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The present work deals with a formal discussion on complications associated with using combined quantum
mechanical and molecular mechanical (QM/MM) potentials in free energy perturbation simulations. Because
quantum mechanical potentials are not trivially separable and because of the difficulty associated with QM
calculations for “fractional” electronic Hamiltonians, conventional computational strategies cannot be
straightforwardly applied to free energy simulations with QM/MM potentials. Here, we propose a unique
coupling scheme, termed the “dual-topology-single-coordinate” scheme, in which the two chemical states are
forced to adopt the same set of Cartesian coordinates during the perturbation simulation; the method is exact
because the free energy difference is independent of the coupling path, although a formal proof is also given.
The scheme combines the merits of the conventional dual- and single-topology approaches: both coupling
potential and free energy derivative are straightforward to compute for any form of QM method (even if
nonvariational) and QM/MM coupling scheme, calculations can be performed at end points without numerical/
sampling instabilities, no corrections related to artifactual reference states or Jacobian factors have to be
considered, and numerical convergence is rapid. The method is illustrated with an application to the redox
potential of FAD in cholesterol oxidase. It was found that the protein and solvent respond in approximately
a linear fashion to the reduction of FAD with a small reorganization energy; the bulk solvent makes an
essential contribution to compensate for the reorganization of the protein. The contribution of Asn 485 was
found to be around 1.3 kcal/mol with several different simulations, which is close to the experimental estimate
based on mutation studies.

I. Introduction

Free energy perturbation simulations play a vital role in
understanding chemical processes that occur in the condensed
phase.1-4 For processes that either occur rarely (e.g., activated
chemical reaction) or are intrinsically slow (e.g., ligand binding
to biomolecules), which are usually difficult to simulate directly
with the current computational facilities, free energy simulations
are of tremendous value because they deal with thermodynamic
quantities which are independent of the time scale of the process.
Moreover, useful insights into the relevant kinetics can be
obtained from free energy results based on the Hammond
postulate; for example, an interaction that stabilizes the product
state relative to the reactant state is also expected to contribute
favorably to the rate of the process. Another unique feature of
free energy simulations is that versatile thermodynamic cycles
can be constructed to analyze experimental observables through
pathways that are difficult or even impossible to follow
experimentally but are convenient for simulation and analysis.
This has been nicely illustrated in many “alchemy” free energy
simulations that explored relative binding energies of various
ligands and effect of mutation on the stability of proteins.1-3

Although the quantitative results depend on the quality of
the potential function employed, the unique value of free energy
simulations is that they allow a meaningful analysis of various
contributions to the particular problem in hand.5-7 For many
chemical processes that involve complex changes in the

electronic structure, however, it is crucial to employ a potential
function that is sufficiently accurate and flexible. Important
examples are redox processes and ligand exchange reactions
concerning transition metals and light absorption/emission
processes involving electronically excited states. Under those
circumstances, a hybrid quantum mechanical and molecular
mechanical (QM/MM) potential is an attractive compromise for
reliability and computational efficiency.8-10

Another motivation for employing a hybrid QM/MM potential
is based on the consideration that for many (though not all)
problems, a direct comparison with experimental measurement
is not straightforward with simulations employing pure classical
potential functions. In the study of complex systems such as
biomolecules, for which many approximations have to be made
on the simulation details (e.g., form of potential functions, length
of simulations, treatment of long-range electrostatics, etc.), it
is essential to compare computed free energies with available
experimental measurements such that the subsequent analyses
can be taken as meaningful results. If one is interested in
analyzing contributions from amino acids and solvent to the
redox property of a cofactor bound to a protein, for example,
the most convincing validation is to compare the computed and
measured redox potentials. This is not straightforward if the
standard classical force field is used, because of the lack of an
explicit account of different numbers of electrons in the two
oxidation states. Other examples of this sort include the study
of absorption and emission spectra in the condensed phase and
the prediction of the pKa of residues in proteins and nucleic* To whom correspondence should be addressed.
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acids. Under these circumstances, although computing relative
properties using reference systems is of interest and commonly
done in the literature with classical force fields,10,11it is a more
stringent test to employ a QM/MM treatment of the system,
such that absolute properties (redox potential, excitation energy,
pKa) can be computed. In other words, accurate results in
homogeneous solution do not necessarily transfer to simulations
of heterogeneous systems such as biomolecules.

Although various QM/MM approaches have been widely
applied to the study of chemical processes (mainly chemical
reactions) in solution and biological systems,9,12-14 considerably
less work has been done to employ QM/MM potentials in free
energy perturbation calculations. Exceptions for the latter include
mainly solvation free energy calculations with chemically simple
QM molecules such as metal ions15and Monte Carlo simulations
in which the structure of the QM region is held fixed.16,17 In
addition to the computational cost associated with meaningful
QM/MM free energy simulations, there are numerical complica-
tions (e.g., end-point problems) that cannot be easily circum-
vented with common strategies18 that work for classical pairwise
potentials; these complications arise mainly because the QM/
MM potential is not separable. In the current work, we present
a formal discussion of problems associated with using QM/MM
potentials in free energy simulations. Moreover, we propose to
use a specific coupling pathway that connects the reactant and
product states without suffering these problems. Such a “dual-
topology-single-coordinate” approach is particularly suitable to
study processes that conserve the number of atoms, such as
redox cycles, absorption/emission events in the condensed phase,
and binding exchange of metal ions to macromolecules; the
method can also be extended straightforwardly to study other
processes that involve different numbers of atoms in the two
end-states, such as predicting pKa’s of amino acids in proteins.
This approach in the current form cannot be applied to thesame
electronic states with very different chemical structures (e.g.,
the reactant and product of a typical chemical reaction), which
is not of serious concern because other simulation techniques,
such as umbrella sampling,19-21would be more appropriate in
those cases.

In section II, we start by formally discussing the complications
that arise specifically to free energy simulations with QM/MM
potentials; we then describe the “dual-topology-single-coordi-
nate” approach. In section III, we illustrate this approach with
an application to the calculation of the first reduction potential
for FAD in cholesterol oxidase; both absolute reduction potential
and the effect of a nearby conserved residue (Asn 485) have
been studied. In section IV, we draw several conclusions. A
brief discussion relevant to the current work has been reported
recently.22

II. Free Energy Perturbation Simulations with QM/MM
Potentials

In this section, we first briefly review the theory behind free
energy simulations and the two general implementations: the
dual-topology and single-topology approaches. We then discuss
problems that arise in simulations with QM/MM potentials and
describe how these problems can be circumvented with the so-
called “dual-topology-single-coordinate” approach.

II.1. Free Energy Perturbation Calculations. In many areas
of chemistry and biochemistry, one is interested in the free
energy change associated with the transformation between two
chemical states A and B (hereafter referred to as “subsystems”)
in the presence of the “environment” (e.g., solution or a protein),
C. As discussed in details by many authors,18,23,24 a popular

approach for obtaining the free energy difference is thermody-
namic integration,25 in which one computes the free energy
derivative (∂F/∂λ) with respect to the coupling parameter (λ)
that converts A to B through a series of intermediate values
(“windows”) and then integrates these derivatives overλ from
0 to 1

whereU(λ) is the potential energy of the system at a particular
coupling parameter,λ (see below). Although it is possible (or
even preferable26) to include higher free energy derivatives, the
common practice is to consider only the first derivatives at
sufficiently large number ofλ values. Thermodynamic integra-
tion is preferred in many applications over the exponential
formulation27 associated with thermodynamic perturbation
(which is formally exact) because it is more straightforward to
perform component analysis.6,28

To compute the free energy derivative, two implementations
have been proposed. The “dual-topology” approach involves
separate copies of the two chemical states; thus, the total
potential function at a particularλ value is given by

whereUIJ stands for the potential energy corresponds to the
interaction betweenI and J (I, J ) A, B, and C). In the
alternative “single-topology” scheme, there is only one copy
of a “hybrid subsystem” (hybrid of A and B) in the presence of
the environment, C; that is, the coupling potential has the form

where both the hybrid-hybrid (UHH) and hybrid-environment
(UHC) interactions areλ-dependent; this can be accomplished
by switching parameters (e.g., partial charges and force con-
stants) associated with the hybrid subsystem.

As discussed thoroughly in previous work, both approaches
have their merits and caveats. The single topology approach
often delivers faster convergence,29 although the calculation can
be problematic if the two states tend to adopt very different
conformations (e.g., different rotamer states for protein side
chains5); one also has to be cautious about contributions from
the switched molecular parameters, e.g., Jacobian contributions
due to the change in bond lengths in the two states.30-33 The
dual topology approach does not suffer from these problems,
although it often encounters end-point (λ ) 0, 1) problems that
emerge as large structural/positional fluctuations and confor-
mational sampling problems associated with the subsystems.34

These problems arise from the fact that one of the states (e.g.,
state A in eq 2 asλ approaches one) has a vanishingly small
contribution to the total energy and force. Divergence in free
energy derivative can also occur because of the fast variation
of specific interactions (e.g., van der Waals terms35,36) as a
function of λ.

II.2. Using QM/MM Potentials in Free Energy Simula-
tions-General Discussions.As mentioned in the Introduction,
combined QM/MM potentials are preferred over pure classical
force fields in the study of many processes that involve complex
electronic structural changes.8,9Although the thermodynamic
integration scheme (eq 1 and 2) is applicable to any form of
potential energy functions, complications do arise in practical

∆F ) ∫0

1∂F(λ)
∂λ

dλ ) ∫0

1〈∂U(λ)
∂λ 〉

λ
dλ (1)

UD(XA,XB,XC;λ) ) (1 - λ)[UAA(XA) + UAC(XA,XC)] +
λ[UBB(XB) + UBC(XB,XC)] + UCC(XC) (2)

US(XH,XC;λ) ) UHH(XH;λ) + UHC(XH,XC;λ) + UCC(XC)

(3)
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applications if combined QM/MM potential functions are used.
In the following, we present general discussions on these
problems and also comment on possible solutions. For simplic-
ity, we assume that the two “subsystems” (A and B) are treated
with QM and the environment (C) is treated as MM; this is
likely to be the typical choice in practical applications and
extensions to other QM/MM partitions do not poise any
conceptual problems.

II.2a. Dual-Topology Framework. With a combined QM/
MM potential, the definition of a coupling potential that most
resembles the classical scenario (eq 2) involves scaling the total
QM/MM potential energies; i.e.

whereΦA(ΦB) is the wave function for A (B) in the presence
of the environment C from a combined QM/MM energy
calculation at the geometry (XA(B),XC). Note that, because the
scaling is performedafter the QM/MM calculations, the QM/
MM interaction energies themselves do not depend on the
coupling parameterλ, and it is straightforward to compute the
derivative ofUD with respect toλ and consequently the free
energy derivative.

The practical difficulty associated with adopting eq 4 as the
coupling potential is that one of the subsystems tends to have
very small contributions to the potential energy and force at
the end points (λ ) 0, 1), which lead to wild structural
distortions and numerical instability in the free energy deriva-
tives (vide infra); this is even more serious in QM/MM
simulations than classical calculations because the QM/MM
potentials are highly anharmonic and unstable (e.g., SCF
convergence failure) with respect to large structural distortions.
To circumvent similar end-point problems in simulations with
pure classical potentials, it is often chosen to scale only the
interaction between the subsystems and the environment; that
is, the coupling potential takes the form

In such a way, the internal structures of A and B remain close
to equilibrium even at end points, which ensures the stability
of the simulation. The artifact is that the end states are no longer
physical; for example,λ ) 0 corresponds to the desired state
(A + C) plus an isolated B. This can be remedied, however, by
approximate calculations of the contribution due to isolated
B.30-32,34

In principle, the similar strategy can be adopted with a QM/
MM potential, where the correspondence of eq 5 is

Although it is straightforward to implement this coupling scheme
for the energy and force evaluations required for the MD
simulation, there is a minor complication in the evaluation of
the energy derivative with respect toλ, which is required in
the calculation of free energy derivative (eq 1). Take the first

term in eq 6 as an example, we have

Because the Hellman-Feymann theorem37-39 does not hold for
electronic structure theories in general, the derivative of the wave
function (ΦΑ) with respect to the coupling parameter (∂ΦA/∂λ)
may be required; these quantities can be obtained by solving
the coupled-perturbed equations.40 When the QM method is
stationary with respect to the variational parameters (e.g.,
Hartree-Fock41 or density functional theory42), however, the
last two terms in eq 7 can be ignored according to Wigner’s
theorem.40 In any case, one has to evaluate the expectation value
of the QM/MM interaction (〈ΦA|ĤAC|ΦA〉) with the converged
wave function as the additional effort, because QM/MM
potentials are not trivially separable as classical force fields.
For a relatively simple form of the QM/MM interaction (ĤAC),
however, such a step is straightforward.

II.2b. Single Topology Framework. If the single topology
approach is taken, there is only one potential and one set of
coordinates that correspond to the hybrid subsystem (eq 2). The
major issue here is the calculation of the hybrid potentials
(UHH(λ)+UHC(λ)) and the free energy derivative (eq 1). With a
MM potential, theλ dependence of the hybrid potential is
introduced through variations in parameters such as partial
charges and internal coordinate force constants; free energy
derivatives can then be evaluated straightforwardly because of
the simple analytical form of MM potentials. With a combined
QM/MM potential, it is not always straightforward to introduce
an electronic Hamiltonian for the hybrid subsystem. For
processes that involve different electronic states, for example,
it is nontrivial to introduce “fractionally” electronically excited
states. In other cases, it is indeed possible to specify the hybrid
electronic Hamiltonian, although the corresponding potential and
derivative with respect toλ might be difficult to compute. To
compute a one-electron reduction potential, for example, the
electronic Hamiltonian of the hybrid subsystem is given by

whereN is the number of electrons in the oxidized form; i.e.,
the hybrid system has a fractional number of electrons (N +
λ). Such a calculation is difficult to perform in practice with
wave function based ab initio methods but is indeed possible
in the framework of density functional theory.42 Similar to
scenarios in the dual-topology framework in which only the
subsystem-environment interactions are scaled, derivatives of
the wave function/density with respect toλ are required for
calculating the free energy derivatives (〈∂US(λ′)/∂λ′〉λ ) 〈∂[〈Φ-
(λ′)|ĤS(λ′)|Φ(λ′)〉]/∂λ′〉λ when the QM method is nonvariational.

II.3. Efficient QM/MM Free Energy Simulations with a
“Dual-Topology-Single-Coordinate” Approach. Based on the
above discussions, it is clear that neither the standard dual-
topology nor the single-topology approach is numerically
convenient for combined QM/MM potential functions; the
complication is mainly due to the fact that QM/MM interactions
are not trivially separable as popular classical force fields and

UD(XA,XB,XC;λ) ) (1 - λ)[〈ΦA|ĤAA(XA) +
ĤAC(XA,XC)|ΦA〉] + λ[〈ΦB|ĤBB(XB) +

ĤBC(XB,XC)|ΦB〉] + UCC(XC) (4)

U′D(XA,XB,XC;λ) ) (1 - λ)[UAC(XA,XC)] +
λ[UBC(XB,XC)] + UAA(XA) + UBB(XB) + UCC(XC) (5)

U′D(XA,XB,XC) ) 〈ΦA|ĤAA(XA) +
(1 - λ)ĤAC(XA,XC)|ΦA〉 + 〈ΦB|ĤBB(XB) +

λĤBC(XB,XC)|ΦB〉 + UCC(XC) (6)

∂

∂λ
〈ΦA|ĤAA + (1 - λ)ĤAC|ΦA〉 ) -〈ΦA|ĤAC|ΦA〉 +

〈∂ΦA/∂λ|ĤAA + (1 - λ)ĤAC|ΦA〉 + 〈ΦA|ĤAA +
(1 - λ)ĤAC|∂ΦA/∂λ〉 (7)

ĤS(λ) ) ĤHH
N + ĤHC

N + λ[ ∑
I∈H(N)

-ZI

|XI - rN+1|
+

∑
i∈H(N)

1

|r i - rN+1|
+ ∑

I∈C

-QI

|XI - rN+1|] (8)
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that it is difficult to perform QM/MM calculations with
“fractional” electronic Hamiltonians. In the current work, we
propose a unique coupling scheme that is inspired by combining
certain features of the conventional dual and single topology
approaches, which we term the “dual-topology-single-coordi-
nate” scheme. In this scheme, both subsystems (A and B) are
present in the simulation and therefore it is a dual-topology
based method; the two chemical states, however, are constrained
to adopt exactly the same set of Cartesian coordinates, which
calls for features of single-topology based methods. The merits
of this coupling scheme are that it is straightforward to
implement, free of sampling problems at the end points, does
not involve artifactual reference states, and offers fast conver-
gence.

In the dual-topology-single-coordinate scheme, there are two
electronic Hamiltonians, and the potential function of the system
takes the same form as in the standard dual-topology approach,
i.e., UD in eq 4. The unique feature is that the two subsystems
are constrained to adopt the same Cartesian coordinates; that
is, we compute aconstrainedensemble average of the potential
energy derivative with respect toλ

where theconstrainedensemble configurational integral,Qδ(λ),
is given as

It can be shown straightforwardly that the left-hand-side
corresponds to aconstrainedfree energy derivative, i.e.

Theconstrainedfree energy at end points can be written out in
more transparent forms. For example

where we have used the fact thatU(XA, XB, XC;1) depends only
on the coordinates of B and C, and the property of the Dirac
delta function to eliminate the integration overXA. Similarly,
Fδ(0) can be shown to give nothing butF〈A+C〉. In other words,
the integration of theconstrainedfree energy derivative gives
exactly what we are looking for, the Helmoltz free energy
difference between the B+ C and the A+ C systems

Physically, this result is expected because free energy change
is independent of the coupling path.

Because the two subsystems adopt the same set of Cartesian
coordinates during the simulation, the current scheme does not
suffer from the wild structural distortions associated withUD(λ)
in eq 4 at end points; there is always at least one chemical

state that maintains the structure of the subsystem (QM region)
to be close to equilibrium. Compared to the scheme of scaling
only the subsystem-environment interaction (i.e., adopting
U′D(λ) in eq 6), the free energy derivative is straightforward to
compute, even if the QM method is nonvariational, and there
is no need to introduce special corrections for the change of
reference states at end points.18,34 Compared to the single-
topology approach, the coupling potential and itsλ derivative
are much easier to compute in the present dual-topology-single-
coordinate scheme. Moreover, because there are two topologies,
the subsystem evolves naturally from one chemical state to the
other as the coupling parameter is changed from 0 to 1; thus,
there is no “Jacobian” contribution that has to be considered.30-33

Finally, the fact the two chemical states adopt the same set of
coordinates points to a faster numerical convergence, as often
found in the comparison between dual-topology and single-
topology simulations.29

In the above discussion, an essential assumption is that the
two chemical states have the same set of atoms; otherwise,δ-
(XA - XB) is ill-defined. This may not be as serious a limitation
as it might appear to be. Although one unique feature of
“alchemical” free energy perturbation simulations is that the
two chemical states do not necessarily have the same chemical
compositions, such applications rarely call for a QM/MM
treatment of the potential functions. Most systems that require
the use of QM/MM potentials would involve highly similar
atomic arrangements (i.e.,chemical bonding patterns) but
differentelectronicconfigurations; examples are different oxida-
tion states and ground vs electronically excited states. One
application that does involve a different number of atoms in
the two chemical states and can benefit from QM/MM treatment
is pKa prediction in macromolecules; the proton is no longer
present in the deprotonated state. In this case, the proton can
be treated as a dummy atom harmonically anchored to the proton
donor atom in the deprotonated state, and then the dual-
topology-single-coordinate approach can still be used. The
contribution of the dummy atom can be removed using local
configurational integrals,43 as has been discussed extensively
in the past.30,31

Finally, we note that the dual-topology-single-coordinate
approach also simplifies the component analysis when the two
chemical states have the same number of atoms. With the
popular form of the hybrid QM/MM potential8

only the electrostatic term contributes explicitly to the free
energy derivative if the same set of van der Waals and bonded
parameters are used for the interaction between MM atoms and
the two QM states (because the latter two have the same
Cartesian coordinates)

As a result, performing the free energy component analysis in
a perturbative fashion is very straightforward: one turns off
the partial charges on a particular MM residue, computes the
change in the free energy derivatives using the original MD
trajectories, and then integrates overλ. Because only the
electrostatic interaction contributes explicitly, there is little worry

〈∂UD(λ)
∂λ 〉

λ

δ

) 1

Qδ(λ)
∫ dXA dXB dXC

∂UD(λ)
∂λ

e-âUD(λ)δ(XA -

XB) (9)

Qδ(λ) ) ∫ dXA dXB dXC e-âUD(λ)δ(XA - XB) (10)

〈∂UD(λ)
∂λ 〉

λ

δ

) -â-1 ∂

∂λ
ln Qδ(λ) )

∂Fδ(λ)
∂λ

(11)

Fδ(1) ) -â-1 ln[∫ dXA dXB dXC e-âUD(XA,XB,XC;1)δ(XA -

XB)] ) -â-1 ln[∫ dXA dXB dXC e-âUD(XB,XC)δ(XA -

XB)] ) -â-1 ln

[∫ dXB dXC e-â[UBB(XB)+UBC(XB,XC)+UCC(XC)]] ) F〈B+C〉 (12)

∫0

1
dλ

∂Fδ(λ)
∂λ

) Fδ(1) - Fδ(0) ) F〈B+C〉 - F〈A+C〉 (13)

UTot
QM/MM(RB) ) 〈Ψ(rb;RB)|HQM + Hel

QM/MM|Ψ(rb;RB)〉 +

Uvan
QM/MM(RB) + Ubonded

QM/MM(RB) + UMM(RB) ) Uele
QM/MM(RB) +

Uvan
QM/MM(RB) + Ubonded

QM/MM(RB) + UMM(RB) (14)

∂F
∂λ

(RB;λ) ) 〈-Uele
A/MM(RBQM,RBMM) + Uele

B/MM(RBQM,RBMM)〉λ

(15)
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about the “path dependence” of the decomposition, and the
components are totally symmetric with respect to direction of
the perturbation (Af B vs B f A).28 However, because of
the nonadditivity of QM/MM interactions, we emphasize that
results from the component analysis should only be taken as
qualitative values.

III. Test Calculations

As an illustration of the dual-topology-single-coordinate
approach, we present calculations for the first reduction potential
of flavin adenine dinucleotide (FAD) in cholesterol oxidase
(Chox).44 Chox is a bacteria enzyme, whose major function is
to oxidize cholesterol for the use as a carbon source in primary
metabolism. The oxidation is made possible by FAD as the
redox cofactor, which is bound noncovalently to the active site
in some enzymes, while covalently attached to a His residue in
others. Understanding the redox property of FAD is a key step
in unraveling the catalytic mechanism of Chox, for which many
questions remain to be answered despite much insights provided
by previous crystallographic,45-48 kinetic, and mutation stud-
ies.47-50 Recent mutation and X-ray studies47 showed that Asn
485, a conserved residue in the glucose-methanol-choline
(GMC) oxidoreductase family,51 modulates the redox property
of FAD through an interaction reminiscent of the NH-π
interaction found in a number of proteins.52,53 For quantifying
this contribution and systematically exploring the effect of other
conserved residues or water molecules in the active site,
theoretical calculations are of great value; this is true because
mutations may often induce unexpected structural changes in
the active site, which might complicate the interpretation of
measurements. In Chox, for example,47 the X-ray structure of
the Asn485L mutant indicated a structural change of the nearby
methionine (Met 122), which in turn allowed the presence of
an additional water molecule in the active site. Therefore, the
measured shift in the reduction potential due to the Asn485L
mutation may not fully correspond to the contribution from Asn
485 in the wild-type enzyme. In the present work, we focus on
the contribution from Asn 485 to the first reduction of FAD, as
an illustration of QM/MM free energy simulations with the dual-
topology-single-coordinate approach. Correspondingly, calcula-
tions were carried out for both the wild-type enzyme and the
Asn485L mutant. More detailed and systematic analysis on
contributions from other residues and solvent molecules will
be reported separately.

III.1. Computational Setup. For the reduction potential
calculations, the isoalloxazine ring of FAD was treated with
QM (see below) and the rest of FAD and other protein atoms
plus solvent molecules were described with the CHARMM22
force field.54 The conserved amino acids in the active site,51

such as Glu 361, Asn 485, and His 447 (Figure 1b), were also
treated with MM, such that their contribution to the reduction
potential can be analyzed straightforwardly through a pertur-
bative analysis (following eq 15). Link atoms8 were introduced
between the C11 and C12 atoms in FAD to saturate the valence
of the boundary QM atom (see Figure 1b). The link atoms
interact with the MM atoms, except the “link host” MM atom
(the C11 atom in this case), through electrostatic terms; no van
der Waals interactions are included. This scheme has been
shown to be a satisfactory way to treat the QM/MM interface,
particularly when the charges of the atom in the neighborhood
of the link atom are small;55 this is true in the present case.

The QM level used here is the self-consistent-charge density-
functional-tight-binding (SCC-DFTB) method,56 which was
recently introduced into CHARMM57 in a QM/MM frame-

Figure 1. FAD-cholesterol oxidase system based on the X-ray structure
from Streptomycesat 1.5 Å (PDB code 1B4V). (a) The stochastic
boundary setup of 25 Å around the isoalloxazine ring in FAD. The
FAD molecule is shown in space-filling models, several conserved
residues (Glu 361, Asn 485, His 447) are shown in line forms, the
protein backbone is shown in ribbon (color coded as the following:
red, acidic; blue, basic; green, polar; white, nonpolar), and the water
molecules are shown in dots. (b) A closer view of the active site of
cholesterol oxidase shown in a similar format, except that FAD is also
shown in line form; several active site water molecules close to FAD
are shown as red van der Waals spheres. The isoalloxazine ring system
of FAD is treated with SCC-DFTB, and the rest of FAD and protein
atoms are described with the CHARMM 22 force field for proteins;
the dash-line indicates the QM/MM boundary. Note that the side chain
of Asn 485 is oriented according to the original X-ray structure
(1B4V);46 recent mutation experiments47 and sub-Å resolution data45

suggest that a more appropriate orientation involves NH2 points toward
the isoalloxazine ring. Reduction potentials with both orientations have
been computed (see Table 1). The figure was prepared with VMD;
Humphrey, W.; Dalke, A.; Schulten, K.J. Mol. Graph.1996, 14, 33.
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work.58 Mainly because of approximations made to the two-
electron integrals, it is computationally very efficient with a
speed similar to that of AM1 and PM3. Benchmark calculations
on the energies, geometries and vibrational frequencies of small
organic molecules, peptides, base pairing and stacking interac-
tions,59-61 and complexes involving zinc ion(s)62 indicated that
SCC-DFTB often gives superior results compared to AM1 and
PM3. Applications to proton and hydride transfer reactions in
several enzymes have also been successful.58,63 Specifically to
the present calculations, as shown in the Supporting Information,
SCC-DFTB gave satisfactory results for the redox properties
of a model FAD (7,8-dimethyl isoalloxazine) compared to
B3LYP64-66 calculations.

As the starting structure, the X-ray result46 for Streptomyces
at 1.5 Å (PDB code 1B4V) with the cofactor FAD bound to
the enzyme active site was used for the wild-type enzyme. The
stochastic boundary setup67-69 was used, with a radius 25 Å
centered at N5 in FAD. The final model included 6175 protein
atoms and 539 water molecules (Figure 1a).

In the QM/MM free energy perturbation calculations, 11
windows were chosen withλ ranging from 0.0 to 1.0 with a
0.1 interval. As discussed in section II, the dual-topology-single-
coordinate approach does not suffer from end-point problems
and allows molecular dynamics calculations atλ ) 0.0 and 1.0.
For each window, the system was first equilibrated for 50 ps
and then a production run was carried out up to 300 ps until
the free energy derivative converges; that is, totally more than
4 ns trajectories were used for the free energy calculations. In
the MD calculations, a time-step of 1.0 fs was used and all of
the bonds involving hydrogen atoms were constrained with
SHAKE.70 The temperature was set to be 300 K with mixed
Langevian/Newtonian dynamics unique to the stochastic bound-
ary procedure.67

As discussed in a previous report,22 it is crucial to carefully
treat long-range electrostatics in redox potential calculations.
To this end, a Poisson-Boltzmann (PB) charge-scaling scheme71

was introduced to account for solvent shielding in addition to
that from the explicit water molecules included in the model.
The scaling factors are summarized in the Supporting Informa-
tion. Following the QM/MM free energy calculations with the
scaled partial charges, Poisson-Boltzmann (PB)72 calculations
were carried out for eachλ window to obtain the charge-scaling
corrections and bulk solvation free energies. One hundred
configurations were taken for eachλ value. Mulliken charges
from SCC-DFTB/CHARMM calculations were used for the QM
atoms in the PB calculations. Dielectric constants of 1.0 and
80.0 were used for the protein and bulk solvent, respectively;
the grid size was set to 0.4 Å. A value of 1.0 rather than the
popular value of 4.073 was chosen as the protein dielectric
constant because conformational fluctuations (and therefore part
of the protein dielectric response) were included in the MD
calculations. The solvation corrected reduction free energy has
the following form:

where the three terms on the rhs indicate components from QM/
MM free energy perturbation calculations, charge-scaling cor-
rection PB calculations, and solvation free energy PB calcula-
tions, respectively. The last two terms will be collectively
referred to as “solvation correction” in the following discussions,
and∆Ffull

red(Q) will be referred to as solvation corrected reduc-
tion free energy. The notation “q” and “Q” were used to
emphasized that the scaled and full set of partial charges,
respectively, were used for the charged side chains.

Concerning contributions from amino acids in the active site,
we have focused on Asn 485 in the present work because it is
the only quantity that has been characterized experimentally so
far.47 First, it was not possible to determine the precise
orientation of the Asn 485 side chain with the X-ray data at 1.5
Å resolution. The original structure (1B4V)46 modeled the side
chain such that the NH2 group points away from the FAD
isoalloxazine ring, whereas the recent mutation results for Asn
485 suggested that a more appropriate model should arrange
the-NH2 to point toward the isoalloxazine ring, such that the
extra electron density on FAD upon reduction can be stabilized
through a dipole-π interaction.47 To explicitly illustrate the
effect of side chain orientation on the reduction potential,
calculations were performed with both orientations. To further
quantify the contribution of Asn 485, three types of calculations
were performed. First, a perturbative analysis has been carried
out by setting the partial charges on the Asn 485 side chain to
zero and recomputing the free energy derivatives and solvation
corrections; the results are perturbative in the sense that
configurations from the MD trajectories for the wild type
simulation are used. This procedure corresponds to that typically
done in QM/MM analysis of reaction mechanisms.74,75 In the
second set of calculations, Asn 485 was manually mutated into
a Leu residue, based on the wild-type X-ray structure (1B4V),
and the full set of reduction potential calculations (QM/MM
free energy perturbation and solvation corrections) were carried
out. Finally, a third set of reduction potential was computed
for the Asn485L mutant using the actual X-ray structure for
the mutant (1IJH).47 Formally, only the third set of simulation
produces experimentally measurable redox potential for the
mutant, whereas the first two sets of calculations reflect the
“intrinsic” contribution from Asn 485 because no additional
structural changes accompanying the mutation (rotation of Met
122 and the presence of the extra water molecule)47 are
implicated. It is very interesting to explore the numerical
differences between the three sets of results, as we do below.

III.2. Free Energy Derivatives and the Absolute Reduction
Potential. As shown in Figure 2, the free energy derivatives
without solvation corrections (associated with∆Fpert(q)) show
similar convergence behavior at differentλ values; that is, there
is no significant statistical problem associated with the end
points (λ ) 0 and 1), and the free energy derivatives remain
finite at the extremeλ values. These are due to the fact that no
atoms were created or annihilated in the dual-topology-single-
coordinate approach when the numbers of atoms are the same
in the two chemical states; as shown in eq 15, van der Waals
terms make no explicit contributions at all.

The free energy derivatives depend on the coupling param-
eters in a rather linear fashion, which is qualitatively consistent
with the idea that the linear dielectric response is a good
approximation even for heterogeneous systems such as proteins,
which was also found in previous simulations of several other
redox proteins such as cytochromec.76 Because a linear response
model, Poisson-Boltzmann, was used in obtaining the charge
scaling and bulk solvation corrections, it is expected that the
free energy derivative including these corrections remains to
be linear as a function of the coupling parameter, as observed
in Figure 2b. The highly linear behavior of the solvation
corrected free energy derivatives found here justifies to a certain
extent the use of continuum solvation models in estimating redox
properties of cofactors in protein systems.77,78However, the QM/
MM free energy simulation protocol is more robust in the sense
that the result is less sensitive to the dielectric “constant” for

∆Ffull
red(Q) ) ∆Fpert(q) + ∆FPB

scl(Q r q) + ∆FPB
slv(Q) (16)
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the protein system, which has different values under different
contexts.79,80

In the framework of Marcus’s model for oxidation-reduction
reactions in the condensed phase,81,82 the difference between
free energy derivatives at two end points (λ ) 0, 1) reflects the
reorganization (free) energy for the process. Taking the wild-
type result in Figure 2 for example, the reorganization energy
from QM/MM free energy calculations without solvation
correction is-39.3 kcal/mol, which indicates that there is
substantial structural reorganization in the protein (and the
explicit water molecules included in the simulation) upon the
reduction of FAD. As shown in Figure 3, several active site
residues, especially Glu 361, change positions substantially in
the presence of an additional electron on FAD. The average
water structure is also slightly different in the two redox states;
a larger number of water molecules trapped in the active site
are drawn closer to the isoalloxazine ring in the reduced state
(Figure 3). Although local structural changes are expected for

the reduction process, the calculated reorganization energy is
rather large compared to previous studies on redox proteins;
for the reduction of heme in cytochromec, for example, the
reorganization energy was calculated to be 9-15 kcal/mol,
which is much smaller than the value in solution (∼37 kcal/
mol).79 Interestingly, although the charge-scaling correction has
a very smallλ dependence (∼0.1 kcal/mol reorganization), the
bulk solvation component has a significant reorganization energy
of +26.3 kcal/mol. As a result, the solvent corrected reorganiza-
tion energy for FAD reduction in Chox is 12.9 kcal/mol, which
is much closer to previous estimates for other redox proteins.79

These results indicate that the dielectric response from the
protein atoms per se (our current model includes also 539 water
molecules) to the reduction of FAD is substantial, and the
magnitude of the response is not sensitive to the charge scaling
protocol; gas phase model calculations (see the Supporting
Informatiojn) indicate that the intra-FAD reorganization energy
is relatively small, on the order of 5 kcal/mol at the B3LYP/
6-311+G(d,p)83,84 level. The bulk solvent also responds sig-
nificantly to the reduction process, despite the fact that the FAD
isoalloxazine ring is not solvent exposed at all (Chox has a
hydrophobic active site to adopt its substrate cholesterol); the
sign of the solvent response, however, is opposite to that of the
protein, such that the net reorganization of the solvated protein
is fairly small, which has been proposed to be an important
factor for efficient electron transfers in proteins relative to in
solution.85 Preliminary calculations indicate that the reorganiza-
tion of solvent for FAD reduction in solution is indeed much
larger than that in Chox. Thus the present calculations empha-
sized the importance of bulk solvent in compensating the
reorganization of protein atoms in the reduction process. During
the catalytic cycle, however, we expect reorganizations of the

Figure 2. Results from SCC-DFTB/CHARMM free energy perturba-
tion calculations for the wild-type cholesterol oxidase with the side
chain of Asn 485 oriented such that-NH2 points toward the
isoalloxazine ring of FAD. (a) The convergence behavior of free energy
derivatives (without solvation corrections) as a function of production
simulation length. (b) The behavior of solvation corrected free energy
derivative and its two components as a function of the coupling
parameter,λ: QM/MM calculations with the scaled partial charges on
charged side chains, and solvation corrections that include both charge-
scaling correction and bulk solvation (eq 16). Note the linear behavior
of free energy derivative and its components.

Figure 3. Superposition of the averaged structures of several residues
and water molecules in the active site of wild-type cholesterol oxidase
with FAD in the oxidized (colored according to atom type) and reduced
(in green) states. Hydrogen atoms are neglected for clarity. The
structures have been averaged over 200 ps of MD simulations using a
SCC-DFTB/CHARMM potential (see text) and are collected from the
free energy perturbation calculations at the two end points (λ ) 0 and
1), which are made possible by the double-topology-single-coordinate
scheme proposed in the present work.
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protein and solvent to be substantially smaller because the
electron comes from the nearby substrate, which is absent in
the present simulations. It would be of interest to perform the
similar analysis for flavoproteins whose major function is
electron-transfer rather than catalysis, such as flavodoxin.

As to the quantitative aspects of the calculated reduction
potential, charge scaling and bulk solvation corrections make
significant contributions as commented in an earlier report.22

For the wild-type Chox with-NH2 of Asn 485 pointing toward
FAD, which is believed to be the correct orientation (also see
below),47 the reduction potential relative to the hydrogen
electrode is-2231 mV based on SCC-DFTB/MM free energy
calculation with the scaled partial charges on charged side chains
(∆Fpert(q)); this is very different from the experimental value
of -498 mV.47 With the charge scaling and bulk solvation
corrections taken into account, the computed reduction potential
becomes-1299 mV, which is much closer to the experimental
value. Finally, considering the difference between SCC-DFTB
and B3LYP results for the reduction potential for a FAD
analogue in the gas phase (see the Supporting Information), the
best estimate from the present work is-995 mV. This value is
still substantially different from the experimental measurement,
and the precise origin for the discrepancy is currently under
investigation. Although the MM treatment of the active site and
quality of the force field certainly make contributions, the
magnitude of the difference seems to indicate that certain aspects
of the active site are different in the present simulation compared
to the realistic protein system. In fact, the recent high-resolution
structure of Chox45 indicates that His 447 might be protonated
at the Nε position rather than the originally proposed Nδ
position. Because His 447 directly interacts with FAD, its
protonation pattern is expected to have a substantial influence
on the reduction potential. Calculations with His 447 in different
protonation states are currently underway using the latest sub-Å
resolution X-ray structure,45 and the results will be reported
separately because the major focus of the current work is to
illustrate the convergence behavior of QM/MM free energy
simulations.

III.3. Effect of Asn 485-side Chain Orientation, Dipolar-π
Interaction and Unexpected Structural Change Upon Muta-
tion. At 1.5 Å resolution, it is difficult to assign the side chain
orientation of Asn 485 in Chox, and the original X-ray structure

had the-NH2 group pointing away from the isoalloxazine
ring.46 A recent mutation study47 found that Asn 485 favors
the reduction of FAD, and therefore, it seems to be more
appropriate to have the-NH2 group pointing toward FAD such
that the additional electron density on the isoalloxazine ring
upon reduction is stabilized through a dipolar-π type of
interaction. The present calculations support the latter assign-
ment. As shown in Table 1, the calculated reduction potential
is closer to the experimental measurement by 3 kcal/mol (126
mV) with the second set of orientation of Asn 485. More
convincingly, with this side chain orientation, the contribution
due to Asn 485 estimated from several different sets of
calculations is in close agreement with that inferred from the
mutation experiment. We note that the inherent uncertainty
associated with the calculated contribution to the reduction
potential is expected to be smaller than that for the absolute
reduction potential due to error cancellations.

In the first set of calculations, the contribution due to Asn
485 was estimated with a perturbative approach similar to what
is typically done in QM/MM reaction mechanism analysis.74,75

As shown in Figure 4, long-range electrostatic interactions also
have a substantial influence on the computed contribution from
Asn 485; it is about 5.5 kcal/mol with SCC-DFTB/CHARMM
calculations using the scaled partial charges, but reduced to 1.3
kcal/mol when long-range electrostatics are taken into account.
Interestingly, although the free energy derivatives depend
sensitively on the coupling parameter, the contribution from Asn
485 shows littleλ dependence. This suggests that Asn 485 does
not contribute significantly to the reorganization energy for the
FAD reduction; this is consistent with the observation that the
position of Asn 485 undergoes little change during FAD
reduction (Figure 3).

In the other two sets of calculations, free energy perturbation
and solvation correction calculations were repeated for the
Asn485L mutant enzyme. The solvation corrected free energy
derivatives are highly linear for both mutant simulations (Figure
4b), similar to the wild type results. Somewhat unexpectedly,
the calculated reduction potential depends little on the structure
used for the mutant, when the solvation corrections are taken
into account (Table 1). The inferred contributions for Asn 485
from the two simulations, 1.3 and 1.5 kcal/mol, respectively,
are close to the perturbative result based on the wild type MD

TABLE 1: Various Components for the Calculated First Reduction Potential of FAD in Cholesterol Oxidase (Chox)a

system QM/MM solvation correction total

WT Asn485 O1b -47.3 -22.0 -69.3/-1425 (-1121)
WT Asn485 O2b -50.7 -21.5 -72.2/-1299 (-995)
WT Asn485 perturbationc [-5.5] [4.2] [-1.3/-56]
Asn485L manuald -43.1 [-7.6] -27.6 [6.1] -70.8[-1.5/-65]
Asn485L X-rayd -48.7 [-2.0] -22.2 [0.7] -70.9 [-1.3/-56]

a The QM/MM column indicates results from SCC-DFTB/CHARMM free energy perturbation calculations with scaled partial charges (see the
Supporting Information) on the charged side chains; the charges on Glu 361 and Lys 225 were not scaled down due to the proximity to the
isoalloxazine. The “solvation correction” component includes both charge-scaling and bulk solvation contributions (eq 16), both from Poisson-
Boltzmann calculations (see text). Numbers are generally given in kcal/mol, whereas values after slashes are in mV. The mV values are reduction
potentials converted relative to the hydrogen electrode (4.43 eV).86 The experimental value for the first reduction potential of FAD in wild-type
Chox in the absence of substrate is-498 mV (note that the values are given relative to Safranin T in the original reference,47 which has a reduction
potential of-249 mV relative to the hydrogen electrode). The numbers in parentheses are the contribution of Asn 485 calculated in various ways
(see text and other footnotes below); a negative value indicates a favorable contribution toward reduction (i.e., stabilizes FAD-). The experimental
estimation based on mutation studies is 78 mV (1.8 kcal/mol).b O1 and O2 indicate the different orientations of the Asn485 side chain, which has
the-NH2 pointing away and toward the isoalloxazine ring of FAD, respectively.c The contribution due to Asn 485 was estimated by removing the
partial charges on the side chain of Asn 485 and computing changes in various components of the reduction potential (QM/MM free energy
derivative with the scaled partial charges and solvation corrections, eq 16). For eachλ window, 100 configurations were taken from the MD
simulations of the wild-type Chox.d In the “Asn485L manual” calculations, the side chain of Asn 485 was changed to a leucine residue based on
the X-ray structure of the wild-type enzyme (1B4V);46 in the “Asn485L X-ray” calculations, the X-ray structure of the Asn485L mutant (1IJH)47

was used, which showed that the side chain of Met212 also changed orientation upon the Asn485L mutation, and an additional water molecule
appeared in the active site as a result. Note that the full set of QM/MM free energy perturbations and solvation corrections have been carried out
in both simulations.
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trajectories (1.3 kcal/mol). All of these values are also close to
the experimentally measured shift (78 mV∼ 1.8 kcal/mol) in
FAD reduction potential when Asn 485 was mutated into a
leucine.47

The X-ray structure of Asn485L (PDB code 1IJH) showed
that the side chain of Met 122 also changed its conformation
upon mutation, and an extra water molecule appeared in the
area originally occupied by Met 122.47 Therefore, it was
suggested that the observed shift in the reduction potential (78
mV) is a lower limit for the absolute contribution of Asn 485.
During the two sets of mutant simulations, the side chain

orientation of Met 122 remained different because the starting
structures are based on the wild type and mutant X-ray
structures, respectively. As seen in Figure 5a, however, the
average positions of other active site residues and the distribution
of water molecules are rather similar in the “manual mutation”
simulation and the one using the X-ray structure for the
Asn485L mutant. Comparing with the wild type simulation

Figure 4. Results for estimating the contribution of Asn 485 to the
first reduction potential of FAD. (a) Estimations based on a perturbative
approach, in which the partial charges on Asn 485 are set to zero and
the shift in the reduction potential was calculated using the MD
trajectories for the wild-type enzyme. Note that the contribution has
little l dependence, which suggests that Asn 485 does not contribute
much to the reorganization energy of the protein (see text) during the
FAD reduction. (b) Comparison of solvation corrected free energy
derivatives for the wild-type Chox and two simulations for the Asn485L
mutant. In the latter two simulations, the starting structures are obtained
from mutating Asn485 to leucine in the wild-type enzyme (PDB code
1B4V) and from the X-ray structure of Asn485L (PDB code 1IJH),
respectively.

Figure 5. Superposition of averaged structure of several amino acids
and water molecules in the active site of cholesterol oxidase when FAD
is in the oxidized state. Hydrogen atoms are neglected for clarity. The
structures have been averaged over 200 ps of MD simulations using a
SCC-DFTB/CHARMM potential (see text). (a) The Asn 485 L mutant
simulation with the corresponding X-ray structure (in green, PDB code
1IJH) compared to that using a manually mutated structure based on
the wild-type X-ray data (color-coded based on atom type). Note the
difference in the orientation of the Met 122 side chain (see text). (b)
The Asn 485 L mutant result using the X-ray structure (PDB code
1IJH) compared to that of the wild-type simulation (PDB code 1B4V).
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(Figure 5b), the positions of His 447 and Glu 361 are
substantially different and there is one more water molecule
close (within 4 Å) to the isoalloxazine ring in the mutant
simulations. Therefore, these structural features suggest that the
side chain orientation of Met 122 is a secondary effect compared
to the nature of residue 485 (i.e., Asn vs Leu). This is consistent
with the fact that three different calculations (using either
different structures or different ways to estimate contributions,
Table 1) gave rather similar estimations on the contribution of
Asn 485, and the results are all close to the experimentally
observed shift in FAD reduction potential upon the Asn485L
mutation. The minor importance of Met 122 will be further
verified by calculations with the most recent sub-Å resolution
X-ray structures45 and future mutation experiments involving
this residue.

IV. Conclusions

The combined quantum mechanical/molecular mechanical
(QM/MM) approaches have been widely used to probe the
mechanism of chemical reactions in solution and biological
systems.8,9,12,63 Much less work has been done, however, to
employ QM/MM potential in free energy perturbation calcula-
tions. It is meaningful to fill such a void because the study of
many chemical processes that involve complex electronic
structural changes (e.g., redox reactions involving transition
metal ions) requires a reliable description of the potential energy
that is difficult to achieve with pure classical force fields. Many
properties (such asabsoluteredox potentials) are also difficult
to compute with pure classical force fields. Although we realize
that it is often therelatiVequantities (e.g., the effect of mutation
on the redox potential) that are of major interest, a comparison
between absolute values with experimental measurements can
serve as a convincing validation of the simulation protocols,
which is a crucial element of computational studies of complex
systems.

In the current work, we discussed the basic theoretical and
computational frameworks associated with using QM/MM
potential in free energy perturbation simulations. We pointed
out several formal inconveniences of QM/MM free energy
simulations, which arise from the fact that QM/MM interactions
are not trivially separable as standard classical force fields, and
that it is difficult to perform QM/MM calculations with
“fractional” electronic Hamiltonians. To circumvent these
problems, we propose a unique coupling scheme that is inspired
by a combination of the conventional dual and single topology
approaches,18 which we term the “dual-topology-single-
coordinate” scheme. In this scheme, both subsystems of interest
are present in the simulation but are constrained to adopt exactly
the same set of Cartesian coordinates; in so doing, simulations
can be performed at the end-points (λ ) 0, 1) without numerical
or sampling instabilities. Moreover, the scheme combines the
merits of the conventional dual- and single-topology approaches,
which include that it is straightforward to compute both the
coupling potential and the free energy derivative, it is not
necessary to consider corrections related to artifactual reference
states or Jacobian factors, and it offers rapid numerical
convergence. The method is ideally suited for studying processes
that conserve the number of atoms, such as redox cycle,
absorption/emission events, and binding exchange of metal ions
to macromolecules. It is also straightforward to extend the
method to problems that involve a small change in the number
of atoms, such as predicting pKa’s of amino acids in proteins.

The proposed method was applied to calculate the absolute
reduction potential of FAD in cholesterol oxidase and the

contribution from a nearby conserved residue, Asn 485.47 With
a hybrid SCC-DFTB/CHARMM potential56,58 and a charge-
scaling technique71 that deals with the long-range electrostatic
effects in solution, the absolute potential was found to be in
decent agreement with experimental measurements. In addition
to the approximations in the SCC-DFTB/MM potential func-
tions, the remaining discrepancy between simulation and
experimental data is likely to have a substantial contribution
from the fact that the protonation pattern for an active site
histidine in the simulation is different from that observed in
the recent high-resolution structure.45 The present simulations
estimated that the “intrinsic” contribution from Asn 485 to the
FAD reduction potential is on the order of 1.3 kcal/mol, which
is fairly close to the experimental estimate based on mutation
studies.47 Finally, the calculations emphasized that the protein
responds in an approximately linear fashion to the reduction of
FAD, and has a fairly small (∼13 kcal/mol) reorganization
energy; the bulk solvent was found to play an important role in
compensating the reorganization of the protein.
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