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The combination of quantum mechanics (QM) with molecular mechanics (MM) offers a route to
improved accuracy in the study of biological systems, and there is now significant research effort
being spent to develop QM/MM methods that can be applied to the calculation of relative free
energies. Currently, the computational expense of the QM part of the calculation means that there
is no single method that achieves both efficiency and rigor; either the QM/MM free energy method
is rigorous and computationally expensive, or the method introduces efficiency-led assumptions that
can lead to errors in the result, or a lack of generality of application. In this paper we demonstrate
a combined approach to form a single, efficient, and, in principle, exact QM/MM free energy
method. We demonstrate the application of this method by using it to explore the difference in
hydration of water and methane. We demonstrate that it is possible to calculate highly converged
QM/MM relative free energies at the MP2/aug-cc-pVDZ/OPLS level within just two days of
computation, using commodity processors, and show how the method allows consistent,
high-quality sampling of complex solvent configurational change, both when perturbing hydrophilic
water into hydrophobic methane, and also when moving from a MM Hamiltonian to a QM/MM
Hamiltonian. The results demonstrate the validity and power of this methodology, and raise
important questions regarding the compatibility of MM and QM/MM forcefields, and offer a

potential route to improved compatibility. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2805379]

I. INTRODUCTION

Computer simulations that combine quantum mechanics
(QM) with molecular mechanics (MM) are becoming in-
creasingly important in the study of biological systems.
QM/MM simulations have been found to be particularly use-
ful for computational enzymologylf7 and are now beginning
to find use in docking,&9 scoring,lo*12 and free energy
calculations.'*™* The potential advantages of using quantum
mechanics to model part of the system are obvious: the im-
proved physical description can better represent important
physical phenomena, such as polarization, charge transfer,
and bond breaking and formation. However, the disadvan-
tage of QM/MM is that the computational expense of QM
calculations is significantly greater than that of the MM cal-
culation, and therefore QM/MM simulations are computa-
tionally demanding. This is a particular problem when
QM/MM models are used during free energy calculations, as
the high computational expense of the QM part of the calcu-
lation prevents the generation of the large ensembles of
structures necessary to fully converge free energy averages.
Current applications of QM/MM within free energy
calculations > ** use a variety of methods to overcome this
problem. Highly promising are methods'”* that involve the
use of fast and approximate Hamiltonians to sample phase
space, with the full QM/MM Hamiltonian being used spar-
ingly to calculate or estimate free energies using only a lim-
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ited subset of the generated configurations. Two main classes
of methods will be discussed in this paper: (i) methods that
use the fast Hamiltonian to estimate the relative free energy,
and then use efficient algorithms to approximate the differ-
ence in free energy between the QM/MM and fast Hamil-
tonian, and (ii) methods that use the fast Hamiltonian as a
means of enhancing sampling of the QM/MM Hamiltonian,
thereby producing ensembles correct for the QM/MM
Hamiltonian that can be fed directly into free energy meth-
ods such as free energy perturbation (FEP).

The first class of methods, typified by the approach de-
veloped Warshel and co-workers'"'® uses the free energy
cycle shown in Fig. 1. First, the free energy change is esti-
mated using an approximate, reference Hamiltonian (e.g., ei-
ther a pure MM Hamiltonian'®**"* or an empirical valence
bond potentialw’ls). This estimate is then corrected by calcu-
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FIG. 1. The free energy cycle (Ref. 17 and 18) used to calculate the
QM/MM free energy difference between systems A and B, AGqymm(A
— B). The free energy difference between A and B is first estimated using an
approximate potential (e.g., MM potential), giving AGy(A — B). This is
then corrected to the QM/MM value by calculating the free energy neces-
sary to perturb system A from MM to QM/MM [AGy_qwmm(A)] and the
free energy to perturb system B from MM to QM/MM [AGy—.qmmm(B) -
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FIG. 2. Application of the Metropolis-Hastings (Ref. 27) algorithm to ac-
celerate sampling of a system represented using a QM/MM Hamiltonian
(Refs. 23 and 24). The Monte Carlo move starts at configuration i. The
energy of this configuration is evaluated using the target QM/MM Hamil-
tonian [giving Eqymm(i)] and on an approximate (MM) Hamiltonian [giv-
ing Eyn(i)]. Standard Metropolis Monte Carlo moves are then attempted
from configuration i/ using only the approximate MM Hamiltonian, until
after a set number of moves, the system is in configuration j. The energy of
configuration j is evaluated using both the QM/MM and MM Hamiltonians
[giving Eqnav(/) and Eyp(j)]. Configuration j is then accepted into the
QM/MM ensemble according to the probability min{1,exp(~AAE/kgT)},
where AAE=[Eqynm() = Exea()]=[Equamt(d) = Exp(D)]-

lating the free energies necessary to change from the ap-
proximate Hamiltonian to the QM/MM Hamiltonian. In
theory, this method will return the exact QM/MM free en-
ergy change. However, for the sake of efficiency, all of the
sampling is performed using only the reference Hamiltonian,
and the free energy difference between the reference and
QM/MM Hamiltonians is calculated from a single-step FEP
perturbation from the ensemble generated at the reference
state. While this will converge well if there is good overlap
between the phase space of the reference and QM/MM po-
tentials, in practice the free energy may often not converge
owing to the large fluctuations of the difference between the
reference potential and the QM/MM potential.21 The focus of
further development of this method is therefore the deriva-
tion of approximate reference Hamiltonians that are a good
match to the target QM/MM Hamiltonian,'® and the use of
the linear response approximationz‘l&% that improves con-
vergence by running on both the approximate reference
Hamiltonian and on the QM/MM Hamiltonian.

The second class of methods involves the use of an ap-
proximate Hamiltonian to speedup the sampling of phase
space described by a QM* or QM/MM**** Hamiltonian.
These methods produce ensembles that are correct for the
QM or QM/MM Hamiltonians used, and these ensembles
can be used directly with free energy methods such as FEP.
These methods work by using Monte Carlo sampling with a
Metropolis-Hastings algorithm27 (see Fig. 2). The algorithm
works by using an approximate Hamiltonian (e.g., MM) to
guide the Monte Carlo sampling of the QM or QM/MM
Hamiltonian. The advantage is that the majority of the Monte
Carlo moves require evaluations using only the approximate
Hamiltonian, yet the form of the Monte Carlo acceptance test
means that an ensemble that is rigorously correct for the QM
or QM/MM Hamiltonian is sampled. The method was popu-
larized for application to Monte Carlo sampling of QM and
QM/MM Hamiltonians by Iftimie et al.,”**> who coined the
name ‘“‘molecular mechanics based importance function”
(MMBIF). The Metropolis-Hastings algorithm is generally
applicable and can be applied to any situation where an
expensive-to-evaluate potential can be approximated by a
cheap potential. The power of this algorithm continues to be
rediscovered,”®*? and it has been applied to accelerate Monte
Carlo sampling of implicit solvent force fields® and the
Ewald sum for long range electrostatics.”’
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One of the problems with the MMBIF method is that its
efficiency depends on the level of phase-space overlap be-
tween the QM/MM and MM Hamiltonians. If the overlap is
poor, then the probability of accepting each Metropolis-
Hastings Monte Carlo move will be low, and convergence of
the free energy averages will be poor. This is a similar prob-
lem to that encountered in the first class of methods, where if
the overlap is poor, the estimate of the difference in free
energy between the QM/MM and MM potentials will fail to
converge. As in the case of the first class of methods, effort
may therefore need to be spent optimizing the approximate
MM Hamiltonian so that it is a better match for the desired
QM/MM Hamiltonian. Alternatively, Iftimie et al.” show
how the replica exchange method®*™ (also known as parallel
or simulated tempering23’34’35) can be used by adding an ad-
ditional degree of freedom to the system that enhances sam-

pling.

Il. METHODOLOGY AND RESULTS

We here combine the Metropolis-Hastings and Warshel
cycle methods together to form an efficient and in principle
exact QM/MM free energy method. Using the Warshel free
energy cycle (see Fig. 1) the difference in free energy be-
tween two systems, A and B, can be estimated using a pure
MM Hamiltonian. This estimated free energy can then be
corrected by calculating correction free energies that quan-
tify the difference between the QM/MM and MM Hamilto-
nians for A and B. Rather than estimating these correction
free energies using a single-step FEP perturbation, we in-
stead propose to use the Metropolis-Hastings algorithm, as
described as part of the MMBIF method (see Fig. 2). We will
calculate the correction free energies using the Hamiltonian,

H=(1-NHovmm + Ny (1)

Simulations are then run at different values of N, and the

correction free energy calculated using thermodynamic inte-
. 36-38

gration (TI),
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The N coordinate is used to scale the QM/MM Hamil-
tonian into the MM Hamiltonian. As the MM Hamiltonian is
also used as the approximate potential for the Metropolis-
Hastings algorithm, so as A is increased, H becomes closer to
Hy. Therefore as A is increased, the acceptance probability
of the Metropolis-Hastings Monte Carlo moves increases.
Replica exchange moves applied across the N coordinate will
therefore enhance QM/MM sampling, in the same manner as
the simulated tempering moves used by Iftimie et al.” How-
ever, in this case, no additional replica exchange coordinate
is required, as N\ is provided naturally by TI. The use of
replica exchange moves to enhance sampling along the A
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coordinate provided by TI was first described in the replica
exchange thermodynamic integration (RETI) free energy
method.” The RETI method has since been shown to en-
hance sampling and reduce statistical error in MM free en-
ergy calculations,”®*** and is expected to bring the same
advantages to the calculation of the QM/MM correction free
energies.

A. The test system

The combined QM/MM free energy method was tested
by calculating the relative hydration free energy of water and
methane. This calculation is surprisingly complicated be-
cause water in water has a completely different solvent struc-
ture to methane in water. Thus the calculation involves large
reorganization of the solvent, as the dipolar, hydrophilic wa-
ter molecule is perturbed into the neutral, hydrophobic meth-
ane molecule. A large solvent box was used (1679 waters),
with periodic boundary conditions, a 15 A molecule-based
electrostatic and nonbonded cutoff, and quadratic smoothing
of the intermolecular interactions to zero applied over the
last 0.5 A%

Two Hamiltonians were required to represent this sys-
tem; an approximate MM Hamiltonian and the target
QM/MM Hamiltonian. In the QM/MM Hamiltonian, the sol-
ute was represented using QM, while the surrounding solvent
was represented using MM. The QM solute was modeled
using MP2/aug-cc-pVDZ, so including the effects of electron
correlation. Three different MM water models were investi-
gated; TIP3P,*** TIP4P,**° and TIP5P.***® The electrostatic
interaction between the QM and MM regions was modeled
using the established method"** of including, within the
QM Hamiltonian, the MM point charges. The electrostatic
cutoff was applied by including only point charges from at-
oms that were in solvent molecules within 15 A of any QM
atom (including periodic boundaries). Quadratic smoothing
of the electrostatic interactions™ was applied by scaling
down the point charges of affected atoms using the smooth-
ing function applied over the last 0.5 A. The van der Waals
interaction between the QM and MM regions was modeled
using the Lennard-Jones potential, which was also subject to
the same 15 A molecule-based cutoff with 0.5 A smoothing
function. In the MM Hamiltonian, the QM solute was ap-
proximated by a MM solute. For simulations of water in
water, the QM water was approximated using the same MM
water model as the solvent (i.e., TIP3P, TIP4P, or TIP5P).
For simulations of methane in water, the approximation of
QM methane was investigated using two MM models; opti-
mized potential for liquid simulations (OPLS) all-atom
methane®® and OPLS united-atom methane.*®

All Monte Carlo simulations were run in the NPT en-
semble, at 298.15 K, and 1 atm pressure. Preferential
samplir1g49’5 % was used to enhance sampling around the sol-
ute, using a preferential sampling constant of 200 A. Monte
Carlo moves were chosen at random using relative weights
of 1600 for solvent moves, 100 for solute moves, and 1 for
the volume move. Solute and solvent moves consisted of
random, rigid-body translations and rotations, with a 0.2 A
maximum translation and 5° maximum rotation for the sol-
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TABLE I. The percentage of Metropolis-Hastings moves accepted during
the QM/MM MC simulations.

System Percentage of accepted moves (%)
Water in TIP3P 50
Water in TIP4P 68
Water in TIPSP <5?
Methane in TIP3P 90
Methane in TIP4P 90

*This simulation was terminated early due to the poor acceptance ratio of the
move.

vent molecules, and a 0.1 A maximum translation and 2.5°
maximum rotation for the solute. The volume moves
changed the volume of the solvent box by a maximum of
167.9 A3. As the QM solutes were kept rigid, the gas-phase
QM energy of the solute was subtracted from the QM/MM
energy, thereby removing the QM intramolecular energy of
the solute from the calculation.

B. QM/MM Monte Carlo

We first investigated the efficiency of the Metropolis-
Hastings Monte Carlo algorithm by using it to generate long
QM/MM trajectories of the test system. We ran QM/MM
Monte Carlo simulations of QM water in TIP3P, TIP4P, and
TIP5SP, and QM methane in TIP3P and TIP4P. The simula-
tions were run in a custom Monte Carlo program,5 ! which
used MOLPRO™? to perform the QM energy calculations.

Based on prior investigation, we found that we could
comfortably run the Metropolis-Hastings algorithm using
500 MC moves of the entire system using the approximate
MM potential between each QM/MM energy evaluation.
This high ratio allowed 50 X 10° steps of MC sampling, re-
quiring just 100 000 QM/MM evaluations, to be performed
on each system. The first 10 X 10° steps from each simulation
were discarded as equilibration, while averages were calcu-
lated over the QM/MM configurations generated over only
the last 40X 10° steps. The approximate MM Hamiltonian
used the same MM water model as the solvent to approxi-
mate QM water, while the OPLS all-atom methane model
was used to approximate QM methane.

The average acceptance ratio of the Metropolis-Hastings
moves for each simulation is shown in Table I. While the
ratios for water in TIP3P and TIP4P were acceptable, simu-
lations in TIPSP failed to run well. The low acceptance ratio
in this case led to the simulation locking up periodically in
particular configurations. To investigate this, the structure of
the QM water interacting with its nearest neighbor TIP5P
water was taken from one of the locked configurations. The
interaction energy of the QM water with the MM water was
then calculated as a function of intermolecular O—H distance,
as the MM water was translated along the intermolecular
O-H hydrogen bond vector. The interaction energies are
compared in Fig. 3 to those calculated for two QM waters
(QM-QM), two TIP5P waters (TIPSP-TIP5P), QM water
with TIP3P (TIP3P-QM), and two TIP3P waters (TIP3P-
TIP3P). This shows that while the TIP3P-TIP3P and
TIP3P-QM potentials agree well, there is very poor agree-
ment between TIPSP-TIPSP and TIP5P-QM. This is despite
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FIG. 3. Interaction energy of a pair of waters as a function of intermolecular
O-H distance. The interaction energies of a pair of QM waters (dotted line),
a pair of MM waters (bold solid line), and a QM water interacting with a
MM water (bold dashed line) are shown. In addition, the electrostatic inter-
action energy between the pair of MM waters (solid line) and QM and MM
waters (dashed line) is also shown. The top figure shows the results for the
TIP3P MM water model, while the bottom figure shows the results for the
TIP5P MM water model.

TIP3P-TIP3P and TIPSP-TIPSP both being close to QM-
QM. The reason for this is seen clearly in the electrostatic
interaction energies, also plotted in Fig. 3. These show that
the TIP5P-QM electrostatic interaction is significantly more
attractive than TIPSP-TIP5P. Examination of the structure at
the minimum of TIP5P-QM shows that one of the partial
charges representing an oxygen lone pair is embedded within
the van der Waals radius of one of the hydrogens of the QM
water. This is not physical and is an artifact of the model.
Because of this, we believe that, while TIPSP is an excellent
water model for MM simulation, it is not suitable for
QM/MM simulations, as its use can lead to nonphysical ge-
ometries.

The radial distribution functions (RDFs) around the QM
water calculated over each of the QM/MM configurations
generated over the last 40X 10° steps of the TIP3P and
TIP4P solvent simulations are shown in Fig. 4, while those
for QM methane are shown in Fig. 5. The RDFs show key
features that agree with other simulation studies™*** and
with experiments.45‘54_56 This is highly encouraging, as it is
the differences in solute-solvent electrostatics that dominate
the difference in solvent structure between water and meth-
ane, and all of the solute-solvent electrostatic interactions
were calculated using quantum mechanics.

J. Chem. Phys. 128, 014109 (2008)

TIP4P

r/A

FIG. 4. The oxygen-oxygen (solid line) and oxygen-hydrogen (dashed line)
radial distribution functions around the oxygen atom of the QM water, for
both TIP3P solvent and TIP4P solvent.

C. QM/MM free energy calculations

The QM/MM Monte Carlo algorithm is now used to
generate the QM/MM correction free energies required by
the Warshel cycle in Fig. 1. To calculate the correction free
energies, RETI simulations were performed using six values
of A\, evenly spaced from O to 1. Gradients were calculated
according to Eq. (2), and these were used to calculate the
free energies via TI. Because no atoms were created or de-
leted, and because Monte Carlo was used, there were no
problems with end-point errors that can cause difficulty dur-
ing molecular dynamics TI calculations.”” RETI moves were
attempted every 50 000 MC moves. The choice to swap even
or odd pairs of replicas was made randomly at each RETI

20—l

1.5

0.5

0.0

FIG. 5. The carbon-oxygen radial distribution functions around QM meth-
ane, for both TIP3P solvent (solid line) and TIP4P solvent (dashed line).
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FIG. 6. The percentage of accepted Metropolis-Hastings Monte Carlo
moves as a function of N\ from each of the QM/MM correction free energy
calculations; QM water to TIP3P, QM water to TIP4P, QM water to united-
atom methane (in TIP3P: solid line; in TIP4P: dashed line), and QM water
to all-atom methane (in TIP3P: solid line; in TIP4P: dashed line).

move.”® The Metropolis-Hastings algorithm was used as be-
fore, with each QM/MM energy evaluation separated by 500
MM Monte Carlo moves. 10X 10° Monte Carlo steps were
made for each X window. Owing to the ratio of one QM/MM
energy for every 500 MM moves, only 20 000 QM/MM en-
ergy calculations were required for each A window. All of the
correction free energies were calculated using a custom
QM/MM Monte Carlo program,51 with MOLPRO (Ref. 52)
used to calculate the QM energies. Correction free energies
were calculated to perturb QM water into TIP3P in TIP3P
solvent, QM water into TIP4P in TIP4P solvent, and QM
methane to OPLS all-atom methane and QM methane to
OPLS united-atom methane in both TIP3P and TIP4P sol-
vents.

The Warshel cycle also requires the calculation of the
relative hydration free energy of water and methane, as esti-
mated by the MM Hamiltonian. The MM relative hydration
free energies were calculated using RETI, over 21 A win-
dows spaced evenly across a A coordinate that used to per-
turb water into methane. All of the simulations were per-
formed using PROTOMS 2.1, 20414258 using the same protocols
that were used for the QM/MM simulations. RETI moves
were attempted every 50 000 steps, and 10X 10° MC moves
were run at each N window. Relative MM hydration free
energies were calculated for all combinations of TIP3P and
TIP4P to OPLS all-atom and united-atom methane. The
single-topology59 perturbation of water into all-atom meth-
ane involved the creation of hydrogen atoms, while the per-
turbation into united-atom methane involved the deletion of
hydrogen atoms. To avoid end-point errors in the TI
calculation,”’ constraints were used to ensure that hydrogen
atoms that were about to be created or deleted were pulled
within the van der Waals sphere of the oxygen/carbon atom
as the perturbation progressed.”’59 Because these constraints
were used, it was not possible to differentiate the MM
Hamiltonian analytically with respect to \. Finite difference
thermodynamic integration”ﬁo’64 was therefore necessary,
which uses the Zwanzig equation,65 to calculate numerical
free energy gradients, AG/AN. A value of AN=0.001 was
used, with the quality of the numerical gradients verified by
using double-wide sampling66 to calculate both the forward
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TABLE II. The percentage of RETI moves accepted during the QM/MM
correction free energy simulations.

Perturbation Solvent Percentage of accepted moves (%)
TIP3P— QM TIP3P 76

CH,(ua)— QM TIP3P 88

CH,(aa) — QM TIP3P 93
TIP4P — QM TIP4P 88

CH,(ua) — QM TIP4P 90

CH,(aa) — QM TIP4P 93

(N+AMN) and backward (A—AM) values. The backward and
forward gradients were found to be equal, within error, for
all of the MM simulations performed.

D. Results

The percentage of accepted Metropolis-Hastings Monte
Carlo moves as a function of A for each of the QM/MM
correction free energy calculations is shown in Fig. 6. The
expected linear relationship is exactly what is observed, with
100% acceptance for N\=1, when H=H,,. This indicates
that A\ is an ideal coordinate for replica exchange moves and
this is supported by the high acceptance ratio of RETI moves
for the QM/MM simulations, shown in Table II. The benefit
of using such a good replica exchange coordinate is that all
of the replicas are free to move over the entire N coordinate.
This is shown in Fig. 7, which shows the X\ trajectory of two
replicas from the TIP3P simulation. These two replicas
started initially at opposite ends of the N coordinate, but even
with TIP3P having the lowest percentage of accepted RETI
moves, both replicas were able to travel across the entire A
coordinate several times during the course of the simulation.
This results in improved sampling, the effects of which can
be seen in the calculated correction free energies shown in
Table III. The correction free energies were calculated over
blocks of 50 000 steps. The predicted free energies from each
block, for all simulations, were seen to have equilibrated
within the first 3.75X 10° MC steps, so the free energies

1.0

0.84

0.6

04,

0.2

0.0 i ‘ ! ’ il [ Al
0 50 100 150 200
RETI move number

FIG. 7. The \ trajectory for the N=0 (dashed line) and N\=1 (solid line)
replicas used to calculate the correction free energy for QM water to TIP3P.
While the replicas start at opposite ends of A, they are both free to explore
the entire N coordinate over the course of the 200 RETI moves that make up
the simulation.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



014109-6 Woods, Manby, and Mulholland

TABLE III. The calculated QM/MM correction free energies. The standard
error of the average, at the 95% confidence level, is given in parenthesis.

Perturbation Solvent AG (kcal mol™")

TIP3P — QM TIP3P ~2.15 (0.07)
CH,(ua) — QM TIP3P —-0.44 (0.02)
CH,(aa) — QM TIP3P -0.33 (0.01)

TIP4P — QM TIP4P —-1.38 (0.03)
CH,(ua) — QM TIP4P ~0.45 (0.02)
CH,(aa) — QM TIP4P —-0.28 (0.01)

were calculated over the blocks representing the final 6.25
X 10% steps. The low standard errors indicate the tight con-
vergence of the free energy calculations.

The correction free energy as a function of N\ forms a
potential of mean force (PMF). None of the PMFs for any of
the systems studied were linear. This means that estimates of
the free energy based on the gradient evaluated at only a
single N value, e.g., using the QM/MM Hamiltonian at A
=0 or using the MM Hamiltonian at A=1, would not be
accurate. The perturbation of QM water to TIP3P in TIP3P
had the most nonlinear PMF, and is shown, with its gradient,
in Fig. 8. The PMF and gradient for TIP4P are also shown
for comparison. It is worth noting that while the gradients of
the PMF for TIP3P and TIP4P are nearly the same at A=1,
where the pure MM Hamiltonian was used to sample phase
space, the gradients diverge markedly as N\ is decreased. In-
deed, by A=0, where the pure QM/MM Hamiltonian was
used to sample phase space, the free energy gradients differ
by nearly 2 kcal mol™'.

The source of this difference can be seen by looking at
the RDFs around the QM water as it is perturbed into TIP3P
or TIP4P (Fig. 9). These RDFs reveal a distinct second sol-
vation shell at 4—5 A around QM water in both TIP3P and
TIP4P. However, while this second solvation shell is present
in the MM ensemble at A=1 for TIP4P, there is no such
feature at A=1 for TIP3P. TIP3P is known to not correctly
model the second solvation shell of water.*” The free energy
difference from QM water to TIP3P in TIP3P solvent must
therefore contain both the change in interaction energy to go
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TIP4P

r/A

FIG. 9. The oxygen-oxygen radial distribution functions for QM water in
MM water, as a function of \. \ scales the QM water at A=0 into a MM
water at A=1. The top figure shows the RDFs for QM water being scaled
into TIP3P, in a box of TIP3P, while the bottom figure shows QM water
being scaled into TIP4P, in a box of TIP4P.

from QM to TIP3P, and the additional change in entropy
necessary to form the second solvation shell. It is this addi-
tional change that, we believe, is the source of the difference
between the PMFs of TIP3P and TIP4P.

In addition to QM/MM correction free energies, use of
the Warshel cycle requires the calculation of the estimated
MM relative hydration free energies. These are shown in
Table IV. A block analysis showed that these free energies
had all equilibrated within the first 3.75 X 10° steps, so aver-
ages were collected over the last 6.25X 10° steps. Standard
errors at the 95% confidence level were calculated for these
averages, with a low error indicating tight convergence of the
free energy calculations. The quality of the calculations was
further investigated by calculating the relative free energy

TABLE IV. The calculated MM relative free energies. The standard error of
the average, at the 95% confidence level, is given in parenthesis.
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FIG. 8. The potential of mean force (PMF) for the perturbation of QM water
into MM water (solid line), together with the gradient of the PMF (dashed
line). PMFs and gradients for both TIP3P (bold lines) and TIP4P (faint lines)
are shown.

Perturbation Solvent AG (kcal mol™")
TIP3P — CH,(ua) TIP3P 8.8 (0.1)
TIP3P — CH,(aa) TIP3P 8.9 (0.1)

CH,(ua) — CH,(aa) TIP3P 0.02 (0.04)
TIP4P — CH,(ua) TIP4P 8.8 (0.1)
TIP4P — CH,(aa) TIP4P 8.9 (0.1)
CH,(ua) — CHy(aa) TIP4P 0.1 (0.05)
TIP3P — TIP4P TIP3P 0.13 (0.02)
TIP3P — TIP4P TIP4P 0.05 (0.02)
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TABLE V. Calculated QM/MM relative hydration free energies of water
and methane. The errors, shown in parenthesis, are based on the combina-
tion of the standard errors for the individual components of the calculation.

Solvent Methane model AG (kcal mol™)
TIP3P CH,(ua) 10.5 (0.1)
TIP3P CH,(aa) 10.7 (0.1)
TIP4P CH,(ua) 10.7 (0.1)
TIP4P CH,(aa) 9.9 (0.1)

needed to perturb united-atom methane into all-atom meth-
ane, and TIP3P into TIP4P. The results of these calculations,
also shown in Table IV, demonstrate that the closure of the
free energy cycle (water— CHy(ua) —CH,(aa) — water) is
within error for the calculation.

The total QM/MM relative hydration free energy of wa-
ter and methane, obtained using the Warshel cycle, is shown
in Table V.

lll. DISCUSSION

The combined Warshel-MMBIF-RETI QM/MM free en-
ergy method has been demonstrated to perform extremely
well for the calculation of the relative hydration free energy
of water and methane. The method captured the change in
free energy caused by differences in solvent structure around
the QM solvent, and was able to calculate highly converged
QM/MM relative free energies efficiently. The three legs of
the calculation (the QM/MM free energy corrections at the
end points and the estimate of the MM relative free energy)
are independent, and can all be run in parallel. QM calcula-
tions are only required for the QM/MM correction free en-
ergies, and, while several QM/MM simulations are needed
across the A coordinate, these too may be run in parallel. As
each N window required only 20 000 QM/MM evaluations,
then the maximum efficiency of the total calculation is de-
termined by the time taken to perform 20000 QM/MM
evaluations (approximately 40 h for MP2/aug-cc-pVDZ wa-
ter, and 50 h for MP2/aug-cc-pVDZ methane, on a Pentium
D 3.2 GHz desktop processor). While the size of the QM
region studied in this paper was small, we anticipate that
20 000 evaluations of a large biological system with a
ligand-sized QM region are tractable using density functional
theory.

While the method has worked well, the calculated
QM/MM relative hydration free energies of water and meth-
ane, shown in Table V, are at least 1.5 kcal mol™! greater
than the experimental value of 8.31 kcal mol~! %7 Indeed,
the approximate MM relative hydration free energies (8.8
and 8.9 kcal mol™!) are closer to experiment, and the effect
of the QM/MM corrections is to reduce the accuracy of the
result. The reason for this discrepancy is that the free ener-
gies calculated are those of QM water to QM methane in a
box of MM solvent. The free energies we have calculated are
accurate for this model, but this model gives free energies
that are not accurate compared to experiment. This is high-
lighted by the QM water correction free energies. The free
energies necessary to perturb QM water to TIP3P or TIP4P

J. Chem. Phys. 128, 014109 (2008)

are both large (>1 kcal mol™') and almost entirely account
for the deviation of the calculated results from experiment.
However, these correction free energies represent the pertur-
bation of water into water, in a box of water. Ideally then, the
value of these corrections should be zero. The fact that these
free energies are not zero is worth noting, as this suggests
that, while MM water models perform extremely well in
MM simulations, work may be needed to optimize MM wa-
ter models for QM/MM simulations. It is useful to note that
a previous calculation of the relative QM/MM solvation free
energy of water and methane also overestimated the free
energy68 (predicting a relative free energy of 9.6 kcal mol™").
However, in this case, the correction free energy for water
was much smaller (0.5 kcal mol™") than that observed for
TIP3P (2.1 kcal mol™!) or TIP4P (1.4 kcal mol™"). This dif-
ference could either be caused by the different water model
used, different level of QM treatment (density functional
theory) or by the use by the previous study of a single-step
FEP perturbation to estimate the correction free energies.
(Figure 8 shows that were a single-step perturbation at \
=1 used in this study, the correction free energies for TIP3P
and TIP4P would have both been approximately equal to
0.9 kcal mol™").

IV. CONCLUSION

By combining existing methodology, we have demon-
strated that it is possible to calculate relative QM/MM free
energies both efficiently and accurately. The combined
method allows consistent, high-quality sampling of complex
solvent configurational change, both when perturbing a hy-
drophilic solute into a hydrophobic solute, and also when
moving from a MM Hamiltonian to a QM/MM Hamiltonian.
The method has been shown to be efficient, taking around
two days to calculate highly converged relative free energies
at the MP2/aug-cc-pVDZ/OPLS level, using commodity pro-
cessors. This method will allow the calculation of QM/MM
relative free energies for biological systems. This would al-
low QM/MM free energies to be calculated for protein-
ligand binding and computational enzymology. This is an
exciting prospect, with the potential to lead to enhanced ac-
curacy and improved physical descriptors.
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