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ABSTRACT

INTRODUCTION

HIV-1 protease has been an important drug target for the antiretroviral treatment of HIV infection. The efficacy of protease drugs is impaired
by the rapid emergence of resistant virus strains.
Understanding the molecular basis and evaluating the potency of an inhibitor to combat resistance are no doubt important in AIDS therapy.
In this study, we first identified residues that
have significant contributions to binding with
six substrates using molecular dynamics simulations and Molecular Mechanics Generalized
Born Surface Area calculations. Among the critical residues, Asp25, Gly27, Ala28, Asp29, and
Gly49 are well conserved, with which the potent
drugs should form strong interactions. We then
calculated the contribution of each residue to
binding with eight FDA approved drugs. We analyzed the conservation of each protease residue
and also compared the interaction between the
HIV protease and individual residues of the
drugs and substrates. Our analyses showed that
resistant mutations usually occur at less conserved residues forming more favorable interactions with drugs than with substrates. To quantitatively integrate the binding free energy and
conservation information, we defined an empirical parameter called free energy/variability (FV)
value, which is the product of the contribution
of a single residue to the binding free energy
and the sequence variability at that position. As
a validation, the FV value was shown to identify
single resistant mutations with an accuracy of
88%. Finally, we evaluated the potency of a
newly approved drug, darunavir, to combat resistance and predicted that darunavir is more
potent than amprenavir but may be susceptible
to mutations on Val32 and Ile84.

Human immunodeficiency virus type 1 (HIV-1) protease is essential for cleavage of the viral gag and pol polyproteins, releasing both
structural and enzymatic proteins necessary for viral maturation.1,2
Since inhibition of the HIV protease function will prevent the maturation of these viral proteins and thus the replication of the virus,
HIV-1 protease has been an important target of AIDS therapy. HIV-1
protease is a homodimeric aspartic protease and its substrate binding
pocket includes the Asp25(250 )-Thr26(260 )-Gly27(270 ) catalytic triad
and flap regions, which presumably open and close to allow entry
and binding of substrates or inhibitors.3,4 The active site of HIV-1
protease can be divided into eight subsites S4-S3-S2-S1-S10 -S20 -S30 S40 and the eight corresponding substrate residues are denoted as
P4-P3-P2-P1-P10 -P20 -P30 -P40 , where the scissile bond is between P1
and P10 . Currently, there are nine Food and Drug Administration
(FDA)-approved protease drugs: saquinavir (SQV), ritonavir (RTV),
indinavir (IDV), nelfinavir (NFV), amprenavir (APV), lopinavir (LPV),
atazanavir (AZV), tipranavir (TPV), and darunavir (TMC114). These
inhibitors are peptidomimetics designed based on the natural substrates, in which the scissile peptide bond was replaced by an uncleavable isostere mimicking the transition state. In the presence of inhibitors, HIV-1 protease variants are under selection pressure and those
not binding to the inhibitors but still maintaining catalytic activity
would become dominant in the virus population because of the high
replication rate and low fidelity of the viral replication.5–7 Resistant
mutations include residues directly interacting with inhibitor and
those far away from the inhibitor binding site.5,8
Computational methods have been developed to investigate the
molecular mechanism of drug resistance and evaluate the potency of
an inhibitor to combat resistance before it goes through the long and
costly procedure of drug development.9 The methods based on pro-
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Table I

Binding Free Energies of the Substrates and Inhibitors (kcal/mol)a

Name
MC-CAb
CA-P2b
P2-NCb
P1-P6b
RT-RHb
RH-INb
SQV
IDV
RTV
NFV
APV
LPV
TPV
TMC114

DGbind (exp.)
N/A
N/A
N/A
N/A
N/A
N/A
213.0
212.4
213.7
212.8
213.2
215.1
N/A
215.2

DEele
2101.6
239.7
239.7
82.3
2323.0
249.4
246.3
263.3
247.8
254.9
250.8
227.9
249.4
241.7
















DEvdw
8.5
4.0
12.7
5.8
8.7
14.9
0.5
2.0
4.9
3.1
2.2
0.3
1.0
1.0

295.5
284.9
295.5
293.6
287.5
2110.3
273.5
274.3
277.5
266.2
264.5
275.7
265.0
266.8
















DGSA
2.2
0.5
0.4
0.1
0.8
2.7
1.9
0.4
0.5
1.2
0.5
0.8
0.5
0.5

213.8
212.5
212.6
213.4
212.1
214.7
210.3
29.9
210.5
210.0
29.2
210.0
28.4
29.4
















DGGB
0.1
0.0
0.1
2.9
0.3
0.1
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0

137.1
82.2
78.3
241.1
350.4
102.6
66.5
75.1
64.3
70.2
61.2
50.1
57.0
53.5
















DGtotal

TDS
6.5
2.9
15.0
6.0
8.0
16.0
2.9
0.7
3.2
1.9
2.0
0.3
0.4
1.4

240.4
234.2
241.3
237.6
232.5
233.9
232.0
227.0
231.8
229.7
227.0
233.2
224.8
226.0
















1.2
0.6
1.4
0.1
0.7
0.9
0.8
0.3
0.8
1.1
0.4
0.7
1.2
0.1

233.4
220.8
228.3
228.3
239.8
237.8
231.6
245.5
239.6
231.2
236.2
230.4
240.9
238.4
















4.3
2.6
2.9
0.0
1.0
1.7
0.4
0.9
1.0
0.0
0.6
0.8
2.0
0.6

The experimental binding free energies for SQV, IDV, RTV, NFV, APV, and LPV were reported by Ohtaka et al.,21 and that for TMC114 was reported by King et al.19
The sequences of the six natural substrates are VSQNYPIVQN (MC-CA), KARVLAEAMS (CA-P2), PATIMMQRGN (P2-NC), RPGQFLQSRP (P1-P6), GAETFYVDGA
(RT-RH), and IRKILFLDGI (RT-IN).
a

b

tein structure are particularly useful for mechanistic
study and de novo prediction of resistant mutants with
little or no prior knowledge. The performance of these
methods depends on the availability and quality of the
structural template as well as the scoring functions for
binding affinity estimation. The recent advancements of
force fields and free energy calculation have made structure-based methods more feasible in the studies of HIV-1
protease drug resistance.10
HIV-1 protease drug resistance is caused by mutations
that significantly impair the protease’s interaction with
drugs but not with substrates. While most structure-based
approaches only consider the effect of resistant mutations
on inhibitor binding,11–15 Wang and Kollman developed
a procedure in 2001 to study the HIV-1 protease’s drug
resistance using free energy decomposition and sequence
conservation analysis. They compared the contribution of
each protease residue to binding with five drugs approved
by FDA then and with one substrate, and proposed the
following mechanism for drug resistance: if a residue is
not conserved, presumably it is not important for viral
function, but interacts more favorably with a drug than
with the substrate, mutations of this residue may not
affect the function of the protease but may impair the
binding of the drug and thus cause resistance to the
drug.16 Because no crystal structure of any protease-substrate was available at that time, they modeled the substrate-protease complex based on the crystal structure of
a peptide inhibitor JG365 bound to the HIV PR. In 2002,
crystal structures of six natural peptide substrates complexed with an inactive form of HIV-1 protease were
solved,17 which laid the ground for further investigation
of the molecular basis for drug resistance. In the current
study, we analyzed the competitive binding between
inhibitors and substrates of the HIV protease using a protocol similar to that proposed by Wang and Kollman.
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Compared with the previous work, we used crystal complex structures for six substrates and the accuracy of predictions has been improved. Given the significantly more
computation involved in the current study, Molecular
Mechanics Generalized Born Solvent Area (MM/GBSA)
was used for free energy calculation. MM/GBSA is an
approximation that is more efficient but may be slightly
less accurate than MM/PBSA. Our calculations showed
that MM/GBSA was sufficiently accurate to achieve comparable results with those obtained by MM/PBSA in the
previous work. We showed the success of MM/GBSA on
predicting single resistant mutations, which suggests the
potential of applying the protocol to predict multiple resistant mutations and/or evaluate the potency of a large
number of inhibitors during drug development. When
this study started, darunavir (TMC114) was being tested
in Phase-III clinical trials. Darunavir was approved in
June 2006 but not much resistant data has been accumulated. We thus also predicted its potency to combat resistance caused by single mutations of HIV-1 protease.

RESULTS AND DISCUSSION
Identification of critical residues for
substrate binding

We first calculated binding free energies for six substrates and eight drugs (Table I, Fig. 1). Since using separate molecular dynamics (MD) trajectories for complex,
protein and ligand in binding free energy calculation often introduced significant fluctuation,15,18 we chose to
run a single trajectory on the complex such that the simulation errors and noise could be partially cancelled. It is
not surprising that on average inhibitors bind more
tightly to the protease than substrates: the average binding affinities of the eight inhibitors and six substrates
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Figure 1
The 2D chemical structures of the eight FDA-approved drugs.

were 236.7 kcal/mol and 231.4 kcal/mol, respectively.
To identify critical residues for substrate binding, we calculated the contribution of each individual protease residue to binding with each substrate (Fig. 2 and Fig. S2 in
the supplemental data). Since there were a large number
of energy decomposition calculations involved in our
analysis, the PB model used in our previous study16 was
too computationally expensive and was replaced by a
Generalized Born (GB) model to compute solvation free
energy more efficiently. The contribution of individual
residue to binding varies in the range of 11 to 210
kcal/mol. The significant residues to binding are mainly
located in three regions, the catalytic site (Asp25, Gly27,
Ala28, Asp29, and Asp30), flap (Ile47, Gly48, Gly49, and
Ile50) and the C-terminus region (Pro81 and Ile84).
Among these residues, Asp25, Gly27, Ala28, Asp29, and

Gly49 are well conserved and presumably functionally
important, with which potent drugs should form strong
interactions. The interactions between individual protease
residues and six drugs were also calculated (Fig. S3 in the
supplemental data). The overall interaction spectrums of
substrates and inhibitors are similar but the subtle differences cause drug resistance. It should be noted that in
these five conserved residues, four of them are located in
the core region of the active site, including Asp25, Gly27,
Ala28, and Gly49. All studied inhibitors have very strong
interactions with these four residues. Moreover, no space
exists between inhibitors and these four residues to grow
new functional groups from the existing inhibitors. So,
we think that Asp29 is more important than the other
four residues when we want to design inhibitors that are
less prone to resistance.
PROTEINS
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Figure 2
The average free energy interaction between the six substrates and each residue
of the HIV-1 protease.

De novo identification of resistant mutations

To identify and quantitatively evaluate resistant mutations, we first calculated DDGres, the difference between
the protease residues’ contributions to the binding free
energy of drugs and substrates, using MM/GBSA (see
Fig. 3). The HIV-1 protease is a dimer and a single
mutation of its gene is a double mutation of the protein.
The DDGres values shown in Figure 3 were averaged over
two monomers. Seven residues, including two in the catalytic region (Asp29 and Asp30) and five in the flap
region (Lys45, Met46, Ile47, Gly48, and Phe53), interact
at least 2.0 kcal/mol more favorably with substrates than
with inhibitors. The structural alignment between seven
drugs and one substrate MA-CA (Fig. S4 in the supplemental data) showed that these residues can form effective contacts with the P3 and P4 groups in the substrates
but not with drugs.
We then used a heuristic FV value to quantitatively
combine free energy and conservation information. A
large negative FV value often suggests that a residue is
variable (larger variability, less conserved) and it interacts
more favorably with drugs than with substrates. Mutation
on this residue may severely impair the binding of drugs
but not that of substrates, and the enzymatic function of
the protease is presumably not affected because this residue is presumably functionally unimportant. We have calculated the FV values for all single mutations and predicted whether such a mutation would cause resistance to
drugs (Fig. 4 and Table II). The residues with FV values
smaller than 20.5 are listed in Table S1 in the supplemental data. In Table II, only five FDA-approved drugs were
included for comparison because affinities for lopinavir
and tipranavir binding to single mutants of HIV protease
had not been reported when we conducted the study. In
the present work, a single protease mutation causing a
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decrease of binding affinity for a drug by at least 10 folds,
that is, 1.4 kcal/mol of binding free energy, is considered
resistant to the drug. A residue with variability higher
than 0.35 is considered not conserved. Using a value of
20.5 (5 1.4 3 0.35) as the threshold for the FV value,
the average accuracy (the ratio of correctly predicted
mutations to the total mutations) of our predictions for
five drugs is 88%, which is a significant improvement over
the 76% accuracy of the previous study.16 This improvement of performance is likely to be the result of comparing the interacting profiles of inhibitors to those of six
substrates as well as starting MD simulations from the
crystal structures of the inactive substrates. The improved
accuracy of prediction also shows that the efficient GB
model can be used to identify resistant mutations of HIV
protease, which is critical for evaluating the resistance
effects of multiple mutations and screening large chemical
compound databases to search for new potent inhibitors.
Among the resistant mutations, mutations on Val32,
Ile50, and Ile84 are resistant to most FDA-approved
drugs. Correspondingly, most multiple-residue resistant
mutations often include mutations on these three positions (Stanford HIV database8), which is consistent with
the large negative FV values of these residues for most
drugs in Figure 4. As these three residues are hydrophobic and close to the binding site, resistant mutations of
these positions cause the inhibitors lose more van der
Waals interaction with the protease than with the substrates. The qualitative study by King et al. also supports
our quantitative results.19 King et al. compared the overlapping van der Waals volume of four substrates (substrate envelop) and that of eight inhibitors (inhibitor envelop). They showed that primary active site mutations
form extensive contacts with inhibitors but not with substrates.
We observed several residues, most prominently
Asp29, Asp30, Ile47, and Gly48 that form much more
favorable interactions with substrates than with drugs
and also have large positive FV values. Among these residues, Asp29 is well conserved (variability smaller than
0.25),16 which suggests that the potency of the current
drugs to combat resistance can be improved if their
interactions with Asp29 are enhanced. A feasible modification is to add polar groups to inhibitors at the P3/P30
positions such that electrostatic interactions between
Asp29/Asp290 and inhibitors become more favorable.
Our analysis suggests that this may be the reason for darunavir being more potent than amprenavir (see below).
All drugs interact less favorably with Ile47 and Gly48,
two residues in the flap region that are not conserved
(variability >0.65) and presumably not important for viral function, than with substrates. In Table II, in vitro
binding affinity assay showed that saquinavir and ritonavir but not amprenavir, indinavir and nelfinavir were
sensitive to mutations on Gly48 and none of the above
drugs were sensitive to Ile47 mutations. Our predictions
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Figure 3
Free energy difference between each residue’s contribution to the binding with drugs and substrates (DDGres 5 DGresdrug 2 DGressubstrate). The average interaction
spectrum for the six substrate-PR complexes was used in the comparison with that for each drug.
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Figure 4
The distributions of the FV values for eight HIV protease drugs (the residues with FV values larger than 2.0 are not shown). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Table II
The Predictions of Drug Resistance Based on the Predicted FV Values

Resistance
Position
Saquinavir
V32
M46
I47
G48
I50
V82
I84
L90
Amprenavir
M46
I47
G48
I50
V82
I84
L90
Ritonavir
M46
I47
G48
I50
V82
I84
L90
Indinavir
V32
M46
I47
G48
V82
I84
L90
Nelfinavir
G48
V82
I84
L90

Experimental Ki (mut)/Ki (wt)

FV

Experiment (prediction)

Accuracy
75%

20.1
12.6
15.1
18.0
10.6
20.1
20.4
20.0










0.0
0.4
0.3
1.3
0.1
0.3
0.0
0.1

N (N)
N (N)
N (N)
Y (N)
Y (N)
N (N)
N (N)
N (N)

1.0 (M46I)51
1.0 (I47V)51
3.5 (G48V)53
83.0 (I50V)51
0.4–3.3 (V82A/F/I)54
23.0 (I84V)51 2.7 (I84V)54
2.7 (L90M)53

12.5
14.0
113.4
21.1
10.0
20.7
20.1









0.3
0.2
1.3
0.6
0.1
0.1
0.2

N
N
N
Y
N
Y
N

(N)
(N)
(N)
(Y)
(N)
(Y)
(N)

100%

4.0 (M46I)51
3.0 (I47V)51
66.7 (G48V)53
10.0 (I50V)51
0.8–14.7 (V82A/F/I)54
11.2 (I84V)54 20.0 (I84V)51
6.7 (L90M)53

12.5
14.2
19.4
20.0
20.1
20.7
20.0









0.2
0.5
1.9
0.4
0.3
0.2
0.0

N (N)
N (N)
Y (N)
N (N)
N (N)
Y (Y)
N (N)

86%

8.0 (V32I)50
4.3 (M46I)50
3.0 (I47V)51
6.3 (G48V)53
0.6–6.4 (V82A/F/I)54 6.9–84.7 (V82A/F/I)50
2.6 (I84V)54 10.0 (I84V)50
5.8 (L90M)53

20.5
12.6
14.4
111.3
20.6
20.4
20.0









0.2
0.6
2.3
1.8
0.2
0.3
0.3

N (Y)
N (N)
N (N)
N (N)
Y (Y)
N (N)
N (N)

86%

1.0 (G48V)53
0.8–17.5 (V82F/A/I)54
3.5 (I84V)54
3.5 (L90M)53

113.0
10.5
20.4
20.0






0.1
0.5
0.2
0.5

N
N
N
N

1.6–7.3 (V32I)50
1.0 (M46I)51
1.0 (I47V)51
13.5 (G48V)52 163.6 (G48V)53
21.0 (I50V)51
0.7–3.7 (V82A/F/I)50 3.3–7.3 (V82F/A/I)54
5.8 (I84V)50 10.7 (I84V)54 12.0 (I84V)51
3.0 (L90M)52, 55 20.7 (L90M)53

agreed well with the experimental measurements except
the resistant mutations of Gly48 to saquinavir and ritonavir. Wittayanarakul et al. studied the saquinavir resistance caused by Gly48 mutation using MD simulations
and free energy calculations.20 They showed that the
protein flaps underwent significant conformational
changes after mutating Gly48 to Val48. Gly48 was in
close contact with the Phe53 side chain of the protease
and the P2 and P3 groups of saquinavir. The substituted
valine at this position could not fit to the original hydrophobic pocket because the dimethyl groups had steric
clash with the Phe53 and P3 side chains. Gly48Val mutation thus caused conformational change of the binding
cavity and deteriorated the inhibitor’s binding. Therefore,
it is possible to improve the potency of saquinavir by
reducing the size of its P3 group.
In our analysis of resistant mutations, the conformational entropy of the protease and drugs/substrates were

(N)
(N)
(N)
(N)

100%

not included. The premise was that the main contribution to the change of the binding free energy caused by
single mutations was from enthalpy, which was partially
supported by the experimental measurements by Freire
and coworkers.21 According to the thermodynamic dissection of the effects of V82F/I84V on the binding affinities of five HIV-1 protease drugs (indinavir, nelfinavir,
saquinavir, ritonavir, and amprenavir) and two secondgeneration inhibitors (KNI764 and TMC126), for all
inhibitors but TMC126, the entropy changes were negligible while the enthalpy changes were dominant.
Prediction of the potency of darunavir
to combat resistance

Since drug development is expensive and time consuming, it is important to evaluate the potency of a drug
lead at the early stage of drug development. The analysis
PROTEINS
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Figure 5
Free energy difference between each residue’s contribution to the binding with
amprenavir and with darunavir. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

described in the present study to identify resistant mutations for protease inhibitors can serve this purpose well
and we demonstrated its usefulness on darunavir. Darunavir is a newly approved drug and has shown excellent
promise as a treatment for HIV-1 infection in treatmentexperienced patients.22 The chemical structure of darunavir is quite similar to that of amprenavir with inhibition of several mutant viral strains resistant to other
drugs. Darunavir was also shown to have a low liability
for development of resistance compared with amprenavir
and lopinavir by in vitro mutation experiments.23 We
analyzed the potency of darunavir to combat resistance
(Figs. 3 and 4). Our analysis showed that two residues
(Val32 and Ile84) have FV values smaller than 20.5,
which suggests that mutations on Val32 and Ile84 may
cause resistance to darunavir. Therefore, we believe darunavir may be therapeutically effective when combined
with other protease drugs insensitive to mutations on
Val32 and Ile84 such as saquinavir and tipranavir.
The chemical structures of darunavir and amprenavir
only differ by a second tetrahydrofuran ring, part of
which is referred as bis-THF moiety. It is interesting to
investigate whether and how this small difference can
improve the potency of darunavir. We examined and
compared the contribution of each residue to binding
with darunavir and amprenavir (see Fig. 5). Eight residues with a difference larger than 1.0 kcal/mol are labeled in Figure 5. The distribution of these eight residues
in the protease is shown in Figure S5 in the supplemental
data. Among the eight residues, Ala28, Asp29, Ile47, and
Gly48 have more favorable interactions with darunavir
than with amprenavir and Ala28 and Asp29 are conserved. Only Gly27 is conserved among the four residues
Gly27, Asp30, Ile50, and Val82 that have more favorable
interactions with amprenavir than with darunavir.
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The four residues with more favorable interaction with
darunavir, Ala28, Asp29, Ile47, and Gly48, are located
near bis-THF and the benzenesulfonamide moieties. As
shown in Figure S5, a stable hydrogen bond is formed
between the bis-THF and the backbone nitrogen atom of
Asp29. Moreover, the electrostatic interaction between
Ala28 and darunavir was stronger than that between
Ala28 and amprenavir. Because both Ala28 and Asp29
are highly conserved, more favorable interactions with
these residues make darunavir more potent than amprenavir. As we discussed in the previous and the present
study,24 the potency of the currently FDA-approved
drugs to combat resistant mutations might be enhanced
if their interaction with Asp29 can be improved. The
chemical modification of amprenavir to generate darunavir is along the line we have suggested. On the other
hand, the hydrophobic benzene group at the P20 site of
darunavir can also form more favorable van der Waals
interaction with the surrounding residues, especially with
Ile470 , than amprenavir. The strong van der Waals interaction between Ile470 and darunavir drags Gly48 closer
to darunavir to form more favorable interactions, mainly
electrostatic interactions, than that between Gly48 and
amprenavir. As Ile47 and Gly48 are not conserved, darunavir may be more vulnerable to mutations on these two
residues than amprenavir, which also suggests that the
further improvement of darunavir is to reduce its interactions with these residues. Four residues, Asp30, Val82,
Gly270 , and Ile500 , have less favorable interactions with
darunavir than with amprenavir, among which Asp30,
Ile50, and Val82 are highly variable and in fact mutations
on Val82 and Ile50 cause resistance to multiple drugs.
The weaker interaction of darunavir with Val82 and
Ile500 than amprenavir suggests that darunavir may be
more potent to combat resistant mutations on Val82/
Val820 and Ile50/Ile500 than amprenavir.
METHODS
Molecular dynamics simulations

The crystal structures of the wild-type HIV-1 protease
complexed with eight inhibitors and six substrates were
obtained from the Protein Data Dank (PDB).25 The PDB
entries are: 1HXB (saquinavir),26 1HSG (indinavir),27
1HXW (ritonavir),28 1OHR (nelfinavir),29 1HPV
(amprenavir),30 1MUI (lopinavir),31 1D4S (tipranavir),32 1SG6 (darunavir),33 1KJ4 (MA-CA),17 1F7A
(CA-p2),17 1KJ7 (p2-NC),17 1KJF (p1-p6),17 1KJG (RTRH),17 and 1KJH (RH-IN).17 No complex structure for
atazanavir was available in PDB. The 2D structures for all
inhibitors are shown in Figure 1. The Asn25 residues in
the inactive HIV-1 protease complexed with six substrates
were mutated back to Asp25 using SYBYL.34 The terminal Arg residue of substrate p1-p6 (1KJF) was not complete in the crystal structure and was removed in our sim-
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ulation. Phe82 and Val84 in the crystal structure of tipranavir (1D4S) were mutated back to the wild type residues
Val82 and Ile84, respectively. Hydrogen atoms were added
using the leap module in AMBER 8.0 software package.35
The protonation states of the ionizable residues, except
for Asp25/Asp250 , were assigned based on their pKa values
at pH 5 7. Since kinetic studies of HIV-1 protease have
shown that only one of the catalytic Asp residues is protonated and the other is not, only the mono-protonated
protease was considered36 and a proton was added to
oxygen OD1 of Asp25, the oxygen closest to the inhibitor
or substrate. The AMBER03 force field was used for
standard amino acids37 and the general AMBER force
field (gaff) was used for inhibitors.38 The force field parameters for the inhibitors were generated using the Antechamber program in AMBER8.0.35 Hydrogen atoms were
first added to the crystal structure coordinates of inhibitors with hybridization of covalent bonds being considered. Next, after AM1 geometry optimization of the inhibitor structure, the electrostatic potential was calculated
using Gaussian9839 with single-point Hartree-Fock (HF)/
6-31G*, to which the atomic partial charges were fitted
using RESP.40 Each protein-substrate/inhibitor complex
was immersed in a rectangular box of TIP3P water molecules,41 and all water molecules in the crystal structures
were kept. The water box extended at least 10 Å away
from any solute atom. Particle mesh Ewald (PME) was
employed for an adequate treatment of long-range electrostatic interactions.42 Counter ions of Cl2 were placed
to grids of the largest positive electrostatic potentials
around protease to neutralize the entire system.
Prior to MD simulations, the whole system was relaxed
using 500 steps of steepest descent followed by 2500 steps
of conjugate gradient optimization. The MD simulations
were performed in the NPT ensemble with a target temperature of 300 K and target pressure of 1 atm. A
Berendsen coupling time of 0.2 ps was used to maintain
the temperature and pressure of the system.43 SHAKE
was used to constrain all bonds involving hydrogen
atoms44 and the time step of MD was 2.0 fs. The system
was first gradually heated from 10 to 300 K over 20 ps.
Initial velocities were assigned from a Maxwellian distribution at the starting temperature. The system was equilibrated at 300 K for 100 ps followed by a production
phase between 100 and 500 ps.
MM/GBSA free energy calculations

The free energy calculations were conducted using
MM/GBSA45,46 in AMBER8.0.35 The binding free
energy DGbinding was calculated as:
DGbinding ¼ hG complex i  hG protein i  hG inhibitor i

ð1Þ

where hGcomplexi, hGproteini, and hGinhibitori are free energies of complex, protein, and inhibitor, respectively, and

each of them was estimated by summing the contributions
of gas phase energy Egas, solvation free energy Gsolvation,
and conformational entropy–TS. Egas was obtained by
summing molecular mechanical (MM) energies of internal, electrostatic, and van der Waals. Gsolvation equals the
sum of polar (Gpolar) and nonpolar contribution (Gnonpolar).
Gpolar was calculated by the GB model using the parameters
developed by Onufriev et al.47 and the values of the interior
and the exterior dielectric constants were set to 1 and 80,
respectively. Gnonpolar was calculated from solvent accessible
surface area determined by the LCPO method48: Gnonpolar
5 0.0072 3 SASA. Egas, Gpolar, and Gnonpolar were computed
from 100 snapshots taken every 4 ps from 100 ps to 500 ps
of the MD simulation on the complex. Normal mode analysis was performed to estimate the conformational entropy
change upon ligand binding by the nmode program in
AMBER8.0.35 Because of the high computational demand,
only 20 snapshots were used in normal mode analysis and
each snapshot was optimized for 100,000 steps using a distance-dependent dielectric of 4rij (rij is the distance between
atoms i and j) until the root-mean-square of the gradient
vector was less than 5 3 1025 kcal mol21 Å21.
Evaluation of drug resistance based on
energy decomposition and sequence analysis

The empirical parameter free energy/variability (FV)
value was defined by Wang and Kollman,16 which is the
drug
substrate
product of DDGres 5 DGres
2 DGres
, the difference
of residues’ contributions to the binding free energy
(DGres) between drugs and substrates, and the variability
of each position. The variability Vi is calculated as:
Vi ¼

X
ð1  Pij =Pii Þ  Wj

ð2Þ

j

where Wj is the weight of the jth sequence. Wj is calculated for each sequence in the alignment of 80 different
sequences on the basis of sequence identity, and Pij represents how likely the amino acid aj in the jth sequence
can be mutated to the amino acid ai in the ith sequence.
The variability at each position of the HIV-1 protease is
shown in Figure S1 in the supplemental data. DGres was
computed using the MM/GBSA decomposition analysis
in the mm_pbsa module of AMBER for each HIV protease residue in all protease-substrate/inhibitor complexes.
DGres is the sum of van der Waals (DGvdw), electrostatic
(DGele), and solvation (DGsolvation) energies.
DGres ¼ DGvdw þ DGele þ DGsolvation
¼ DGvdw þ DGele þ DGGB

ð3Þ

All energy components in Eq. (2) were calculated using
the 100 snapshots taken between 100 and 500 ps MD
simulations. The framework of GB allows the decomposition of electrostatics on per-residue (atom) basis. In
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MM/GBSA, the contribution of residue j to the electrostatic free energy is calculated as49:
x
Gelec
ði; jÞ



1XX
expðkÞ
qk ql
¼
1
2 l2j k
2W
fklGB ðrkl Þ
1 X X qk ql
þ
2 l2j k6¼l rkl

ð4Þ

In Eq. (4), the first term determines the electrostatic
contribution to solvation free energy calculated by GB
for residue j in snapshot i of molecule x, and the second
term is the gas-phase Coulombic interaction energy. [W
is the dielectric constant of solvent; qk and ql are atom
partial charges; rkl is the distance between atom k and l;
fklGB(rkl) is a smooth function that depends on atom
radii and the distance between two atoms. The detailed
description of MM/GBSA decomposition procedure used
in AMBER was reported by Gohlke et al.49 The free
energy decomposition based on MM/PBSA or MM/GBSA
is only a pragmatic way to estimate the contribution of
each residue to protein–ligand interactions.
CONCLUSIONS
Using MD simulation and free energy calculation, we
have identified critical residues for substrate binding,
among which Asp25, Gly27, Ala28, Asp29, and Gly49 are
well conserved, with which the potent drugs should form
strong interactions. We then compared the single residue
interaction profiles of seven FDA-approved drugs with
six natural substrates of HIV protease based on the
recently solved complex structures of inactive protease
and substrates. Our analysis further supports the molecular basis of drug resistance proposed in our previous
study: when a mutation of a not-well conserved residue,
presumably unimportant for viral function, impairs the
binding of inhibitors more than substrates, drug resistance may occur. We thus suggest that an ideal drug
should only form strong interactions with the most conserved residues such as Asp25, Gly27, Ala28, Asp29, and
Gly49. Since mutations on these residues would harm the
enzymatic function of the HIV protease, drug resistance
mutations are less likely to occur. The potency of current
drugs to combat resistance can be improved if their
interactions with conserved residues particularly Asp29
are enhanced.
On the basis of the proposed resistance mechanism, a
heuristic parameter FV value was used to successfully
identify most single drug resistance mutations. The average accuracy of our prediction is 88%, which is significantly improved from 76% in our previous study.16 The
improvement is mainly due to the use of more substrates
(six compared with one) and the use of crystal structures
of the protease/substrates complexes rather than a modeled complex. More encouragingly, we used a GB model
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in calculating single residue contribution to binding, which
is more efficient than the PB model used in the previous
study. This more efficient protocol makes it possible to
evaluate resistance properties of multiple residue mutations
as the combination of mutations is a large number. It also
makes it possible to evaluate the potency of a large number of drug leads before they go through the expensive
and time consuming drug development process.
The results from our protocol are good at predicting
single mutations that strongly convey resistance according
to large changes in experimental binding affinity. It is no
doubt that the resistance mechanism is more complicated
particularly when mutations causing significant conformational change of the HIV protease are involved. Nevertheless, the proposed protocol provides a pragmatic way
to evaluate the potency of drugs/inhibitors and how their
potency can be improved. We showed one such application of our protocol on a newly approved drug, darunavir. Our analysis suggested that darunavir is more potent
than amprenavir particularly to mutations of Ile50 and
Val82 mainly because it significantly improves the interaction with the conserved residue Asp29. The possible resistant mutation to darunavir may likely to occur at Val32
and Ile84. These predictions are waiting for verification.
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