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Abstract: A major problem in the antiretroviral treatment of HIV-infections with protease-inhibitors is
the emergence of resistance, resulting from the occurrence of distinct mutations within the protease
molecule. In the present work we investigated the structural properties of a triple mutant (154V-V82A-
L90M) and a double mutant (V82A-L90M) that both confer strong resistance to ritonavir (RTV), but
not to amprenavir (APV).

For the unliganded double mutant protease molecular dynamics simulations revealed a contraction of
the ligand binding pocket, which is enhanced by the 54V mutation. The observed displacement of
backbone atoms of the 80s loops (residues 80-85 and 80'-85' of the dimer) was found to primarily
affect binding of the larger RTV molecule. The pocket contraction detected for the unbound protease
upon mutation is also observed in the presence of APV, but not of RTV. As a consequence, the protein-
ligand contacts lost upon the V82A mutation are restored by 80s loop motions for the APV-bound, but
not for the RTV-bound form.

RTV binding is therefore both hampered in the initial recognition step due to the poor fit of the bulky
inhibitor into the small pocket of the mutant free protease and by the loss of protein-ligand
interactions in the RTV-bound protease. The synergistic nature of both effects offers an explanation for
the high level of resistance observed.

These findings demonstrate that large inhibitors, which tightly bind to wild-type protease, may
nevertheless be prone to the emergence of resistance in the presence of particular patterns of
mutations. This information should be helpful for the design of novel and more effective drugs, e.g. by
targeting different residues or by developing allosteric inhibitors that are capable of regulating
protease dynamics.
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Abstract

A major problem in the antiretroviral treatment of HIV-infections with protease-inhibitors is
the emergence of resistance, resulting from the occurrence of distinct mutations within the
protease molecule. In the present work we investigated the structural properties of a triple
mutant (154V-V82A-L90M) and a double mutant (V82A-L90M) that both confer strong
resistance to ritonavir (RTV), but not to amprenavir (APV).

For the unliganded double mutant protease molecular dynamics simulations revealed a
contraction of the ligand binding pocket, which is enhanced by the 154V mutation. The
observed displacement of backbone atoms of the 80s loops (residues 80-85 and 80°-85 of the
dimer) was found to primarily affect binding of the larger RTV molecule. The pocket
contraction detected for the unbound protease upon mutation is also observed in the presence
of APV, but not of RTV. As a consequence, the protein-ligand contacts lost upon the V82A
mutation are restored by 80s loop motions for the APV-bound, but not for the RTV-bound
form.

RTV binding is therefore both hampered in the initial recognition step due to the poor fit of
the bulky inhibitor into the small pocket of the mutant free protease and by the loss of protein-
ligand interactions in the RTV-bound protease. The synergistic nature of both effects offers an
explanation for the high level of resistance observed.

These findings demonstrate that large inhibitors, which tightly bind to wild-type protease,
may nevertheless be prone to the emergence of resistance in the presence of particular

patterns of mutations. This information should be helpful for the design of novel and more
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effective drugs, e.g. by targeting different residues or by developing allosteric inhibitors that

are capable of regulating protease dynamics.

Keywords  HIV-1 protease - V82A mutant - Molecular dynamics - Drug resistance *

Amprenavir - Ritonavir



Introduction

The retrovirus Human Immunodeficiency Virus Type-1 (HIV-1) is the causing agent of the
acquired immunodeficiency syndrome (AIDS) [1]. The retroviral aspartic protease of HIV-1
(Fig. 1A) plays an essential role in the viral replication cycle, and inhibition of HIV-1
protease has been shown to result in the production of non-infectious virions [2]. The enzyme
is composed as a homodimer of two peptide chains with 99 amino acids each, and its active

site contains two aspartic acid residues, one contributed by each subunit [3].

In AIDS therapy approaches, HIV-1 protease has very early been recognized as a target
protein and numerous protease inhibitors are in clinical use today. However, the rapid
emergence of resistant and cross-resistant strains by mutation of the protease gene poses a
great challenge to all efforts of providing effective treatment. Although databases like the
Stanford HIV Database [4] offer extensive statistical data about genotype-phenotype
correlations, still little is known about the actual resistance mechanisms of mutations.
Especially interactions of multiple mutations are still poorly understood and it is obvious that
the effects of single mutations cannot be considered independently, when they occur in
combination with amino acid exchanges in other positions of the same target protein.

In the present study, the double mutant V82A-L90M and triple mutant 154V-V82A-L90M
were analyzed with a particular focus on the effects of mutations V82A and 154V for
conferring differential resistance properties regarding the inhibitors amprenavir (APV) and
ritonavir (RTV) (Fig. 1B, 1C).

Both the V82A mutation and the 154V-V82A combination of mutations predominantly occur
in the background of a L90M mutation. According to the data of the Stanford University HIV
Drug Resistance Database [4], L90OM is a very frequent mutation, which itself confers only
moderate resistance to RTV and APV. It has also been shown to independently evolve several
times in vivo even in the same patient [6]. Therefore, L90M can be considered as genetic
background rather than an independent resistance mutation.

The three mutations 154V/V82A/L90M are located in three different functional regions of
HIV-1 protease: 154V in the flaps, V82A in the active site and L90M in the dimerization
interface (Fig. 1A). The interesting point about the V82A-L90M double and 154V-V82A-
L90M triple mutant is their strong resistance to RTV and the comparatively weak resistance
to APV. The mean fold resistance scores are 14.1 (RTV) vs. 1.6 (APV) for the double mutant



and 83.0 (RTV) vs. 3.1 (APV) for the triple mutant [4]. The aim of this study was to shed light
on the mechanisms that lead to the differential resistance behavior concerning these two
protease inhibitors.

Methods and materials

The starting structures of the protease-drug complexes were taken from the Protein Data Bank
(PDB) [7]. The PDB entries were 1HPV for protease complexed with Amprenavir [8] (APV)
and 1HXW for the protease with ritonavir (RTV) [9]. There is no high-resolution crystal
structure of an unliganded HIV-1 protease available, so the starting structures of the unbound
form were generated by deleting the inhibitor from the APV-bound form as already performed
in previous work [10, 11]. Double and triple mutant structures were derived from the
unliganded and ligand-bound wild-type structures by insertion of the mutations using
SwissPdbViewer [12].

All molecular dynamics (MD) simulations presented in this work were performed using
AMBER 9[13-15] with the parm99 force field [16, 17] and the TIP3P water model [18]. For
the organic compounds APV and RTV the general AMBER force field (gaff) [19] was used.
Missing parameters and partial atomic charges were adopted from a previous quantum
mechanical parameterization of APV [10], RTV was parameterized following the same

protocol.

Simulations were performed in a periodic water box with at least 10 A of solvent around
every atom of the solute. An appropriate number of counter ions was added to neutralize the
charges of the systems, and the Particle Mesh Ewald summation method [20] was employed
to calculate the long-range electrostatic interactions. All structures were minimized in a three-
step procedure using the SANDER module of AMBER following a previously established
protocol [10, 11].

MD simulations were performed using the SHAKE procedure [21] to constrain all bonds
involving hydrogen atoms. The integration time step of the simulation was 1 fs and an 8.5 A
cutoff was used for the nonbonded interactions which were updated every 15 steps. The
temperature of each system was gradually heated to 298 K during the first 10 ps.

Subsequently, 20 ns MD simulations were performed for data collection.



For the visualization, structural and energetic analysis of the trajectory data the programs
Sybyl 7.3 [22], DS ViewerPro Suite 6 [23], and AMBER [14] were used.

Results and discussion

Analysis of the static complex structures

Initially, the APV- and RTV-bound protease crystal structures were analyzed to obtain first
information about the role of the mutations 154V and V82A for the emergence of differential
resistance. V82 is located in the active site and forms direct interactions with APV and RTV.
In both complexes, the interactions are exclusively formed by the y-methyl groups of the
valines suggesting that a mutation to alanine results in a loss of the respective interactions
consequently leading to drug resistance. While such an emergence of resistance is observed
for RTV (14.1-fold increase) in the V82A-L90M mutant, there is only a moderate increase
(1.6-fold) for APV raising the question about putative compensatory mechanisms, which

allow APV-binding even in the presence of the V82A active site mutation.

Although 154 is located in the flap region (Fig. 1) and does not form direct contacts to the
inhibitor, it nevertheless has a significant and also selective effect on drug resistance. While
the resistance to APV is almost unaffected by this mutation, resistance to RTV is significantly
increased resulting in an overall 83-fold increased resistance of the 154V-V82A-L90M triple
mutant compared to the wild-type. Since these differential effects of the V82A and the 154V
mutant on drug resistance cannot be explained from the static structure, we performed
molecular dynamics simulations of the ligand-bound and free proteases for wild-type and

mutant protein.

Dynamics of the protease binding pocket

The geometry and dimensions of HIV-1 protease’s substrate binding pocket are crucial for
binding of competitive inhibitors like APV and RTV. The mutation V82A is located within
the 80s loops (residues 80-85 and 80°-85”) of HIV-1 protease that form the lateral surface of
the binding pocket (Fig. 1A). The protein conformation in this region is particularly important

for the ability of the protease to bind ligands, since local rearrangements will affect the shape



and size of the binding site. Therefore, pairwise interatomic distances in the protease structure
were determined for the C,-atoms of residues that compose the lateral surface of the pocket,
namely residues 80/80° and 81/81° (Table 1).

For the unliganded protease, a decrease of the pocket size (‘pocket contraction’) was detected
in the double mutant, and even to a greater extent in the triple mutant. The C,-atoms of both
residue-pairs investigated are about 19 A apart in the wild-type between 5 and 15 ns of
simulation, while in the triple mutant the distance averages to 16 A during the same
simulation period (Fig. 2A, Table 1). The effect is also seen with the double mutant, but less
pronounced. Although there is a transient increase of the distances towards the end of the
simulation in the triple mutant, the averaged distances over the entire simulation time are still
considerably smaller than the corresponding values in the wild-type and double mutant
structures (Table 1). These findings indicate that the protein backbone atoms of the 80s loops
move towards each other in the double mutant, and that this effect is enhanced by the
additional mutation 154V. The fact that the decreased distance between the 80s loops is
observed in the unliganded protease indicates that this effect can be attributed to the mutations
themselves and occurs independently from ligand binding. This observation suggests that the
pocket of the mutant protease might become too small to accommodate the inhibitors thereby

leading to resistance.

To substantiate this hypothesis, the spatial requirement for inhibitor binding was determined
by measuring the pocket size in the simulations of APV- and RTV-bound protease (Table 1).
For the APV-bound protease, the distances are generally quite similar to those observed in the
unliganded protease (Table 1). Therefore, the smaller pocket observed for the double and
triple mutant is expected to pose no severe problem on APV binding. In addition, it is
interesting to note that the ability of pocket contraction, which was observed for the
unliganded protease, is also retained for the APV-bound form. The extent of these motions of
the 80s loops is shown in detail in Fig. 3. Similar backbone displacements of the 80s loops
have also been found in previous MD studies with inhibitor-bound V82F/184V double mutant
[24], in X-ray diffraction studies of a V82A mutant in complex with other inhibitors [25, 26],

as well as for the single mutation 154V [27].

In contrast, for the RTV-bound protease, the distances between the 80s loops are generally
large and are almost unaffected by the pattern of mutations (Table 1). This observation can be

explained by the fact that RTV is a bulky inhibitor (Fig. 1C) which requires a large binding



pocket and consequently also blocks motions of the 80s loops which would lead to a smaller

binding pocket.

Comparison of the space required for RTV binding to the size of the pocket in the unliganded
protease also suggests a structural mechanism contributing to RTV resistance: In the free
wild-type protease, the pocket is sufficiently large to accommodate RTV but the smaller size
of the pocket in the double and in particular in the triple mutant is expected to hamper RTV
binding, The difference between RTV space requirement and the size of the empty binding
pocket, measured by the average 81/81” C,-distance in the triple mutant, is as large as 2.25 A
(Table 1A/B, third line). The difference between RTV space requirement and the size of the
empty binding pocket, measured by the average 81/81° C,-distance in the triple mutant, is as
large as 2.25 A (Table 1, last row).

The consequences of these differences in size are emphasized by molecular modeling:
Generation of a hybrid complex by placing RTV into the pocket of the unliganded 154V-
V82A-L90M protease reveals clashes between the two aromatic rings of RTV and the two
proline residues in positions 81 and 81°. In subunit A the Cy atom of residue P81 causes the
clash with RTV, while in subunit B it is the f atom of P81’ that interferes with inhibitor
binding (Fig. 4). The rigid ring structure of P81 impedes a rotation of the proline sidechain
that would be necessary to accommodate RTV. Therefore, RTV as a ligand will require a
widening of the pocket upon binding to the free protease, especially for the triple mutant
enzyme. Since the respective structural rearrangements are energetically unfavorable, they

will reduce RTV binding affinity thereby mediating resistance.

There already exist previous studies in which mutations of HIV-1 protease (N88S, F53L)
were shown to affect the conformation of the free protease, rendering it less favorable for
ligand binding [10, 28]. A key property of the pocket contraction observed in the present
study is its selective effect on the bulkier inhibitor RTV thus offering a first explanation for

differential resistance.

Structural and energetic analysis of protease-ligand interactions

The studies above showed that pocket contraction upon mutation occurs for APV-bound but
not for RTV-bound protease (Table 1). This mechanism is expected to affect not only the
initial binding process but also the contacts formed between the inhibitor and the residues



lining the binding pocket. Therefore, a more detailed structural and energetic analysis of the

protein-ligand interactions was performed.

The differences between APV-bound and RTV-bound protease become particularly evident
for the site of the V82A mutation itself. The y-methyl group of V82 forms numerous contacts
with APV and RTV in the wild-type protease (Fig. 5). Pocket contraction, which is observed
only for the APV-bound protease, allows the A82 sidechain to form contacts to the inhibitor
(Fig. 5B). In contrast, motions of the 80s loops are not possible for the bulkier RTV and
therefore the loss of VV82-ligand contacts cannot be restored by the shorter A82 sidechain (Fig.
5A).

The strength of the contacts observed between residue 82 and the inhibitors APV and RTV is
also reflected in the energetic analysis (Fig. 6). The V82A mutation leads only to a moderate
decrease of the interaction energy with APV of approximately 0.5 kcal-mol™ (Fig. 6A, Table
2). It is also interesting to note that the triple mutant is more effective in restoring wild-type
like interaction energies than the double mutant. The most likely explanation comes from the
observation that the pocket contraction is larger in the triple mutant compared to the double
mutant (Fig. 2, Table 1), which allows tighter contacts between A82 and APV.

Due to the absence of a pocket contraction mechanism, the loss of interaction energy upon
V82A mutation is larger for RTV compared to APV. Interaction energies with RTV are
strongly reduced in both, double and triple mutants (Table 2). With a loss of approximately
1.2 kcal mol™ compared to the wild-type, the effect is most pronounced for subunit 2 (Table
2, last row). The unfavorable effect on the interaction energies appears to be caused primarily
by mutation V82A, as addition of mutation 154V does not cause any additional significant

effects.

The latter finding is in apparent contradiction to the experimental data that the triple mutant
shows a significantly enhanced RTV-resistance compared to the double mutant (83-fold vs.
14-fold resistance). The experimental data, however, can be explained by additionally taking
into account the pocket contraction observed for the unbound protease. Pocket contraction is
more pronounced for the triple compared to the double mutant (Fig. 2, Table 1) suggesting

that binding of the bulky RTV will be more severely hindered to the triple mutant.



Conclusions

In summary, the present study reveals two effects, which lead to the selective RTV resistance
of the V82A-L90M double mutant and the 154V-V82A-L90M triple mutant: Firstly, the initial
binding of the bulky inhibitor RTV is hindered by the smaller pocket present in the mutant
unliganded protease. Secondly, no pocket contraction is possible in the presence of RTV,
which hinders the shorter sidechain of A82 to compensate for the contacts formed between
V82 and RTV in the wild-type protease. This effect is expected to enhance the first

mechanism thereby explaining the high overall level of resistance.

The present study also shows that large inhibitors, which tightly bind to wild-type protease,
may nevertheless be prone to the emergence of resistance in the presence of particular
patterns of mutations. This information should be helpful for the design of novel and more
effective drugs, e.g. by targeting different residues or by developing allosteric inhibitors that

are capable of regulating protease dynamics.
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Tables

Table 1 Mean interatomic distances [A] between C,-atoms of residues T80 and T80’ (A),

and residues P81 and P81’ (B) over the course of simulation

A) average distance between T80(C,) and T80’(C,)

unliganded protease protease with RTV protease with APV
wild type 19.12 19.07 19.19
V82A-L90M 18.23 19.92 19.29
154V-V82A-L90M  17.89 19.05 17.90

B) average distance between P81(C,) and P81°(C,)

unliganded protease protease with RTV protease with APV
wild type 19.22 2041 19.90
V82A-L90M 19.14 19.86 19.86

154V-V82A-L9OM  18.54 20.79 18.44
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Table 2 Mean values of van der Waals interaction energies of the residues in sequence
positions 82 with APV (A) and RTV (B) over the course of simulation

A) van der Waals interaction energies of HIV-1 protease residues 82 and 82 with APV

residue Ewitg-ype [keal'mol™]  Evgoaroom [keal'mol™]  Ejsav.vszaLeomlkeal mol™]
V82 / A82 -0.88 -0.54 -0.78
V82’ / A82’ -1.65 -0.93 -1.13

B) van der Waals interaction energies of HIV-1 protease residues 82 and 82’with RTV
residue Ewilg-type [kcal-mol ] Evaoatoom [keal'mol™] Esav-va2a-Lsom[keal'mol™]
V82 / A82 -1.46 -0.78 -0.60
V82’ / A82’ -2.53 -131 -1.36




15

Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

(A) Schematic view of the dimeric HIV-1 protease and the location of the three
mutations studied. The sites of mutations, residues 54 and 54’ (magenta), residues
82 and 82’ (light blue), residues 90 and 90’ (dark blue) are depicted in space-filled
representation. Only the backbone atoms of HIV-1 protease are shown, the loops
that represent the lateral lining of the ligand binding site (residues 80 to 84 and 80’
to 84°) are colored yellow. (B) amprenavir and (C) ritonavir shown in Fischer’s

projection [5]

Interatomic distances between C,-atoms of residues P81 and P81’ for unliganded
HIV-1 protease (A), protease in complex with APV (B), and protease in complex
with RTV (C). Wild-type colored grey, double mutant (V82A-L90M) blue, triple
mutant (154V-V82A-L90M) magenta

Overlay of APV-bound wild-type (grey) and triple mutant (154V-V82A-L90M, red)
protease 80s loops after 15 ns of simulation. Protein backbone shown in C,-stick
representation, surface of wild-type (grey) and triple mutant (red) depicted semi-

transparent

Clashes between residues P81 and P81’ and RTV as observed when placing RTV
into the contracted binding pocket of the triple mutant (154V-V82A-L90M)
unliganded protease. Shown here is a modeled hybrid complex of RTV placed into
the conformation of the unliganded triple mutant protease after 15 ns of simulation.
RTV is shown in surface representation in standard CPK coloring. Residues P81
and P81’ are shown in orange with wire mesh surface, residues A82 and A82’ are
shown in blue with wire mesh surface. Backbone atoms of other residues are

depicted as a grey trace

Overlay of protease structures with RTV (A) and APV (B), showing residues 81,
81°, 82 and 82’ after 7 ns of simulation. Wild-type shown in grey, triple mutant
(154V-V82A-L90M) in red
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Van der Waals interaction energies of residues 82 and 82 with APV (A) and RTV
(B) as a function of simulation time. Wild-type shown in grey, double mutant
(V82A-L90M) in blue, triple mutant (154V-V82A-L90M) in magenta. Interaction
energy of A) residue 82 with APV (left), residue 82’ with APV (right), B) residue
82 with RTV (left), residue 82’ with RTV (right). Since the valine or alanine
sidechain at position 82 form only nonpolar contacts to the inhibitor, the van der
Waals energy was chosen as a measure of the interaction energy.
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