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Abstract Recently, the massively parallel computation of
absolute binding free energy with a well-equilibrated
system (MP-CAFEE) has been developed. The present
study aimed to determine whether the MP-CAFEE method
is useful for drug discovery research. In the drug discovery
process, it is important for computational chemists to
predict the binding affinity accurately without detailed
structural information for protein / ligand complex. We
investigated the absolute binding free energies for Poly
(ADP-ribose) polymerase-1 (PARP-1) / inhibitor com-
plexes, using the MP-CAFEE method. Although each
docking model was used as an input structure, it was found
that the absolute binding free energies calculated by MP-
CAFEE are well consistent with the experimental ones. The
accuracy of this method is much higher than that using
molecular mechanics Poisson-Boltzmann / surface area
(MM / PBSA). Although the simulation time is quite
extensive, the reliable predictor of binding free energies
would be a useful tool for drug discovery projects.
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Introduction

Poly (ADP-ribose) polymerase-1 (PARP-1, EC 2.4.2.30) is
a chromatin-bound nuclear enzyme protein involved in a
number of cellular processes, including mainly DNA repair
and programmed cell death [1]. Inhibition of PARP-1 has
been shown to be effective in animal models of stroke,
traumatic brain injury, Parkinson's disease and cancer [2–4].
Therefore, PARP-1 inhibitors may be useful in therapies of
neurodegenerative disorders, cancers, and several other
diseases involving PARP-1 activation. Up to now, several
potent PARP-1 inhibitors have been described in structure-
based discovery [4, 5]. Because much information regard-
ing SAR and crystal structure is available, PARP-1 is an
ideal system to evaluate the binding affinity prediction
method.

In the area of computational drug design, the accurate
prediction of protein-ligand binding affinities is one of the
most important problems [6, 7]. Many methods have been
presented to calculate the binding free energies of protein-
ligand complexes. MM-PBSA (molecular mechanics
Poisson-Boltzmann surface area) and MM-GBSA (molec-
ular mechanics generalized Born surface area) are com-
monly used methodologies to obtain the binding energies in
this field [8, 9]. These methods have several appealing
features: First, these are significantly faster than the other
methods such as free energy perturbation (FEP) and
thermodynamics integration (TI). Second, the protein
flexibility is partially taken into account; however, accuracy
is limited because many important contributions are not
well considered. For example, Friesner’s group showed that
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the entropy contribution of water molecules in active site
pockets is essential to explain the structure-activity rela-
tionship of Factor Xa [10]. On the other hand, FEP and TI
may be the most rigorous and strict techniques in use [11,
12]. These methods have been used frequently to calculate
the free energy difference between similar molecules.
However, they are very inefficient for obtaining absolute
binding energies.

Recently, Jarzynski proved that the distribution of
nonequilibrium work values could yield an equilibrium
free energy, based on the exponential average of the set of
nonequilibrium work values [13]. However, it is difficult to
obtain accurate free energy by exponential averaging,
because the results strongly depend on the behavior at the
tails of the work value distribution. Shirts et al. demon-
strated that the Bennett acceptance ratio (BAR) method can
be interpreted in terms of the maximum likelihood estimate
of the free-energy difference, given a set of nonequilibrium
work values in the forward and reverse directions [14]. The
MP-CAFEE [15] method was developed as a combination
of the above procedure without the auxiliary restraint of
keeping ligands in the binding pockets.

In the previous studies, the MP-CAFEE method suc-
cessfully reproduced the rank order of binding affinities of
ligands [15, 16]. However, the computation has not been
performed for cases where the atomic coordinates of a
complex system are somewhat ambiguous. From the
viewpoint of application to drug discovery research, it is
very important to discern whether this method can be
applied to protein/ligand complexes for which the binding
modes are unclear.

In this study, we examined the performance of MP-
CAFEE to predict the free energy difference induced by
ligand binding to a protein without detailed crystal structure
information for the protein/ligand complex. Using a
docking program, we first built PARP-1/ligand complex
structures, and then investigated the binding free energies,
using the MP-CAFEE method. Although we did not use
crystal structures but structures built by the docking
program, the binding free energies calculated by MP-
CAFEE are consistent with the experimental values. In
contrast, the calculated values by using the MM-PBSA
method are inconsistent with the experimental values. The
results indicate that MP-CAFEE is a promising binding
energy calculation method for the field of drug discovery.

Methods

Data preparation

Figure 1 shows six PARP-1 inhibitors used in this study.
Experimental IC50 values range from 16 nM to 1200 nM

[17]. The initial atomic coordinates were taken from the
Protein Data Bank (PDB). To build the free form of PARP-
1, we removed the ligand from the PARP-1/C1 complex
(1UK0) [18]. Hydrogen atoms were added by using a
molecular modeling tool, the Molecular Operating Envi-
ronment (MOE 2006.08) [19]. All the ionizable residues
(arginine, lysine, asparatic acid, and glutamic acid) were
charged. The ligand structures were built and optimized
using MOE. Each ligand was docked with the free form of
PARP-1 in a docking program, Genetic Optimization for
Ligand Docking (GOLD version 3.2) [20].

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed
using the GROningen MAchine for Chemical Simulations
(GROMACS) package of version 3.3.1 for equilibration,
version 3.1.4 with modification for free energy calculation
[21–23]. The Amber force field parameters (ff99) were used
to describe the PARP-1, including 1–4 interactions between
hydrogen atoms. The atomic structures of ligands were
optimized in a vacuum, by means of the General Atomic
and Molecular Electronic Structure System (GAMESS,
released Mar 24, 2007) [24, 25] with the HF/6-31 G*
energy calculation. The atomic partial charges were
calculated by the restrained electrostatic potential (RESP)
method [26] with the RESP module of ANTECHAMBER
(1.27) [27]. The general Amber force field (GAFF)
parameters [28] were used to describe the ligand, and the
atom types were assigned by the FF-FOM program
(FUJITSU Ltd.) [29]. The chemical structures of the ligands
investigated here are shown in Fig. 2. The TIP3P water
model was used to describe the solvent [30].

All MD simulations were carried out at 298 K with
Nose-Hoover temperature control [31, 32] with a time
constant 0.5 ps, and at 1 atm with Berendsen pressure
control [33] with a time constant 1.0 ps and a compress-
ibility of 4.5×10-5. All simulations were run in a truncated
octahedron simulation box. The solvated ligand system had
566-854 water molecules and the solvated PARP-1-ligand
complex system had 12020-12037 water molecules. The
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Fig. 1 Structures of six ligands investigated. Experimental IC50
values in nM on the right of the structure [17]
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complex system had a chlorine ion to neutralize the charge
of PARP-1.

A neighbor list of 1.1 nm was utilized with an update
frequency of 10 fs, and van der Waals interactions were
0.9 nm and 1.0 nm distance. Particle mesh Ewald (PME)
with an interpolation order of 4 was used for long-range
Coulomb interaction. The Fourier spacing was approxi-
mately 0.12 nm. A long-range correction for the finite
cutoff of the Lennard-Jones potential was taken into
account for energy and pressure corrections. To constrain
all the bonds, the LINCS algorithm [34] with order 8 and
2 fs time step was used.

After energy minimization using steepest descent
method, we performed a molecular dynamics simulation
for 200 ps with the solute position restraint. We
performed multiple equilibration with different initial
momentum for 20 ns while monitoring the intermolecular
potential energy between PARP-1 and a ligand, and
carefully checked whether the solvated system reached a
stable state.

Binding free energy calculations

With the well-equilibrated structure, we performed mas-
sively parallel calculation of binding free energy. Only the
intermolecular interactions between the ligand and other
molecules were annihilated using the soft-core potential.
The optimal non-uniform λ−spacing was used. We first
turned off Coulomb interaction at 12 λ−points, and then
van der Waals interaction at 21 λ−points. For each λ−point,
we performed 12 MD simulation with different initial
momentum distribution.

We also performed MM-PBSA calculation using AM-
BER 9 [35] in order to compare our results with the
conventional approach. The atomic coordinates of PARP-1
and each ligand were extracted from a single trajectory of

molecular dynamics simulation with explicit water mole-
cules for equilibration, and each energy term of MM-PBSA
was evaluated for 4 ns of the trajectory from 16 ns to 20 ns.
The dielectric constant for the surrounding solvent was
80.0. The entropy term usually estimated by normal mode
analysis was omitted.

Computational cost

To calculate the absolute binding energy values of six
inhibitors, we conducted 2376 molecular dynamics simula-
tion jobs (2376=33 λ×12 samples×6 compounds). The
simulation time per one job ranged from 110 hours to
140 hours using an Intel Xeon5160 processor at 3 GHz. In
total, the simulation time reached 260,000 – 330,000 hours,
which corresponds to 50-70 days of simulations with an
Intel 100 CPU (200 core) Xeon5160 (dual core) 3 GHz
cluster system.

Results and discussion

Equilibrium MD calculation

Figure 2a shows the PARP-1/C1 complex structure built
using the docking program, GOLD. In this docking model,
the backbone of Gly 863 has two hydrogen bonds with C1,
which is consistent with the crystal structure (1UK0).
Although the docking mode of the model of PARP-1/C1
complex is almost the same as that of the crystal structure,
the RMSD value of C1 between the docking model and the
crystal structure is not negligible (0.11 nM). This docking
model was used as an initial coordinate for MD calculation.
Figure 2b shows the PARP-1/C1 complex structure after
20-ns MD simulation. Again, there are two hydrogen bonds
between Gly 863 and C1, which means the docking mode

Fig. 2 Complex structure of PARP-1/C1 (a) before 20 ns simulation, and (b) after 20 ns simulation
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before and after MD simulation is almost conserved. The
total RMSD value of all heavy atoms is 0.11 nM, which
indicates that there is not a large conformational change.
The same situations were observed for the other ligands.

Absolute binding free energy

Figure 3 shows the convergence of the free energy of
PARP-C1 complex over time. Figure 3a and b show the van
der Waals and the Coulomb interaction, respectively. Both
interactions reached convergence after 2 ns calculation.
Each value of interaction was obtained as the average value
after convergence. The absolute binding energy was
obtained as the sum of each interaction. Figure 4 and
Table 1 show the calculated absolute binding free energies
of inhibitors and the experimental values that were obtained
using ΔG=-RTln IC50 [17]. In the case of MP-CAFEE,
there is an effective linear relationship between the
calculated values and the experimental ones. The square
of the correlation coefficient (r2) is 0.91 and the slope is
1.8. Furthermore, the calculation was able to reproduce the
correct rank order. In contrast, in the case of MM-PBSA,
the linear relationship between the calculated and experi-
mental values is poor: the square of the correlation
coefficient (r2) is 0.74 and the slope is 2.0. Also, as shown
in Fig. 4, the calculation could not reproduce the correct
rank order. The prediction accuracy of MP-CAFEE is
markedly higher than that of MM-PBSA.

It is notable that the computed binding energies by MP-
CAFEE are approximately 5 kcal mol-1 smaller than the
experimental values [15, 16]. This phenomenon was also
observed in previous studies. Recently, Fujitani et al.
showed that the force field selection affected the absolute
binding energy values [16]. The underestimation of binding
energies may arise from the force field. In particular, the
binding energy expresses the change in Gibbs free energy,
and thus the ligand has to be placed at a fixed position.
However, the spring constraining the ligand to be bound
within the binding site was not introduced. The so-called
quasiharmonic approximation induces an overestimation of
entropy when multiple energy valleys sampled [36]. Fur-
thermore, our main interest was to examine the predicting
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Fig. 3 Time dependency of calculated free energies for C1 (a) van der
Waals interaction and (b) Coulomb interaction
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performance of our methodology, and therefore we adopted
the calculation model used here without any constraint to the
ligand.

Relative binding free energy

In the lead optimization process, the relative binding free
energy between two compounds has to be predicted. To
evaluate the prediction accuracy of the relative binding free
energies using MP-CAFEE, the relative binding free
energies between inhibitors were calculated (Table 2). The
calculated values using MP-CAFEE are consistent with the
experimental ones. The root mean square error is
1.6 kcal mol-1. On the other hand, the prediction accuracy
using the MM/PBSA method is quite poor, with a root
mean square error of 2.5 kcal mol-1. From the viewpoint of

relative binding free energy, the prediction accuracy of MP-
CAFEE is higher than that of MM-PBSA.

Comparison between C1 and C2

The values calculated using MP-CAFEE are almost the
same (-17.1 kcal mol-1 for C1 and -16.6 kcal mol-1 for C2,
respectively), which is consistent with the experimental
results (-10.6 kcal mol-1 for C1 and C2). The substitution of
a H atom to the methyl group (from C2 to C1) makes the
hydrophobic surface area high, indicating that the com-
pound becomes more hydrophobic. Thus, this change has a
good affect on the complex term because of hydrophobic
interaction, and a bad affect on the solvation term. In fact,
the complex term of C1 is higher than that of C2 by
2.7 kcal mol-1 and the solvation term of C1 is lower than
that of C2 by 3.2 kcal mol-1 (Table 1). MP-CAFEE gives us
information not only about binding energies but also
solvation, which may be beneficial in a lead optimization
process.

Comparison between C2 and C3

Interestingly, although there is little difference between the
chemical structure of C2 and that of C3, the IC50 value of
C2 is three times smaller than that of C3. The calculation
revealed that the energy difference arose not from the
solvation energy term but from the interaction energy term.
The conformation of C3 is more restricted owing to the
double bond. The difference in the interaction term may
arise from the entropic contribution. MP-CAFEE success-
fully reproduces this order, whereas the MM-PBSA method
fails to reproduce it.

Comparison between C2 and C4

The experimental binding free energy for C4 is -
9.0 kcal mol-1, which is larger than that for C2 by
1.6 kcal mol-1. The substitution of a H atom for a Cl atom

Table 1 Calculated absolute binding free energy

ligand Exp. MP-CAFEE MM-PBSA

IC50
nM

ΔG
kcal/mol

complex
kcal/mol

solvation
kcal/mol

ΔG
kcal/mol

MM
kcal/mol

PBSA
kcal/mol

ΔG
kcal/mol

C1 16 -10.6 -26.4 -9.3 -17.1 -79.6 49.4 -30.3

C2 16 -10.6 -29.1 -12.5 -16.6 -77.1 44.5 -32.6

C3 46 -10.0 -27.9 -12.5 -15.4 -83.7 54.2 -29.6

C4 250 -9.0 -26.7 -11.9 -14.8 -68.9 38.2 -30.7

C5 1100 -8.1 -23.4 -10.5 -12.9 -69.9 43.9 -26.0

C6 1200 -8.1 -22.0 -10.7 -11.3 -52.4 26.5 -25.9

Table 2 Calculated relative binding free energy

Pair Exp. MP-CAFEE MM-PBSA
kcal/mol kcal/mol kcal/mol

C1 C2 0.0 0.5 -2.3

C3 0.6 1.7 0.7

C4 1.6 2.3 -0.4

C5 2.5 4.2 4.3

C6 2.6 5.8 4.4

C2 C3 0.6 1.2 3.0

C4 1.6 1.8 1.9

C5 2.5 3.7 6.6

C6 2.6 5.3 6.7

C3 C4 1.0 0.6 -1.1

C5 1.9 2.5 3.6

C6 1.9 4.1 3.7

C4 C5 0.9 1.9 4.7

C6 0.9 3.5 4.8

C5 C6 0.0 1.6 0.1

RMSE 1.6 2.5
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(from C2 to C4) makes a compound more hydrophobic,
which is predicted to have a positive effect on the complex
term and a negative effect on the solvation term. In fact, the
solvation term of C4 is lower than that of C2 by
0.6 kcal mol-1. However, the complex term of C4 is lower
than that of C2 by 2.4 kcal mol-1, which means that the
contrary occurs. The substitution of a H atom for a Cl atom
may cause steric conflict between ligand and protein, which
induces the lowering of the complex term.

Application of MP-CAFEE to drug discovery research

As mentioned above, the binding free energies calculated
by MP-CAFEE without complex crystal structure are well
consistent with the experimental values. The prediction
accuracy of MP-CAFEE is higher than that of MM-PBSA.
Furthermore, the detailed information about solvation
energy, which can help us to explain structure-activity
relationship (SAR) and design novel compound, is obtained
using MP-CAFEE. In total, MP-CAFEE would be an useful
tool for drug discovery projects.

To put this method in practice, powerful hardware (e.g.,
many core architecture) is required. Recently, some peta-
flops super computers and specialized machines for MD
simulation, and grid computing systems have been devel-
oped. These powerful systems would change the situation
in terms of computation time and cost.

Conclusions

In summary, we calculated the absolute binding energies for
PARP-1/inhibitor complexes, using MP-CAFEE. Although
we used docking models as input structures, there is a good
linear relationship between the calculated values and the
experimental ones. The accuracy of this method is
markedly higher than that using MM/PBSA, which is often
used in the drug discovery field. Although the simulation
time is currently long, and therefore the method is quite
expensive, this reliable predictor of binding free energies
would be a useful tool for drug discovery projects.
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