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Abstract
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The binding of proteins and ligands is generally associated with the loss of translational,
rotational, and conformational entropy. In many cases, however, the net entropy change due to
binding is positive. To develop a deeper understanding of the energetics of entropically driven
protein—ligand binding, we calculated the absolute binding free energies and binding entropies for
two HIV-1 protease inhibitors Nelfinavir and Amprenavir using the double-decoupling method
with molecular dynamics simulations in explicit solvent. For both ligands, the calculated absolute
binding free energies are in general agreement with experiments. The statistical error in the
computed AG(bind) due to convergence problem is estimated to be =2 kcal/mol. The
decomposition of free energies indicates that, although the binding of Nelfinavir is driven by
nonpolar interaction, Amprenavir binding benefits from both nonpolar and electrostatic
interactions. The calculated absolute binding entropies show that (1) Nelfinavir binding is driven
by large entropy change and (2) the entropy of Amprenavir binding is much less favorable
compared with that of Nelfinavir. Both results are consistent with experiments. To obtain
qualitative insights into the entropic effects, we decomposed the absolute binding entropy into
different contributions based on the temperature dependence of free energies along different legs
of the thermodynamic pathway. The results suggest that the favorable entropic contribution to
binding is dominated by the ligand desolvation entropy. The entropy gain due to solvent release
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from binding site appears to be more than offset by the reduction of rotational and vibrational
entropies upon binding.

INTRODUCTION

Understanding and accurately predicting the energetics of specific binding between small
molecules and proteins is an important goal in biophysical chemistry and drug discovery.1:2
Although several methods are available for modeling protein-ligand interactions at different
levels of sophistication, the double decoupling method based on the alchemical free energy
simulation currently represents the most rigorous approach to the calculation of absolute
binding free energy.3~7 In recent years, a number of applications of this powerful method
have been published and in several cases good correlations between the calculated and the
experimentally determined binding affinities were obtained.8-1° Since many of the studies
involved relatively small ligands, there is considerable interest in applying the double
decoupling method to study more complex drug—protein systems to further validate the
method for structure-based drug discovery and lead optimization.?

Because binding thermodynamics is determined by the complex interplay between enthalpy
and entropy, a quantitative description of these factors is critical for elucidating the
molecular driving forces for binding.16-19 The phenomenon of entropy—enthalpy
compensation is frequently encountered in rational drug design, where an increase in the
strength of protein-ligand interaction is partially canceled by a corresponding decrease in
binding entropy, resulting in a smaller than desired change in free energy. The opposite case,
the entropy—enthalpy reinforcement, is less common but it has also been observed.20
Therefore, the net change of binding free energy caused by ligand modifications can be
difficult to predict based on chemical intuition. In these situations, computer simulation
studies of entropy and enthalpy at the atomic detail can provide useful insights into binding
mechanisms. The calculation of binding entropy and enthalpy also provides additional and
more stringent tests of both the force field parametrization and simulation methodologies. In
this work, we apply free energy simulations in explicit solvent to study the binding
energetics of the inhibitors of human immunodeficiency virus type 1 aspartyl protease
(HIV-1 PR).

HIV-1 protease performs proteolytic activity essential for the maturation of protein
components of the AIDS virus.21:22 The enzyme is a homodimer composed of two
symmetrically related monomers. The active site lies in a tunnel formed by the two
monomers. The two flaps on top of the tunnel control the access to the active site. Because
of the important role of HIV-1 PR in antiviral treatment of AIDS,2324 the ligand binding to
the enzyme has been the subject of a number of computational studies.2>-31 Two empirical
free energy methods, the linear interaction energy (LIE) approach32 and the molecular
mechanics Poisson—Boltzmann (or generalized Born) surface area (MM-PB(GB)/SA)
method,33 have been used in these studies to estimate binding affinities. The LIE approach
requires parametrization against known experimental binding affinities. The majority of the
calculations of the HIV-1 PR inhibitors were based on the MM-PB(GB)/SA
methods.2527-31 Since MM-PB(GB)/SA calculations are mainly used for estimating relative
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binding free energy,34:3% the method can be limited in predicting absolute binding affinity.
In the case of HIV-1 PR inhibitors, the calculated binding free energies can deviate from
experimental values by ten or more kcal/mol.27-30

The double decoupling method (DDM) is based on a more rigorous, statistical mechanical
treatment of molecular association,36 and its accuracy is only limited by the quality of force
fields and the extent of sampling. In this approach, rather than simulating the physical
process of the protein—ligand separation in solution, a series of alchemical free energy
simulations is performed during which the interactions between the ligand and its
environment (binding pocket, solvent) are gradually turned off. The binding free energy is
obtained from the difference in the reversible work of the two alchemical processes: the
ligand decoupling from the binding pocket and that from the solvent. To obtain converged
results, it is important that restraints are used to prevent the ligand from escaping the binding
pocket during the ligand—protein decoupling step.8 The bias caused by the restraints must be
corrected in the final calculation of the binding free energy. The methodology of DDM has
been thoroughly described in two seminal papers.6.” The latest development and
applications have recently been reviewed.3’ The main drawback of the method is the high
computational cost required for convergence, but the continued progress in computing
technology and simulation algorithm are making the DDM calculations feasible for realistic
protein—ligand complexes.

Despite the fact that the ligand binding to HIV-1 protease is characterized by large favorable
entropy changes,38-40 the dominant effect of entropy has not been addressed. Previous
computational studies on the HIV-1 PR binding mainly focused on binding affinities or
certain entropic components such as ligand configurational entropy.30:3141 Here, we
calculate the absolute binding entropy of HIV-1 PR-inhibitors using the thermodynamic
formula AS= -(0G/dT)n p by taking the finite differences of the binding free energies
computed at several temperatures.15-1742 |n contrast to the direct approach based on the
standard formula AG = AH — TAS the temperature derivative approach avoids direct
evaluation of the total energy. However, the entropy calculation is still very challenging,
because the generally small variations in free energy translate into relatively large errors in
the total entropy contribution due to the T/AT factor.16:17 Careful equilibration of the
enzyme—inhibitor complex and extensive sampling in each alchemical window are needed to
obtain converged results.

In the present study, we choose to calculate the binding thermodynamics of Nelfinavir
(NFV) and Amprenavir (APV) in complex with HIV-1 PR (Figures 1 and 2).
Experimentally, both ligands exhibit strong binding affinities toward the protease, but their
binding thermodynamics are very different: while the NFV binding is due to large favorable
entropy, the APV binding is driven by both entropy and enthalpy.3° The calculation of the
binding free energies of NFV and APV appeared to be a difficult case in previous
computational studies, as both the ranking order of calculated binding affinities and the
absolute binding free energies differ substantially from the experimental results.25:27-30
Using free energy simulations, we determined the absolute binding free energies and their
ranking order in agreement with experiments. Our calculation also gives a semiquantitative
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estimate and provides insights on the entropy effects in the binding of the two HIV-1 PR
inhibitors.

Based on statistical mechanics, the standard (absolute) binding free energy for the reaction
Pwa,ter_|_Lwa,ter AG° (PL)watcr (1)

is expressed in terms of the configurational integrals (Z = | e"Y(")/kBT dr) for reactants and
products®’

VvV Z Z
0__ PL,N “0,N
AG = — kBTln—VO A AN @

P.N “L,N
Here Zy \ denotes the configurational integral of species X in a solution of N solvent
molecules. Zg y is the configurational integral of N solvent molecules. V is the volume of a
system of one solute molecule solvated by N solvent molecules. \? is the volume per solute
at the standard concentration c9. Note that a pressure-volume term, PAV, arising from the
volume change upon binding is ignored in writing eq 2.7

In the double decoupling approach to the calculation of AGP, the binding reaction of eq 1 is
replaced by the following transformations:%:”

s—water

Lwatcr —AG8* Lgas (3)

s AGeas—gas™ « AQGeas” —complex
s -

Pwatcr+Lga Pwatcr+Lgas (PL)Water (4)
In the first step, described by eq 3, a water-solvated ligand is transformed into a gas phase
molecule denoted by L95; in the second step, illustrated by eq 4, a gas phase ligand is first
harmonically restrained to stay in the binding pocket (L985™ denotes a translationally
restrained, gas phase ligand). Then the ligand is noncovalently coupled to its environment

(the binding pocket and solvent), under the harmonic restraint.

Mathematically, the transformation depicted by eq 3 and 4 is equivalent to inserting
intermediate terms into eq 2 for AGY:

V Z Z Z V Z., A/
AGOZ_kBTln_OM:_kBTlnﬁ_kBTln_oﬂ_kBTmM
Vv ZP,NZL,N ZP,NZL*,O Vv ZL,o ZL,N (5)
AQGegas* —complex AGgas—gas* — AGeas—water

where Z; = g and Z;_g are the configurational integrals of gas phase ligands with and without
the translational restraint, respectively. The absolute binding free energy AGP is thus
obtained from the calculation of three free energy contributions, i.e.
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AGOZAGgas*~>con1plex+AGgas*>gas* _ AGgaSHWater (6)
with

* A
AGEs —complex__ __ kB Tln ~ PLéN R

P,N “L*0

AGgaSHgaS*— —k Tlnl ZL*,O
a : Vo ZI 0 ®
. Z, 7
AGgab Water:kBTln L,0“0,N (9)
L,N

Here, the AGY25—935™ js the free energy of restraining the center of mass of a ligand, which
is evaluated analytically as*

(2rk, T/K)*/*

* Z *
AGES ™ = | TIn— 2=k, Tln
Vo

(10)

where K is the force constant of the harmonic restraint potential.

In the present study, the two interaction free energies AGY2S™—*Complex gng AGEas—+Water of oq
6 were determined using thermodynamic integration (T1)36 by simulating the decoupling of
a ligand from the binding pocket and from the solvent using the coupling parameter A. The
Hamiltonian derivative (0U/d)\)y at a series of A from 0 to 1 were collected and integrated to
obtain the free energy difference, i.e. AG(\: 0 — 1) [¢1(dU/dL); d\. During the two
decoupling simulations, the electrostatic interactions between the ligand and its environment
were first reversibly turned off; then the van der Waals interactions between the neutral
ligand and its environment was gradually reduced to zero. The electrostatic decoupling was
performed using linearly interpolated hybrid Hamiltonian from A = 0 to 1; the van der Waals
decoupling was carried out via nonlinear soft-core function*3 to circumvent the singularity
caused by the decoupled ligand near the end of the alchemical transformation. In calculating
AGYas*—complex the following A values were used for the electrostatic decoupling: 0.1, 0.3,
0.5, 0.7, and 0.9; for the van der Waals decoupling, the following intermediate A values were
used: 0.07,0.12, 0.2, 0.3, 0.4, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.94, and 0.985.
Similar ) values were used in calculating AGIS—Water The free energy derivatives at the
end points were obtained by extrapolation. To restrain ligand to the binding site during the
ligand-protein decoupling, we applied a distance restraint between the ligand center of mass
and the center of mass of the binding cavity. The latter is defined as the center of mass of the
following residues: Asp25, 11e50, Asp25’, and 11e50’. The force constant for the harmonic
distance restraint is k = 12 kcal mol~1 A=1, which was chosen based on the equilibrium
configuration volume occupied by the ligand center within the binding pocket.#8 This
volume was determined from 10 ns equilibrium simulations of the protein-ligand
complexes.
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Absolute binding entropies were determined using the thermodynamic relation AS= —(0G/
0T): the binding free energies were computed at several temperatures (260, 275, 290, 305,
and 320 K) within a small range of T, and the slope of the data points was determined from
linear fit to yield estimate of binding entropy.

MD Simulation

The simulation systems of the HIV-1 PR-inhibitor complexes were prepared using the
crystal structures from PDB (Nelfinavir: 10HR; Amprenavir: 1HPV). The protein
complexes were solvated in rectangular TIP3P*4 water box using the tleap program of
AMBER 10.%° The solute atoms were separated from nearest walls of the water box by at
least 12 A. Sodium chloride counterions were added to make the solution charge neutral.
The simulation systems of the solvated inhibitors were prepared in a similar way. The
solvated enzyme—inhibitor boxes contain about 34000 atoms. The solvated inhibitor systems
contain about 4200 atoms.

The Amber ff99SB parameter set*6 was used to model the protein in aqueous solutions. The
force field parameters of the ligand were obtained using the Antechamber program?*’ of
AMBER 10. The AM1-BCC method“8 was used to assign the atomic charges for the
ligands. In the present study, all the MD simulations were performed using the GROMACS
program version 4.04.4% The AMBER 10 generated parameters/topology files were
converted to the GROMACS format using a Perl script developed by Pande’s group.>9
Electrostatic interactions were computed using the particle-mesh Ewald (PME) method,>!
with a real space cutoff of 11 A and a grid spacing of 1.0 A. A switching function between 9
A and 10 A was used for van der Waals interactions. SHAKE®2 was used to constrain bond
lengths involving hydrogen atoms. A stochastic Langevin dynamics integrator with a
friction constant of 0.4 ps~1 and a time step of 2 fs was used to integrate the equations of
motion and to provide constant temperature control. The following protocol has been used to
minimize and equilibrate the solvated system: the solvent alone was first minimized for 500
steps using steepest descent method followed by 500 steps of conjugated gradient method.
Following the minimization steps, the system was equilibrated at the target temperature for
200 ps. The equilibration was performed in the NPT ensemble using Berendsen’s weak
coupling method for constant pressure control. Finally, the equilibrated system was
simulated in the production MD in the NVT ensemble.

To obtain well equilibrated initial configurations for the decoupling simulations, the
solvated enzyme—inhibitor complex and the solvated ligand were equilibrated for 10 and 5
ns, respectively. For ligand—protein decoupling calculation, 11 ns simulation was performed
on the solvated enzyme—inhibitor complex at each A value. The first halves of the trajectory
were treated as equilibration and the rest of trajectory were used in the thermodynamic
integration. For ligand-water decoupling, 1.2 ns simulation was carried out on the solvated
ligands at each ); the data collected in the last 1 ns were used in the calculation. A total of
>3 us free energy simulation data were collected in the current work. The plots of
Hamiltonian derivative (dU/d\), obtained from the decoupling simulations were shown in
the Supporting Information (SI).

J Phys Chem B. Author manuscript; available in PMC 2014 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Deng et al.

Page 7

RESULTS AND DISCUSSION

Error and Convergence Analysis

We first estimate the errors and convergence of the calculation by comparing the AGyjng
obtained using the first half and second half of the trajectory segments at each A. The results
for the two ligands at five temperatures are given in Tables S1 and S2, SI. The deviations
between the AGyng from the two trajectory segments are <1.55 kcal/mol. The error bars
shown in Figure 4-6 are based on these fluctuations.

We also extended the ligand-protein decoupling simulations from 11 to 16 ns at T = 305 K.
Table S3 compares the AGying calculated using the 5-11 ns and extended 11-16 ns
trajectories. The calculations using the extended trajectories changed the AGpjng by about
1.6 and 1.9 kcal/mol for NFV and APV, respectively (Table S3). It is noted that the
calculated relative binding free energy remains unchanged and the correct ranking order is
reproduced using the different trajectory segments.

To estimate the statistical errors in the calculated ligand desolvation free energies, we
performed independent ligand-water decoupling simulations at T = 305 K, starting from
different initial velocities. The results for the two ligands are shown in Table S4. For APV,
the fluctuations in AG(coupl)92s—Water js ahout 1 kcal/mol; for NFV, while the standard
deviation inAG(coupl)¥3s—Water js 1 39 kcal/mol, discrepancies between individual runs can
reach 2.6 kcal/mol (between set 2 and set 3 runs for NFV: see Table S4).

These results together show that the statistical errors in the computed free energies are about
~1 kcal/mol for the ligand—protein decoupling and another ~1 kcal/mol for the ligand—water
decoupling. The total error in the computed binding free energies due to limited sampling is
about~2 kcal/mol. Since the simulations are started from the same equilibrated coordinates
and different momentum distributions, the true statistical error is likely to be larger than the
estimated ~2 kcal/mol. Therefore, caution should be taken in interpreting the absolute values
of the binding free energies and entropies calculated here. The error analysis of the present
results also suggests that the published protocols®10 that use shorter simulations may not
yield good convergence for systems with medium to large sized ligand.

Absolute Binding Free Energy Calculations

An important factor in the study of HIVV-1 PR inhibitors binding is the protonation state of
two catalytic aspartates D25 and D25’, which can depend on the type of the bound ligands.
On the basis of energetics and structural analysis, Feig and colleagues have determined the
probable protonation states for a series of HIV-1 PR ligands.2® They predicted that D25’ is
protonated and D25 is anionic upon the binding of NFV or APV. We adopted this
protonation assignment in the present calculation. The general agreement between our
calculation and the experiments further justifies the assigned protonation states.

Supporting Information. Tables and figures that illustrate the ligand-protein decoupling and ligand desolvation simulations. The
topology/parameter files and starting coordinates for the simulations are also deposited. This material is available free of charge via
the Internet at http://pubs.acs.org.
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In this study, the ligand—protein decoupling simulations were started from the closed
conformation of HIV-1 PR. Spontaneous conversion to the predominant apo structure of the
enzyme, the semiopen form, did not occur throughout the decoupling simulations. In
principle, the absolute binding free energy should be corrected to account for the protein
reorganization free energy associated with the semiopen—-closed conformational transition,
i.e., AGping = AGpjing(calc) + AG(semi—closed). A confine-and-release method was
developed to calculate the free energies of protein conformational change upon ligand
binding.>3 The AG(semi—closed) term in unliganded HIV-1 PR has been estimated using
different methods. On the basis of replica exchange simulations in an implicit solvent, we
estimated that at T = 314 K, AG(semi—closed) ~ 0.6 kcal/mol.>* Sadiq et al. performed
numerous 50 ns long explicit solvent MD simulations at 300 K and estimated that
AG(semi—closed) ~ 2.4 kcal/mol.2> These estimates are consistent with the fact that crystal
structures containing the semiopen and closed forms have both been observed for
unliganded HIV-1 PR, indicating that the free energy difference of the two conformations
is not large. Furthermore, including the correction for the AG(semi—closed) would not
affect the relative binding free energies between different ligands. Because of these
considerations, we did not include the AG(semi—-—closed) correction in the calculation of
AGpjng.

Tablel and Table 2 show the absolute binding free energies and the related coupling free
energies calculated at 305 K. The calculated AG(bind) (NFV: —-10.5 £ 0.9 kcal/mol; APV:
-14.9 + 0.9 kcal/mol) are in good agreement with the experimentally determined values
(NFV: =12.4 kcal/mol; APV: —13.5 kcal/mol).39:40.57.58 Thjs result suggests that the
calculations captured the physical forces responsible for the binding affinity and specificity
in the two enzyme—inhibitor complexes.

The calculated binding free energies and the ranking order are significantly more accurate
compared with previous studies on the binding of NFV and APV toward HIV-1 PR.2529 |t
is noteworthy that all of the previous calculations incorrectly favor the larger ligand NFV
over the smaller APV in the computed binding free energies.2>-29 The systematic bias that
favors the larger ligand is likely due to two factors. First, it has been shown from explicit
solvent simulations® that ordered waters near the binding pockets stabilize the binding of
HIV-1 PR inhibitors. The effect of individual bound waters was likely not adequately
modeled by the MM-PB(GB)/SA and LIE calculations. Second, the configuration entropy of
the bound state relative to the unbound state may not be captured in the MM-PB(GB)/SA
and structural analysis, Feig and colleagues have determined the probable protonation states
for a series of HIV-1 PR ligands.2° They predicted that D25’ is protonated and D25 is
anionic upon the binding of NFV or APV. We adopted this protonation assignment in the
present calculation. The general agreement between our calculation and the experiments
further justifies the assigned protonation states.

In this study, the ligand—protein decoupling simulations were started from the closed
conformation of HIV-1 PR. Spontaneous conversion to the predominant apo structure of the
enzyme, the semiopen form, did not occur throughout the decoupling simulations. In
principle, the absolute binding free energy should be corrected to account for the protein
reorganization free energy associated with the semiopen—-closed conformational transition,
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i.e., AGpind = AGping(calc) + AG(semi—-closed). A confine-and-release method was
developed to calculate the free energies of protein conformational change upon ligand
binding.>3 The AG(semi—closed) term in unliganded HIV-1 PR has been estimated using
different methods. On the basis of replica exchange simulations in an implicit solvent, we
estimated that at T = 314 K, AG(semi—closed) ~ 0.6 kcal/mol.>* Sadiq et al. performed
numerous 50 ns long explicit solvent MD simulations at 300 K and estimated that
AG(semi—-closed) ~ 2.4 kcal/mol.5® These estimates are consistent with the fact that crystal
structures containing the semiopen and closed forms have both been observed for
unliganded HIV-1 PR,%% indicating that the free energy difference of the two conformations
is not large. Furthermore, including the correction for the AG(semi—closed) would not
affect the relative binding free energies between different ligands. Because of these
considerations, we did not include the AG(semi—closed) correction in the calculation of
AGping.

Tablel and Table 2 show the absolute binding free energies and the related coupling free
energies calculated at 305 K. The calculated AG(bind) (NFV: -10.5 £ 0.9 kcal/mol; APV:
-14.9 + 0.9 kcal/mol) are in good agreement with the experimentally determined values
(NFV: =12.4 kcal/mol; APV: —13.5 kcal/mol).39:40.57.58 Thjs result suggests that the
calculations captured the physical forces responsible for the binding affinity and specificity
in the two enzyme—inhibitor complexes.

The calculated binding free energies and the ranking order are significantly more accurate
compared with previous studies on the binding of NFV and APV toward HIV-1 PR.25-29 |t
is noteworthy that all of the previous calculations incorrectly favor the larger ligand NFV
over the smaller APV in the computed binding free energies.2>29 The systematic bias that
favors the larger ligand is likely due to two factors. First, it has been shown from explicit
solvent simulations® that ordered waters near the binding pockets stabilize the binding of
HIV-1 PR inhibitors. The effect of individual bound waters was likely not adequately
modeled by the MM-PB(GB)/SA and LIE calculations. Second, the configuration entropy of
the bound state relative to the unbound state may not be captured in the MM-PB(GB)/SA
and LIE calculations. As a result, the smaller ligands would be incorrectly assigned a less
favorable binding free energy because their configuration entropy in the bound state is
underestimated.

Decomposition of the Absolute Binding Free Energy

The free energy decomposition based on the DDM calculation provides insights into the
mechanisms of ligand—protein binding and ligand solvation. Unlike the total binding free
energy, the decomposition of free energy depends on the choice of alchemical path.
Therefore, while the decompositionmay be useful for understanding the nature of binding,
the information it provides is qualitative and should be taken with caution. Here, we first
examine the components of the ligand solvation free energy AG(coupl)92s—Water The
strongly negative electrostatic contribution AG(elec)9as—Water (NF\/: —25,13 kcal/mol; APV:
—27.01 kcal/mol) arises from the Coulombic attractions between the polar groups on the
ligand and the polarized solvent. The van der Waals contribution AG(vdw)93S—Water contains
two opposing terms: the ligand—water dispersion interaction which favors the ligand
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insertion and the solute cavity creation term which opposes ligand solvation. The positive
sign and the magnitude of AG(vdw)Jas—Water for the two uncharged ligands (NFV: 5.02 kcal/
mol; APV: 3.57 kcal/mol) are consistent with the nature of hydrophobic solvation, in which
the cavity creation term dominates the solute—solvent dispersion interaction.59.60

The free energy of coupling the restrained gas-phase ligand to the binding pocket,
AG(coupl)9as™—complex alsq consists of electrostatics and nonpolar components. The
electrostatics component AG(elec)9as*—complex (NFV/: —25.29 kcal/mol; APV: —32.58 kcal/
mol) strongly favors the ligand insertion into the binding pockets. This strong attraction
reflects the Coulombic interactions involving the ligand, the protein residues, and the
bridging waters. The presence of these interactions is confirmed by the direct and water-
mediated hydrogen bonds between the ligand and the protein residues identified in the
crystal structure of the complex (Figure 3). The van der Waals coupling free energy
AG(vdw)das*—complex reflects the interplay of several compensating enthalpic and entropic
contributions: (1) the direct van der Waals interaction between the ligand and the binding
pocket is mainly attractive and enthalpic in nature; (2) the release of the water molecules
upon binding can have both enthalpic and entropic components, and can be favorable,
unfavorable or neutral to ligand binding; (3) the loss of the ligand rotational entropy, and the
loss of the vibrational entropy for both ligand and protein residues, upon coupling the ligand
to the binding pocket. The net result is the negative AG(vdw)925"—C0mPpIex for hoth ligands
(NFV: -10.84 kcal/mol; and APV: -11.27 kcal/mol), suggesting that the unfavorable
contribution from the rotational and vibrational entropy loss is overcome by other free
energy contributions that favor binding.

The calculation shows that the large ligand-protein coupling free energy
AG(coupl)9as™—complex (NFV/: —36.12 kcal/mol; APV: —43.88 kcal/mol) is partially offset by
the ligand solvation free energy AG(coupl)9as—water (NFV/: —20.11 kcal/mol; APV: -23.44
kcal/mol) and by the free energy associated with restraining the ligand to near the binding
pocket AGYI5—985%(5 53 kcal/mol). Among the components of AG(coupl)92s™—>complex the
electrostatics term AG(elec)925"—cOmPIeX s |arger in magnitude than the van der Waals term
AG(vdw)9as*—complex bt the strong electrostatics attraction is largely compensated by the
electrostatics contribution to ligand solvation AG(elec)92s™—complex regylting in a small
overall electrostatics contribution to binding AAG(elec) (NFV: —0.16 kcal/mol; APV: -5.57
kcal/mol). The result also reveals the difference in the binding mechanism for the two
inhibitors: while the binding of NFV is driven entirely by the nonpolar contribution
AAG(vdw) of —15.95 kcal/mol (the AAG(elec) is only —0.16 kcal), the binding of APV is
favored by both the nonpolar contribution AAG(vdw) (—14.86 kcal/mol) and the
electrostatics contribution AAG(elec) (=5.57 kcal/mol). This difference in the binding
mechanisms is consistent with the relative hydrophobicity of the two ligands: the log P
values of APV and NFV are 2.2 and 6.0, respectively. As shown in Figure 2, the APV
molecule contains two more polar groups and smaller nonpolar groups compared with NFV.
The difference in the binding mechanisms revealed by the DDM calculations also correlate
with the experimental observation that NFV binding is entropically driven, a signature for
binding of hydrophobic ligands in general. By contrast, APV binding benefits from both the
enthalpy and entropy changes and, therefore, is not solely due to the hydrophobic effect.
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Absolute Binding Entropy Calculations

To determine the absolute binding entropy using the temperature derivative method, we
calculated the absolute binding free energies of NFV and APV at the following
temperatures: 260, 275, 290, 305, and 320 K. As can be seen from Figure 4a, the binding
free energy of NFV exhibited an approximately linear temperature dependency. The linear
fit leads to the calculated absolute binding entropy contribution —TAS~ —20.1 + 3 kcal/mol
for T =298 K, which is in fair agreement with the experimental binding entropy of -15.9
kcal/mol at the same temperature.3 Since the AG(bind) is on the order of —10 kcal/mol
(Table 1), the calculations show that, in agreement with experiments, the binding of NFV is
driven by entropy and opposed by enthalpy. The temperature dependency of the binding free
energy of APV is very different from that of NFV: see Figure 4b. Except for the lowest
temperature of 260 K, the binding free energies of APV do not change significantly with T,
which implies that near the room temperature the estimated binding entropy of APV is
small. The calculated AG(bind) above 260 K can be fitted by an almost horizontal line,
which gives a —TASof ~0.7 = 5 kcal/mol. Our calculation therefore predicted that the
binding of APV is entirely driven by enthalpy. Experimentally, however, the APV binding is
found to be favored by both enthalpy (AH: —6.9 £ 0.2 kcal/mol) and entropy (-TAS -6.3
kcal/mol).39 Thus, our calculation underestimated the favorable entropy contribution to the
binding of APV by ~7 kcal/mol. Taken these results together, we can see that the calculation
of absolute binding entropy is still challenging: while the experimental ranking order of the
binding entropies (Experiment: NFV: —15.9 kcal/mol; APV: -6.3 kcal/mol) is correctly
reproduced in our entropy calculation, the difference between the calculated —~TAS
(Calculated: NFV: —20.1 kcal/mol; APV: 0.7 kcal/mol) and the experimental values can be
as large as 7 kcal/mol. The uncertainties in the calculated binding entropies are also larger
than those in the calculated binding free energies: see Tables 1-3.

Decomposition of the Absolute Binding Entropy

To gain a qualitative understanding of the entropic effect in the protein-ligand binding, we
decompose the binding entropy into different contributions based on the thermodynamic
pathway used in DDM. The total binding entropy is expressed as the sum of the entropies
associated with different transformations leading to the complex formation, i.e.

—TAS(bind)=—TAS(coupl)8* ~COmPIX_T A G825=835" | A §(coupl )82 Va4 (17)

Here AS(coupl)9as—Water s the entropy of ligand solvation, AS(coupl)9as*—complex represents
the entropy of coupling a restrained ligand to the binding pocket, and AS¥3—93*accounts
for the entropy of restraining the ligand center of mass. Among these entropy components,
A —98* js evaluated analytically (eq 10); AS(coupl)¥as™—complex and AS(coupl)9as—water
are obtained from the slope of the temperature dependency of AG(coupl)92s™—complex gng
AG(coupl)gas—water respectively. Table 3 shows the computed entropy contributions for the
two HIV-1 PR inhibitors. The temperature dependency plots used to obtain
AS(coupl)9as™—complex and AS(coupl)9as—Water gre shown in Figures 5 and 6. The different
entropic contributions of Table 3 are discussed in more detail below.
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1. For both ligands, the binding is favored by the large ligand desolvation entropy
TAS(coupl)9as—water (NFV/: —45.6 kcal/mol; APV: —35.0 kcal/mol). This term
contains two contributions, both of which are favorable to the ligand desolvation
from the solvent. The first is from the cavity creation related to the hydrophobic
effect. The second component in AS(coupl)93S—Water grises from the ordering of the
neighboring solvent molecules due to the attractive solute—solvent electrostatics
and dispersion interactions. It is noted that the ligand desolvation entropy
contribution of NFV is more negative than that of APV by —10.6 kcal/mol (Table
3). This is probably due to the fact that NFV contains relatively larger nonpolar
groups, which leads to stronger hydrophobic effect and more favorable entropy
contribution for ligand desolvation.

2. The contribution —~TASI3—98" accounts for the entropy cost of tying a ligand to a
fixed point in space via center of mass restraint. This term is dependent on the
strength of the force constant of the restraint and in general cannot be equated with
the translation entropy loss upon binding.” However, since the force constant was
chosen according to the equilibrium configuration volume occupied by the ligand
center of mass within the binding pocket (see the Methods section), the computed
-TASI3—985" provides a measure of the ligand translational entropy loss; the result
of 4.6 kcal/mol is of the same magnitude as the translational entropy loss estimated
in previous studies.51.62

3. The binding is strongly disfavored by the ligand-protein coupling entropy
~TAS(coupl)9as™—complex for hoth ligands (NFV: 20.9 kcal/mol; APV: 31.1 kcal/
mol). This term reflects different entropy effects associated with the ligand-protein
coupling: (a) the release of bound waters from the binding site to bulk solvent,
causing an increase in entropy; (b) the reduction in the protein and ligand
vibrational entropy, as well as the ligand rotational entropy. The magnitudes of the
individual entropy components have been estimated by previous studies. For
example, for the binding of APV with HIV-1 PR, Chang et al. estimated the
reduction of ligand configurational entropy to be as high as 25 kcal/mol,*! which is
comparable to the ~TAS(coupl)92s™—complex cajcylated in the present study.
Comparing the binding pockets at the two end states of the ligand-protein
decoupling simulation, we found that between 10 and 15 bound water molecules
were displaced due to the binding of APV, suggesting that the associated entropy
increase could be substantial. However, as seen from Table 3, the calculated
~TAS(coupl)9as*—complex are strongly positive. Assuming that the entropy is
additive, the positive ~TAS(coupl)9as™—complex gy ggests that the entropy gain from
the water release due to ligand binding is more than offset by the reduction in the
vibrational and rotational entropies of the ligand and protein.

Using the entropy decomposition scheme given by eq 11, we may also gain insights into the
possible causes of the error in the computed binding entropy. Consider the temperature
dependency of coupling free energies AG(coupl)9as™—*complex ang AG(coupl)925—+Water shown
in Figures 5 and 6. While the ligand solvation free energy AG(coupl)925—Water yary almost
perfectly linearly with temperature (Figures 5a and 6a), the data points of ligand-protein
coupling free energy AG(coupl)92s™—complex are somewhat curved (Figures 5b and 6b). The
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deviation from linearity in the calculated AG(coupl)92s™—Ccomplex affects the quality of the
linear fitting. In Figures 5b and 6b, it is noted that the curvature would be smaller if the data
point at 260 K is excluded. Since sampling problem tends to be most pronounced at the
lowest temperature, we suspect that the curvature reflects the difficulty of sampling the
ligand decoupling from the binding site, rather than the curvature arising from the binding
heat capacity change with temperature, a higher order effect than entropy and even more
difficult to determine from simulation. To compute AG(coupl)9as*—complex the flyctuations
need to be sampled adequately include the protein and ligand reorganization, and the water
reentry into the binding pocket (Figure S9). By contrast, the sampling problem in calculating
the ligand-solvent coupling free energy AG(coupl)93s—Water s re|atively simpler, as the
movement of water molecules are not hindered when the ligand is decoupled from the
solvent. These observations are consistent with the fact that the curves of (dU/d\), for the
ligand—protein decoupling contain some kinks and are not as smooth as the ligand-water
decoupling curves (see Figure S1-S8, Sl). These together with the nonlinearity in the
entropy fitting reflect sampling/convergence problems in the ligand—protein decoupling
simulations. They suggest that the key to accurate TASestimation is to improve sampling for
the ligand—protein decoupling process at the relevant temperatures.

CONCLUSIONS

An important question in computational biophysical chemistry is whether the classical
molecular mechanics simulation with the current generation force fields provides a complete
description for the entropy and enthalpy of protein—ligand binding. To help address this
question and to obtain insights into the entropically driven binding reaction, we computed
the absolute binding free energies and entropies ofHIV-1 PR inhibitors Nelfinavir and
Amprenavir using free energy simulations.

The present results demonstrated that absolute binding free energies of realistic drug-
enzyme complexes can be determined with reasonable accuracy using the double decoupling
method with relatively long simulations. Due to the limited sampling, the convergence
errors in the calculated AG(bind) is estimated to be >2 kcal/mol. Using the temperature
derivative approach, we have shown that the calculation correctly estimated the ranking
order of the absolute binding entropies for the two ligands, and gave a semiquantitative
estimate for the absolute values of TAS(bind). However, the errors in the computed absolute
binding entropies are substantially larger than that in the calculated absolute AG(bind).
Analysis of the entropy results suggests that the error in the binding entropy calculation may
be reduced by a significant improvement in sampling the ligand—protein decoupling process.

To understand the detailed molecular mechanism of binding, we have analyzed the different
components of the absolute binding free energy and binding entropy. The decomposition of
AG(bind) and AS(bind) was based on the thermodynamic pathway used in the double
decoupling method. The results indicated that while the binding of Nelfinavir is driven by
the nonpolar interaction, the binding of Amprenavir is favored by both the nonpolar and the
electrostatic forces. The decomposition of the binding entropy yielded the ligand desolvation
entropy and the entropy associated with the ligand-protein coupling. Our analysis suggests
that the favorable entropy contribution to the binding of the HIV-1 PR inhibitors is provided
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by the ligand desolvation entropy. For both inhibitors, the entropy of the ligand—protein
coupling was found to strongly disfavor binding, suggesting that the entropy gain originating
from the solvent release upon ligand binding is more than offset by the reduction of
rotational and vibrational entropy.
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Figure 1.
Structure of HIV-1 PR (ribbon), with a bound Nelfinavir (ball and stick) and

crystallographically resolved water molecules (red dot).

J Phys Chem B. Author manuscript; available in PMC 2014 August 11.

Page 16



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Deng et al. Page 17

OH
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NH,

Nelfinavir Amprenavir

Figure 2.
HIV-1 PR inhibitors Nelfinavir and Amprenavir.
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Z

Figure 3.
Structural basis for the electrostatic interactions involving Nelfinavir (blue line), HIV-1 PR,

and the bridging water molecules (red sphere). Hydrogen bonds are highlighted by green
dashed lines.

J Phys Chem B. Author manuscript; available in PMC 2014 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Deng et al. Page 19
(a) 250 270 290 310 330
0 T T T 1
iy
©
€ 4
i
= 6 - -
= See
B T
@ g4 0 T e
g 8 g
o | T
(1] [~ RS S
.
12
14 -
Temperature (K)
(b) 250 270 290 310 330
0 T T T 1
35
£
S,
™
o
= -10
-
=
c
® 154 .- @A
o . n
[
-20 -
25 -
Temperature (K)
Figure 4.

Temperature dependence of the calculated absolute binding free energies of HIV-1 PR
ligands: (a) NFV and (b) APV.
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Temperature dependence of the free energies of coupling NFV with (a) the solvent and (b)
the binding pocket of HIV-1 PR.
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Temperature dependence of the free energies of coupling APV with (a) the solvent and (b)
the binding pocket of HIV-1 PR.
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