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ABSTRACT: Both KNI-10033 and KNI-10075 are high
aﬃnity preclinical HIV-1 protease (PR) inhibitors with
aﬃnities in the picomolar range. In this work, the molecular
mechanics Poisson−Boltzmann surface area (MM-PBSA)
method has been used to investigate the potency of these
two HIV-1 PR inhibitors against the wild-type and mutated
proteases assuming that potency correlates with the aﬃnity of
the drugs for the target protein. The decomposition of the
binding free energy reveals the origin of binding aﬃnities or
mutation-induced aﬃnity changes. Our calculations indicate
that the mutation I50V causes drug resistance against both
inhibitors. On the other hand, we predict that the mutant I84V causes drug resistance against KNI-10075 while KNI-10033 is
more potent against the I84V mutant compared to wild-type protease. Drug resistance arises mainly from unfavorable shifts in
van der Waals interactions and conﬁgurational entropy. The latter indicates that neglecting changes in conﬁgurational entropy in
the computation of relative binding aﬃnities as often done is not appropriate in general. For the bound complex PRI50V−KNI10075, an increased polar solvation free energy also contributes to the drug resistance. The importance of polar solvation free
energies is revealed when interactions governing the binding of KNI-10033 or KNI-10075 to the wild-type protease are
compared to the inhibitors darunavir or GRL-06579A. Although the contributions from intermolecular electrostatic and van der
Waals interactions as well as the nonpolar component of the solvation free energy are more favorable for PR−KNI-10033 or
PR−KNI-10075 compared to PR−DRV or PR−GRL-06579A, both KNI-10033 and KNI-10075 show a similar aﬃnity as
darunavir and a lower binding aﬃnity relative to GRL-06579A. This is because of the polar solvation free energy which is less
unfavorable for darunavir or GRL-06579A relative to KNI-10033 or KNI-10075. The importance of the polar solvation as
revealed here highlights that structural inspection alone is not suﬃcient for identifying the key contributions to binding aﬃnities
and aﬃnity changes for the design of drugs but that solvation eﬀects must be taken into account. A detailed understanding of the
molecular forces governing binding and drug resistance might assist in the design of new inhibitors against HIV-1 PR variants
that are resistant against current drugs.

1. INTRODUCTION
Acquired immune deﬁciency syndrome or AIDS is caused by
the human immunodeﬁciency virus (HIV). The World Health
Organization (WHO) has classiﬁed AIDS as a pandemic. HIV
type 1 protease (HIV-1 PR) is responsible for the cleavage of
the viral gag and pol polyproteins into mature and functional
proteins. Since inhibition of the HIV-1 PR activity prevents the
maturation of these viral proteins and, thus, the replication of
the virus, HIV-1 PR has been an important target for anti-AIDS
drug therapy.
The HIV-1 PR is a homodimeric aspartic protease composed
of residues 1−99 and 1′−99′ (see Figure 1). Each monomer
contains an α-helix and two antiparallel β-sheets. The active site
is evolutionary conserved and composed of the conserved
catalytic triad, Asp25(25′)−Thr26(26′)−Gly27(27′). The
enzyme active site is gated by two extended β hairpin loops
(residues 46−56), known as the ﬂap regions, which presumably
open and close to allow entry and binding of substrates.1
© 2013 American Chemical Society

Up to now, no cure exists to eliminate AIDS. However, with
the introduction of highly active antiretroviral drugs, the
treatment of HIV/AIDS patients has been improved, eﬀectively
decreasing the mortality rate of HIV/AIDS patients.2 The
treatment consists of a combination of at least three selected
drugs that inhibit (i) the HIV replication cycle at the point of
entry (chemokine antagonists, fusion inhibitors), (ii) its reverse
transcription (nucleoside reverse transcriptase inhibitor or
nonnucleoside reverse transcriptase inhibitor), and (iii) its
integration (integrase inhibitor) or viral production (protease
inhibitor). Developing vaccines to ﬁght the AIDS infection is
challenging.3 So far, nine protease inhibitors have been
approved by the Food and Drug Administration (FDA) for
HIV therapy. These drugs are saquinavir (SQV), ritonavir
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Figure 1. Wild-type HIV-1 protease dimer with bound drug KNI10033 (magenta). The protein is shown in ribbon representation
where the monomers are distinguished by diﬀerent colors (blue and
red). Residues at the binding site (gray and red), as well as the
inhibitor (magenta), are depicted as sticks. The ﬂap regions are shown
in yellow color.
Figure 2. Chemical structure of KNI-10033 (top) and KNI-10075
(bottom) in stick representation. Colors distinguish between carbon
(gray), oxygen (red), nitrogen (blue), and sulfur (yellow).

(RTV), indinavir (IDV), nelﬁnavir (NFV), amprenavir (APV),
lopinavir (LPV), atazanavir (AZV), tipranavir (TPV), and
darunavir (DRV). However, the eﬀectiveness of these inhibitors
is limited by the occurrence of drug resistant mutations in the
target enzyme caused by the high replication rate of HIV-1 and
the lack of a proof-reading mechanism in its reverse
transcriptase (RT).4 To date, over 50 diﬀerent drug resistance
mutations at almost 30 diﬀerent codon positions of HIV-1 PR
have been characterized,5 mainly arising due to the gene’s
highly polymorphic nature. Even in the absence of antiretroviral
drugs, HIV is genetically diverse, especially in the protease gene
that showed variations in up to 50 diﬀerent residues.6
In the present study, we have addressed the binding of the
two preclinical protease inhibitors (PIs) KNI-10033 and KNI10075 with the wild-type protease and predict the binding free
energies for a variety of mutants. The chemical structures of
KNI-10033 and KNI-10075 are shown in Figure 2. Both
inhibitors are identical except for a single substitution: the −S−
CH3 group in KNI-10033 is replaced by a −SO2CH3 group in
KNI-10075.7
The HIV-1 resistance against protease inhibitors arises
mainly due to the occurrence of mutations in the protease
that signiﬁcantly impair the protease’s interaction with drugs
but impair neither the substrate binding nor the product
unbinding process nor the interaction with the transition state
of the enzymatic reaction. Mutations could occur at residues
directly interacting with the inhibitors or far away from the
inhibitor binding site.8 These drug-resistant protease variants
lose their high binding aﬃnity to the inhibitors while
maintaining suﬃcient enzyme activity for the virus to
propagate. Conservative mutations of hydrophobic residues
are common in protease inhibitor resistance, including I50V
and I84V, which have been experimentally found to be resistant
against a variety of drugs. Here, we investigate the resistance of
these two mutants against the new protease inhibitors KNI10033 and KNI-10075, using computational methods.
To understand the mechanism underlying the binding of
KNI-10033 and KNI-10075 to wild-type protease and its
mutant variants from an energetic point of view, we have used
molecular dynamics simulations and free energy calculations to
study the contributions to the binding aﬃnities for the
respective complexes. The most rigorous and accurate methods

to calculate binding free energies such as free energy
perturbation (FEP),9 thermodynamic integration (TI),10
metadynamics,11 and umbrella sampling12 are computationally
very expensive. One limitation of pathway methods including
metadynamics is the necessity to choose one or a few
appropriate reaction coordinates which often is nontrivial. In
addition, the time scales needed for convergence depend on the
suitability of the reaction coordinates. In contrast, the MMPBSA method13−15 is faster by several orders of magnitude than
FEP or TI. The MM-PBSA scheme is applied here. Theoretical
considerations within the framework of MM/PBSA are
particularly useful for this type of investigation because they
allow insight into structural details otherwise inaccessible to
experimental techniques. Moreover, MM/PBSA is particularly
appropriate for this case because HIV-1 PR is located in the
cytosol; hence, the binding will take place in aqueous solution
for which the employed models have been optimized over
many years.
In MM-PBSA methods, the binding free energy is estimated
from molecular mechanical energies and solvation free energies
for an ensemble of molecular conﬁgurations as obtained from
molecular dynamics simulations in explicit water. The MMPB(GB)SA methods have successfully been used to estimate
the binding free energies of protein−ligand16,17 and protein−
RNA18,19 complexes. These methods have also been used to
study the binding of diﬀerent inhibitors to protease20,21 and
reverse transcriptase (RT).22 Recently, Worch et al.23 have
modeled the interaction propensity of transmembrane domain
(TMD) pairs and computed free energies for TMD dimer
formation using the MM-PBSA approach. Compared to our
study, the PBSA term was replaced with the multiple continua
approach established to mimic biomembrane environments,
with the aqueous domain modeled by water, the polar
headgroup region by ethanol, and the hydrophobic core by
cyclohexane.24 In our study, the contribution from the change
in entropy of the binding partners was obtained from a normalmode analysis25,26 of the complex and the individual binding
partners. The results of our calculations agree well with
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to relax the density using Berendsen’s barostat. (iv) Then, each
complex was equilibrated for 1 ns without restraint. After the
equilibration phase, a 10 ns simulation at constant pressure was
carried out and the coordinates were stored every 10 ps,
resulting in 1000 conﬁgurations for each simulation. The same
protocol has been used in our previous studies.33−35
2.2. MM-PBSA Calculations. In the MM-PBSA method,
the binding free energy of the protein−ligand complex, ΔGbind,
is determined from

available experimental data and give insights into the origins of
mutation-induced aﬃnity changes and, thus, into the molecular
mechanisms underlying drug resistance. Our ﬁndings also
highlight the importance of the polar solvation free energy and
the conﬁgurational entropy for the design of antiretroviral
drugs targeting HIV-1 PR.

2. MATERIALS AND COMPUTATIONAL METHODS
The aﬃnities of HIV-1 PR−inhibitor complexes were evaluated
by simulating the complexes in explicit water and calculating
the free energies of the resulting conﬁgurations using an
implicit solvent model.
2.1. Structure Generation with MD Simulations in
Explicit Water. The initial coordinates for our simulations
were obtained from the X-ray crystallographic structures of the
HIV-1 protease (PR) complexed with the inhibitors KNI-10033
and KNI-10075. Recently, Lafont and co-workers7 have
determined X-ray crystallographic structures of the wild-type
HIV-1 PR complexed with the two inhibitors at 1.45 and 1.90 Å
resolution, respectively, to analyze the molecular basis for their
antiviral potency. The corresponding atomic coordinates with
the Protein Data Bank accession code 2PK6 for HIV-1 PR−
KNI-10033 and 2PK5 for PR−KNI-10075 were used for our
current study. All crystal water molecules in the crystal
structure of the protease−inhibitor complexes were kept in
the starting model. The I50V and I84V mutations were
performed manually. Some residues in the PDB structure 2PK6
contain atoms, for which alternative coordinates (A and B)
have been assigned. In our study, the A variant was always
chosen manually.
The proteins were described using the Amber ﬀ03 force
ﬁeld,27 the ligand was described by the generalized Amber force
ﬁeld (GAFF),28 and AM1-BCC29 atomic charges were
calculated with the antechamber30 module of Amber.31 Our
previous studies32−36 show that this charge scheme is suitable
for this kind of study.
The conﬁgurations were generated via simulations of the
complexes in explicit water. Each complex was solvated in
TIP3P water37 using a truncated octahedron periodic box,
extending at least 10 Å from the complex. Nearly 9700 water
molecules were added to solvate the complex, and the resulting
box size was nearly 89 Å × 89 Å × 89 Å. An appropriate
number of chloride ions was added to keep the total system
charge neutral. All bond lengths involving hydrogen atoms were
constrained using the SHAKE algorithm,38 allowing the usage
of a 2 fs time-step. The temperature was kept ﬁxed at 300 K
using a Langevin thermostat with a collision frequency of 2
ps−1. The electrostatic interactions were treated using the
particle-mesh Ewald (PME) scheme39 with a fourth-order Bspline interpolation and a tolerance of 10−5. The nonbonded
cutoﬀ was 8 Å, and the nonbonded pair list was updated every
50 fs.
Our simulations were carried out according to the following
protocol: (i) Each complex was ﬁrst optimized by 500 steps of
steepest descent followed by another 500 steps of conjugate
gradient minimization, keeping all atoms of the complex
restrained to their initial position with a weak harmonic
potential. (ii) After the minimization, each system was
simulated for 50 ps at constant volume with a 2 kcal·mol−1·Å−2
restraint on the complex, in order to equilibrate the solvent at
300 K without undesirable drifts of the structure. (iii)
Subsequently, a 50 ps MD simulation with a 2 kcal·mol−1·Å−2
restraint on each complex at a pressure of 1 atm was conducted

ΔG bind = Gcomplex − (Greceptor + G ligand)

(1)

where Gcomplex, Greceptor, and Gligand denote the absolute free
energy of the complex, receptor/protein, and ligand,
respectively. The free energy G for each species is calculated
from
G = H − TS = EMM + Gsolv − TS

(2)

Here, EMM is the molecular mechanical energy in the gas phase,
Gsolv the solvation free energy, and −TS the contribution from
the conformational entropy. The term EMM consists of the
internal (bond, angle, dihedral) (Eint), electrostatic (Eelec), and
van der Waals energies (EvdW), according to
EMM = E int + E vdW + Eelec

(3)

To incorporate all possible nonbonded interactions, the term
EMM was estimated for each snapshot with no cut-oﬀs. The
solvation energy, Gsolv, is composed of an electrostatic (polar)
contribution, Gpol, and a nonpolar contribution, Gnp, according
to
Gsolv = Gpol + Gnp

(4)

Here, Gpol is estimated from a solution of the linear Poisson−
Boltzmann (PB) equation, and the nonpolar solvation term
(Gnp) is evaluated from40
Gnp = γA + b

(5)

where γ is the surface tension proportionality and was set to
0.00542 kcal·mol−1·Å−2 and b is the oﬀset value, which was 0
here. The symbol A denotes the solvent accessible surface area
(SASA) which was estimated with a fast linear combination of
pairwise overlap (LCPO) algorithm41 using a probe radius of
1.4 Å.
The averages in eq 2 are calculated from an ensemble of
molecular conﬁgurations taken from a molecular dynamics
simulation to capture the eﬀects of motion. To reduce time
consumption and to obtain stable energies, only the complex
was simulated. Therefore, Eint cancels out in the calculation of
Gbind.
To account for the molecular structure of water, explicit
crystal water molecules were included in our free energy
calculations and explicit water molecules were considered as a
part of the receptor. Thus, the binding free energy could be
obtained from the following equation, which is a standard MMPBSA approach for including selected solvent molecules:
ΔG bind = Gcomplex + WAT − [Greceptor + WAT + G ligand]

(6)

The electrostatic contribution to the solvation free energy
(ΔGpol) was estimated from the Poisson−Boltzmann (PB)
approach using the adaptive Poisson−Boltzmann solver
(APBS).42 In order to solve the PB equation, the grid spacing
was set to 0.5 Å in all dimensions and the relative dielectric
constants in the protein and in the water were chosen to be 1
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variants, an energetic analysis using a combined MD/MMPBSA approach was conducted. Molecular conﬁgurations
obtained from MD simulations of the complexes in explicit
water were used for the calculation of binding free energies.
1000 conﬁgurations were used in the MM-PBSA calculation.
3.1. Protonation State from pKa Calculations. The Asp
dyad, Asp25 and Asp25′, constitutes the active site base; it is
planar and interacts directly with substrates and inhibitors. Of
particular importance is the protonation state of the Asp dyad
because of its direct contact with the substrate and the
inhibitors. The Asp residues in the dyad can be either both
unprotonated or both protonated, or only Asp25 or only
Asp25′ could be protonated. Since the X-ray crystallographic
structures do not contain hydrogen atoms, information about
the protonation state cannot be directly obtained from the Xray data. In order to pinpoint the likely experimental
protonation state, we calculated pKa values for the Asp25
dyad using PROPKA;52 the results are shown in Table 1. The

and 80, respectively. The ionic strength was set to 0.15 M. The
ratio between the longest dimension of the rectangular ﬁnitediﬀerence grid and that of the solute was chosen to be 4.0. The
linear PB equation was solved with a maximum of 1000
iterations.
The MM/PBSA predictions are very sensitive to the solute
dielectric constant. In MM-GBSA or MM-PBSA, the dielectric
constant of unity (1.0) is normally used for solute. On the other
hand, for a highly charged binding interface, a higher solute
dielectric constant (ε = 4.0) is recommended by Hou et al.43
For a moderately charged binding interface, a moderate solute
dielectric constant (ε = 2.0) is preferred, while a low solute
dielectric constant (ε = 1.0) is suggested for a hydrophobic
interface.43 In previous MM/PBSA calculations of HIV-1
protease, values of 1,33,34,44 2,45,46 and 447 have been used for
the internal dielectric constant. Recently, Stoica et al.48 found
that the binding enthalpies corresponding to an internal
dielectric constant of 1, combined with the entropic
contribution, produce overall energies closest to experimental
aﬃnities. A similar result was obtained by us in our previous
studies of HIV-1 protease.33,34 In the absence of entropy terms,
computed binding enthalpies need to be scaled down to be
brought within the range of experimental data, for instance, via
a high internal dielectric constant,49 because of the enthalpy/
entropy compensation.50 Our results on the internal dielectric
constant can therefore be interpreted as a consequence of
explicitly incorporating conformational sampling, including
entropic eﬀects, in the evaluation of binding energies.
The entropy from the vibrational degrees of freedom was
calculated by normal-mode analysis (NMA) using the Amber
mmpbsa_py_nabnmode program. To this aim, 200 conﬁgurations were selected; each conﬁguration was energy minimized
with a generalized-Born solvent model (nmode_igb = 1) with a
maximum of 50 000 steps and a target root-mean-square (rms)
gradient of 10−4 kcal·mol−1·Å−1.
In order to understand the inhibitor−residue interaction in
more detail, the interaction energy was further decomposed
into the contributions from each residue of the protease by
using the theory of free energy decomposition.51 To this aim,
the less accurate but more eﬃcient MM-GBSA scheme was
used. The inhibitor−residue interaction is approximated by

Table 1. pKa Values for Asp25/Asp25′ in the Presence of the
Inhibitors Obtained from PROPKA52
Asp25

Asp25′

10.50
10.47

4.24
4.28

predicted pKa values are 10.47−10.50 for Asp25 and 4.24−4.28
for Asp25′. Hence, at pH 5.6, where the binding aﬃnities and
the structures of the PR−inhibitor complexes were studied
experimentally, Asp25 is most likely protonated and Asp25′ is
in the deprotonated state (COO−). Thus, this asymmetric
protonation state is considered in our simulations of the
dimer−ligand complexes. Although the unbound form
corresponds to a symmetric homodimer, it could be
characterized by alternating asymmetric protonation states of
the Asp dyad.53 Our results are consistent with past
calculations33,34,45,48,54 and experimental work.53
3.2. Structural Stability and Flexibility of Wild-Type
and Mutant PR Complexes. The production simulations of
10 ns carried out for these systems were stable in terms of the
total and potential energies of these systems (data not shown)
and the root-mean-square deviation (RMSD) from the X-ray
structures (see Figure 3). The average root-mean-squared
deviations for the backbone atoms from the corresponding Xray crystal structure in the simulations are given in Table 2.
Their average RMSD values are 1.12, 1.30, and 1.16 Å for WT/
KNI-10033, I50V/KNI-10033, and I84V/KNI-10033, respectively, with a deviation of lower than 0.17 Å from the mean. On
the other hand, RMSDs of 1.17, 1.22, and 1.28 Å are obtained
for the inhibitor KNI-10075 when bound to PRWT, PRI50V, and
PRI84V, respectively. It may appear that there is a drift in the
average RMSD during the initial 4 ns of the simulations.
However, this drift is comparable to the ﬂuctuations in the
RMSD and in this sense not signiﬁcant. For instance, the
average RMSDs for KNI-10075 bound to the wild-type
protease during the initial 4 ns and ﬁnal 6 ns are 1.13
(±0.10) and 1.19 (±0.12) Å, respectively. A similar result was
obtained for other cases also.
RMSD analyses were also performed for the ﬂap regions of
all complexes, with selected residues 44−55 and 44′−55′ (see
Figure 4). Here, only the results for KNI-10075 complexed
with wild-type and mutant variants are discussed. It is evident
from Figure 4 that the mutations do not cause any change in

ΔGinhibitor − residue = ΔEvdW + ΔEelec + ΔGGB + ΔGnp
(7)

where ΔEvdW and ΔEelec are the contributions from the van der
Waals and electrostatic interactions between the inhibitor and
each residue in the gas phase. The polar solvation free energy,
ΔGGB, was estimated by using the generalized Born model. On
the other hand, the nonpolar component of the solvation free
energy, ΔGnp, was computed from the solvent accessible
solvent area (A) using eq 5 with γ = 0.0072 kcal·mol−1·Å−2 and
b = 0.92 kcal/mol.
Experimental binding free energies for the wild-type were
calculated from inhibition constants Ki reported by Lafont et
al.7 using
ΔGexp = −RT ln K i

inhibitor
PR/KNI-10033
PR/KNI-10075

(8)

with Ki given in M−1. However, inhibition constants for the
mutant variants were not available.

3. RESULTS AND DISCUSSION
In order to elucidate the mechanisms underlying the binding of
these two diﬀerent inhibitors to the wild-type protease and its
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Figure 3. Time evolution of root-mean-square deviations (RMSDs) of
backbone atoms relative to their initial conﬁgurations for wild-type
(WT) and two mutant (I50V and I84V) proteases complexed with
two diﬀerent inhibitors, KNI-10033 (top) and KNI-10075 (bottom).

Figure 4. Time evolution of RMSD for residues 44−55 (chain A) or
44′−55′ (chain B) in the ﬂap regions for KNI-10075 complexed with
wild-type and mutant proteases.

Table 2. Average RMSD during the 10 ns Production
Simulations of the Protease−Inhibitor Complexes in Å and
Standard Errors of the Mean (SEM) in Å
inhibitor

variant

RMSD

SEM

KNI-10033

WT
I50V
I84V
WT
I50V
I84V

1.12
1.30
1.16
1.17
1.22
1.28

0.17
0.12
0.11
0.12
0.12
0.17

KNI-10075

the RMSD for residues 44′−55′. However, a higher RMSD is
observed for residues 44−55 of the I50V mutant complex
compared to the wild-type and the I84V mutant.
Next, we determined the RMSD for the residues at the active
site of the protease (see Figure 5). It is evident from this ﬁgure
that mutations do not cause large structural changes.
Subsequently, we performed an RMSD analysis of a region
surrounding the active site. The area deﬁned by residues 79−83
(and 79′−83′) covers the active site and comes in contact with
the solvent. As shown in Figure 6, no large diﬀerences between
these two regions of the protease were observed. Mutations
cause no deviation for this region from the wild-type. The trend
in RMSD for these regions shows similarities with previous
observations in other HIV-1 PR−ligand complexes studied by
Zoete et al.55 and Tzoupis et al.56
A measure for the ﬂexibility of the individual residues are the
corresponding B-factors. The estimated B-factors of the
individual residues for PR and its mutant variants complexed
with the inhibitors are shown in Figure 7. Overall, the B-factor
values for all complexes are quite similar. This may indicate that
diﬀerent ligands may not lead to signiﬁcant conformational
changes of the PR upon binding. Particularly small B-factors are
observed for the catalytic dyad (3.23−3.36 Å2 for Asp25 and

Figure 5. Time evolution of RMSD for active site residues Asp25−
Thr26−Gly27 (chain A) or Asp25′−Thr26′−Gly27′ (chain B) for
KNI-10075 complexed with wild-type and mutant proteases.

3.46−3.50 Å2 for Asp25′) for all three complexes. This is
expected, as the catalytic function of these residues presumably
requires a well-deﬁned stable three-dimensional structure.
As seen from Figure 7, the regions around 17(17′), 40(40′),
65(65′), and 99 show the biggest dynamic ﬂuctuations, i.e.,
large B-factors. In the case of HIV-1 PR, the ﬂexibility of the
ﬂap region is crucial for the activity of the protease. As seen
from Figure 7, the ﬂap region, especially the ﬂap elbow region
(37−42), shows signiﬁcant ﬂexibility. In an earlier study, a
5797
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simulated values. We observe trends in B-factors that are similar
to those found experimentally. It is worth mentioning that the
simulated B-factors correspond to a protein in solution,
whereas the experimental values refer to a crystal.
Analysis of Active Site−Flap Distances. Concerning the
local structural diﬀerences between WT and mutant HIV-1 PR,
the ﬂap movement is particularly important to explore. It is
well-known that ﬂap dynamics aﬀect both the inhibitor binding
and enzyme catalysis of HIV-1 PR. Moreover, several mutations
aﬀect ﬂap dynamics. For example, L90M and V82F/I84V
mutations open the ﬂap a bit more in the mutant compared to
the WT,59 whereas the M46I mutation makes the ﬂap more
closed.58 However, for the sameV82F/I84V double mutant,
Hou and Yu45 noticed that the ﬂaps of the mutated protease
and the wild-type protease possess similar dynamical properties
and opening extent. In order to investigate the extent of ﬂap
opening in our MD simulations, the distance between the ﬂap
tip (I50 and I50′) and the catalytic Asp residues (D25 and
D25′) was calculated. The results are depicted in Figure 8. The
I50−D25 or I50′−D25′ distance (the distance between the Cα
of I50/I50′ and that of D25/D25′) was believed to be a more
appropriate measure for the ﬂap opening than the tip−tip
(I50−I50′) distance, because the tip−tip distance can be
aﬀected by both ﬂap tip curling and ﬂap asymmetry.59
It is clearly evident from Figure 8 that the distance between
the ﬂap tips and the active site did not change signiﬁcantly
upon mutation for chain B for all six complexes. On the other
hand, for chain A, the distance between the ﬂap tips and the
active site is increased for I50V, while no change is observed for
I84V.
3.3. Binding Mechanism for Calculated Protonation
State. In our current study, we are interested to evaluate the
relative potency of KNI-10033 and KNI-10075 against the wildtype and the mutant HIV-1 proteases and the molecular basis
of possible drug resistance. In order to elucidate the binding
mechanisms, we also determine the individual contributions to
the binding free energies. Here, the contribution from the van
der Waals or electrostatic interactions between the protease and
the inhibitor, ΔEelec or ΔEvdW, the polar or nonpolar solvation
free energy, ΔGpol or ΔGnp, the sum of ΔEelec and ΔGpol
denoted by ΔGpol,elec, as well as the contribution from the
conﬁgurational entropy of the binding partners, denoted by
−TΔSMM, were considered.
Energetic Components. The energetics underlying the
binding of KNI-10033 and KNI-10075 to the wild-type PR
and its single mutant variants obtained from MM-PBSA
calculations are shown in Table 3. The total binding free
energies are found to have values between −5.6 and −19.5
kcal/mol for all PR−inhibitor complexes. The contributions
favoring binding are the van der Waals interaction between the
binding partners, being in the range −71.8 to −84.5 kcal/mol,
and the intermolecular electrostatic interactions in the range
−54.8 to −70.2 kcal/mol for all protease−inhibitor complexes.
The nonpolar interactions with the solvent including the
contribution from the hydrophobic eﬀect yield contributions in
the range −8.5 to −8.8 kcal/mol for KNI-10033 and KNI10075 complexed with the wild-type and the mutant variants of
the protease. Association is opposed by an unfavorable
desolvation of polar groups, yielding a contribution of 99.7−
112.6 kcal/mol for binding of KNI-10033 and KNI-10075 to
the wild-type and mutant PR. As found for other systems,16,32,60
the favorable intermolecular electrostatic interactions for the
protease−inhibitor complexes in the gas phase are over-

Figure 6. Time evolution of RMSD distribution for residues 79−83
(chain A) or 79′−83′ (chain B) for KNI-10075 complexed with wildtype and mutant proteases.

Figure 7. B-factors for HIV-1 protease and its mutant variants
complexed with KNI-10033 and KNI-10075. Residues 1−99 and 100−
198 correspond to residues 1−99 and 1′−99′, respectively.

similar behavior was observed for HIV-1 PR bound to other
ligands.33,34,57,58 For the PRI84V−KNI 10075 complex, the
regions around 40 and 65′ are more ﬂexible compared to
PRWT−KNI 10075.
Figure S1 and S2 (see the Supporting Information) compare
B-factors from our simulations with the experimental values for
both ligands bound to the wild-type protease. Because no
crystal structures of mutant complexes are available, we do not
have any experimental B-factors for mutants to compare with
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Figure 8. Time evolution of (top left) the D25−I50 Ca distances and (top right) the D25′−I50′ distances for KNI-10033 complexed with WT and
mutants as well as (bottom left) the D25−I50 Ca distances and (bottom right) the D25′−I50′ distances for KNI-10075 bound to WT and mutants.

Table 3. Free Energy Terms (kcal/mol) for HIV-1 PR Variants Binding to Inhibitors KNI-10033 and KNI-10075a
PI

variant

ΔEelec

ΔEvdW

ΔGnp

ΔGpol

ΔGsolvb

ΔGpol,elecc

−TΔS

ΔHd

ΔGbind

ΔGexp
bind

KNI-10033

WT
I50V
I84V
WT
I50V
I84V

−61.7(0.3)
−61.6(0.3)
−56.7(0.3)
−54.8(0.3)
−70.2(0.4)
−59.2(0.3)

−84.5(0.2)
−71.8(0.2)
−82.7(0.2)
−83.2(0.1)
−75.8(0.2)
−79.1(0.2)

−8.7(0.01)
−8.6(0.01)
−8.7(0.01)
−8.5(0.01)
−8.8(0.01)
−8.7(0.01)

107.5(0.2)
101.8(0.3)
99.7(0.2)
101.6(0.2)
112.6(0.3)
105.2(0.2)

98.8(0.2)
93.2(0.3)
91.0(0.2)
93.1(0.3)
103.8(0.3)
96.5(0.2)

45.8(0.4)
40.2(0.4)
43.0(0.4)
46.8(0.3)
42.4(0.4)
46.0(0.4)

31.6(0.4)
34.4(0.5)
28.9(0.6)
28.3(0.5)
32.3(0.4)
27.5(0.6)

−47.4
−40.0
−48.4
−44.9
−42.2
−41.8

−15.8(0.5)
−5.6(0.5)
−19.5(0.7)
−15.5(0.6)
−9.9(0.6)
−14.3(0.7)

−14.9

KNI-10075

a

−14.6

Standard errors of the mean are given in parentheses. bΔGsolv = ΔGnp + ΔGpol. cΔGpol,elec = ΔGpol + ΔEelec. dΔH = ΔGsolv + ΔEelec + ΔEvdW.

entropy and enthalpy are not distinguished). However, ΔGsolv
may also formally be decomposed into an enthalpic and an
entropic term if the temperature dependence of the dielectric
permittivity is considered.63 It should be emphasized that we
are interested in the inﬂuence of conﬁgurational entropy of the
binding partners (or solutes) only. Hence, this decomposition
was not performed.
PRWT/KNI-10033 versus PRWT/KNI-10075. The experimental
binding free energies for KNI-10033 and KNI-10075 are −14.9
and −14.6 kcal/mol, respectively,7 in good agreement with the
calculated binding free energies, which are found to be −15.8
(±0.5) and −15.5 (±0.6) kcal/mol, respectively. For both
complexes, the complex formation is favored by the
intermolecular electrostatic and van der Waals interactions as
well as the nonpolar component of the solvation free energy
and these components are more favorable for PR/KNI-10033
compared to PR/KNI-10075. If the conﬁgurational entropy is
not considered, the binding free energy is more favorable for
the PR/KNI-10033 complex than for PR/KNI-10075 by −2.5
kcal/mol. However, both ligands possess a similar binding free
energy against the wild-type PR. This is because the
contribution from the conﬁgurational entropy which disfavors
the complex formation is less unfavorable in the case of PR/
KNI-10075 compared to PR/KNI-10033 by 3.3 kcal/mol.

compensated by the unfavorable desolvation of polar groups.
The sum of the contribution from the desolvation of polar
groups and the intermolecular electrostatic interactions,
ΔGpol,elec, is unfavorable to binding interactions, and varies
from 40.2 to 46.8 kcal/mol for the protease−inhibitor
complexes. A similar trend was found in our earlier studies of
protease−inhibitor complexes.33,34
Conﬁgurational Entropy. Formation of macromolecular
complexes is in general opposed by a loss in conﬁgurational
entropy of the binding partners.32−34,60,61 The restriction of a
small molecule’s motion on binding to a protein causes a loss of
conﬁgurational entropy, and thus a penalty in binding aﬃnity.
The protein contribution could be especially important for HIV
protease, where binding is associated with a marked reduction
in the mobility of the active site ﬂaps; signiﬁcant coupling of
protein and ligand motions also is expected.62 The corresponding loss in entropy due to the translational, rotational, and
vibrational degrees of freedom made free energy contributions
between 27.5 and 34.4 kcal/mol for all protein−inhibitor
complexes.
It should be noted that some eﬀects which are entropic in
experiment like those coming from (de)hydation (hydrophobic
and electrostatic eﬀects) are not explicitly entropic in our
calculations but included in the solvation terms (for which
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Figure 9. Decomposition of ΔG into contributions from individual residues for the protease−inhibitor complexes. Residues 1−99 correspond to
chain A and residues 100−198 to chain B of the protease. The lack of symmetry between the two monomers arises due to the presence of ligand.

3.4. Mutation Induced Shifts in Aﬃnity. The mechanism
underlying the mutation-induced changes in aﬃnity may be
elucidated from the variation of diﬀerent components of the
binding free energy upon mutations shown in Table 3. As given
in the table, the predicted total binding free energies of the WT,
PRI50V, and PRI84V/KNI-10033 complexes are −15.8, −5.6, and
−19.7 kcal/mol, respectively. Corresponding binding free
energies of the WT, PRI50V, and PRI84V/KNI-10075 complexes
are −15.5, −9.9, and −14.3 kcal/mol, respectively.
Compared to the PRWT−KNI-10033 complex, the mutants
PRI50V and PRI84V caused shifts in the binding free energy by
10.2 and −3.6 kcal/mol, respectively. These values suggest that
the I50V mutant binds less strongly to KNI-10033. This
decrease in the size of the binding free energy correlates with
unfavorable shifts in (i) the van der Waals interactions ΔEvdW
by 12.7 kcal/mol and (ii) the conﬁgurational entropy by 2.8
kcal/mol. The changes in the contributions from the
desolvation of nonpolar groups ΔGnp and the intermolecular
electrostatic interactions ΔEelec are almost zero. The polar
solvation free energy ΔGpol is less unfavorable relative to the
wild-type, being shifted by −5.7 kcal/mol. However, this
change in ΔGpol is not suﬃcient to compensate for the loss in
ΔEvdW causing drug resistance. On the other hand, the I84V
mutant does not cause any drug resistance. Rather, the inhibitor

is more potent against PRI84V compared to PRWT. Unfavorable
shifts in ΔEelec and ΔEvdW are overcompensated by favorable
changes in ΔGpol and entropy, leading to an improved aﬃnity
relative to the wild-type protease.
In contrast to KNI-10033, the inhibitor KNI-10075 shows
drug resistance against both I50V and I84V. The binding free
energies are shifted by 5.6 or 1.2 kcal/mol relative to the wildtype case for PRI50V or PRI85V/KNI-10075, respectively. For the
PRI50V−KNI-10075 complex, ΔEelec is changed by −15.4 kcal/
mol compared to the wild-type. This favorable shift in ΔEelec,
however, is overcompensated by unfavorable changes in ΔEvdW,
ΔGpol, and entropy by 7.4, 11.0, and 4.0 kcal/mol, respectively,
which leads to a reduced potency against PRI50V. On the other
hand, we see a marginal loss in the size of the binding free
energy for PRI84V/KNI-10075 compared to the PRWT/KNI10075 complex due to unfavorable shifts in ΔEvdW and ΔGpol.
Contributions from Individual Residues to the Binding
Free Energy. In order to gain a detailed picture of the basis of
the potency due to the single point mutations, the binding free
energy was further decomposed into contributions from
individual residues to generate an inhibitor−residue interaction
spectrum, as shown in Figure 9. This is extremely useful to
understand the drug resistance mechanism of KNI-10033 and
KNI-10075 to protease at the atomic level. From Figure 9, it is
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and Asp25′ contributed favorably to the binding free energy.
The total contributions of the Asp25 dyad to the binding free
energies were always more favorable for PR−KNI-10033
compared to the PR−KNI-10075 complexes. Asp25 always
contributed more favorably than Asp25′ for KNI-10033 in
complex with the wild-type or mutant PR. However, the
opposite was observed for KNI-10075 bound to the wild-type
or I50V mutant, while a similar trend was observed for the
PRI84V−KNI-10075 complex. The total contribution of Asp25/
Asp25′ was the most favorable in the case of PRI84V−KNI10033 (−3.5 kcal/mol) and the least favorable for PRWT−KNI10075 (−1.2 kcal/mol).
The individual contributions from the two Asp residues to
the binding free energy are described in the following. For the
PRWT−KNI-10033 complex, both Asp25 and Asp25′ contributed favorably and the contribution from Asp25 (−2.9 kcal/
mol) was more than 4 times that of Asp25′ (−0.6 kcal/mol).
For PRI50V−KNI-10033, the contribution from Asp25 (−1.6
kcal/mol) was twice the contribution from Asp25′, while a 5
times more favorable contribution was observed for Asp25
(−3.0 kcal/mol) compared to Asp25′ for PRI84V−KNI-10033.
For the PRWT−KNI-10075 complex, Asp25′ yielded a favorable
contribution of −1.0 kcal/mol, which was 5 times the
contribution from Asp25′ (−0.2 kcal/mol), while a similar
contribution from both residues was observed for PRI50V−KNI10075. On the other hand, Asp25 yielded a more favorable
contribution (−1.1 kcal/mol) than Asp25′ for the PRI84V−KNI10075 complex.
3.5. Interactions Governing Binding of KNI-10033 and
KNI-10075 to PR versus Darunavir and GRL-06579A to
PR. To study the diﬀerence in binding mechanisms between
KNI-10033 or KNI-10075 and darunavir (DRV) or GRL06579A complexes, the individual contributions to the
respective shifts, ΔΔEelec, ΔΔEvdW, and so forth, were
computed (see Table 6). Recently, two of us34 have studied
the binding of darunavir and GRL-06579A to HIV-1 protease.
For the comparison of the energetics of PR−KNI-10033 or
PR−KNI-10075 and PR−DRV or PR−GRL-06579A, the
values for DRV and GRL-06579A were taken from that earlier
study.34 KNI-10033, KNI-10075, and DRV show similar
aﬃnities, while GRL-06579A is more potent compared to
KNI-10033 and KNI-10075. It should be noted here that the
experimental binding free energies for DRV and GRL-06579A
are −15.1 and −17.0 kcal/mol, respectively, in good agreement
with the calculated values −15.7 (±0.5) and −17.5 (±0.6)
kcal/mol, respectively.34
PRWT−KNI-10033 versus PRWT−DRV. Darunavir and KNI10033 have similar binding aﬃnities for wild-type PR. It would
be interesting to compare the binding mechanism between
these two inhibitors. In both cases, the intermolecular
electrostatic and van der Waals interactions as well as the
nonpolar solvation free energies contributed favorably to the
complex formation. However, these three terms are more
favorable in the case of PR−KNI-10033 relative to PR−DRV.
For the former, the gas phase electrostatic and van der Waals
interactions are shifted by −7.5 and −20.5 kcal/mol,
respectively, compared to PR−DRV. There is also a favorable
change in the nonpolar solvation free energy which is shifted by
−2.0 kcal/mol relative to PR−DRV. However, the polar
solvation free energy which disfavors the complex formation, is
less unfavorable in the case of PR−DRV compared to PR−
KNI-10033. For the latter, the polar solvation free energy is
increased by 26.3 kcal/mol and the entropic contribution by 3.8

clear that the overall interaction spectra of all six complexes are
quite similar. The attractive contributions mainly come from six
groups around Ala28/Ala28′, Ile50/Ile50′, and Ile84/Ile84′.
The positions of these residues in the complex are shown in
Figure 10.

Figure 10. Important protease residues that contribute signiﬁcantly to
the binding free energies are shown in stick representation.

Table 4 reports the decomposition of ΔGbind on a per-residue
basis into contributions from van der Waals and electrostatic
interactions, as well as polar and nonpolar solvation energies for
residues with |ΔG| ≥ 1.5 kcal/mol for the three complexes. The
decomposition of ΔGbind was carried out using the MM-GBSA
scheme. For all listed residues, the van der Waals energy and
nonpolar solvation energy drive the binding of the inhibitors to
PR. The most signiﬁcant contributions to the binding free
energy come from Asp25 (−2.8 kcal/mol), Ala28′ (−2.4 kcal/
mol), and Ile50′ (−3.2 kcal/mol) for PRWT, PRI50V, and PRI84V/
KNI-10033, respectively. Most of the contributions of Ala′ of
PRWT/KNI-10033 and Ile50′ of PRI84V/KNI-10033 derive from
the van der Waals interactions. For Asp25, most of the
contributions come from the intermolecular electrostatic
interactions. For Asp25 and Ile50′, the side chain contributes
more favorably than the backbone and the contributions from
the side chain are −2.8 or −2.6 kcal/mol for PRWT/KNI-10033
or PRI84V/KNI-10033, correspondingly. On the other hand, for
Ala28′ of PRI50V/KNI-10033, the backbone contributes more
favorably than the side chain and the contribution from the
backbone is −1.5 kcal/mol.
For PRWT/KNI-10075, the most signiﬁcant contributions
come from Ile50 (−2.9 kcal/mol). In the case of PRI50V/KNI10075 or PRI84V/KNI-10075, the most signiﬁcant contributions
come from Val50′ (−5.0 kcal/mol) or Ile50′ (−3.4 kcal/mol),
respectively, and most of the contributions derive from the
electrostatic or van der Waals interactions, correspondingly. For
both Val50′ and Ile50′, the side chain contributes more
favorably than the backbone. Similar to Val′, most of the
contribution of Ile50 comes from the side chain. Gly49′ also
provides large contributions to the binding free energy varying
in the range −1.8 to −2.3 kcal/mol. Most of the contributions
originate from the electrostatic interactions for I50V and I84V
or from the van der Waals interactions for WT/KNI-10075.
Contribution of Aspartic Dyad to Binding Free Energies.
The catalytic aspartic dyad Asp25/Asp25′ is expected to be
crucial for the binding of the inhibitors to the protease. Hence,
it is important to estimate the total contribution from the
Asp25 dyad to the binding free energy. The contributions from
Asp25/Asp25′ to the binding free energies are provided in
Table 5. We found the total contribution from Asp25/Asp25′
to be attractive, varying in the range −1.2 to −3.5 kcal/mol for
all PR−inhibitor complexes. For all six complexes, both Asp25
5801

dx.doi.org/10.1021/jp3085292 | J. Phys. Chem. B 2013, 117, 5793−5805

The Journal of Physical Chemistry B

Article

Table 4. Decomposition of Binding Free Energies ΔG for the PR−Inhibitor Complexes into Contributions from Individual
Residuesa
residue

TvdW

Tele

Asp25
Ile50
Pro81
Val82
Ile84
Gly27′
Ala28′
Asp29′
Gly49′
Ile50′

−0.1
−2.2
−1.5
−1.8
−1.9
−1.6
−2.1
−1.2
−1.8
−2.9

−8.7
−1.3
−0.3
0.1
−0.1
−1.5
−1.0
−3.9
−2.1
−1.5

Asp25
Pro81
Val82
Ile84
Gly27′
Ala28″
Asp29′
Val50′

−0.2
−1.5
−1.6
−1.4
−1.9
−2.1
−1.2
−2.0

−11.8
−0.3
−0.1
0.2
−3.0
−1.3
−2.8
−1.0

Asp25
Ala28
Ile50
Pro81
Val82
Val84
Ala28′
Gly48′
Gly49′
Ile50′

−0.2
−2.3
−2.3
−1.6
−1.7
−1.6
−2.0
−1.5
−2.0
−3.3

−6.3
−0.8
−1.0
−0.3
0.1
−0.1
−0.4
−2.8
−2.5
−1.9

Gly49
Ile50
Pro81
Val82
Ile84
Gly27′
Ala28′
Gly49′
Ile50′
Ile84′

−1.3
−2.9
−1.6
−1.5
−2.2
−1.9
−2.2
−1.8
−2.5
−1.6

−2.0
−1.7
−0.4
−0.0
−0.1
−2.0
−0.5
−1.4
−0.3
−0.3

Ala28
Asp29
Ile47
Pro81
Ile84
Gly48′
Gly49′
Val50′
Ile84′

−1.7
−1.3
−1.7
−1.9
−1.9
−1.8
−2.0
−3.2
−1.7

−0.5
−12.1
−0.6
−0.5
−0.5
−3.4
−2.5
−4.1
−0.2

Ile50
Pro81
Val84
Gly27′
Ala28′
Gly48′
Gly49′

−1.7
−1.9
−1.58
−1.2
−2.4
−1.3
−1.4

−0.2
−0.5
0.05
−0.6
−1.9
−1.7
−1.8

TGB

Tnp

WT/KNI-10033
6.0
−0.1
1.3
−0.2
0.4
−0.3
−0.1
−0.2
0.2
−0.2
1.6
−0.2
0.8
−0.2
3.6
−0.1
2.2
−0.2
1.9
−0.2
I50V/KNI-10033
10.5
−0.1
0.4
−0.3
0.1
−0.2
−0.1
−0.2
2.8
−0.2
1.2
−0.2
2.6
−0.1
1.4
−0.2
I84V/KNI-10033
3.6
−0.1
0.5
−0.1
1.1
−0.3
0.4
−0.4
−0.1
−0.3
−0.1
−0.2
0.4
−0.2
3.0
−0.2
2.5
−0.2
2.2
−0.2
WT/KNI-10075
1.9
−0.1
1.9
−0.2
0.5
−0.3
0.0
−0.2
0.1
−0.2
2.2
−0.2
0.7
−0.1
1.6
−0.2
0.5
−0.2
0.3
−0.1
I50V/KNI-10075
0.5
−0.1
9.9
−0.3
0.6
−0.2
0.5
−0.2
0.6
0.2
3.4
−0.3
2.3
−0.1
2.7
−0.4
0.2
−0.1
I84V/KNI-10075
0.2
−0.1
0.4
−0.2
−0.09
−0.14
−0.1
−0.2
0.5
−0.2
1.5
−0.2
1.5
−0.3
5802

TS

TB

TTOT

−2.8
−2.0
−1.4
−1.7
−1.9
−0.2
−0.9
−0.1
−0.6
−2.3

−0.1
−0.4
−0.3
−0.3
−0.1
−1.5
−1.6
−1.5
−1.3
−0.4

−2.9
−2.4
−1.7
−2.0
−2.0
−1.6
−2.5
−1.6
−1.9
−2.7

−1.5
−1.2
−1.6
−1.4
−0.1
−0.9
−0.02
−1.4

−0.1
−0.5
−0.2
−0.1
−2.2
−1.5
−1.5
−0.4

−1.6
−1.7
−1.8
−1.5
−2.3
−2.4
−1.5
−1.8

−2.9
−0.9
−2.1
−1.5
−1.7
−1.6
−0.9
−0.0
−0.4
−2.6

−0.1
−1.8
−0.4
−0.4
−0.3
−0.4
−1.3
−1.5
−1.8
−0.6

−3.0
−2.7
−2.5
−1.9
−2.0
−2.0
−2.2
−1.5
−2.2
−3.2

−0.2
−2.4
−1.4
−1.5
−2.2
−0.1
−0.9
0.0
−2.0
−1.6

−1.3
−0.5
−0.4
−0.2
−0.2
−1.8
−1.2
−1.8
−0.5
−0.1

−1.5
−2.9
−1.8
−1.7
−2.4
−1.9
−2.1
−1.8
−2.5
−1.7

−0.5
−3.3
−1.5
−1.8
−1.5
−0.3
0.1
−2.7
−1.7

−1.3
−0.5
−0.4
−0.3
−0.1
−1.8
−2.4
−2.3
−0.1

−1.8
−3.8
−1.9
−2.1
−1.6
−2.1
−2.3
−5.0
−1.8

−2.1
−1.7
−1.71
−0.1
−0.8
−0.1
−0.4

−0.7
−0.3
−0.35
−2.0
−1.5
−1.6
−1.6

−2.8
−2.0
−2.1
−2.1
−2.3
−1.7
−2.0

dx.doi.org/10.1021/jp3085292 | J. Phys. Chem. B 2013, 117, 5793−5805

The Journal of Physical Chemistry B

Article

Table 4. continued
TvdW

residue

−2.4

Ile50′

Tele

TGB

Tnp

TS

TB

TTOT

−1.2

I84V/KNI-10075
1.1
−0.1

−2.5

−0.9

−3.4

a

The contributions from the van der Waals (TvdW) and electrostatic interactions (Tele) as well as the polar (TGB) and nonpolar solvation energy
(Tnp) and the total contribution of a given residue (TTOT) are shown. TS and TB represent the backbone and side chain contributions. Only residues
with |ΔG| ≥ 1.5 kcal/mol are listed. All values are given in kcal/mol. The standard errors of the free energy estimates as well as of individual
components are not larger than 0.4 kcal/mol.

compared to PR−GRL-06579A. From this, it would be
expected that KNI-10033 is more potent against HIV-1 PR
than GRL-06579A. In contrast, GRL-06579A is more potent
against HIV-1 PR than KNI-10033. For the latter, the gas phase
electrostatic and van der Waals interactions are shifted by −9.4
and −17.9 kcal/mol, and the nonpolar solvation free energy is
changed by −2.2 kcal/mol relative to PR−GRL-06579A.
However, the polar solvation free energy, which disfavors the
complex formation, is less unfavorable in the case of PR−GRL06579A compared to PR−KNI-10033. For the latter, the polar
solvation free energy is increased by 26.5 kcal/mol and the
entropy is shifted by 4.5 kcal/mol relative to PR−GRL-06579A.
The total gain in the size of ΔEelec, ΔEvdW, and ΔGnp is
compensated by the increase in the polar solvation free energy
and entropy, leading to a similar aﬃnity for both ligands. The
increase in potency for GRL-06579A compared to KNI-10033
is mainly due to a decrease in ΔGpol relative to KNI-10033.
PRWT−KNI-10075 versus PRWT−GRL-06579A. The PRWT−
KNI-10075 complex has a somewhat lower aﬃnity than PRWT−
GRL-06579A; the corresponding shift in the binding free
energy of +2.0 kcal/mol is in agreement with the experimental
value of +2.4 kcal/mol. GRL-06579A shows weaker van der
Waals and intermolecular electrostatic interactions with PR
than KNI-10075 with PRWT, which are shifted by −16.6 and
−2.5 kcal/mol, respectively. The nonpolar solvation free energy
is less favorable for PRWT−GRL-06579A than for PRWT−KNI10075 by −1.8 kcal/mol. On the other hand, the contribution
from the desolvation of polar groups is less unfavorable for
PRWT−GRL-06579A compared to PRWT−KNI-10075 by 26.5
kcal/mol. The net contribution from polar interactions to the
binding free energy is more favorable for PRWT−GRL-06579A
than for PRWT−KNI-10075 by 24.0 kcal/mol. Hence, due to
the lower polar solvation free energy, GRL-06579A retains
more potency against HIV-1 PR than KNI-10075.

Table 5. Contribution of the Asp25 Dyad to the Binding
Free Energya
inhibitor

variant

Asp25

Asp25′

total

KNI-10033

WT
I50V
I84V
WT
I50V
I84V

−2.9(0.3)
−1.6(0.3)
−3.0(0.1)
−0.2(0.3)
−0.9(0.3)
−1.1(0.3)

−0.6(0.2)
−0.7(0.2)
−0.6(0.2)
−1.0(0.2)
−0.9(0.2)
−0.7(0.2)

−3.5(0.4)
−2.3(0.4)
−3.6(0.2)
−1.2(0.4)
−1.8(0.4)
−1.8(0.4)

KNI-10075

Values are given in kcal·mol−1. Standard errors of the mean are given
in parentheses.

a

kcal/mol relative to PR−DRV. For PR−KNI-10033, the total
gain in the intermolecular electrostatic and van der Waals
interactions as well as the nonpolar solvation free energy is
compensated by an increase in the polar solvation free energy,
leading to a similar aﬃnity for both ligands.
PRWT−KNI-10075 versus PRWT−DRV. Experimentally, DRV
and KNI-10075 show a similar aﬃnity for HIV-1 PR in
agreement with our calculations. Comparing the components of
the binding free energy of PR1−KNI-10075 and PR−DRV
gives insights into the diﬀerence in the binding mechanisms.
For PR−KNI-10075, the nonpolar solvation free energy ΔGnp
and the van der Waals interaction energy ΔEvdW are more
favorable than those for PR−DRV, being shifted by −2.0 and
−19.2 kcal/mol, respectively, compared to the latter. The
intermolecular electrostatic energy ΔEelec is similar for both
complexes. However, the polar solvation free energy, which
unfavors the complex formation, is less unfavorable for PR−
DRV compared to PR−KNI-10075. For the PR−DRV
complex, the polar solvation free energy is shifted by −20.4
kcal/mol compared to PR−KNI-10075. The increase in the size
of the intermolecular van der Waals interaction energy ΔEvdW
for PR−KNI-10075 is thus countered by the increase in the
polar solvation free energy ΔGpol. Hence, DRV and KNI-10075
show similar aﬃnities for PR.
PRWT−KNI-10033 versus PRWT−GRL-06579A. In both cases,
the intermolecular electrostatic and van der Waals interactions
as well as the nonpolar solvation free energies contributed
favorably to the complex formation. However, these three
terms are more favorable in the case of PR−KNI-10033

4. CONCLUSION
In the present work, we have studied the binding of HIV-1
PRWT, PRI50V, and PRI84V to KNI-10033 and KNI-10075 using a
combination of 10 ns MD simulations in explicit water and
implicit solvent free energy calculations. Experiments show that
the I50V mutation causes drug resistance for darunavir,

Table 6. Free Energy Terms of PR−KNI-10033 and PR−KNI-10075 Relative to PR−DRV and PR−GRL-06579A in kcal/mola
KNI-10033

a

KNI-10075

component

DRV

GRL-06579A

DRV

GRL-06579A

ΔΔEelec
ΔΔEvdW
ΔΔGnp
ΔΔGpol
−ΔTΔSMM

−7.5(0.4)
−20.5(0.2)
−2.0(0.01)
26.3(0.5)
3.8(0.6)

−9.4(0.4)
−17.9(0.2)
−2.2(0.01)
26.5(0.2)
4.5(0.6)

−0.6(0.4)
−19.2(0.1)
−2.0(0.01)
20.4(0.5)
0.5(0.6)

−2.5(0.4)
−16.6(0.1)
−1.8(0.01)
26.5(0.2)
1.2(0.7)

Standard errors of the mean are provided in parentheses.
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saquinavir,64 and amprenavir.65 This implies that this mutation
(i) decreases the aﬃnities of these drugs for the HIV-1 protease
while (ii) it neither impairs the substrate binding nor the
product unbinding process nor the interaction with the
transition state of the enzymatic reaction. The eﬀect (ii)
which is independent of the drug, together with our result that
the same mutation also signiﬁcantly decreases the aﬃnities of
KNI-10033 and KNI-10075 for the protease, suggests that this
mutation also causes drug resistance against the latter two
inhibitors. Interestingly, I84V causes drug resistance against
KNI-10075, while KNI-10033 is more potent against I84V
compared to wild-type protease. The drug resistance arises
mainly from the loss in the intermolecular van der Waals
interaction energy. For PRI50V−KNI-10075, an increased polar
solvation free energy also plays a vital role in drug resistance.
For the PRI84V−KNI-10033 complex, favorable shifts in the
polar solvation and the entropic contribution relative to the
wild-type PR−KNI-10033 cause an increased potency. The
latter results show that neglecting changes in conﬁgurational
entropy in the computation of relative binding aﬃnities as often
done is not appropriate in general. On the other hand, for
PRI84V−KNI-10075, unfavorable shifts in the van der Waals
interaction energy and polar solvation free energy lead to a
decreased potency compared to PRWT−KNI-10075. The
importance of the polar solvation free energy is revealed
when interactions governing binding of KNI-10033 or KNI10075 to the wild-type protease are compared to the wild-type
protease complexed with darunavir or GRL-06579A. An
increase in the intermolecular electrostatic and van der Waals
interactions as well as an increase in the nonpolar solvation free
energy compared to darunavir or GRL-06579A are compensated by an increased polar solvation free energy, resulting in
similar aﬃnities. The importance of the polar solvation revealed
here highlights that structural inspection alone is not suﬃcient
for the understanding and the design of drugs but that solvation
eﬀects must be taken into account. Our results might assist in
designing new antiretroviral drugs targeting HIV-1 protease.
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