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ABSTRACT: For accurate quantum mechanics/molecular mechanics (QM/MM) studies
of enzymatic reactions, it is desirable to include MM polarization, for example by using
the Drude oscillator (DO) model. For a long time, such studies were hampered by the lack
of well-tested polarizable force fields for proteins. Following up on a recent preliminary
QM/MM-DO assessment (J. Chem. Theory. Comput. 2014, 10, 1795-1809) we now
report a comprehensive investigation of the effects of MM polarization on two enzymatic
reactions, namely the Claisen rearrangement in chorismate mutase and the hydroxylation
reaction in p-hydroxybenzoate hydrolase, using the QM/CHARMM-DO model and two
QM methods (B3LYP, OM2). We compare the results from extensive geometry
optimizations and free energy simulations at the QM/MM-DO level to those obtained
from analogous calculations at the conventional QM/MM level.
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1.

Introduction

Quantum mechanics/molecular mechanics (QM/MM) approaches have emerged as the
method of choice for modeling enzymatic processes. They have been applied with great
success to obtain qualitative insights into reaction mechanisms and to provide
quantitative predictions of observables for comparison with experiment.1-6 QM/MM
calculations of enzymatic reactions commonly treat the QM region with first-principles
methods, while describing the MM region by a classical additive force field. One of the
approximations in this standard QM/MM formalism is the use of a fixed-point charge
representation of the MM atoms offered by the additive MM force fields. There is
evidence that inclusion of MM polarization effects induced by the QM electron density
can be important in the QM/MM treatment of enzymatic reactions, particularly if the
reaction involves negatively charged or very polar species.5
Efforts to include explicit polarization at the MM level have been ongoing since
the pioneering QM/MM model study of Warshel and Levitt in 1976,7 in which MM
polarization was incorporated using a point dipole approach. Over the next decades,
several other treatments of MM polarization have been proposed, including techniques
based on induced dipoles,8-12 fluctuating charges,13-15 and Drude oscillators (DOs).16-21 In
the latter approach, adopted in this study, a mobile charge, referred to as the Drude
particle (DP), is connected to a polarizable MM atom by means of a short harmonic
spring. The total charge of the MM atom-DP pair is conserved by placing an equal and
opposite charge on the MM nucleus. The MM atom-DP dipole thus created responds to
changes in the electrostatic environment of the MM atom, thus giving rise to polarization.
In the past, QM/MM studies with polarizable MM regions were performed with
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special-purpose polarizable protein force fields. Apart from the pioneering work of
Warshel and Levitt,7 we note that Illingworth et al. used an induced-charge model of MM
polarization22 to study the Claisen rearrangement catalyzed by chorismate mutase;23 they
reported a significant lowering of the total energy of the stationary points upon inclusion
of MM polarization, but the energy barrier of the reaction remained essentially unchanged
since the reactant and transition state were equally stabilized. Systematic QM/MM studies
of the effect of MM polarization in enzymatic reactions have been hindered by the lack of
well-tested polarizable force fields (PFFs) for proteins. Over the past few years, the
intense efforts in the area of PFF development have led to the release of highly optimized
PFFs, such as the AMOEBA force field12 based on dynamically fluctuating charges and
the CHARMM-DO force field based on the DO model.24
The DO model is particularly suited for QM/MM implementation as it retains the
point charge description of an additive MM force field. In our laboratory we have
implemented the DO model into the QM/MM framework, initially using the GROMOS
charge-on-spring force field,25 and more recently using the CHARMM-DO force
field.26,27 We have reported a preliminary assessment of the QM/CHARMM-DO model
for the reactions catalyzed by the enzymes chorismate mutase (CM) and phydroxybenzoate hydroxylase (PHBH) based on QM/MM-DO single-point calculations at
QM/MM-optimized geometries, which indicated that MM polarization affects the energy
barrier by 5-15% in CM and 5-20% in PHBH.26,27
In this study, we perform a more comprehensive examination of the effects of
MM polarization in QM/MM studies of enzymatic reactions, again using the CM- and
PHBH-catalyzed reactions as representative examples. We generate potential energy
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profiles and free energy profiles for these catalytic reactions through exhaustive geometry
optimizations and free energy simulations, respectively. We compare the results obtained
with the QM/MM-DO model to those obtained from analogous calculations with the
conventional QM/MM model. For both enzymes, inclusion of MM polarization leads to
an increase in the computed energy and free energy barriers, which is more pronounced
for PHBH than CM, presumably because the PHBH-catalyzed reaction involves
significant charge transfer. To our knowledge, these findings offer the first systematic
assessment of PFF effects in QM/MM studies of enzymatic reactions.

2.

Methods

The theory underlying the Drude model and the details of its implementation in a
QM/MM framework have been described previously.26,27 Here we only recapitulate the
main features. The classical Drude model aims at simulating electronic polarizability at
MM level.16 It consists of adding two equal and opposite charges to every polarizable
atom, one of which is positioned at the atomic nucleus, while the other, referred to as the
Drude particle (DP), is linked to the atom by a short harmonic spring, and is free to
move.21,28 The induced atomic dipole, m , is expressed as

m = aE
where E is the electric field and a is the atomic polarizability, which is related
to the charge on the DP, q , and the force constant, k , of the spring according to

q2
a=
k
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In additive force fields, the 1,2 and 1,3 nonbonded interactions are typically
ignored, while 1,4 interactions are often scaled to reproduce correct electrostatics.29,30 For
PFFs, the 1,2 and 1,3 induced dipole interactions are crucially important for obtaining
proper molecular polarizabilities.24 In the CHARMM-DO force field, these interactions
are taken into account using the Thole approach.31 The force field also has provisions for
lone pairs (LPs), which not only provides a better description of the fixed charge
distribution, but also allows the modeling of anisotropic polarizability.32 LPs are
represented as additional point charges that are rigidly linked to the polarizable atoms.
In the QM/MM framework, the DPs and LPs are incorporated in the QM
computations in a similar fashion as standard MM point charges; i.e. by adding oneelectron integral terms to the QM Hamiltonian.25-27 To simultaneously converge the DP
positions and the QM energy, a dual self-consistent field (SCF) approach is employed that
includes the following: (a) a full QM computation in the fixed field of MM point charges,
DPs and LPs; (b) updating the DP positions based on the QM wave function; and (c)
iterating between (a) and (b) until the QM energy and the DP positions are converged
with respect to each other.26,27

3.

Computational Details

The potential energy profiles for the CM- and PHBH-catalyzed reactions were obtained
using both the QM/MM-DO model and the conventional additive QM/MM model; the
latter will be labeled as QM/MM-ADD in the following to avoid confusion. The energy
profiles were calculated through extensive geometry optimizations along suitably chosen
reaction coordinates (see Results section and Supporting Information for further details).
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The optimizations were performed in hybrid delocalized internal coordinates using the
HDLCOpt optimizer available in ChemShell.33
The free energy simulations for the CM- and PHBH-catalyzed reactions were carried
out using a recently developed enhanced sampling technique, the finite temperature string
method.34 The underlying theory and applications of this method have been detailed in
several recent studies.35-38 Hence we outline the method only briefly here. A reaction
pathway is approximated as a curve passing through the reduced dimensions of a few
important reaction coordinates (RCs) that characterize the reaction. Starting from an
initial guess, the curve is divided into a series of equally spaced images, each of which
corresponds to certain specific values of the RCs. At each image, short trajectories are
propagated with the RCs harmonically restrained to their current values. The positions of
the images are updated based on the mean values of the RCs calculated from the
respective MD trajectories, and a new curve is constructed connecting the new images.
This procedure of updating the curve based on restrained dynamics is repeated until
convergence is achieved, that is when the RMSD between the curves from successive
iterations has dropped below a certain threshold. Finally, the restrained MD trajectories
for all the images from the various iterations are jointly unbiased to generate the Mdimensional free energy surface underlying the reaction, where M is the number of RCs
considered. The converged curve represents the minimum free energy path (MFEP) of the
reaction in the M-dimensional phase space.
Application of the string method is computationally expensive, particularly in the
QM/MM framework. To limit the computational effort we adopted the following
strategy: The MFEPs of the CM and PHBH catalytic reactions were first calculated using
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the string method and the QM/MM-ADD model. Thereafter one-dimensional umbrella
sampling (US) simulations were performed along these MFEPs with the QM/MM-DO
and QM/MM-ADD models to obtain the final free energy profiles. The underlying
assumption is that the qualitative mechanism of the reaction is not affected by the
inclusion of MM polarization. Additional detailed information on the string calculations
and the US simulations is provided in the Supporting Information.
All QM/MM calculations were carried out using the ChemShell software package.3941

We applied two different QM methods: density functional theory (DFT) using the

hybrid functional B3LYP42,43 with the def2-SVP basis set,44 and the semiempirical OM2
method.45-47 The QM energies and gradients were computed at these levels using the
Turbomole48 and MNDO49 programs, respectively. Additive MM terms were calculated
using the DL-POLY50 program and the CHARMM22 force field.51 DO-related
computations were performed using a separate hybrid module in ChemShell implemented
recently in our group. The polarizable MM region was described by the CHARMM-DO
force field for proteins24 and the SWM4-NDP model for water.52 In the following section,
we focus on the results from the DFT/MM calculations, while those from analogous
OM2/MM calculations are documented in the Supporting Information.

4. Results

4.1 Chorismate Mutase
In the CM active site a relatively small substrate, chorismate (CHO), is non-covalently
bound to the protein, which makes this enzyme an ideal subject for QM/MM tests. During
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the catalytic reaction, CHO is converted to prephenate through a Claisen rearrangement
(Scheme 1). CM has been the focus of several experimental and theoretical studies and its
reaction mechanism is well understood.1 The transformation of CHO to prephenate
involves negligible charge transfer, and thus QM/MM calculations of this reaction are
expected to be rather insensitive towards MM polarization.
In this study we considered five random solvent-equilibrated snapshots of CM
available from a previous study in our group.53 The QM region consisted of CHO, while
the rest of the system was described either at the MM-ADD or MM-DO level. All atoms
lying outside a residue-based cutoff of 10 Å from the C1 atom of CHO were held fixed at
their initial coordinates. The non-bonded parameters of the substrate were borrowed from
the CHARMM22 force field as in our previous study.27 The potential energy profiles of
the catalytic reaction were determined by performing PES scans along a reaction
coordinate describing the bond forming and bond breaking processes, namely the
difference between the C9-O8 and C1-C13 distances in CHO (Scheme 1).

z = d ( C9 - O8 ) - d ( C1- C13)
The scans were performed with a grid spacing of 0.25 Å and were repeated multiple
times, driving the reaction in both forward and backward directions, until the energy
profiles obtained in both directions were identical.
The reaction energies (ΔE) and activation energies (ΔE‡) of the CM-catalyzed
reaction calculated using the DFT/MM-DO and DFT/MM-ADD models are listed in
Table 1 for the five selected snapshots; the corresponding potential energy profiles for
snapshot 1 are illustrated in Figure 1A. The average barrier ΔE‡ obtained with the
DFT/MM-ADD model is close to the experimental value of 12.7 kcal/mol.54 Upon
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inclusion of MM polarization at the DFT/MM-DO level, snapshots 1 and 3-5 exhibit a
modest increase in both ΔE and ΔE‡, by 0.4-2.6 kcal/mol (2-20%) and 0.5-1.3 kcal/mol
(5-8%), respectively; for snapshot 2, ΔE remains unaffected while ΔE‡ decreases slightly
(by 0.4 kcal/mol). Analogous calculations at the OM2/MM-ADD and OM2/MM-DO
levels show very similar trends (Table S1). The similarity of the energy profiles obtained
with the QM/MM-DO and QM/MM-ADD models is in line with the fact that the
corresponding optimized geometries of the stationary points are also very similar (Table
S2). The root-mean-square deviations (RMSDs) between DFT/MM-DO and DFT/MMADD optimized geometries for reactant, transition state, and product are well below 0.2
Å for all snapshots.
Free energy profiles of the CM-catalyzed reaction calculated using the DFT/MMDO and DFT/MM-ADD models are illustrated in Figure 1B, and numerical results for
free energies and geometric RMSDs are listed in Table 2. The reaction coordinate used
for the US simulations was identical to that used to obtain the potential energy profiles.
According to Figure 1B and Table 2, the free energy barrier (ΔG‡) of the reaction at the
DFT/MM-ADD level is 14.1 kcal/mol. This number is in close agreement with the
experimentally measured value of 15.4 kcal/mol.54 The profile obtained from the
DFT/MM-DO model is shifted somewhat upwards, with an increase of 2.5 kcal/mol in
ΔG‡ and of 2.9 kcal/mol in the reaction free energy (ΔG), compared with DFT/MMADD. This change is in the same direction as in the case of the energy profiles (Table 1)
but is somewhat more pronounced. The DFT/MM-DO calculated free energy profile also
features a shifted reactant minimum, which is reflected in the high RMSD between the
average reactant state geometries sampled in the QM/MM-DO and QM/MM-ADD US
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simulations (Table 2). QM/MM-DO favors a more open CHO geometry with an increased
C1-C13 distance (Figure 1C). The RMSDs between the average transition state and
product geometries sampled in the QM/MM-DO and QM/MM-ADD US simulations are
rather low, suggesting that MM polarization does not strongly affect these states (Figures
2D and 2E). Thus, inclusion of MM polarization at the DFT/MM-DO level preferentially
stabilizes the reactant state, which in turn causes a slight increase in the activation and
reaction free energies. Finally we note that qualitatively similar free energy profiles are
obtained at OM2/MM level, which also feature a shifted reactant minimum and increased
ΔG‡ and ΔG values for OM2/MM-DO compared with OM2/MM-ADD (Figure S1).

4.2 p-hydroxybenzoate hydroxylase
PHBH is a monooxygenase flavoprotein that catalyzes the conversion of phydroxybenzoate (pOHB) to 3,4-dihydroxybenzoate (DHB), a key step in the oxidative
degradation process of aromatic compounds such as lignin.1 The hydroxylation step in the
PHBH catalytic cycle has been the focus of several theoretical studies.55-60 In this step, an
OH group with a formal charge of +1 migrates from the flavin-adenine hydroperoxide
cofactor (FADHOOH) to the pOHB substrate (Scheme 2). The reaction involves
considerable charge transfer and thus serves as an example, in which QM/MM
calculations are expected to be responsive towards MM polarization.
We studied the PHBH-catalyzed hydroxylation reaction in a manner completely
analogous to the CM-catalyzed reaction. We started from four randomly selected solventequilibrated snapshots of PHBH available from a previous study of our group.53 In these
snapshots, we modified the active site of PHBH by replacing the ribityl side chain of
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FADHOOH with a methyl group. The QM region comprised pOHB and FADHOOH,
with a total of 49 atoms. All atoms lying outside a residue-based cutoff of 10 Å from
pOHB and FADHOOH were held fixed to their initial coordinates, and the non-bonded
parameters of pOHB and FADHOOH were taken from the CHARMM22 force field. The
PES scans were performed along a reaction coordinate that describes the OH transfer,
namely the difference between the distances from the FADHOOH distal oxygen (Od) to
the proximal oxygen (Op) and from the pOHB meta carbon (Cm) to Od (Scheme 2).

z = d (Od - Op ) - d ( Cm - Od )
The scans were performed with a grid spacing of 0.20 Å and, as in the case of
CM, were carried out several times in the forward and backward directions, until the
energies obtained from both directions were converged.
The ΔE and ΔE‡ values of the PHBH-catalyzed reaction calculated using the
DFT/MM-DO and DFT/MM-ADD models are listed in Table 3 for the four different
snapshots; the corresponding potential energy profiles for snapshot 1 are illustrated in
Figure 3A. Compared with DFT/MM-ADD, the energy barriers ΔE‡ are consistently
higher at the DFT/MM-DO level, by 1-4 kcal/mol for all four snapshots. On the other
hand, the reaction free energies ΔE do not show such a trend: the DFT/MM-DO values
are slightly lower (snapshots 1 and 4) or slightly higher (snapshots 2 and 3). Analogous
OM2/MM results are reported in Table S3: here, inclusion of MM polarization at the
OM2/MM-DO leads to an increase of the computed barriers ΔE‡ for three out of four
snapshots. The RMSDs between the DFT/MM-DO and DFT/MM-ADD optimized
geometries of the corresponding stationary points for the various snapshots (Table S4) are
typically higher than those observed in case of CM (Table S2) indicating that the effects
11

of MM polarization are more profound for PHBH than for CM.
Free energy profiles of the PHBH-catalyzed hydroxylation reaction calculated at
the DFT/MM-DO and DFT/MM-ADD levels are shown in Figure 2B, and numerical
results for free energies and geometric RMSDs are listed in Table 4. The profiles were
determined by performing US simulations along the same reaction coordinate that had
been used for the PES scans. As indicated in Figure 2B and Table 4, the free energy
profiles exhibit trends that are largely consistent with those observed in the potential
energy profiles. The activation free energy ΔG‡ is significantly higher for the DFT/MMDO model (18.2 kcal/mol) than for the DFT/MM-ADD model (13.7 kcal/mol), while the
reaction free energy ΔG remains essentially unchanged between the two models (-47.1 vs.
-46.9 kcal/mol)). The experimental ΔG‡ value55 is expected to be 14-15 kcal/mol,59,61,62
which is closer the DFT/MM-ADD result. The geometric RMSDs between the average
reactant, TS, and product structures sampled in the corresponding windows of the
DFT/MM-DO and DFT/MM-ADD US simulations are typically much higher than those
observed in the case of CM. Overlays of the corresponding DFT/MM-DO and DFT/MMADD average geometries (Figures 2C-2E) suggest that DFT/MM-DO favors an active site
geometry in which pOHB and FADHOOH are closer to each other. The free energy
profiles obtained at the OM2/MM level (Figure S2) show similar behavior as those
obtained at the DFT/MM level (Figure 2B).

4.3

Computational aspects

Application of the QM/MM-DO model comes with a significant increase in
computational expense. The computation times for single-point energy and gradient
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evaluations at the QM/MM-DO and the QM/MM-ADD levels are compared in Table 5.
Both in the case of CM and PHBH, DFT/MM-DO and OM2/MM-DO calculations are
roughly 7 times and 11 times more expensive than the analogous DFT/MM-ADD and
OM2/MM-ADD calculations, respectively. The reason for this large difference is that (a)
in the current QM/MM-DO implementation, each QM/MM-DO step requires 5-6 SCF
calculations to simultaneously converge the QM energy and the positions of the DPs, and
(b) each SCF in the QM/MM-DO setup takes longer because of the presence of additional
MM point charges that represent the DPs and LPs.
To put these timings into perspective, we note that the actual QM calculation takes a
negligible amount of time in the case of OM2/MM-ADD. At the DFT/MM-ADD level,
the QM calculation with external point charges takes more than 95% of the wall-clock
time when using 20 cores; about a third of the computational effort is spent on evaluating
the terms involving external point charges (see Table 5).

5. Discussion and Conclusions
In this article, we assessed the effects of MM polarization in QM/MM studies of
enzymatic reactions by considering a polarizable QM/MM-DO model, in which the MM
region is described by a DO-based polarizable force field. Using this model, we
investigated the mechanisms of two well-studied enzymatic reactions, namely the CMcatalyzed chorismate-to-prephenate conversion and the PHBH-catalyzed hydroxylation
reaction of p-hydroxybenzoate, by performing full geometry optimizations and free
energy simulations. We generated potential energy and free energy profiles for these
reactions and compared the results to those obtained from analogous calculations using

13

the traditional additive QM/MM-ADD model. We chose the recent CHARMM-DO force
field for proteins and the SWM4 model for water to describe the polarizable MM atoms,
and the CHARMM22 force field and TIP3 model for water to describe the additive MM
atoms. The QM computations were performed at the reasonably robust B3LYP/def2-SVP
level of theory. As a check for consistency, all calculations were repeated with the QM
computations carried out at the semiempirical OM2 level. We emphasize that our
conclusions on MM polarization effects are specific to the chosen force field
representation and that analogous benchmarks should be performed also for other
polarizable force fields to assess the general validity of our conclusions.
In case of CM, the potential energy profiles for the reaction obtained with the
QM/MM-DO and QM/MM-ADD models were quite similar; the QM/MM-DO energy
barriers and reaction energies for the five chosen snapshots were higher than the
corresponding QM/MM-ADD values by 0.5-1.3 and 0.4-2.6 kcal/mol, respectively. This
trend was highlighted in the corresponding free energy profiles. The QM/MM-DO free
energy barrier and reaction free energy were higher than the corresponding QM/MMADD values by 2.5 and 2.9 kcal/mol, respectively. Upon close inspection of the
geometries sampled during the QM/MM simulations, we observed that the QM/MM-DO
and QM/MM-ADD simulations sample similar geometries in the transition state and
product region, while the QM/MM-DO model favors a reactant geometry with a more
open structure of the substrate and a slightly lower free energy, which accounts for the
higher free energy barrier and reaction free energy (compared with QM/MM-ADD).
In an attempt to disentangle the effects of MM-DO polarization on the computed
energies, we performed an energy decomposition analysis for each stationary point
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obtained at the QM/MM-DO level for CM (see Supporting Information for the chosen
procedure and detailed numerical results). We find that the effects of MM polarization on
the computed QM energies are large in absolute terms, but they do not change much
during the reaction (see Table S5). For example, as a consequence of compensating shifts,
the inclusion of MM-DO polarization changes the QM energy of the transition state
relative to the reactant typically by less than 1 kcal/mol (see Table S6).
For PHBH, the differences between the QM/MM-DO and QM/MM-ADD results
were more pronounced than those observed in the case of CM. Both the potential energy
and the free energy barriers calculated with QM/MM-DO were notably higher than those
calculated with QM/MM-ADD, by 1.2-3.9 kcal/mol (four snapshots) and by 4.5 kcal/mol,
respectively. The reaction energies and reaction free energies from QM/MM-DO and
QM/MM-ADD showed no such clear trend and exhibited deviations in both directions.
In the CM- and PHBH-catalyzed reactions, MM polarization thus exerts the
largest effect on the computed barrier in PHBH. This may be rationalized as follows.
While the Claisen rearrangement in CM involves little charge transfer, the PHBHcatalyzed hydroxylation reaction requires the formal transfer of an OH+ group from the
neutral FADHOOH moiety to the pOHB dianion. The overall negative charge of -2 is
fairly localized in the reactant state (pOHB dianion) and the product state (pOHB and
FADHOOH anions), but rather delocalized between these two moieties in the transition
state. The polarizable MM region will preferentially stabilize charge-localized states
(reactant and product), which will in turn lead to an increase in the barrier.
To summarize, the present case study on the CM- and PHBH-catalyzed reactions
has revealed moderate effects of MM polarization on activation and reaction (free)

15

energies. One obvious question is whether it is advisable in QM/MM studies of
enzymatic reactions to move from the current QM/MM-ADD standard to the more
refined QM/MM-DO level. Conventional QM/MM-ADD studies benefit from the
availability of well-tested additive force fields, which should still be more robust than
recently developed polarizable force fields, and they have the practical advantage of being
much more efficient computationally (see the preceding section). On the other hand, MM
polarization is a physical effect that exists and should in principle be included in
QM/MM calculations that aim at high accuracy. In QM/MM studies of enzymatic
reactions, the most important polarization effects on the energetics will arise from the
region in and around the active site (since polarization effects in distant regions are
expected to remain largely unchanged along a reaction pathway). An alternative way to
include the leading polarization effects around the active site may be the use of larger QM
regions in QM/MM-ADD calculations, which will account for important polarization
contributions at the QM level. Given the significantly higher cost of QM/MM-DO
compared with QM/MM-ADD, a moderate extension of the QM region would seem
competitive in terms of computational effort, especially when using efficient linear
scaling QM implementations. In view of these considerations, we believe that further
validation work is required to establish the best QM/MM-based procedure for handling
polarization effects in enzymatic reactions.

Supporting Information. Further numerical DFT/MM and OM2/MM results; free
energy profiles from OM2/MM calculations; computational details and convergence
behavior of string and US simulations; energy decomposition analysis.
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Schemes

Scheme 1. Claisen rearrangement of chorismate to prephenate catalyzed by the
chorismate mutase enzyme.

Scheme 2. Hydroxylation reaction catalyzed by the p-hydroxybenzoate hydrolase enzyme.
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Figures

Figure 1. Investigation of the CM-catalyzed reaction using the QM/MM-DO and
QM/MM-ADD models. Potential energy profiles (A) and free energy profiles (B)
obtained using QM/MM-DO (red) and QM/MM-ADD (green) models. The potential
energy profiles correspond to snapshot 1. Superimposition of the average reactant (C),
transition state (D), and product (E) geometries sampled in the QM/MM-DO (red) and
QM/MM-ADD (green) US simulations. The average reactant, transition state, and
product geometries correspond to the mean structure sampled in the corresponding US
simulation windows. The QM region was described at the B3LYP/def2-SVP level of
theory.
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Figure 2. Investigation of the PHBH-catalyzed hydroxylation reaction using the QM/MMDO and QM/MM-ADD models. Potential energy profiles (A) and free energy profiles (B)
obtained using QM/MM-DO (red) and QM/MM-ADD (green) models. The potential
energy profiles correspond to snapshot 1. Superimposition of the average reactant (C),
transition state (D), and product (E) geometries sampled in the QM/MM-DO (red) and
QM/MM-ADD (green) US simulations. The average reactant, transition state, and
product geometries correspond to the mean structure sampled in the corresponding US
simulation windows. In (C-E) the flavin-adenine hydroperoxide is labeled as FADHOOH,
p-hydroxybenzoate is labeled as pOHB, and to 3,4-dihydroxybenzoate is labeled as DHB.
The QM region was described at the B3LYP/def2-SVP level of theory.
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Tables
Table 1. Reaction energies (ΔE) and activation energies (ΔE‡) of the CM-catalyzed
reaction for five snapshots with different initial configurations calculated using the
QM/MM-DO and QM/MM-ADD models. The QM region was described at the
B3LYP/def2-SVP level of theory. All values in kcal/mol.

snapshot
1
2
3
4
5
Mean

QM/MM-DO
ΔE
ΔE‡
-19.5
11.3
-15.2
13.0
-11.3
17.7
-15.9
14.1
-17.9
11.6
-16.0
13.5

QM/MM-ADD
ΔE
ΔE‡
-20.6
10.8
-15.2
13.4
-13.9
16.4
-17.1
13.1
-18.3
10.7
-17.2
12.9

ΔΔE
1.1
0.0
2.6
1.2
0.4
1.2

ΔΔE‡
0.5
-0.4
1.3
1.0
0.9
0.6

Table 2. Activation free energies, reaction free energies, and RMSDs of average reactant
(R), transition state (TS), and product (P) geometries of the CM-catalyzed reaction
obtained using the QM/MM-DO and QM/MM-ADD models at the (a) B3LYP/def2SVP/MM and (b) OM2/MM levels of theory. The average R, TS, and P geometries
correspond to the mean structure sampled in the corresponding US simulation windows.
Free energies in kcal/mol and RMSDs in Å.

a
b

QM/MM-DO
ΔG
ΔG‡
-12.2
16.6
-16.9
20.1

QM/MM-ADD
ΔG
ΔG‡
-15.1
14.1
-22.7
16.6

ΔΔG
2.9
5.8

‡

ΔΔG
2.5
3.5

R
0.28
0.35

RMSD
TS
0.11
0.17

P
0.10
0.11
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Table 3. Activation free energies, reaction free energies, and RMSDs of average reactant
(R), transition state (TS), and product (P) geometries of the PHBH-catalyzed reaction
obtained using the QM/MM-DO and QM/MM-ADD models. The average R, TS, and P
geometries correspond to the mean structure sampled in the corresponding US simulation
windows. The QM region was described at the B3LYP/def2-SVP level of theory. All
values in kcal/mol.

snapshot
1
2
3
4
Mean

QM/MM-DO
ΔE
ΔE‡
-38.6
5.2
-35.5
11.0
-38.2
5.4
-41.4
5.3
-38.4
6.7

QM/MM-ADD
ΔE
ΔE‡
-38.2
4.0
-36.7
7.1
-38.5
3.8
-40.0
3.7
-38.4
4.7

ΔΔE
-0.4
1.2
0.3
-1.4
-0.1

ΔΔE‡
1.2
3.9
1.6
1.6
2.1

Table 4. Activation free energies, reaction free energies, and RMSDs of average reactant
(R), transition state (TS), and product (P) geometries of the PHBH-catalyzed reaction
obtained using the QM/MM-DO and QM/MM-ADD models at the (a) B3LYP/def2SVP/MM and (b) OM2/MM levels of theory. The average R, TS, and P geometries
correspond to the mean structure sampled in the corresponding US simulation windows.
Free energies in kcal/mol and RMSDs in Å.

a
b

QM/MM-DO
ΔG
ΔG‡
-47.1
18.2
-55.9
15.1

QM/MM-ADD
ΔG
ΔG‡
-46.9
13.7
-53.0
9.0

ΔΔG
-0.2
-2.9

‡

ΔΔG
4.5
6.1

R
0.52
0.87

RMSD
TS
0.59
0.76

P
0.76
0.99
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Table 5. Comparison of average computation times (in seconds) for the QM/MM-DO and
QM/MM-ADD models. Timings are given for a single QM/MM energy and gradient
evaluation at the (a) B3LYP/def2-SVP/MM and (b) OM2/MM levels of theory, and the
average is taken over 10 independent calculations with different starting configurations.
The DFT QM computations are parallelized over 20 cores (hardware: Intel Xeon E52690v2, 3.0 GHz, 64 GB RAM), while the OM2 QM and all other calculations are done
on a single core (hardware: Intel Xeon X5570, 2.93 GHz). For comparison, please note
the computation times for analogous gas-phase QM calculations: DFT (20 cores / 1 core),
CM 21.8 / 222.5, PHBH 85.6 / 1358.8; OM2 (1 core), CM 0.08, PHBH 0.15.
System

Total atoms

QM atoms

CM

13371

24

PHBH

22716

49

a
b
a
b

Average time for computation
QM/MM-DO
QM/MM-ADD
Ratio
274.4
38.2
7.2
52.2
4.4
11.9
1070.3
142.8
7.5
159.3
13.9
11.5
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