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Binding free energy calculation for duocarmycin/DNA
complex based on the QPLD-derived partial charge model
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Abstract—The 3 ns unrestrained MD simulations were carried out on the DNA/duocarmycin complex based on (1) the classic RESP
charge model, and (2) the QM-polarized ligand docking (QPLD)-based charge model. The RMSDs of the trajectories and the
DGbind of the QPLD model perform much better than the RESP model, with the DGbind estimation for QPLD model
(�16.11 kcal/mol) versus DGbind estimation for RESP model (�10.05 kcal/mol).
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Chemical structures of (+)-duocarmycin (DSA) and N-

acetyl-DSA (ACE-DSA).
It is now well recognized that electrostatic interactions
play a critical role in noncovalent interactions between
DNA/ligand, protein/ligand, and DNA/protein com-
plexes. A combination of structural feature studies and
binding affinity calculations makes it possible to design
better ligands with high affinity. The development of
computational approaches to predict accurately the
binding free energy, therefore, is of great significance.
Molecular mechanics/Poisson–Boltzmann surface area
(MM/PBSA) and molecular mechanics/generalized Born
surface area (MM/GBSA) have been widely employed
for the binding affinity calculations for the protein/li-
gand and/or protein/peptide interactions.1,2 In addition,
the thermodynamic integration techniques3 have been
used by Spiegel et al.4 to predict the binding free energy
(DGbind) for (+)-duocarmycin SA (Fig. 1) binding to
the DNA duplex [d(G1ACTAATTGAC11)–d(G12TCA
ATTAGTC22)]. The DGbind was estimated to be
�10.5 kcal/mol, which is a severe underestimation of
the experimental value of �22.7 kcal/mol.4 Spiegel
et al. attributed the large discrepancy to the level of
accuracy of DFT used in their hybrid Car-Parinello
QM/MM simulations.4 Due to the highly charged nat-
ure of DNA, we assumed that the electrostatic interac-
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tions between DNA and its ligand might play a critical
role in the accurate estimation of the binding free en-
ergy. With an aim to develop a method that can estimate
the binding free energy with improved accuracy, we
present here the molecular dynamics simulations and
the MM/GBSA calculations that were carried out based
on the quantum mechanics (QM)-polarized ligand
docking (QPLD)-derived partial charges. To our best
knowledge, this is the first QPLD-based MM/GBSA cal-
culation. We are very excited to observe that our QPLD-
based MM/GBSA calculations have shown a significant
increase in the accuracy of DGbind estimation.

The classic MD simulations use the RESP (restrained
electrostatic potential) charges, which are routinely
developed from an isolated ligand through the quantum
mechanics calculations at the 6-31G* level using Gauss-
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Figure 2. The root-mean-square deviations for the trajectories in

comparison of the NMR structure 1DSA based on the DNA backbone

atoms. The RMSD trajectories are colored in blue for the traditional

partial charge (RESP) model, in magenta for the QPLD model.
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ian 94/98/03. The minimized structure is then used to
calculate a molecular electrostatic potential (MEP) on
a three-dimensional grid, and the final step is to derive
the ‘RESP’ and ‘ESP’ charges for the ligand.5 The RESP
charges developed from an isolated ligand might be
problematic for the DNA/ligand interactions due to
the extent of electrostatic contributions. DNA is an
important target for developing anticancer/antibiotic
compounds, including duocarmycin SA (DSA,
Fig. 1),6 polyamides,7 and biarylpyrimidines.8 An accu-
rate estimation of the DGbind for DNA/ligand and DNA/
protein complexes, therefore, will greatly benefit our
understanding of the interactions and result in a better
design of ligands as medical agents.

The importance of accurate charges in molecular dock-
ing has been documented in a series of docking studies
using the QM dock method.9 The QM dock (with the
QM/MM charges) appears to have an advantage over
other docking methods. MM/PBSA and MM/GBSA
have been acclaimed to provide the absolute binding free
energy for protein/ligand complexes. Will the accuracy
of DG estimation be improved with the QM/MM
charges? To answer this question, we carried out unre-
strained molecular dynamics simulations of a selected
DNA duplex of oligomers complexed with duocarmycin
SA (DSA), using the classical RESP charges (called the
RESP model), or using the QPLD-derived charges
(called the QPLD model). We then analyzed the struc-
tural fluctuations in terms of distances and dihedral an-
gles that are involved in the binding. The binding free
energies for the two models were estimated with the
MM/GBSA method.

The original structure of the DNA/DSA complex was
taken from the first of the 20 NMR structures in
1DSA.10 The reversible, stereoelectronically controlled
N3 0 of adenine 19 (A19) covalently binds to the least
substituted cyclopropane carbon (C13 in DSA,
Fig. 1).11 For the MD simulation purpose, the
C13AN3 0 covalent bond was modified to a non-bonded
interaction. The DSA was extracted from 1DSA and
optimized using the ab initio density functional theory
(DFT) with the 6-31G* basis set developed by Pople
and coworkers,12 and the hybrid B3LYP method.13,14

To observe the effect of the substituted indole ring,
DSA was modified to an acetylated structure (ACE-
DSA) and optimized at the same B3LYP/6-31G* level
of theory using Gaussian 03.15 The RESP charges were
developed based on the optimized DSA using HF/6-
31G* level of theory, following the established RESP
protocol in the AMBER program. The QPLD charges
were derived from the QM-polarized ligand docking
protocol in the Schrödinger software suite.16 The QPLD
protocol involves the usage of the Glide and the QSite
programs in the Schrödinger suite. DSA was docked
to DNA using the Glide program. Each configuration
of the docked DNA/DSA was evaluated using the mixed
quantum mechanical/molecular mechanics (QM/MM)
computational routine, where DSA was treated by the
QM approach and DNA was treated by the MM meth-
od. The docked pose with the lowest root mean square
deviation (RMSD) from the reference ligand DSA struc-
ture was adopted and the original DSA was replaced
with this newly obtained conformation. The partial
charges associated with the adopted pose were used
for the MD simulations.

MD simulations were carried out on two DNA/DSA
systems: one with the RESP charges for DSA (RESP
model), the other with the QPLD-derived charges for
DSA (QPLD model). The AMBER force fields
parm9917 within the AMBER 9 package18 were used
for the simulation. The SANDER module of AMBER
9 was used for the initial minimizations and the subse-
quent MD simulations. All systems were solvated with
neutralizing Na+ counterions by a rectangular box of
TIP3P water,19 which extended at least 10.5 Å away
from any given DNA or DSA atom. The minimizations
were carried out first on the water molecules for 1000
steps while holding the solute and the counterions fixed,
followed by minimizations on the complex for 1000
steps while water molecules were held fixed. The whole
system was then relaxed for 2000 steps of minimization.
The resulting system was heated from 10 K to 300 K in
two intervals over 30 ps, followed by a 100 ps equilibra-
tion run for the whole system. During the heating pro-
cess and the equilibration phase, the DNA/DSA/Na+

were applied with a force constant constraint of
10 kcal/mol Å2. During the first ns of MD production
run, counterions Na+ were restrained with a force con-
stant of 10 kcal/mol Å2, while the water, DNA, and
DSA were allowed to relax. After the first ns, the whole
system including the Na+ ions was carried out without
any constraint. During the MD simulations, the periodic
boundary conditions were applied. The particle mesh
Ewald method20 was used to treat the long-range elec-
trostatics. The van der Waals (vdw) interactions were
treated with a 9.0-Å cutoff. The SHAKE algorithm
was used to constrain all bonds involving hydrogen
atoms. The trajectories of the last 3 ns snapshots were
processed with the PTRAJ program in AMBER 9,
and compared to the NMR structure by the root-
mean-square deviations (RMSD) of the main chain
atoms (Fig. 2). The graphics of model structures were
made with the PYMOL program.21

The RMS deviations from the reference 1DSA, on aver-
age, are larger and experience more deviations in the
RESP model than those in the QPLD model. The aver-
age RMSD for the RESP model is 2.43 , with standard



Figure 3. The cartoon structures for the DNA/DSA complexes. The

complex structures were taken from the 4000th ps snapshot. The

structure from the RESP model is colored in green, while the QPLD

model in orange.
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deviation of 0.45 . The average RMSD for the QPLD
model, on the other hand, is 1.78 , with the standard
deviation 0.22 (Fig. 2). The MD simulations clearly
show the improved stability of the simulations and bet-
ter convergence toward the NMR structure (1DSA) in
the QPLD model. The C13AN3 0 distance for the RESP
model is 3.58 ± 0.32 , for the QPLD model, 3.32 ± 0.20
(Fig. 3). The closer distance between C13 and N3 0 in the
QPLD model can be rationalized by the fact that the
covalent bond that is formed in the NMR structures
necessitates a close interaction between these two atoms.

The probability of bonding depends on the stability of
the cyclopropyl unit in the DSA, which can be measured
by torsional angles v1(C7AC8AN12AC15) and
v2(C8AN12AC15AO16). The more distorted v1 and
v2 indicate the less stability of the cyclopropyl ring
and the higher reactivity of DSA. Boger and Garbaccio
have suggested that the larger distortion in DSA leads to
the higher reactivity over (+)-duocarmycin SI (DSI), in
which the three methoxyl groups of DSA are absent.22

Our QM calculations reveal that torsions v1 and v2 in
isolated DSA are 19.6� and 7.9�, respectively. The corre-
sponding torsions in the N-acetyl substituted DSA
(ACE-DSA) are 13.5� and 4.8�, respectively. The de-
creased p-electron conjugation in the DSA, caused by
the sterically bulky substituted indole ring, reduces the
stability of the cyclopropyl unit and enhances its reactiv-
Table 1. Energy components and free energy of binding for DNA/DSA com

Contributions (kcal/mol) Complex D

Mean Std Mean

E (electrostatic) 693.03 31.64 694.23

E (vdw) �245.97 9.82 �192.79

E (internal) 1318.75 20.75 1036.55

E (gas) 1765.81 34.28 1538.00

G (GBsur) 30.92 0.29 32.02

G (GB) �5273.19 27.47 �5304.68

G (GBsol) �5242.27 27.60 �5272.65

G (GBele) �4580.16 11.10 �4610.45

G (GBtot) �3476.46 20.18 �3734.65

�TS �590.27 �554.58

DGbind
ity. The average torsions v1and v2 in the DNA/DSA
complex for the RESP model are 37.8 ± 11.2� and
3.7 ± 8.3�, for the QPLD models, 33.5 ± 10.4� and
11.7 ± 7.7�, for the NMR structure (1DSA), 22.2� and
11.7�, respectively. Our simulations show that binding
of DSA to DNA is accompanied by the reduction in
the vinylogous amide conjugation. The v1 torsion in-
creased from 19.6� to 33.5� (in QPLD model) or 37.8�
(in RESP model) for DSA during the binding to
DNA. This ground state destabilization of the ligand
upon binding to DNA has been observed by other scien-
tists.10,21 Our QPLD model simulations for v2 (11.7�)
are in better agreement with the NMR data than the
RESP model (3.7�). Therefore, structurally, the QPLD
method clearly shows greater advantage over the RESP
model.

The MM/GBSA method was used to estimate the DGbind

for the two studied models. In the QPLD model, the
DGbind is estimated to be �16.11 kcal/mol (Table 1),
while the DGbind of the RESP model is estimated to be
�10.05 kcal/mol (Table 2). The experimental DGbind of
the DNA/DSA was estimated to be �22.70 kcal/mol.
The thermodynamic integration (TI) calculation by
Spiegel et al. for the DNA/DSA with the RESP charges
was estimated to be �10.50 kcal/mol.4 Our estimation
on the DGbind for the RESP charge model based on
the MM/GBSA method is almost identical to Spiegel’s
calculations, which were based on the TI approach.
The RESP charge model in both our calculations and
Spiegel’s calculations gave the large discrepancy to the
experimental data. The QPLD-based charge model,
however, performs much better (�16.11 kcal/mol),
which corresponds to a 60% increase of the accuracy rel-
ative to �10.50 kcal/mol for the RESP model! The main
contributor that leads to such an increase is the electro-
static contribution (Tables 1 and 2). The DE (electro-
static) for the QPLD model is �38.57 kcal/mol. The
corresponding DE (electrostatic) for the RESP model
is �26.21 kcal/mol. Obviously, drastic improvements in
accuracy of DG estimation have been achieved using
the QPLD based charges. The improved performance
in the QPLD model was also substantiated by the less
RMS deviations of the trajectories and closer distance
between C13 and N3 0. The improvement can be attrib-
uted to the electrostatic partial charges in the QPLD
plex using the QPLD charge model

NA DSA D

Std Mean Std Mean Std

31.68 37.37 1.22 �38.57 3.90

9.02 8.41 2.17 �61.60 2.70

20.09 282.20 5.54 0.00 0.00

34.53 327.98 5.42 �100.17 4.04

0.22 5.49 0.03 �6.60 0.17

27.92 �33.51 0.86 65.00 3.45

28.00 �28.02 0.85 58.40 3.45

10.82 3.85 1.06 26.43 1.81

19.53 299.96 5.36 �41.76 2.41

�61.34 25.65

�16.11



Table 2. Energy components and free energy of binding for DNA/DSA complex using the RESP charge model

Contributions (kcal/mol) Complex DNA DSA D

Mean Std Mean Std Mean Std Mean Std

E (electrostatic) 713.21 36.84 671.60 36.15 67.82 1.19 �26.21 3.92

E (vdw) �240.71 11.12 �188.73 9.00 8.37 2.26 �60.35 5.16

E (internal) 1317.94 21.32 1034.22 20.56 283.72 5.57 0.00 0.00

E (gas) 1790.44 38.57 1517.08 39.13 359.92 5.44 �86.56 5.45

G (GBsur) 31.53 0.51 32.31 0.23 5.48 0.04 �6.26 0.40

G (GB) �5261.95 31.68 �5285.53 31.92 �30.50 0.85 54.08 3.51

G (GBsol) �5230.42 31.95 �5253.22 32.02 �25.01 0.85 47.82 3.46

G (GBele) �4548.74 11.84 �4613.93 11.08 37.33 0.97 27.87 2.42

G (GBtot) �3439.97 20.65 �3736.14 20.04 334.91 5.37 �38.74 4.07

�TS �588.43 �555.59 �61.53 28.69

DGbind �10.05
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model. The electrostatic partial charges in the QPLD
model were derived within the binding pocket, and
therefore contain the environmental polarization effects,
which are normally ignored in an isolated ligand system.

In summary, the QPLD-based charge model provided a
better performance in the MD simulations. The QPLD-
based DGbind demonstrated a significant increase in
accuracy. Application of this new method will greatly
enhance the design of ligands, such as polyamides, with
more potency. The authors predict that the application
of the QPLD-based charge model and the QPLD-based
MM/GBSA method will greatly promote our under-
standing of the protein/DNA and protein/ligand interac-
tions, and will greatly assist structure-based drug design.
We are investigating the application of the QPLD-based
charge model in the protein/ligand complex, and pro-
tein/DNA complexes and will report the results
elsewhere.
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