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Abstract The molecular mechanisms of HIV drug re-
sistance were studied using molecular dynamics simula-
tions of HIV-1 protease complexes with the clinical in-
hibitor indinavir. One nanosecond molecular dynamics
simulations were run for solvated complexes of indinavir
with wild type protease, a control variant and 12 drug
resistant mutants. The quality of the simulations was as-
sessed by comparison with crystallographic and inhibition
data. Molecular mechanisms that contribute to drug re-
sistance include structural stability and affinity for in-
hibitor. The mutants showed a range of structural varia-
tion from 70 to 140% of the wild type protease. The
protease affinity for indinavir was estimated by calculat-
ing the averaged molecular mechanics interaction energy.
A correlation coefficient of 0.96 was obtained with ob-
served inhibition constants for wild type and four mu-
tants. Based on this good agreement, the trends in binding
were predicted for the other mutants and discussed in
relation to the clinical data for indinavir resistance.
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Introduction

Long-term anti-retroviral therapy for AIDS using protease
inhibitors is compromised by the rapid selection of drug
resistant mutants of the protease. Clinical isolates show
extensive protease mutations that confer cross-resistance
and multi-drug resistance to protease inhibitors. [1, 2, 3]
Even in the absence of anti-retroviral drugs HIV is ge-
netically diverse, especially in the protease gene that
showed variations in up to 50 different residues. [4] One
of the first protease inhibitors in clinical use was indi-
navir. Resistance to indinavir arises by a combination of
several different mutations in the protease gene. [S] High
levels of resistance are thought to require substitutions of
up to 11 residues in the protease, although many different
combinations have been observed. [6] No single combi-
nation predominates in clinical isolates. [7] Mutations of
conserved residues M46 and V82 are the most common
with indinavir treatment, followed by mutations of 154,
L90, L24, G73, V32, 184, G48, and F53 at lower fre-
quencies. Other protease inhibitors show a different pat-
tern of resistant mutations. [8] Due to this complexity
HIV genotyping has been recommended in clinical
treatment of AIDS and knowledge-based expert systems
are being developed to interpret the mutation data. [9]
Knowledge-based expert systems interpolate or extract
features from existing data and do not necessarily reflect
the underlying chemical and physical basis for the drug
resistant phenotype. Therefore, in parallel with those
studies, it is important to analyze the molecular changes
due to the resistant mutations in order to develop better
antiviral therapies.

The clinical protease inhibitors, including indinavir,
were a success of structure-based design, and numerous
crystal structures are available for wild type protease with
a variety of inhibitors. [10] Protease mutations observed
in drug resistance have been classified as substitutions in
the active site (or inhibitor binding site), the flexible flaps,
or other non-active site residues. Earlier studies empha-
sized the effect of mutation of the active site residues.
Reduced inhibition was observed for 10-11 different
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mutants of active site residues that can directly alter in-
teractions with indinavir. [11, 12] Local structural
changes were associated with substitutions of V82 and
184 in the indinavir binding site. [13, 14] Recently, the
non-active site substitutions were shown to have a sig-
nificant effect on inhibitor affinity. [15, 16] Cooperative
effects on inhibition were observed between active site
and distal mutations. [17] However, structural and inhi-
bition data are scarce, particularly for many of the non-
active site mutations.

Molecular mechanics and dynamics simulations can be
used to predict the effects of mutations on the protease
structure and binding of inhibitor. Molecular dynamics
simulations of HIV protease have been used to evaluate
the catalytic mechanism, [18, 19, 20] the structural flex-
ibility, [21, 22, 23] and the contribution of individual
residues to binding of substrate and inhibitor. [24] Pre-
viously, we compared molecular mechanics interaction
energies with the relative order of inhibition of indinavir
by wild type protease and eight mutants. [25] These cal-
culations used a single conformation of the protease—in-
hibitor complex with a screening term to more correctly
reproduce the electron distribution of atoms. The best
indinavir model gave a correlation coefficient of 0.68
between the calculated interaction energies and free en-
ergies from inhibition constants for all nine models. Here,
molecular dynamics simulations of solvated complexes of
13 protease mutants with indinavir were run in order to
better model the solution behavior without the screening
term and to evaluate the physical basis for drug resistance.

Materials and methods
Selection of resistant mutations

A relational database [7] was searched for protease sequences in
HIV isolates that were observed on exposure to indinavir as the
only protease inhibitor. The proteases sequences were sorted using
AWK scripts to obtain the frequencies of occurrence of different
combinations of substitutions. Mutations L1241, V321, K451, M46I,
M46L, G48V, F53L, 154V, G73S, V82A, 184V, N88D and LOOM
were selected. Mutant K451 is rare in clinical isolates, however, it
was chosen as an example with increased activity, stability and a
high resolution crystal structure. [26]

Molecular dynamics simulations

The 1.5-A resolution crystal structure of HIV protease K451 mutant
(PDB entry 1DAZ [26]) was combined with indinavir as the
starting model, as described previously. [25] Models were made of
wild type (WT) protease and proteases with 13 single substitutions
representing resistant variants. The program AMMP [27] was used
with the all-atom sp4 potential set. [28, 29] The charge generation
parameters were taken from Bagossi et al. (1999). [30] The new
atoms were built using the Kohonen and analytic model building
features of AMMP, [31] and minimized with conjugate gradients.
The partial charges for the inhibitor atoms were generated by a
method of moments calculation, as described for the tetrahedral
reaction intermediate of HIV protease. [28] Indinavir was modeled
with positive charges on the N1 and N3 atoms and included a
sulfate ion with ionic interactions with both N3 of indinavir and the
side chain nitrogen atoms of Arg 8. [25] No screening dielectric

term or bulk solvent correction was included. A constant dielectric
of one was used. The amortized fast multipole algorithm in AMMP
was used for the long range terms in the non-bonded and electro-
static potentials so that no-cutoff radius was employed. [32]

The 1994 waters were placed randomly to be self-avoiding and
formed a 10-A minimum shell around the wild type model of the
indinavir complex. The initial distribution of waters was then en-
ergy minimized with protein and inhibitor atoms fixed, followed by
10 ps of molecular dynamics to establish a stable starting structure.
The volume of the system was constrained to 179,594 A® and the
temperature was constrained to 300 K using Nose constraints as
described in [18, 27]. Therefore, these simulations were in a con-
stant NVT ensemble corresponding to a pressure of about 1 atm.
The starting models for the mutants were generated from this initial
model by changing only the side chain atoms of the mutated re-
sidues. The new residues were built by energy minimization with
the rest of the atoms constrained to fixed locations. Thus the wild
type and each mutant protease started from what was essentially the
same point.

Analysis of simulations

1,000 frames, one for each picosecond, were saved from each 1-ns
molecular dynamics (MD) run. The average interaction energy or
total external non-bonded energy was calculated over the 1-ns run
for indinavir in the protease complex. The protease structures were
superimposed and Poincare maps calculated as described in [18].
The Poincare representations of the probability density of the atoms
for each simulation were displayed like crystallographic electron
density maps using the molecular graphics program O. [33] The
mean and variance (6°) of the atomic positions were calculated and
the average temperature factor (B) calculated from 87zc? for each
residue in the protease and over each 1-ns simulation. The mode
structures were calculated over the 1-ns simulation and examined
using RasMol. [34]

Results

HIV protease mutations were selected after analysis of
protease sequences from clinical isolates. There was no
predominant combination of mutations in clinical isolates
after indinavir treatment. [7] In fact, no specific combi-
nation was observed in more than 2% of the isolates.
Therefore, the 12 mutations L24I, V321, G48V, M46l,
M46L, F53L, 154V, G73S, V82A, 184V, and L9OM were
chosen to reflect the range of single substitutions con-
tributing to resistance to indinavir. N88D is uncommon
on exposure to indinavir, but it is frequently observed on
exposure to a different inhibitor, nelfinavir. [8] K451 is
rare in clinical isolates; however, this mutant was selected
since it shows higher stability and catalytic activity than
the wild type protease and has proved valuable for com-
parison. [26] The locations of these mutations in the
structure of HIV protease dimer with indinavir are shown
in Fig. 1. The mutants include substitutions of residues in
the indinavir binding site (V32I, V82A and 184V), the
flaps (K451, M46L, G48V, F53L and 154V), and non-
active site regions (L24I, G73S, N88D, and L9OM).
Models were built for the WT protease and these 13
protease mutants in their complexes with indinavir and
MD simulations run for 1 ns on the solvated complexes.
The MD simulations were analyzed to reveal differences
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Fig. 1 a Location of mutations on HIV protease dimer structure.
The mutations are labeled in blue on the alpha carbon backbone of
one subunit of the HIV protease dimer. Indinavir is shown in red. b
Structure of indinavir

in structure, flexibility, and interactions with indinavir
that can lead to resistance.

Overall structural variation

The protease—indinavir complexes rapidly reached a sta-
ble equilibrium within 50 ps of dynamics. Subsequently,
the root mean square difference (RMSD) of the alpha
carbon atoms varied between 0.5 and 1.1 A from the
mean position over the 1-ns simulation. Other groups
have reported similar results for nanosecond simulations
on HIV protease. [23] These values are comparable to
differences observed between HIV protease crystal
structures, since analysis of 73 crystal structures of HIV
protease—inhibitor complexes showed an average RMSD
of 0.56 A for main chain atoms. [35]

The structural variations were assessed by calculating
the temperature factors over the simulations. The tem-
perature factor per residue varied along the polypeptide
chain in a similar manner for all simulations, as shown for
WT protease in Fig. 2a. Both subunits in the dimer
showed similar variations. The regions of low variation in
all complexes were residues 5, 22-28, 31-33, 64, 71, and
84-91 in both subunits. The most stable region includes
the catalytic Asp 25 and residues 23, 27-30 and 32 in the
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inhibitor binding site. The C-terminal stable region in-
cludes 84 in the inhibitor binding site, and residues near
the C-terminus that form intersubunit interactions. The
largest variation is observed for surface turn around re-
sidues 16-18, the surface loop from 34-43, and flap re-
sidues 44-57 of both subunits. Only the flap mutations
were located in a variable region. The variation of the
calculated temperature factor is very similar to the ob-
served variation in RMSD values for main chain atoms
averaged over 73 crystal structures of protease—inhibitor
complexes. [35] Therefore, the MD simulations reflected
the observed positional variations in the protease crystal
structures.

The average atomic temperature factor was calculated
for each MD trajectory as a measure of the overall posi-
tional variation. The overall values ranged from 21.1 to
40.3 A?, as shown in Fig. 2b. These values were com-
parable to values from crystal structures. For example, the
first crystal structure of HIV protease with indinavir
(1HSG [36]) had an average atomic temperature factor of
31.0 A% The wild type protease, and the majority of
mutants showed values in the range of 26-31 A?. The
mutants, K451 and M46I in the flap and non-active site
L241, showed substantially lower calculated temperature
factors of 21-23 A. V32I in the indinavir binding site
showed the highest value of 40.3 A2, Therefore, the
overall structural variation appeared to be independent of
the location of the mutated residue relative to the indi-
navir binding site.

Positional variation of individual atoms
in protease—indinavir complexes

The positional variation of individual atoms over the
1,000 frames was analyzed by calculating the Poincare
maps, as described previously. [18] The Poincare map
shows the mode of the atomic positions and is not biased
by large atomic variations that are rare events in the
simulations, unlike the calculated temperature factor or
RMSD values. The Poincare maps showed clear repre-
sentation of all the protease residues in all models. The
protein atoms, including hydrogen atoms, were clearly
defined as shown for Tyr 59 in the simulation for WT
protease (Fig. 3a). The hydrogen atoms of methyl rotors
were generally in well-defined positions, as shown for Thr
31 in the WT simulation (Fig. 3b). Most of the indinavir
atoms, including the hydrogens, were clearly represented
in all simulations. The benzyl group of indinavir from the
WT complex is shown in Fig. 3c. One exception was the
pyridyl group, which was clearly represented in the
complexes with mutants V32I, F53L, 184V, and N88D,
but disordered in the other complexes. This disorder is not
surprising, since the pyridyl group is partly exposed to
solvent at the protein surface, and has been observed in
different positions in protease—indinavir crystal structures.
[37] The indinyl group showed partial disorder in the
complexes with G73S, V82A, and I84V. Some of the
solvent molecules that are observed in the crystal struc-
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Fig. 2a, b Temperature factor
analysis. a Alpha carbon back-
bone of WT protease is colored
by the average B-factor per
residue (A®). Red, B>90.0;
orange, 90.0>B>60.0; yellow,
60.0>B>30.0; green,
30.0>B>10.0; blue, 10.0>B>0.0.
The sites of mutations are la-
beled. Indinavir is in gray.

b Average B-factor (A?) for
each complex

(b)

tures were also conserved in the Poincare density maps.
Interestingly, two conserved water molecules formed a
network of hydrogen bond interactions connecting Thr 26,
Gly 27, Asp 29, Arg 87, and indinavir (Fig. 3d). A similar
network of interactions was observed in the crystal
structure of HIV protease with indinavir. [36] Therefore,
the average atomic positions for protease, indinavir, and
some solvent atoms in the simulations were consistent
with the crystal structures.

Comparison of average structures

The mode structures were compared for the mutants and
the WT protease (Fig. 4a). The majority of mutants
showed overall differences in the range of 0.8-1.1 A for
main chain atoms (Table 1). Only mutants 154V and V32I
showed RMSD values of more than 1.2 A for main chain
atoms. These two mutants had also shown the greatest
variation in atomic position (Fig. 2b). Although 154V

0.
M 461 K451 L2401 LOOM M 46LVB2A F53L 184V WT NSS8DG73S G48V 154V V321
Mutant

alters a residue in the flexible flaps, the other flap mutants
F53L, K451, M46I, M46L and G48V were more similar to
the WT structure.

The RMSD values for main chain atoms were analyzed
as shown for the mutants L.241, 154V, and F53L in Fig. 4b.
In general, the differences follow a pattern similar to that
of the B-factor plot (Fig. 2a). Low differences of less than
1.0 A were observed for main chain atoms of residues 9—
13, 23-33, 82-92, 9°—-13°, 20’-33’, and 84°-97’ for most
of the averaged structures (Fig. 4a). Larger differences
occurred at the termini, near the surface turn of residues
16-18, surface residues 35-40, the flap residues 45-55,
the surface turn of 67-69, and 79-83 in both subunits of
the dimer. Different crystal structures showed more
variability in those regions. [35]

The regions that interact directly with inhibitor were
examined for larger differences (Table 1). RMSD values
of >1.0 A were considered significant in the least variable
region of 21-31 that contains the catalytic residues. Dif-
ferences of >2.0 A were considered to be more significant
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Fig. 3a—d Poincare map representation for WT protease—indinavir ~down the CG to CB bond. ¢ Benzyl group of indinavir. d Two
complex. a The side chain of Tyr 59 showing the positions of conserved water molecules and their hydrogen bond interactions
hydrogen atoms. b Methyl group of CG in Thr 31. View looking
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Fig. 4a—c Comparison of averaged structures. a The mode back-
bone structure is shown for all complexes in gray with indinavir in
space-filling representation. Residues with small differences: blue,
residues 9-13, 23-33, 83-92, 9°—13°, 20°-33’, 84’-97’; and green,
residues 25-27 and 25°-27° near catalytic Asp 25/25’. Residues
near indinavir with higher RMS differences: yellow, residues 6—8
and 6'-8’; orange, residues 48-53 and 48°-53’; and red, residues

79°-82’. b RMS differences on main chain atoms for mutants L.241
(red), 154V (blue), and F53L (green) compared to WT. Residues in
the dimer are numbered 1-99 and 101-199. ¢ Differences near
pyridyl group of indinavir. M46L (dark gray) versus WT (light
gray) with 79°-82’ in green, indinavir in blue for WT and red for
M46L

Table 1 Comparison of aver-
age MD structures: overall and

Main chain RMS differences compared to WT

for regions near inhibitor Mutant Average Maximum differences near indinavir

@ >2.0 >1.0 >2.0 >2.0 >1.0 >2.0 >2.0 A

6-8 26-27 48-53 6’-8’ 2627 4853’ 79-82’
F53L 0.78 23
M461 0.87 2.4
M46L 0.87 3.0
LoOM 0.91 29
G738 0.92 29
G48V 0.92 3.0
K451 0.94 32 2.0 2.3
184V 1.01 3.6 2.1 2.3
L241 1.02 1.1 1.8 35
V82A 1.05 43 22 32
N88D 1.06 2.6 2.6
154V 1.23 3.4 42 22
V321 1.30 14 22 2.7 1.1 2.0 2.6

near Arg 8, the flaps (45-55) and the loops of residues
79-82 that interact with inhibitor. All the mutants showed
large changes in the positions of residues 79°-82’, which
indicated the variability of this loop that interacts with the
pyridyl group of indinavir (Fig. 4c), in agreement with
crystallographic analysis. [37] Six mutants (V32I, K45I,

154V, V82A, 184V, and N88D) showed changes in one or
both of the flexible flaps. Not only the mutation of flap
residues K451 and 154V, but also the binding site muta-
tions V32I and V82A, and non-active site mutation N88D
produced larger changes in the flaps. V84l showed an
unusually large change in Gln 7 and V321 in Gln 7’ in the
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ergy is presented as a histogram calculated for each frame of the
MD simulations. Values are plotted for WT (black), V82A (red),
N88D (blue), and LIOM (green)

surface turn next to Arg 8/8’ that interacts with inhibitor.
V32I showed substantial changes in almost all the sam-
pled regions.

L.241 had significant changes in the residues 26-27 of
both subunits (Fig. 4b). Residue 24 does not interact di-
rectly with the indinavir; however, it is very close to the
catalytic Asp 25, so changes in this region are not sur-
prising. The only other mutant showing significant
changes close to the catalytic residues was V32I, which
had the largest overall RMSD compared to WT.

Estimation of protease—indinavir binding energies

The protease—indinavir interaction energy, including all
the non-bonded energy terms, was calculated for each
frame in the simulations. The values followed a normal
distribution, as shown in Fig. 5. Therefore, the average
interaction energy was calculated over the 1-ns trajectory
(Table 2). The averaged interaction energy for 1,000
protease—indinavir conformations is expected to be a
better estimate than the value for any individual structure.
In order to validate the calculations the experimental
values for differences in free energy were derived from
the relative inhibition constants of wild type protease and
mutants V32I, M46I, V82A and 184V taken from Gulnik
et al. [12] The average interaction energy is an excellent
estimate of the trends in indinavir binding to these mu-
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Table 2 Calculated protease—indinavir interaction energies.
AAG s values were calculated from inhibition data in Gulnik et al.
[12]. The interaction energy was calculated as the average over the
1 ns simulation for each protease—indinavir complex

AAG s (keal mol™)

Protease complex Interaction energy

K451 -25.21
N88D -23.75
WT 0 0

154V 19.18
F53L 23.57
G73S 27.88
M461 0.899 29.01
V321 1.281 29.55
LO9OM 29.99
G48V 31.74
M46L 33.24
184V 1.419 36.08
L241 39.14
V82A 1.893 39.88

tants with a correlation coefficient of R=0.96. Therefore,
the average interaction energy can be used to obtain a
better prediction of the indinavir binding constants for the
other mutants of HIV protease that are observed in drug
resistant clinical isolates. The relative inhibition of the
protease mutants by indinavir is predicted to be in the
order listed in Table 2. The majority of mutants were
predicted to be inhibited less strongly than wild type
protease, as expected from their appearance in isolates
resistant to indinavir. [7] Mutations of V82 and 184 are
common in high level resistance to indinavir, which is in
agreement with the predictions of low inhibition. [9] In
contrast, strong inhibition by indinavir is predicted for the
mutants K451 and N88D, consistent with their absence
among the resistant mutations that arise frequently on
exposure to indinavir. Overall, the average interaction
energy for each mutant is consistent with the phenotypic
resistance.

Discussion

The molecular basis of HIV resistance to the clinical
protease inhibitor indinavir was studied using molecular
dynamics simulations of wild type protease and 13 dif-
ferent mutants. The mutants had substitutions of residues
in different regions of the protease structure. Mutations of
residues in the inhibitor binding site can directly alter the
affinity for indinavir by changing specific interactions.
[37] The flexible flaps are important for catalysis and
inhibitor binding since they fold down to form hydrogen
bond interactions with the substrate or inhibitor. [38]
Mutations in the flaps can alter protein stability, catalysis
and inhibition. [17, 26] The role of the distal non-active
site mutations is less clear, although N88D and LO9OM
showed reduced catalytic activity and increased or de-
creased stability, respectively. [26] Therefore, the simu-
lations for wild type and mutant proteases were analyzed
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for the structural variability and the interaction with in-
dinavir.

The simulations of the solvated complexes showed
structural variations along the polypeptide chain that were
consistent with crystallographic data. Overall, the mutants
showed a range of structural variation from 70 to 140% of
the wild type protease. This variation can model the
flexibility of the mutant—indinavir structures. The struc-
tural variability in the MD simulations is discussed in
relation to the location of the mutation in the protease
structure. Higher or lower structural variations relative to
wild type protease were observed for mutants that altered
residues near indinavir, in the flaps, or non-active sites
regions.

Mutants V32I, V82A and 184V alter residues that have
van der Waals contacts with indinavir. Mutants V82A and
184V had structural variation similar to WT, while V321
showed the highest variation. This high variation may
arise because V32I was the only mutant that introduced a
larger side chain next to indinavir.

Mutations K451, M46l, M46L, G48V, F53L and 154V
alter residues in the flap region that do not form van der
Waals contacts with indinavir. However, the flexibility of
the flaps is important for the binding of substrates and
inhibitors. [38] Mutant M46I showed the lowest structural
variability in the simulations, consistent with previous
MD simulations suggesting that M46I reduced the flexi-
bility of the flaps. [21, 23] Flap mutant K451 was also
stable in the simulation, in agreement with its observed
increased stability. [26] Flap mutants M46L and F53L
showed lower variation than wild type protease. However,
mutants G48V and 154V showed more structural variation
in the simulations. This is consistent with the experi-
mental observation of lower stability for G48V. [26]
Therefore, the simulations for flap mutants were generally
in agreement with other data. Mutations in the flap region
can increase or decrease the protease flexibility, and both
increased (M46I) or decreased flexibility (G48V) mutants
are common in drug resistant HIV.

Mutations L1241, G73S, N88D and L90M alter residues
that do not interact directly with indinavir. The MD
simulations suggested that L.241 and L90M decreased the
structural variation, while G73S and N88D had increased
variation relative to wild type protease. However, N88D
and L90M showed higher and lower stability, respectively
[26] in contradiction with the calculated variation. L241
showed changes in residues 26-27 near the catalytic Asp
25, which may alter catalytic activity or indinavir binding
and lead to resistance. Further study is needed to better
understand the effects of these non-active site mutations.

The protease affinity for indinavir was estimated from
the averaged molecular mechanics interaction energy. A
correlation coefficient of 0.96 was obtained with experi-
mental inhibition constants for wild type and four mu-
tants. Similarly high correlation was observed in a recent
molecular dynamics study of HIV protease with different
inhibitors. [39] This agreement was clearly improved over
the values reported previously for calculations on a single
protease conformation, [25] where calculations for the

same mutants gave a correlation coefficient of 0.81 only
after a screening correction was applied. The calculations
using the average over 1 ns of molecular dynamics did not
require any empirical corrections. Therefore, the trends in
binding were predicted for the other mutants. A range of
values was predicted for individual mutations of indi-
navir-binding residues, flap residues, and non-active site
residues. All mutants, except K451 and N88D, were pre-
dicted to be inhibited more weakly by indinavir compared
to the WT enzyme. The mutants V32I, V82A and 184V
that alter residues in the indinavir-binding site were in-
hibited more weakly than the WT protease in the calcu-
lations and experiments. However, the six flap mutants
and four distal mutants varied in the predicted relative
affinity for indinavir. Flap mutants 154V and F53L were
the closest to the WT. Mutant L.241 near the catalytic site
was predicted to be very weakly inhibited, similar to the
mutants V82A and 184V, while K451 in the flap and distal
N88D were predicted to be the most strongly inhibited by
indinavir. The predictions were in general agreement with
the occurrence of the mutations during clinical resistance
to indinavir treatment. [7, 9] Therefore, this method has
potential for selection of the best inhibitor for treatment of
resistant HIV.
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