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The λ-dynamics method was used to calculate the relative binding free energies of inhibitors
to the hepatitis C virus (HCV) protease. A total of seven HCV protease p-side product inhibitors
were used in this study. The inhibitors are 6-mer peptides spanning P6-P1 (Ac-Asp-D-Glu-
Leu-Ile-Cha-P1-CO2H). For this protein, S1 is a major hydrophobic pocket for binding. Binding
of various residues to this pocket was investigated through free energy simulations and
experimental inhibition constants. Several 300 ps λ-dynamics simulations in explicit solvent
were performed. The relative binding free energy was estimated from these simulations. From
a single simulation, the inhibitors can be correctly classified into highly potent and weakly
potent groups. The multiple simulations give an accurate rank ordering of inhibitor potency;
computed and experimental binding free energies agree with 0.6 kcal/mol for five of the seven
inhibitors. In addition, free energy perturbation (FEP) calculations were carried out to validate
the results from λ-dynamics. A total of 6 ligand pairs were compared. For each pair, 5-11
windows were used to map one ligand to the other. The cumulative simulation time was over
2 ns for each ligand pair. For four of the six ligand pairs, the λ-dynamics free energy difference
fits better than the FEP difference to the experimental value. The fact that the λ-dynamics
method achieved similar results in only a fraction of the total simulation time for FEP further
demonstrates the robustness of the λ-dynamics method.

Introduction

Hepatitis C virus (HCV) is a major cause of non-A
and non-B hepatitis, which can lead to mortality through
either cirrhosis-induced hepatic failure or hepatocellular
carcinoma. Currently, the only therapeutic regimens are
subcutaneous interferon-R or PEG-interferon-R alone or
in combination with oral ribavirin. The efficacy of the
current therapeutics is moderate, which makes the need
for new therapeutics highly desirable.1

Studies of HCV indicate that it is a positive-strand
RNA virus of the flaviviridae family.2 Its genome is
translated into a polyprotein of ∼3000 amino acids in
infected cells.3-5 The HCV protease is located in the
N-terminal domain of the NS3 protein. It is responsible
for proteolytic cleavage at the NS3/NS4A, NS4A/NS4B,
NS4B/NS5A, and NS5A/NS5B sites of the nonstructural
region of the encoded polyprotein (Figure 1). Since the
proteolytic processing steps in the HCV life cycle are
required to produce infectious virus particles, its pro-
tease is a primary target for antiviral therapy.

Structure-based design plays a key role in the devel-
opment of HCV protease inhibitors. The crystal struc-
ture of the HCV NS3 protease indicates that it is a
serine protease with a trypsin/chymotrypsin-like fold.6,7

Structures of the protease-inhibitor complex have also
been reported.8-10 These structures reveal that the
inhibitors bind in an extended backbone conformation,
forming an antiparallel â-sheet with one enzyme
â-strand, as exemplified for a 6-mer peptide carboxylate

acid inhibitor in Figure 2. The P1 residue contributes
most to the binding energy, whereas the rest of the side
chains are at least partially solvent-exposed. Although
the S1 pocket is the largest and most important
hydrophobic pocket for inhibitor binding, it is actually
rather small compared with the active site pockets of
many other enzymes. Because of the lack of a significant
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Figure 1. Schematic representation of the HCV polyprotein.
NS3 is a bifunctional protein with protease and helicase
activities. The green box represents the NS3 protease domain,
and arrows depict cis and trans cleavages mediated by the
NS3/NS4A protease complex.

Figure 2. HCV protease inhibitors are bound through a
combination of backbone hydrogen bonds and side chain
hydrophobic interactions. P1, P3, and P5 residues make
hydrogen bonds with an antiparallel â-strand of the protein.
The terminal carboxylate oxygens bind to the oxyanion hole
(Ser139, Gly137) and to the catalytic His57.
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binding pocket, the design of HCV protease inhibitors
is challenging. So far, most of the HCV protease inhibi-
tors developed have been peptide-based and utilize the
backbone hydrogen-bonding network.

As an integral part in the design of new therapeutics,
computational approaches that rapidly evaluate relative
binding free energies of ligands could play an important
role in identifying and optimizing inhibitors. The de-
velopment of efficient and accurate free energy based
computational methods has been an area of active
research. Although free energy perturbation (FEP) and
thermodynamic integration (TI) methods are rather
accurate and well established,11,12 they are too slow to
be of practical use in drug design. Multiple simulations
have to be performed to map one inhibitor to the other
in order to obtain the free energy difference. To balance
the demand for speed and accuracy, the λ-dynamics
method for ligand binding free energy calculations has
been developed recently.13-16 Within a short simulation
time, this method partitions the inhibitors into good
binders and poor binders. Longer simulation times yield
a (semi)quantitative measure of the relative binding free
energy of multiple ligands.

In this work, the λ-dynamics method was used to
study the relative binding free energies of HCV protease
inhibitors. The results were compared with experimen-
tal data. To further validate application of the λ-dynam-
ics method to this system, FEP calculations were
performed. Reasonably good agreement was obtained
between the two theoretical methods as well as between
theoretical and experimental results.

Materials and Methods
Theory. In a typical experiment, the free energy difference

between two ligands is obtained from ∆∆Aij ) ∆Ai - ∆Aj,
where ∆Ai and ∆Aj are the binding free energies of ligands i
and j, respectively. Since free energy is a function of state only,
the thermodynamic cycle depicted in Figure 3 translates the
calculation of ∆∆Aij into the free energy changes for mutation
from ligands j to i in both the unbound (∆Au) and the bound
(∆Ab) states. That is,

This is the basis for the well-established FEP method.12 In a
FEP calculation, only two ligands can be evaluated at a time.

One is considered as the reactant, the other is considered as
the product. A coupling coefficient λ (0 < λ < 1) is used to map
the reactant to the product. To overcome the sampling
problems, several simulations with different values of λ have
to be performed. The free energy changes for all the λ intervals
are added together to obtain the overall free energy change.

The λ-dynamics method is an extension of the FEP method,
but instead of pairwise comparison, multiple ligands are
evaluated simultaneously within a single λ-dynamics calcula-
tion. To perform a λ-dynamics calculation, a hybrid potential
is constructed for a set of L chemically distinct species:

where

As in the FEP method, Venv(x) is the interaction involving only
the environmental atoms (e.g., solvent, protein, and the part
of the molecule that is invariant among all the ligands), Vi(x)
is the interaction involving any of the atoms in the distinct
part of molecule i, and λi is the coupling parameter for ligand
i. Fi is the biasing potential. In ligand binding free energy
calculations, it corresponds to the free energy of a ligand in
the unbound state. The value of Fi needs to be determined prior
to the λ-dynamics calculation. Note that there is no interaction
among atoms in distinct groups; i.e., ligands are invisible to
one another. Unlike standard FEP, each λi is treated as a
volumeless fictitious particle with mass mi and evolves to “find”
the low free energy regions of the λ-space as the system
fluctuates. The dynamics of the system is governed by the
extended Hamiltonian.17,18

Here, Tx and Tλ are the kinetic energy of the atomic coordinates
and the λ variables, respectively. From the partition function
of the hybrid system,

the free energy difference between any two molecules i and j
can be calculated from

where P(λi)1,λk*i)0) is the probability that the hybrid system
is in a state dominated by inhibitor i. Therefore, from the
probability distribution of states having λi

2 ) 1 and λj
2 ) 1,

the difference in free energy between the two molecules can
be obtained.

Force Field Parameters and Simulation Details. The
force field parameters for standard protein residues are
available in Quanta CHARMM.19 For nonstandard P1 resi-
dues, the atomic charges assigned were consistent with the
charges of comparable standard residues.

The X-ray structure of the protein-inhibitor complex pro-
vided the initial coordinates. A hybrid ligand, which encom-
passed the original ligand (P1 ) Cys) and all the variant
groups, was constructed. The missing coordinates of the hybrid
ligand and hydrogen atoms were built using CHARMM.20 The
system is centered at the hybrid ligand. A cap of TIP3P waters
was added to fill the space in a 24 Å sphere.21 Residues outside

Figure 3. Schematic representation of the thermodynamic
cycle. Li is the ith ligand. R is the protein receptor. Li + R and
Li‚R represent ligand and the protein in the unbound and
bound states, respectively. ∆Ai is the free energy of binding of
ligand i. ∆Aij

u and ∆Aij
b are the free energy change of mutation

from ligand j to ligand i in the unbound and bound states,
respectively.

∆∆Aij ) ∆Ai - ∆Aj ) ∆Aij
b - ∆Aij
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2(Vi(x) - Fi) + Venv(x) (2)

∑
i)1

L

λi
2 ) 1

H({λ},(x)) ) Tx + Tλ + ∑
i)1

L

λi
2(Vi(x) - Fi) + Venv(x) (3)

Z({λ},x) ) ∫exp(-
1

kbT
(∑

i)1

L

λi
2(Vi(x) - Fi)) + Venv(x)) dx

(4)

∆∆Ai,j ) - kbT ln
Pi(λi)1,{λk*i})0)

Pj(λj)1,{λl*j})0)
(5)

Binding Free Energies of Inhibitors Journal of Medicinal Chemistry, 2003, Vol. 46, No. 25 5361



the sphere were deleted. The final system contains 112 protein
residues, 40 crystal waters, and 1262 bulk waters.

The X-ray structures of protease-inhibitor complexes in-
dicate that there is no notable movement of the active site upon
inhibitor binding except for a few flexible side chains. There-
fore, harmonic restraints were imposed on selected atoms to
prevent unrealistic movement during long dynamics simula-
tions. For residues that are more than 6 Å away from the
inhibitor atoms, a harmonic restraint with a force constant of
20 kcal/(mol‚Å2) was applied to both the side chain and
backbone heavy atoms of the protein (no mass weighting was
used). A force constant of 5 kcal/(mol‚Å2) was applied to the
protein backbone atoms within 6 Å of the inhibitor. No
restraint was imposed on those side chains that have at least
one atom within 6 Å of the inhibitor heavy atoms.

λ-Dynamics simulations of the solvated protein-ligand
complex were carried out using CHARMM. A total of six
simulations were performed, three include all seven inhibitors
and three include Mcy, Ecy, Hcy, and Nle. All the simulations
started with different initial conditions. For each set of three
simulations, the initial coordinates were obtained by minimiz-
ing the system for 100, 500, and 1000 steps and random
velocities following the Gaussion distribution were assigned.
During the dynamics simulations, the system temperature was
maintained at 300 K. The velocities were reassigned every 200
steps using a Gaussion distribution if the temperature during
this period was outside the target 300 ( 5 K. Bonds involving
hydrogen atoms were constrained using the SHAKE algo-
rithm.22 The time step of the simulation was 1.5 fs. A cutoff of
11 Å was used for nonbond interactions (electrostatic and van
der Waals). A solvent boundary force was used to retain the
water molecules.23 The masses of the λ variables were chosen
to be 20 amu‚Å2, which is comparable to the mass of a carbon
atom. The system was equilibrated for 45 ps followed by 300
ps of data collection. The value of each λ was recorded every
10 time steps.

FEP calculations were carried out using the same solvated
protein-ligand system. For each pairwise transformation,
5-11 windows, each with fixed λ value between 0 and 1, were
used to map the reactant to the product. For each λ, 45 ps of
equilibration was followed by 300 ps of data collection. The
free energy change within each λ interval was less than 2kT
(∼1.2 kcal/mol). In addition, FEP calculations of the unbound
ligands in explicit solvent were performed in order to calculate
the free energy of the unbound ligand in solution, namely, Fi

in eq 2 or ∆Au in Figure 3. Note that the incorporation of Fi

into the Hamiltonian of eq 2 ensures that the resulting free
energy from the λ-dynamics simulation corresponds to the
binding free energy of the ligands. Without this term, the
result would be the free energy of the ligands in the bound
state, which is only half of the thermodynamic cycle.

Results and Discussion

The Inhibitors. Seven HCV protease p-side product
inhibitors were used in this study. They are 6-mer
peptides spanning P6-P1 (Ac-Asp-D-Glu-Leu-Ile-Cha-
P1-CO2H). The crystal structure of the NS3 protease
complexed with NS4A and the inhibitor (P1 ) Cys) was
solved at 2.5 Å resolution.10 As illustrated in Figure 2,
the inhibitor binds through a combination of backbone
hydrogen bonds and side chain hydrophobic interac-
tions. The C-terminal carboxylate oxygens make hydro-
gen bonds to the oxyanion hole and His 57, respectively.
The binding constants, Ki, of the inhibitors and their
chemical structures are given in Table 1. The inhibitors
vary only at the P1 position. The Ki values of these
inhibitors range from 0.12 to 80 µM. Therefore, the
binding free energy difference between the most (Cys)
and the least (Hcy) potent inhibitors is about 4.0 kcal/
mol. The experimental uncertainty is 3-fold, or 0.7 kcal/
mol.

Ranking the Inhibitors via λ-Dynamics. Accord-
ing to eq 5, the free energy difference between ligands
can be calculated from the ratio of the probabilities of
the two ligands having λ2 ) 1. In a λ-dynamics calcula-
tion, Pi corresponds to the fraction of time that ligand i
has λi

2 ) 1. Therefore, a good estimate of binding free
energy requires sufficient sampling of the λ parameter
in the λ2 ) 1 state. It is noteworthy that at any instant
only one ligand may have λ2 ) 1, which is guaranteed
by the constraint in eq 2. For visualization, Figure 4
plots the trajectory of the λ parameter for one of the
simulations involving all seven inhibitors. In this plot,
Cys, Nva, Abu, and Mcy frequently reached the λ2 ≈ 1
state over the course of simulation. Therefore, these four
are predicted to be the more potent inhibitors and their
λ parameters are sampled well enough to give relative
binding free energies. Ecy, Hcy, and Nle have values of
λ near 1 sampled less frequently. This second set of
inhibitors is predicted to be less potent, but their λ
parameters are not sufficiently sampled to give reliable
binding energies.

It is interesting to note that a 300 ps simulation was
able to sample all the inhibitors, thereby providing an

Table 1. Chemical Structure and Binding Data for the HCV
Protease Inhibitorsa

name P1 Ki (µM)

Cys CH2SH 0.12
Nva (CH2)2CH3 0.13
Mcy CH2SCH3 0.5
Abu CH2CH3 0.6
Nle (CH2)3CH3 2.0
Ecy CH2SCH2CH3 5.0
Hcy (CH2)2SH 80.0

a P1 is the site of substitution. A hybrid residue is built that
contains all the substitutions at P1. The inhibitors share the rest
of the inhibitor atoms called the common atoms.

Figure 4. Example of the λ-dynamics trajectory of seven
inhibitors during a 300 ps simulation. The names of the
inhibitors are shown on the right.
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initial estimate of the relative binding free energies of
the inhibitors from a single simulation. This is in
contrast to the FEP method in which several simula-
tions have to be performed with different λ values
between 0 and 1 before any estimate of the relative
binding free energy of any two inhibitors could be
obtained. Besides its efficiency, the λ-dynamics method
is also more flexible because additional simulations can
be performed and the results can be combined to
improve the prediction. Two additional 300 ps λ-dynam-
ics simulations involving all seven inhibitors and a
second set of three 300 ps simulations involving Mcy,
Ecy, Hcy, and Nle were performed to improve the
estimates of the binding free energies and to obtain
additional sampling of the weakly bond inhibitors. Here,
Mcy is included in the simulations as the reference for
the weaker inhibitors, putting the two sets on the same
energy scale. We feel that running multiple simulations
may be more efficient than a single long simulation
because kinetic trapping, as often occurs in dynamics
simulations, can be avoided and all the simulations can
be run simultaneously. Comparing the separate simula-
tions gives an estimate of the statistical error.

From each simulation, an estimate of the ligand
binding free energy was obtained according to eq 5 using
the approximation that the inhibitor “i” is favored for
all time segments when λi

2 g 0.9. The results from all
the separate simulations were averaged to give the
mean binding free energy along with the average
deviation from the mean, as shown in Table 2. The
corresponding experimental values are also listed. The
method clearly identified Cys, Nva, Mcy, and Abu as
more potent than Nle, Ecy, and Hcy. The relatively
small average deviation for Cys, Nva, Mcy, and Abu
reflects the fact that these inhibitors are well sampled
during each simulation. For all the inhibitors except
Abu and Hcy, the predicted binding free energies are
within 0.6 kcal/mol of the observed values and are

within the combined experimental and sampling errors.
Larger discrepancies occurred for Abu (1.1 kcal/mol) and
Hcy (1.7 kcal/mol), which exceed the combined errors
of 0.8 and 1.5 kcal/mol, respectively. Besides sampling,
other causes of error may be (1) the force field param-
eters and (2) the estimation of the free energy of the
inhibitor in the unbound state, i.e., Fi in eq 2.

FEP Calculations. As an established free energy
calculation method, FEP calculations were carried out
to validate the λ-dynamics results. Since both the
λ-dynamics and the FEP calculations in this study used
the same force field and simulation specifications, errors
caused by the force field could be eliminated when the
results from the two methods are compared. Also, since
both calculations used the same reference state for the
unbound inhibitors, i.e., Fi in Table 2 for the λ-dynamics
calculations and ∆Au in Table 3 for the FEP calculations,
errors from the estimation of Fi (or ∆Au) also can be
ruled out in the comparison of the ligand binding free
energies. With a total of seven inhibitors, six pairwise
transformations were required for the FEP calculations.
They are (Cys f Nva), (Nva f Abu), (Hcy f Ecy), (Mcy
f Abu), (Nle f Ecy), and (Ecy f Mcy). For each pair,
the ligand with the larger volume was defined as the
reactant and was mapped to the product ligand through
a series of simulations. The changes of binding free
energy (∆∆A) in mapping one ligand to the other are
summarized in Table 3. Here, ∆Ab and ∆Au indicate the
free energy change of ligands in the bound and unbound
states, respectively. The corresponding values for the
λ-dynamics method were derived from Table 2. Overall,
the calculations are consistent with each other. The
pairwise differences between the two methods range
from 0.1 to 0.6 kcal/mol.

Although the focus of the FEP calculations was to
validate the results from λ-dynamics, it is interesting
to note that the results from both methods also compare
well with experimental results. The experimental value
for each ligand pair is listed in the last column of Table
3. For the FEP simulations, the pairs (Cys f Nva), (Nle
f Ecy), and (Ecy f Mcy) match experimental values
within 0.6 kcal/mol. For the remaining three pairs,
namely, (Nva f Abu), (Hcy f Ecy), and (Mcy f Abu),
the difference from the experimental results is about 1
kcal/mol. For two of these pairs, the λ-dynamics simula-
tions better match the experimental results (within 0.5
kcal/mol). In fact, the λ-dynamics values are closer to
the experimental values for four out of six pairs and all
but one pair match the experimental values within 0.6
kcal/mol.

In the discussion of the λ-dynamics results (Table 2),
we noted that the prediction for the inhibitor Hcy differs
from the experimental value by 1.7 kcal/mol. In the

Table 2. Predicted Relative Binding Free Energies (∆∆A) from
λ-Dynamics Calculations Compared with Experimental Valuesa

∆∆A (kcal/mol)

P1 residue Fi λ-dynamics experiment difference of ∆∆A

Cys 0.0 0.0 0.0 0.0
Nva 0.4 -0.5 ( 0.3 0.1 -0.6
Mcy 0.6 0.5 ( 0.2 0.9 -0.4
Abu -0.9 -0.1 ( 0.1 1.0 -1.1
Nle -1.8 2.0 ( 0.7 1.7 0.3
Ecy 0.8 1.6 ( 0.6 2.2 -0.6
Hcy -5.1 2.2 ( 0.8 3.9 -1.7

a The “difference of ∆∆A” is the result from λ-dynamics minus
experiment. Cys is the reference inhibitor. The values of Fi from
FEP calculations are also listed. The experimental error is 0.7 kcal/
mol.

Table 3. Comparison of the λ-Dynamics Calculations with FEPa

FEP
reactant f product ∆Au (kcal/mol) ∆Ab (kcal/mol) ∆∆A (kcal/mol)

λ-dynamics
∆∆A (kcal/mol)

experiment
∆∆A (kcal/mol)

∆∆A (Cys f Nva) 0.4 0.5 0.1 -0.5 0.1
∆∆A (Nva f Abu) -1.3 -1.5 -0.2 0.4 0.9
∆∆A (Hcy f Ecy) 5.9 5.4 -0.5 -0.6 -1.7
∆∆A (Mcy f Abu) -1.5 -2.6 -1.1 -0.6 -0.1
∆∆A (Nle f Ecy) 2.6 2.1 -0.5 -0.4 -0.5
∆∆A (Ecy f Mcy) -0.2 -1.2 -1.0 -1.1 -1.3

a The corresponding experimental values are also listed. ∆Au and ∆Ab are the free energy change of the ligands in the unbound and
bound states, respectively. The change in binding free energy is calculated from ∆∆A ) ∆Ab - ∆Au.
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pairwise comparison involving Hcy, namely, (Hcy f
Ecy) in Table 3, the difference from experiment is about
1 kcal/mol for both methods. This discrepancy may arise
from systematic errors in the force field.

Conclusions
The λ-dynamics method described above for ligand

binding free energy calculations is conceptually very
similar to competitive binding experiments carried out
in the laboratory in that multiple ligands simulta-
neously compete for the same common receptor based
on their relative binding free energies. When the ratio
of bound to free ligand concentrations in solution is
determined, the relative binding affinity of ligands can
be inferred. Thus, a “best” ligand can be selected
accordingly. Similarly, by determining the relative
population of each λi

2 ≈ 1, one can distinguish favorable
binders from unfavorable ones and estimate the relative
binding free energies of the favorable ones. The method
can be used to evaluate compounds with modifications
either at a single site or at multiple sites. The strength
of the method is its ability to evaluate a large number
of compounds simultaneously without increasing the
computational time significantly, because only one
solvated protein is needed for the simulation despite
multiple inhibitors.

The λ-dynamics method has proven to be successful
in applications to small rigid molecules (e.g., imidazole
analogues) where modifications at various sites are
made or in perturbations that are confined to a single
site such as in this work. The protocol used in this study
should be applicable for the study of other peptide
inhibitors. More work needs to be done to assess the
applicability of the method to different systems.

The λ-dynamics method is much more efficient than
FEP. In this work, the cumulative simulation time used
in the λ-dynamics calculations is about the same as that
for a FEP transformation for one pair of ligands. In
other words, the λ-dynamics method achieved similar
results in less than 20% of the total simulation time
used in FEP.
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