V82T, and
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Figure 1. Overall view of HIV-1 protease dimer with inhibitor SE
bound in the active site (I8-SE complex). Mutated residues are shown
as sticks color-coded by atom types.
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I84V (HIV-1 containing all three mutations is denoted as mutant
I8) are selected in response to treatment by indinavir.8 Residues
82 and 84 are active site residues; they form part of the above-
mentioned 80s loop, which usually winds around the ligand side
chains P1 and P1′. Residue 71 (valine in the BRU WT) is located
∼16 Å from the active site in aâ-sheet on the surface of the
protease. The Val71 side chain is oriented toward the interior
of the molecule.

The inhibitors studied are pseudotetrapeptides denoted as SE/
SQ with chemical formula Boc-Phe-ψ[S-CH(OH)CH2NH]-Phe-
Glu/Gln-Phe-NH2 (Figure 2).12 The acronyms SE and SQ
indicate theSconfiguration of the carbon in the isostere bearing
the hydroxyl group and the type of the residue in the P2′ position
(E/Q). Acronyms for complexes (e.g., WT-SQ) denote the
protein type (wild-type, WT) and the inhibitor (SQ). Structures
of complexes I8-SE and I8-SQ, newly determined within this
study, are also compared with previously published structures
WT-SE,13 WT-SQ,14 WT-OE,15 I8-OE,16 WT-QF34,17 and
I8-QF34.17 These structures form a unique series of similar
and potent inhibitors with published structural data (for PDB
codes18 and inhibition constants, see Table 1).

Results: Crystal Structures of I8-SE and I8-SQ
Complexes

Protease Conformation.The overall view of SE inhibitor
bound to mutated HIV-1 protease is shown in Figure 1. Both
protease molecules in structures I8-SE and I8-SQ adopt the
“closed” conformation typical of liganded complexes of HIV-1
protease, in which the flaps are closed and make contact with
each other and with the inhibitor. The two protease dimers have

nearly identical positions of corresponding CR atoms (the rms
deviation of all protease CR positions is 0.2 Å), and the protein
structure does not differ significantly from that of the majority
of other complexes.

Alternative Conformations. Two possibilities for hydrogen-
bonding interaction between flaps introduce alternative confor-
mations in peptide bonds Ile50-Gly51 and Ile150-Gly151.
Side chains of Phe53 and Phe153, which take part in crystal
contacts, were also found in alternative conformations. Ad-
ditionally, there are alternative conformations of side chains of
Ile3, Gln7, Glu21, Glu34, Met46, Ile50, Val75, and Val84
(mutated residue) in the I8-SE structure and of residues Ile3,
Trp42, Ile62, Ile103, Trp142, and Ile162 in the I8-SQ structure.

Inhibitor -Hydrogen Bonds. Both inhibitors bind to the
protease binding pockets S2, S1, S1′, S2′, S3′ and form numerous
hydrogen bonds along the inhibitor main chain and a hydrogen
bond network along the hydrophilic side chain P2′. All hydrogen
bond donors and acceptors of the inhibitors are saturated (Figure
3). Both inhibitors’ main chains bind to protease residues Asp25,
Gly27, Gly48, Asp29, and Ile50 (mediated by a water molecule)
and in this way follow the substrate binding scheme.7,19

I8-SE.The SE inhibitor in I8 HIV-1 protease forms 18 NH‚
‚‚O and OH‚‚‚O hydrogen bonds (up to 3.6 Å, Figure 3) to the
enzyme. Additionally, two water molecules mediate contacts
between the inhibitor and the protease. There are two hydrogen
bonds between the inhibitor and water molecule W 301 (which
mediates connection to the protease flaps), and there is a
hydrogen bond between the inhibitor and a buried water
molecule W 330, which binds to Arg108 Nε and Gly27 O.

The hydroxyl group of the peptide bond isostere forms
hydrogen bonds to both Oδ1 and Oδ2 of Asp25 and to Oδ2 of
Asp125. The isosteric amino group also forms hydrogen bonds
to Oδ2 of Asp25 and Asp125. Many inhibitor-protease hydro-
gen bonds are concentrated in the region of the S2′ binding
pocket, where hydrogen bonds exist between the inhibitor
glutamic acid and protease residues Asp29 and Asp30.

I8-SQ. The SQ inhibitor in mutant HIV protease forms 16
NH‚‚‚O and OH‚‚‚O hydrogen bonds to the enzyme, and the
binding scheme is similar to that of SE (Figure 3). Water
molecule W 301 is bound similarly as in the I8-SE complex.

Figure 2. Scheme explaining the chemical structures of inhibitors SE
and SQ with notation of positions P2, P1, P1′, P2′, P3′. The inhibitors
differ in the P2′ residue; Xε2 is Oε2 for the SE inhibitor and Nε2 for the
SQ inhibitor. Division of the inhibitors into residues I 201-I 206
corresponds to notation in the PDB records 1ZJ7 and 1ZLF.

Table 1. PDB Codes and Inhibition Constants of Two New HIV-1
Protease-Inhibitor Complexes, I8-SE and I8-SQ, and Six Other
Previously Solved Structuresa

SEb SQc OEd QF34e

PDB Ki, nM PDB Ki, nM PDB Ki, nM PDB Ki, nM

WT 1ZSR 0.15 1IIQ 33 1M0B 1.5 1IZH 0.02
I8 1ZJ7 86 1ZLF 1000 1LZQ 4.1 1IZI 0.26

a For details ofKi measurements, see refs 12, 16, and 17.b SE ) Boc-
Phe-ψ[S-CH(OH)CH2NH]-Phe-Glu-Phe-NH2. c SQ) Boc-Phe-ψ[S-CH(OH)-
CH2NH]-Phe-Gln-Phe-NH2. d OE) Boc-Phe-ψ[CH2CH2NH]-Phe-Glu-Phe-
NH2. e QF34) Boc-Phe-ψ[S-CH(OH)CH2]-Phe-Gln-Phe-NH2.

Figure 3. Hydrogen-bonding interactions between the SE/SQ inhibitor
and HIV-1 protease mutant I8. The upper values correspond to the I8-
SE complex, and the lower values correspond to the I8-SQ complex.
All potential NH‚‚‚O and OH‚‚‚O hydrogen bonds up to a 3.6 Å donor-
acceptor distance existing in at least one of the complexes are shown.
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Water W 302 (on the protease surface, bound to atoms N and
Oδ2 of Asp129) forms a hydrogen bond to the ester oxygen of
I 201 BOC of the inhibitor. W 347 is also localized on the
protease surface (it binds to Asp30 Oδ2 and Lys45 Nς) and forms
a hydrogen bond to the terminal amide group of the inhibitor.
No water molecule analogous to the buried W 330 in the I8-
SE complex was found in the I8-SQ complex.

The isostere binding to the catalytic aspartic acids is less tight
than in the case of I8-SE, with longer distances between the
hydroxyl and amine on one side and the carboxyls of Asp25
and Asp125 on the other.

Inhibitor -van der Waals and Other Weak Interactions.
Existence of hydrogen bonds may not be the only critical factor
in protein-ligand binding. To cover other possible types of
interactions, all protease residues within 4.1 Å of the inhibitor
are listed in Table 2. The largest contact differences between
SE and SQ in this table are connected with the altered
conformation of the P1 phenyl ring (Figure 6) and the Ile150
side chain. Furthermore, the SQ P1′ phenyl ring is shifted by
∼0.4 Å away from the center of the active site. This confor-
mational shift propagates to the P3′ phenyl ring, which loosens
close interaction with Pro181 in the I8-SQ complex.

Discussion: Structural Changes in Eight HIV-1
Protease-Inhibitor Complexes

To analyze the effects of HIV-1 protease mutations and of
changes in the inhibitor chemistry, eight closely related X-ray
structures, four with wild-type and four with the I8 mutant
protease (Table 1), were compared.

1. Common Features and Differences. Conformational
Strain. The eight X-ray structures were superimposed by the
C and N terminal regions of their CR traces (residues 1-11,
87-99, 101-111, and 187-199). This manner of superposition
properly shows the differences around the active site and in
flexible parts of the protease dimer. The rmsd values for the
superimposed regions within pairs of studied complexes fluctu-
ate around 0.3 Å.

The overall view of inhibitor binding in the eight complexes
is shown in Figure 4, colored according to temperature factor
(temperatureB factor is proportional to the square of mean
deviation of an atom from its determined position). The inhibitor
atoms in the P2, P1′, and P2′ positions consistently show the
lowest B factors within the inhibitor. The P1 position is the
region of the highestB factors, and large structural differences
in this region are therefore associated with a relatively poorly
defined position of the P1 side chain in most of these complexes.
This probably results from conformational strain on the inhibitor
when the P1 side chain binds in the S1 pocket because inhibitors
with a peptide bond isostere longer than the peptide bond of

natural substrates slightly displace the P1 main chain and thus
change demands on accommodation of the P1 side chain in the
S1 pocket. Structure I8-SQ is distinct from the other SE, SQ,
and OE complexes in placement of its P1 residue (discussed
later). Both QF34 complexes also show a unique position of
P1, which can be explained by the different length of its isostere.

A simple energetic analysis of eight protease-inhibitor com-
plexes was performed to evaluate the importance of conforma-
tional strain in the studied complexes. The strain on inhibitor
torsion angles was computed in InsightII20 and compared for
inhibitor conformation in the protease (Etorsion,in) and after its
relaxation in an unbound state (Etorsion,out). Changes in the tor-
sional strain for individual inhibitors (∆Etorsion ) Etorsion,in -
Etorsion,out) are presented in Figure 5. For all four inhibitors, there
is higher torsional strain (∆Etorsion) in complex with the mutated
protease than in complex with WT. A possible structural explana-
tion of this behavior (mutation A71V) will be discussed later.

2. Changes in Inhibitor Isostere.
2.1. Isostere Binding to Catalytic Aspartates.In the SE

and SQ complexes, the isostere is bound to catalytic aspartates
by its hydroxy and amino groups, with the shortest hydrogen
bonds between the hydroxyl and Asp25 Oδ2 and between the
amine and Asp125 Oδ2 (Table 3). In the case of the OE inhibitor,
which lacks a hydroxy group, the isostere amine binds to the
catalytic aspartates in a similar way, with only a slightly shorter
hydrogen bond to Asp125 Oδ2 than in the cases of inhibitors
with a hydroxyethylamine moiety. QF34, which has a shorter
isostere, places its hydroxy group more symmetrically with
respect to the protease 2-fold symmetry and makes two short
hydrogen bonds to both Asp25 Oδ2 and Asp125 Oδ2.

2.2. Isostere Conformation.The isostere conformation of
inhibitors SE, SQ, and OE can be described by four torsion
angles (Table 4). The isostere conformations of SE and SQ are
similar in their complexes with the I8 mutant. The conformations

Table 2. HIV-1 Protease Residues with Close Contacts (up to 4.1 Å)
with Inhibitors SE and SQ in Complexes I8-SE and I8-SQa

S2 S1 S1′ S2′ S3′

SQ SE SQ SE SQ SE SQ SE SQ SE

I50 I50 R8 R8 D25 D25 G27 G27 D29 D29
G127 L23 L23 G27 G27 A28 A28 D30 D30

A128 A128 D25 D25 G49 G49 D29 D29 I47 I47
D129 D129 P81 I50 I50 D30 D30 G48 G48
D130 D130 T82 L123 G49 G49
V132 V132 D125 D125 D125 D125 I47 I47 F53 F53
I147 I147 G127 G127 I150 R108
G148 G148 A128 A128 P181 P181 P181
G149 G149 G149 T182 T182
V184 V184 I150 V184 V184

a The italicized protease residues form classical hydrogen bonds to the
corresponding inhibitor residue.

Figure 4. Overall comparison of SE, SQ, OE, and QF34 inhibitors
binding to WT and I8 HIV-1 protease (superposition of eight X-ray
structures). Atoms are colored by temperatureB factors. Atoms of P2,
P1′, and P2′ residues have the most stable positions within the inhibitor,
while P1 is the most mobile. The figure also shows the positions of the
mutated residues 82 (182) and 84 (184) and the relative difference of
theirB factors. Temperature factors of individual structures were shifted
to obtain equal average nonsolventB values (30 Å2) in all structures.
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are also similar in their WT complexes, which are distinct from
those of the mutant complexes (Figure 6A). In the case of the
OE inhibitor, conformation of the isostere is similar in both the
WT and mutant complexes (Figure 6B). Conformation of the
isostere of QF34 cannot be described by the same torsion angles
as for SE, SQ, and OE; however, it is essentially the same in
both the WT and I8 complexes (see the comparison with the
SQ case in Figure 6C).

In the cases of SE, SQ, and OE (not QF34), the isostere is
somewhat shifted from the aspartates toward the flaps in the
mutant complexes compared to the wild-type ones (a 0.6 Å shift
of I202 C of SQ between WT and I8 and 0.5 Å in SE and OE).
This could be a result of the A71V mutation as discussed below.

3. Changes in P2′ Position. The WT and I8 complexes of
SE and SQ differ by one hydrogen bond between the inhibitor’s

terminal NH2 group and Asp29 Oδ2, which exists only in I8
complexes (Figure 7). Otherwise, the hydrogen-bonding scheme
is similar in all four cases. It should be noted that hydrogen
bonds in the S2′ pocket are stronger in WT-SQ than in WT-
SE, and the inverse is observed in the I8 mutant complexes.

Figure 5. Relation between torsional strain∆Etorsion and inhibition
constants for eight WT and I8 HIV-1 protease complexes with inhibitors
SE, SQ, OE, and QF34. Strain in torsion angles is greater in mutant I8
protease complexes than in the corresponding WT complexes. The
energy values∆Etorsionare differences in torsional energy of the inhibitor
bound to the protease (without minimization) and torsional energy of
the free inhibitor after relaxation (energy minimization).

Table 3. Lengths (Å) of Hydrogen-Bonding Interactions of Inhibitor
Isosteres and the Catalytic Residues Asp25 and Asp125 and between
Asp25 and Asp125 in Eight Complexes of WT and I8 HIV-1 Protease
with Inhibitors SE, SQ, OE, and QF34

SE SQ OE QF34

WT OHisostere‚‚‚Asp25 Oδ2 2.9 2.7 2.8
I8 2.8 3.0 2.8
WT OHisostere‚‚‚Asp125 Oδ2 3.4 2.8
I8 3.4 3.6 2.7
WT NHisostere‚‚‚Asp25 Oδ2 3.6 3.0
I8 3.2 3.6 3.3
WT NHisostere‚‚‚Asp125 Oδ2 2.7 2.6 2.5
I8 3.1 2.9 2.7
WT Asp25 Oδ1‚‚‚Asp125 Oδ1 2.7 2.7 2.5 2.6
I8 2.3 2.3 2.3 2.7

Table 4. Isostere “Main Chain” Torsion Angles Characterized by
Division into Three Different Conformation Typesa

WT-SE
WT-SQ I8-SE

I8-SQ
WT-OE
I8-OE

1. N1-CR1-C1-C2 g g y
2. CR1-C1-C2-N2 t -y -y
3. C1-C2-N2-CR2 -y t t
4. C2-N2-CR2-C3 g c c

a Approximate values of torsion angles are marked as follows:c ≈ 0°,
(g ≈ (60°, (y ≈ (120°, t ≈ 180°.

Figure 6. Comparison of the analyzed inhibitors based on superposition
of protease-inhibitor complexes to illustrate the main differences in
isostere conformation. WT-SQ (orange) and I8-SQ (red) are compared
to (A) WT-SE (turquoise) and I8-SE (blue), (B) WT-OE (turquoise)
and I8-OE (blue), and (C) WT-QF34 (turquoise) and I8-QF34 (blue).

Figure 7. Binding scheme of SE (gray) and SQ (green) to the S2′
subsite of WT and I8 HIV-1 protease. Notice that both inter- and
intramolecular contacts determine the network of hydrogen bonds at
the S2′ subsite.
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4. Effects of HIV-1 Protease Mutations.
4.1. Effects of Mutations V82T and I84V.Residues 81-

84 (181-184) form a wall of the ligand binding tunnel in the
binding pocket S1 (S1′) (Figure 8). As shown in Figure 4,
residues 82 and 84 differ considerably in temperature factors,
82 having higher mobility than 84. For inhibitors SE, SQ, and
OE, contacts with the binding pocket S1′ are tighter than with
S1. In QF34, the situation in both pockets is more or less equal.
A comparison of protease mutation sites in complexes WT-
SE, WT-SQ, I8-SE, and I8-SQ is shown in Figure 9.

4.1.1. Binding Site S1. The inhibitors differ in the mode of
insertion of the side chain into the pocket (Figure 9). The case
of I8-SQ is the most outstanding one, in which the P1 side
chain enters the S1 pocket from a different direction when
compared to the other complexes. This can be illustrated by

the distance between the I 202 CR positions in I8-SE and I8-
SQ of 1.0 Å and between the Câ atoms of 2.0 Å. The inhibitor
conformations also differ in torsion of the P1 phenyl ring. The
way in which the phenylalanine side chain is situated and the
shape of the S1 binding pocket are tightly connected. Differences
in the shape of the binding pocket are mainly caused by
conformational changes of residues Pro81 and Val/Thr 82. In
the case of I8-SE, the ring is inserted in a parallel position
between the Thr82 side chain and the ring of Pro81. In the other
three cases the ring is roughly parallel to the 81-82 main chain.
In the I8-SQ complex, Thr82 does not interact with P1 because
of the different torsion of the P1 phenyl ring.

As follows from the previous discussion, in the cases of
inhibitors with longer isosteres, differences in inhibitor confor-
mation near the S1 binding pocket are not necessarily predomi-
nantly caused by mutations. The different binding of I8-SQ in
this area is the main observable structural difference within the
group of WT and I8 complexes with SE, SQ, and OE, and it
appears for the complex with the highestKi. The higher value
of Ki of I8-SQ in comparison with I8-SE may be a result of
different intramolecular interactions within the inhibitors in their
bound and solvated states.

4.1.2. Binding Site S1′. Observed changes in the S1′ binding
site are more systematic than in S1 and can be explained as
effects of protease mutations.

There appears to be a tighter contact between residue 182
and the inhibitor in the mutant complexes than in the WT
complexes, and an interaction forms between the Thr182
hydroxy group and the P1′ phenyl ring. Thr182 has its Oγ1 placed
above the P1′ phenyl ring with the closest contact of 2.9 Å to
I 203 Cε2 (I8-SE) or 3.1 Å to I 203 Cε2 and Cς (I8-SQ).

Residue Ile/Val 184 is also in tight contact with P1′ phenyl-
alanine (the closest contacts are of C‚‚‚C type,∼4.0 Å). In the
cases of mutant protease complexes, the presence of valine in
position 184 decreases the number of van der Waals contacts
between the enzyme and the P1′ phenyl ring. This both weakens
the overall protease-inhibitor interactions16 and at the same time
gives more freedom to the P1′ phenyl ring and enables its
relaxation inø2 torsion. The small change in theø2 torsion angle
of the P1′ phenyl ring is connected with a change in Pro181
conformation (it is different in WT-SE/SQ and I8-SE/SQ
complexes) and also with the position of the P3′ phenyl ring
interacting directly with the P1′ ring. The consequent shift of
the P3′ side chain is in concert with the movement of the Asp29
side chain. This seemingly insignificant change in Asp29
conformation results in a new hydrogen bond between the
inhibitor terminal NH2 group and Asp29 Oδ2 in the I8 complexes
(compared to WT).

4.2. Effects of the A71V Mutation. Superposition of the
protease chains only by their rigid N and C terminal regions
(defined above) enables a more detailed description of changes
in other parts of the protease-inhibitor complexes. The mutation
of Ala71 to valine requires more space to accommodate valine’s
bulkier side chain, which is oriented toward the enzyme interior.
These requirements are met by a shift of the 70-71 main chain
away from the loop encompassed by residues 92-93. The
protease region 24-71 includes a four-strandedâ-sheet, which
partly behaves like a rigid ensemble. On the basis of the reported
structures, it seems that theâ-sheet movement can be propagated
as far as the catalytic residue Asp25 and can change the shape
of the ligand binding tunnel. The propagation of the shift from
the mutation site to the catalytic center and a scheme of
significant hydrogen bonds betweenâ-strands (connecting
residues 71‚‚‚64, 65‚‚‚14, 13‚‚‚20) are shown in Figure 10.

Figure 8. P1′ binding site of SE bound to I8 HIV-1 protease. The
inhibitor is shown as a sticks model and the protease as a section of its
solvent accessible surface with distinctly colored residues of the loop
181-184, including mutated residues V182T and I184V. This is the
region of the closest contacts between the discussed HIV-1 protease
mutation sites and the inhibitor.

Figure 9. Close contacts between the inhibitor phenyl rings in the
(A) P1′ and (B) P1 positions and mutated residues V82T and I84V in
the complexes WT-SE (green), I8-SE (turquoise), WT-SQ (violet),
and I8-SQ (pink). Residues Val84 and Val184 in I8-SE and Val82
in WT-SQ occur in two alternative conformations.
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In the cases of the SE and SQ inhibitors, the I8 protease
complexes have a distance between the 92-93 and 70-71
chains longer by∼0.5 Å than in WT complexes. In both cases,
the wholeâ-sheet is somewhat shifted and rotated in comparison
to the WT complexes. The shortening of the hydrogen bond
between Asp25 and Asp125 in the I8 complexes (Table 3) is
likely to be connected with thisâ-sheet movement caused by
the A71V mutation.

Similar effects appear in the WT-OE and I8-OE complexes.
In the QF34 structures, the shift of theâ-sheet is also apparent;
however, the distortion of the 19-25 chain relaxes along the
peptide backbone and the Asp25-Asp125 hydrogen bond
distance is similar in the WT and I8 complexes.

The change in the active site of the SE and SQ complexes
(formation of low barrier hydrogen bond between the catalytic
aspartates)21 is in agreement with the “higher” position of the
SE and SQ isosteres in the protease binding tunnel. Moreover,
the increased conformational strain found computationally in
the mutant protease complexes with the inhibitors SE, SQ, OE,
and QF34 could be in part understood as a consequence of the
above-described changes within the active site, all being reasons
for higherKi values in the I8-SE/SQ complexes.

To generalize conclusions on the influence of the A71V
mutation on inhibitor binding, a PDB search was performed.
Apart from the discussed set of structures, only four other
liganded HIV-1 protease complexes with closed flaps and with
the A71V mutation were found: 1HSH, 1C6X, 1C6Y, and
1C6Z. This number is not sufficient for generalized conclusions.
However, HIV-2 protease contains Val71 in its wild-type
sequence (ROD isolate22), and so at least some conclusions can
be drawn regarding the presence of valine in position 71 if these
structures are also included in the comparison set. Within the
test set of approximately 30 HIV-1 protease structures with
Ala71 and 30 HIV-1 and HIV-2 protease structures with Val71,
it was found that the distances between chains 70-71 and 92-
93 in the “Val71” subset are detectably larger, on average by
∼1 Å. The shift of the other protease chains caused by the A71V
mutation is not generally detectable farther toward the catalytic
residues, and the hydrogen bond distance Asp25 Oδ1‚‚‚Asp125
Oδ1 is statistically the same (〈d〉 ) 2.8 Å) in the “Val71” and
“Ala71” subsets.

Conclusion

The comparison of eight HIV protease-inhibitor structures
leads to the following conclusions. These types of inhibitors
form a saturated network of hydrogen bonds to both WT and
I8 protease. The complex with the highestKi value, I8-SQ,
has the most distinct binding mode within the set, mainly in
the region of P1. The subnanomolarKi of QF34 for both the
WT and I8 complexes in comparison to the SE and SQ inhibitors
is most likely a result of its shorter isostere, which enables a
better fit of P1 and P1′ side chains in the protease binding
pockets.

Structural comparison of differences in the P2′ side chains
(Glu/Gln) of SE and SQ showed basically the same type of
binding in both cases. Even if it was observed that the order of
the strength of interaction between P2′ and S2′ (measured by
hydrogen bond distances) changes from the WT (SQ stronger
than SE) to the I8 (SE stronger than SQ) complexes, the overall
effect of this simple chemical change on the inhibitor affinity
is very likely connected with intramolecular interactions between
P2′ and the rest of the inhibitor in solution and in the bound
state.23

For the studied series of inhibitors, conformational strain in
inhibitor bound to the protease proved to be a relevant parameter
for correlation of structural results and measured inhibitor
affinities with respect to the changes observed when comparing
the wild type to the triple mutant A71V/V82T/I84V. Torsional
strain is only one selected part of Gibbs energy, and therefore,
full quantitative correspondence withKi values cannot be
expected (the SE WT-I8 energy difference in Figure 5 shows
a slope distinct from those of the other cases).

It follows from this detailed analysis of the series of closely
related inhibitors that the measured affinity differences of the
extreme cases (the highest and the lowestKi values) are clearly
correlated with the observed changes in the structures (I8-SQ
and QF34 complexes). Moreover, because the whole set of
carefully determined complexes with relatively small individual
changes is available, it can successfully explain inhibition
properties of these compounds toward WT and mutant forms
of the viral protease via additional computational analysis (e.g.,
through the conformational strain analysis) in correlation with
experimental data.

It was postulated in the past that nonactive site mutations of
HIV-1 protease can affect the stability of a bound inhibitor via
long-range interactions.7,10 Here, for the first time we present
structural experimental data that lead to the conclusion that the
A71V mutation leads to a significant deformation of the protease
dimer, eventually resulting in changes within the active site of
the enzyme.

Experimental Section

Expression and purification of HIV-1 protease mutant I8 (A71V,
V82T, I84V; mutations with respect to the BRU isolate sequence)
were described in ref 16. Synthesis of inhibitors SQ and SE was
described in refs 14 and 24.

Crystallization and Data Collection (I8-SE, I8-SQ). The
crystals were prepared using the hanging drop vapor diffusion
technique at 298 K. The reservoir solution contained 0.1 M sodium
citrate, 0.5 M sodium chloride, and 10% (v/v) glycerol, pH 4.4.
The diffraction data for both complexes were collected at ESRF in
Grenoble, beamline ID14-1 at 100 K on a MarCCD detector, with
a wavelength of 0.934 Å and an oscillation angle of 1°. Data and
structure statistics for the I8-SE and I8-SQ complexes are shown
in Table 5.

Figure 10. Route of propagation of the shift of the HIV-1 protease
â-sheet caused by the mutation A71V. For clarity, only one of the two
monomers of HIV-1 protease is displayed schematically by a ribbon
(orange). Residues 92-93, typically found in different distances from
the 70-71 main chain in the “Ala71” and “Val71” structures, are
colored purple. The region of theâ-sheet connecting Val71 with Asp25
is represented by sticks or balls-and-sticks and color-coded by atom
type (carbon is green, nitrogen is blue, oxygen is red) with dashed
lines indicating hydrogen bonds.
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Data Processing, Structure Solution, and Refinement (I8-
SE).The crystal belongs to the hexagonalP6122 space group, with
unit-cell parametersa ) b ) 62.86 Å,c ) 83.25 Å,R ) â ) 90°,
andγ ) 120°. The data were processed in a 20.0-1.93 Å resolution
range withRmerge ) 0.048.

Structure refinement was performed in CNS25 using theRfree

statistics on 5% of reflections. The finalR factors areRoverall )
0.229 andRfree ) 0.299. A total of 94% of residues lie in the most
favored regions of the Ramachandran plot, and 4% lie in addition-
ally allowed regions. One (Cys67) lies in the generously allowed
region. The average coordinate error estimated from the Luzatti
plot is 0.3 Å. The coordinates and structure factors of the I8-SE
complex were deposited in the RCSB Protein Data Bank under
accession codes 1ZJ7 and r1ZJ7sf. The PDB record contains one
protease chain; the second chain of the dimer can be generated by
symmetry operations. Symmetry operations will also generate the
alternative orientation of the inhibitor SE.

Data Processing, Structure Solution, and Refinement (I8-
SQ). The crystal belongs to the hexagonalP61 space group, with
unit cell parametersa ) b ) 62.78 Å,c ) 83.41 Å,R ) â ) 90°,
and γ ) 120°. The data were processed in the resolution range
33.0-2.3 Å with Rmerge ) 0.049.

Structure refinement was performed in CNS25 using theRfree

statistics on 6.5% of reflections. The finalR factors areRoverall )
0.207 andRfree ) 0.288. A total of 95% of residues lie in the most
favored regions of the Ramachandran plot and 5% in additionally
allowed regions. The coordination error estimated from the Luzatti
plot is 0.3 Å. The coordinates and structure factors of the I8-SQ
complex were deposited in the RCSB Protein Data Bank under
accession codes 1ZLF and r1ZLFsf. The PDB record corresponds
to a biological unit, the HIV-1 protease dimer with the inhibitor in
two alternative conformations related by the noncrystallographic
2-fold symmetry of the protease.

Computation of Torsional Strain in Inhibitors. The strain
values∆Etorsionwere calculated by∆Etorsion) Etorsion,in- Etorsion,out,
whereEtorsion,in is the torsional energy of the inhibitor when it is
bound to HIV-1 protease andEtorsion,out is the torsional energy of
the free inhibitor after its energy minimization.Etorsion,inandEtorsion,out

were computed in DISCOVER, InsightII.20 The first conformation
of the inhibitor in the corresponding PDB record was taken as the
initial state of minimization with hydrogen atoms added in InsightII
and force field CFF91. Energy was minimized by a combination
of the steepest descent and conjugate gradient methods.

The graphics were prepared using PYMOL26 (Figure 1) and
InsightII20 (Figures 4, 6-10).
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Konvalinka, J.; Soucˇek, M.; Brynda, J.; Fa´bry, M.; Sedláček, J.;
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