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Communication: Quantum polarized fluctuating charge model: A practical
method to include ligand polarizability in biomolecular simulations

S. Roy Kimura, Ramkumar Rajamani, and David R. Langley®
Department of Computer-Assisted Drug Design, Bristol-Myers Squibb R & D, 5 Research Parkway,
Wallingford, Connecticut 06492, USA

(Received 20 October 2011; accepted 2 December 2011; published online 21 December 2011)

We present a simple and practical method to include ligand electronic polarization in molecular
dynamics (MD) simulation of biomolecular systems. The method involves periodically spawning
quantum mechanical (QM) electrostatic potential (ESP) calculations on an extra set of computer
processors using molecular coordinate snapshots from a running parallel MD simulation. The QM
ESPs are evaluated for the small-molecule ligand in the presence of the electric field induced by the
protein, solvent, and ion charges within the MD snapshot. Partial charges on ligand atom centers
are fit through the multi-conformer restrained electrostatic potential (RESP) fit method on several
successive ESPs. The RESP method was selected since it produces charges consistent with the AM-
BER/GAFF force-field used in the simulations. The updated charges are introduced back into the
running simulation when the next snapshot is saved. The result is a simulation whose ligand partial
charges continuously respond in real-time to the short-term mean electrostatic field of the evolving
environment without incurring additional wall-clock time. We show that (1) by incorporating the cost
of polarization back into the potential energy of the MD simulation, the algorithm conserves energy
when run in the microcanonical ensemble and (2) the mean solvation free energies for 15 neutral
amino acid side chains calculated with the quantum polarized fluctuating charge method and ther-
modynamic integration agree better with experiment relative to the Amber fixed charge force-field.

© 2011 American Institute of Physics. [doi:10.1063/1.3671638]

Molecular mechanics (MM) potentials are widely used in
drug discovery research to model binding of small molecule
ligands to proteins or DNA."? A recent example is the
ground-breaking long timescale simulations published by
Dror et al.> The potentials used in these studies partly rely
on fixed partial charges assigned to atom centers to describe
non-bonded electrostatic interactions through Coulomb’s law.
Partial charges are usually fit to reproduce the electrostatic
potential field around the molecule of interest determined via
quantum mechanical (QM) calculations in vacuum or con-
stant dielectrics. Because molecules are polarized by their
conformation and external electric fields, macromolecular
force-fields""* are fit to the mean field expected around
multiple low energy conformers of each amino acid or nu-
cleic acid residue building block. In a simple protein or
DNA calculation, such a description provides reasonable
mean accuracies as the residues adopt different conforma-
tions and face heterogeneous environments within a sin-
gle system. In contrast, higher accuracy is often required
to make ligand-receptor binding calculations useful in drug
research, which focuses on specific atomic interactions in
and around the binding pocket. Indeed many studies®’ re-
port mean errors in calculated binding energies on the or-
der of 1 to 2 kcal/mol using state-of-the-art fixed charge
force-fields. Although much of this error likely stems from
inadequate configurational sampling, the neglect of polar-
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ization is also potentially a significant source of systematic
error.’

Various strategies to dynamically incorporate elec-
tronic polarizability into MM calculations have been previ-
ously developed’ including fluctuating charges,'®!" inducible
dipoles,'® 213 and classical Drude oscillators.'* While pa-
rameter fitting for biomolecular systems, with well defined
residues, is a tractable problem, the exercise can become ex-
tremely labor intensive if not prohibitive for adequate cover-
age of small molecule chemical space. Another approach is
the hybrid QM/MM method,'>'® where the ligand and op-
tionally nearby protein atoms are described with QM, while
the rest of the system is treated with MM. In principle, this
approach is accurate if the QM calculations are performed at
an adequate level of theory and is consistent with the MM
force-field used (e.g., HF/6-31G¥). In practice, simulation
timescales needed for protein-ligand modeling (>10 ns) can
only be achieved today using semi-empirical methods or pos-
sibly using HF/3-21G* or density functional theory with a
small basis set. A third approach is to explicitly model the
expected polarization that exists in a particular structure by
pre-fitting partial charges through a self-consistent iteration
of QM calculations on each residue and ligand.'”'3 Such an
approach would yield a specialized charge set useful for in-
depth studies of particular systems. Finally, implementations
of linear scaling methods for semi-empirical QM treatments
of macromolecules are beginning to enable longer timescale
fully polarized molecular dynamics (MD) simulations.
They currently represent the closest approximation to an
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FIG. 1. Summary of the quantum polarized fluctuating charge (QPFC) methodology. In the current implementation, the QM charge fitting is done on the ligand

at each interval, T.

ab initio QM treatment of the entire simulated system (macro-
molecule + ligand + water) but are still limited to the 100 ps
timescale.'% 20

Although higher levels of theory such as resolution-
of-identity second-order Mgller-Plesset perturbation theory
(RI-MP2) with Dunning’s aug-cc-pvtz basis set?! have seen
widespread adoption for ab initio QM calculations, most
force-fields today rely on semi-empirical or HF/6-31G*
(Refs. 22 and 23) basis sets for partial charge calculations.
It is also well known that vacuum HF/6-31G* calculations
result in over-polarization of the ligand which fortuitously
makes the fitted partial charges more consistent with use in
the aqueous environment.* Fitting charges in the presence of
protein and solvent external fields may result in additional
over-polarization since the water and the protein are not
allowed to instantaneously polarize themselves, although
allowing the atomic nuclei to move during MD should
account for part of this effect.

Notwithstanding these issues, we have implemented a
simple hybrid scheme that enables dynamic treatment of lig-
and electronic polarizability (Figure 1). A traditional MD sim-
ulation is run on p processors, while coordinate snapshots are
periodically saved at a simulation time interval, T. As each
snapshot is saved, a QM HF/6-31G* (or other appropriate ba-
sis set) single-point electrostatic potential (ESP) grid calcula-
tion is submitted to an extra set of ¢ processors. To prevent
processor idling, T, p, and ¢ are tuned so that the QM calcu-
lation on the ligand is completed within the wall-clock time
necessary for the MD to proceed by t (typically 10-20 ps of
simulation time depending on the ligand size). The polarizing
effects of the protein and water are included in the QM calcu-
lations as fixed external charges from the MD snapshot. When
n ESP grids are available, a multi-conformer restrained elec-
trostatic potential (RESP) fit*>23 calculation is launched and
ligand partial charges are refit. The charges are fed back into
the simulation when the next snapshot is saved and the cycle
is repeated. Although there is a small time delay in the po-
larization response equal to T, this error is not expected to be
significant as our goal is to reproduce the mean polarization
of the ligand in the ~100 ps timescale.

Validation and preliminary calibration of the methodol-
ogy was performed through calculation of solvation free ener-
gies of 15 neutral amino acid side chains (Table I, Figure 2).

For each side chain, a quantum polarized fluctuating charge
(QPFC) simulation was first performed in an approximately
22 x 22 x 22 A TIP3P water box (~350 water molecules).
The mean charges determined from the equilibrated 500 ps
portions of the QPFC simulations were used for subsequent
fixed charge thermodynamic integration (TI) calculations. TI
was performed by increasing a charge scaling factor, A, from
0 to 1, in five equally spaced increments and using a sim-
ple rectangular integration scheme. Details of the simulations
are summarized in Table II. Non-polar contributions were
taken from Shirts ef al.>* For comparison, calculations were
repeated using generalized amber force-field (GAFF) AM1-

TABLEI. Amino acid solvation-free energy calculations versus experiment.

Side QPFC  QPFC
chain Nonpolar® AMBER® GAFF®  fulld 0.9° Expt.f
Ala 2.57 2.57 2.57 2.55 2.56 1.94
Val 2.71 2.69 2.70 2.70 2.71 1.99
Leu 2.78 2.73 2.78 2.73 274 2.28
Ile 2.85 2.85 2.85 2.84 2.84 2.15
Ser 1.76 —437 —330 —783 —489 —506
Thr 1.94 —383 —321 —738 —453 —488
Phe 2.45 010 —026 —122 —024 —0.76
Tyr 1.96 —423 —474 —781 —49 —6.11
Trp 1.52 —487 =557 —737 —501 —588
Cys 2.15 011 —008 —135 —024 —124
Met 2.52 0.91 0.58 —0.95 0.10 —1.48
Asn 1.47 —780 —8.15 —1829 —1228 —9.68
Gln 1.66 —7.69 —841 —1731 —11.64 —9.38
His 1.08 —843 —557 —1648 —11.24 —10.278
Hie 1.09 —898 —6.88 —1441 —9.63 —1027¢
RMS Error 1.35 1.63 3.78 1.18

“Nonpolar solvation free energies calculated via thermodynamic integration taken from
Shirts et al. (Ref. 24).

Total solvation free energies calculated using AMBER charges; values taken from
Shirts et al. (Ref. 24).

“Total solvation free energies calculated using GAFF charges, this study, plus nonpolar
energies from Shirts er al. (Ref. 24).

dTotal solvation free energies calculated from QPFC simulations with full polarization,
this study.

¢Total solvation free energies calculated from QPFC simulation with polarization re-
duced by factor of 0.9, this study.

"Experimental solvation free energies taken from Wolfenden et al. (Ref. 27).
gExperimental values for imidazole shown in both.

hRoot mean square error between calculated and experimental values.
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FIG. 2. Calculated and experimental solvation free energies (kcal/mol).
qpfc_full refers to the results when the un-scaled full RESP charges were
used in the FEP calculations. gqpfc_0.9 refers to the case when those charges
were scaled by a factor of 0.9 during the QPFC simulations, and the resulting
mean charges were used in the FEP calculations. Experimental values taken
from Ref. 27.

BCC charges. The free energy calculations using assisted
model building with energy refinement (AMBER) force-
field charges from Ref. 24 are also reproduced in the table.
All bonded and Lennard-Jones parameters were taken from
the AMBER force-field. The NAMD (Ref. 25) and Q-Chem
(Ref. 26) packages were used for the MD and QM calcula-
tions, respectively.

We initially found that full QPFC polarization overesti-
mated the solvation free energies (rms error 3.8 kcal/mol).
However, simply scaling the RESP charges by a factor of 0.9
during the QPFC simulations reduced the over-polarization
and resulted in better reproduction of experiment (rms error
1.2 kcal/mol). The inclusion of polarization may account for
the slight improvement in accuracy compared to fixed charge
force-fields (AMBER, GAFF). However, even with charge-
scaling, the amide groups in Asn and Gln side chains are
still over-polarized. Closer inspection revealed increased po-
larization in the nitrogen and the carbonyl carbon atoms of
the amide groups, in agreement with the explicit polarization
(X-Pol) QM calculations performed in Ref. 20. The lack of
polarization of Cys and Met side chains are likely due to the
inherent problem of representing sulfur polarizability using a
single point charge at the center of the atom.

TABLE II. Simulation details.
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FIG. 3. Total energy trajectory showing heating and equilibration phases
in NVT ensembles, and QPFC simulation in NVE ensemble starting from
600 ps into the simulation (blue line). The discontinuities in the energy (blue
line) during the QPFC NVE phase correspond to the replacement of ligand
charges with newly calculated ones. The red line shows the result of adding
back the change in electrostatic energy (AEcoulombic) to the total QPFC NVE
energy each time the charges are updated. Note that the total energy is now
conserved (red line).

Updating the charges on the ligand introduces a new
potential energy change exactly equal to the change in the
Coulombic potential resulting from changes in the ligand-self
and ligand-system interaction energies. We verified that this
change in potential energy is exactly balanced by changes in
the kinetic energy and the QPFC method conserves energy
when run in the constant-NVE ensemble (Figure 3).

Although the benefits of the QPFC method can be im-
mediately realized by applying it to study any protein-ligand
system of interest, a few enhancements may further improve
the applicability and accuracy of the method. First, a system-
atic optimization of the charge re-scaling factor (0.9) may
improve the accuracy of the polarization contribution. Sec-
ond, QPFC could be combined with polarizable force-fields
to model polarization of the full system. This will take advan-
tage of the parameter optimizations that have been performed
so far in the field, while simultaneously and accurately ac-
counting for small-molecule polarization effects. Third, the
QPEC region could be expanded to also include the biomolec-
ular residues neighboring the ligand. This will better describe
the polarization between the ligand and binding site residues.
Finally, it may be possible to extend QPFC to enable dynamic
polarization of all the residues in the system by applying a
self-consistent iterative scheme similar to the one devised by
Zhang and Ji'” for static systems.

Number of water molecules
Force-field

Initial box dimensions
Integration scheme
Simulation ensemble
Start-up protocol

Electrostatics treatment

Boundary conditions

QM charging frequency

QM averaging window
Thermodynamic integration scheme
Average wall-clock performance

~300-400 depending on amino acid side chain
Amber99

~22 x 22 x 22A

Velocity verlet (no multi-timescale updates)

NPT, 300K, 1 atm

Minimization: 250 steps conjugate gradient; Heating:
NVT ensemble, 10 K increments every 100 steps up to
300K; Equilibration: 50 ps, NPT ensemble

10-8 A taper w/ PME

Periodic cubic box

Every 10 ps

Three snapshots (30 ps)

Five steps, 500 ps each stage

50 min. / ns on 16 (MD) + 4 (QM) CPUs
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Overall, we find that the QPFC provides a practical
method that complements the strengths and weaknesses of
QM/MM and polarizable force-fields for MD simulation of
ligand-bound biomolecular systems. We show that (1) by in-
corporating the cost of polarization back into the potential en-
ergy of the MD simulation, the algorithm conserves energy
when run in the microcanonical ensemble and (2) the mean
solvation free energies for 15 neutral amino acid side chains
calculated with the QPFC method and thermodynamic inte-
gration agree better with experiment relative to the Amber
fixed charge force-field.
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