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We report systematic quantum mechanics-only (QM-only) and

QM/molecular mechanics (MM) calculations on an enzyme-

catalyzed reaction to assess the convergence behavior of QM-

only and QM/MM energies with respect to the size of the cho-

sen QM region. The QM and MM parts are described by den-

sity functional theory (typically B3LYP/def2-SVP) and the

CHARMM force field, respectively. Extending our previous work

on acetylene hydratase with QM regions up to 157 atoms

(Liao and Thiel, J. Chem. Theory Comput. 2012, 8, 3793), we

performed QM/MM geometry optimizations with a QM region

M4 composed of 408 atoms, as well as further QM/MM single-

point calculations with even larger QM regions up to 657

atoms. A charge deletion analysis was conducted for the previ-

ously used QM/MM model (M3a, with a QM region of 157

atoms) to identify all MM residues with strong electrostatic

contributions to the reaction energetics (typically more than 2

kcal/mol), which were then included in M4. QM/MM calcula-

tions with this large QM region M4 lead to the same overall

mechanism as the previous QM/MM calculations with M3a,

but there are some variations in the relative energies of the

stationary points, with a mean absolute deviation (MAD) of 2.7

kcal/mol. The energies of the two relevant transition states are

close to each other at all levels applied (typically within 2 kcal/

mol), with the first (second) one being rate-limiting in the QM/

MM calculations with M3a (M4). QM-only gas-phase calcula-

tions give a very similar energy profile for QM region M4

(MAD of 1.7 kcal/mol), contrary to the situation for M3a where

we had previously found significant discrepancies between the

QM-only and QM/MM results (MAD of 7.9 kcal/mol). Extension

of the QM region beyond M4 up to M7 (657 atoms) leads to

only rather small variations in the relative energies from

single-point QM-only and QM/MM calculations (MAD typically

about 1–2 kcal/mol). In the case of acetylene hydratase, a

model with 408 QM atoms thus seems sufficient to achieve

convergence in the computed relative energies to within 1–2

kcal/mol.Copyright VC 2013 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.23403

Introduction

The understanding of the catalytic function of enzymes at an

atomistic level is of both fundamental and practical interest.

Quantum-chemical calculations have been shown to be a com-

plement and alternative to experimental studies in elucidating

the reaction mechanism of enzymes.[1–6] Two popular proto-

cols have evolved for such theoretical studies. The first one is

the quantum mechanics-only (QM-only) approach (or the clus-

ter approach),[7–10] in which a cluster model of the enzyme

active site is excised from a crystal structure and then treated

quantum-mechanically as accurately as possible. The other one

is the hybrid quantum mechanics/molecular mechanics (QM/

MM) approach,[11–17] which uses the whole solvated protein as

the model. In recent years, both methods have been success-

fully applied to analyze the reaction mechanism of many dif-

ferent enzymes at the atomic level, and similar results and

conclusions have often been achieved.[2,3]

In the QM-only approach, the missing polarization and steric

effects from the protein environment are captured using two

simple procedures. To account for polarization effects, the pro-

tein environment is approximated to be a homogeneous con-

tinuum medium with a dielectric constant of 4. Systematic

studies of four different types of enzymes suggest that the

choice of the dielectric constant becomes insignificant when

the size of the model is extended to 150–200 atoms.[18–21] The

steric effects induced by the protein matrix are mimicked by

locking a number of key atoms, typically those where the trun-

cations are introduced. Due to the coordinate-locking scheme

used, the accuracy of the results from QM-only calculations

may depend on the quality (or the magnitude of coordinate

error) of the starting crystal structure. In the case of acetylene

hydratase, random displacements (0.1 Å) of the locking termi-

nal atoms introduce tolerable errors (about 1 kcal/mol for

energy and 0.01 Å for bond distances), which, however,

become approximately twice as large with displacements of

0.2 Å.[22] Therefore, QM-only models with around 100 atoms

should be derived from crystal structures with a resolution

better than 2.0 Å (and a coordinate error of less than 0.1 Å for

the backbone atoms) to limit the errors arising from coordi-

nate uncertainties, whereas crystal structures with significantly

lower resolution should be treated with caution and may

require larger QM models to get reliable results. For residues

that are directly involved in the catalyzed reaction, the locking
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atoms should be separated by one or two bonds to have

more flexibility.

The alternative hybrid QM/MM approach treats a small por-

tion of the enzyme, typically around the reaction center in the

active site, by QM, and the remaining larger part of the system

by MM.[11–17] The QM/MM boundary is usually handled by the

hydrogen link atom scheme. The electrostatic interactions

between the QM and MM subsystems are normally calculated

at the quantum-classical level (electronic embedding), with the

MM point charges being directly incorporated into the QM

Hamiltonian. The QM/MM dispersion interactions are evaluated

at the classical–classical level, using standard (or specifically

tailored) MM parameters for the QM atoms. Due to the large

size of the system (typically more than 10,000 atoms) and of

the active region to be optimized (typically around 1000

atoms in standard protocols), QM/MM geometry optimizations

may encounter problems with multiple local minima (more so

than in the QM-only case), which may be alleviated by an iter-

ative optimization procedure.[23]

A proper choice of the QM region is essential both in QM-

only and QM/MM calculations for getting reasonable and accu-

rate results. In principle, the QM region should be as large as

possible, but it also needs to be electronically balanced and

properly screened to avoid unphysical charge and spin deloc-

alization. If the selected QM region is large enough to take

into account all relevant short- and long-range interactions,

both approaches should converge to the same results. How-

ever, the speed of convergence may be different, and it is gen-

erally still unclear what is needed in terms of the size of QM

region to achieve convergence within a predefined tolerance.

Ochsenfeld and coworkers showed that the QM/MM approach

converges faster than the QM-only approach when increasing

the size of the QM region for isomerization energies in three

proteins.[24,25] They arrived at a similar conclusion in the study

of nuclear magnetic resonance (NMR) shielding for five differ-

ent biomolecular and supramolecular systems.[26] Similar

behavior was found by Ryde and coworkers for the reaction

energies of a proton transfer in [Ni, Fe] hydrogenase upon sys-

tematic increase of the size of the QM region.[27–29]

Recently, we compared QM-only and QM/MM models for

the reactions catalyzed by the tungsten-dependent acetylene

hydratase.[30] This enzyme catalyzes the hydration of acetylene

to produce acetaldehyde, and thus plays an important role in

the carbon catabolism of certain bacteria.[31] In the X-ray struc-

ture, the tungsten is coordinated with two pterin molecules, a

cysteine residue (Cys141), and an oxygen species, presumably

a water molecule.[32] A second-shell residue, Asp13, is

hydrogen-bonded to the tungsten-bound water molecule. Fur-

thermore, there is an iron-sulfur cuban cluster at a distance of

about 11 Å from tungsten, which has been proposed to be

responsible for keeping the metal in the reduced WIV form.[32]

The suggested reaction mechanism of this enzyme is shown in

Scheme 1.[33] The most important three steps, namely ligand

exchange, nucleophilic attack, and vinyl alcohol formation by

proton transfer, were investigated by QM/MM calculations

using three different QM regions ranging from 32 to 157

atoms.[30] We demonstrated that the choice of the QM region

is crucial for the proper description of the reaction pathway. A

charge deletion analysis[34–40] was found to be useful to iden-

tify those residues that have significant electrostatic effects on

Scheme 1. Reaction mechanism of acetylene hydratase suggested in a previous QM-only study.[31]
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the reaction energetics and that should, therefore, be included

when designing larger QM regions.

In continuation of our previous work, we now extend the

QM region to 408 atoms and perform QM/MM geometry opti-

mizations for the nucleophilic attack and proton transfer steps

(from Int1 to Int3). On the basis of these optimized geome-

tries, QM/MM single-point calculations are carried out with QM

regions up to 657 QM atoms.

Methods

The details of the system setup are documented in the Sup-

porting Information of our previous article[30] and will thus not

be repeated here. The QM/MM optimized structures from our

previous study (BS100, QM region M3a, 157 atoms) were sub-

jected to charge deletion analysis.[34–40] On the basis of this

analysis, important active-site residues and water molecules

with electrostatic effects of more than 2 kcal/mol were incor-

porated into the QM region, which was thus extended to 408

atoms with a total charge of 25 (QM region M4, see Int1 in

Fig. 1). Even though the QM region is highly negatively

charged, the charges are not localized at one site but fairly

spread out over M4 (with an average formal charge of 20.012

e per atom). The following residues (only important parts) are

included into the QM region: Cys9, Ser11, Cys12, Asp13, Ile14,

Asn15, Cys16, Cys46, Lys48, Met138, Met140, Cys141, Ile142,

Lys172, Trp179, Gln182, Trp293, Trp472, Arg606, Gln612,

Asp699, His676, Arg720, SFE ([Fe4S4]1 cluster), PTA (tungsten–

pterin complex). In addition, 29 water molecules around the

active site were also included.

The geometries of all relevant stationary points were opti-

mized at the QM/MM level with QM region M4, followed by

QM/MM single-point calculations with even larger QM regions.

In M4, all residues in the MM region make rather small electro-

static contributions to the relative energies (less than 2 kcal/

mol), and the use of MM point charges to describe their inter-

actions with the QM region should thus be quite reasonable.

Hence, for further extension of the QM region, simple distance

criteria were adopted to ensure complete coverage of residues

in a given range. Adding all residues within 6 Å of tungsten to

QM region M4 yields M5, which consists of 533 atoms with

total charge of 25. QM regions M6 (576 atoms, charge of 25)

and M7 (657 atoms, charge of 26) were generated by includ-

ing all atoms within 7 and 8 Å of tungsten, respectively. A

detailed specification of all QM regions is given in Supporting

Information (Tables S2, S8, S10, and S12).

QM/MM calculations were performed using exactly the same

procedures as in our previous article; therefore, only some

essential features are repeated here. The Chemshell[41,42] soft-

ware was used to integrate the TURBOMOLE[43] package for

the QM treatment and the DL-POLY[44] program for the MM

calculations. The electronic embedding scheme was applied to

account for the polarization effect of the protein surrounding,

and hydrogen link atoms with the charge shift model were

used to cap the unsaturated dangling covalent bonds at the

QM/MM boundary. In the QM/MM calculations, the QM and

Figure 1. Optimized structure of the enzyme–acetylene complex (Int1) using QM region M4, RI-BP86/MM. For clarity, some unimportant water molecules

and hydrogen atoms are not shown. All bond lengths are given in Å.
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MM parts were described by density functional theory and the

CHARMM[45] force field, respectively. The QM/MM geometry

optimizations used the BP86[46–48] functional (using the

multipole-accelerated resolution of identity approximation[49–

51]) and the def2-SVP[52] basis set for all atoms (with the associ-

ated pseudopotential for tungsten). QM/MM single-point cal-

culations were carried out using the B3LYP[53] functional and

the def2-SVP basis set. QM-only single-point calculations on

the QM regions were done at the B3LYP/def2-SVP level in the

gas phase as well as in solution using the conductor-like polar-

izable continuum model (CPCM)[54] (E 5 4) with the default

universal force field (UFF) radii as implemented in the Gaus-

sian09[55] program package.

Results

Before discussing the present QM/MM results, it is useful to

summarize the main findings from our previous study on the

comparison of QM-only and QM/MM models for the reactions

catalyzed by acetylene hydratase (Scheme 1).[30,33] The first

ligand exchange step (React to Int1) is found to be exothermic,

with the QM/MM model giving a larger exothermicity (13.8

kcal/mol, average over five snapshots) than the QM-only model

(5.4 kcal/mol).[30] For the formation of vinyl alcohol intermedi-

ate (Int3) from the tungsten–acetylene complex (Int1), the QM/

MM calculations with QM region M3a (157 atoms, total charge

of 23) yield a qualitatively similar mechanistic scenario as the

QM-only model, but with some variations. First, at the QM/MM

level, the carboxylic group of Asp13 at Int2 has to rotate prior

to the proton transfer, whereas it is flexible enough in the QM-

only model (because of the missing steric constraints from the

protein environment) to allow for proton transfer without prior

rotation.[33] Second, the nucleophilic attack is rate-determining

in the QM/MM model, whereas the protonation of the vinyl

anion intermediate is the rate-limiting step in the QM-only

model. Third, the calculated total barrier at the QM/MM level

(16.7 kcal/mol) is significantly lower than that at the QM-only

level (23.6 kcal/mol with QM region M3a). A minimum QM

region (M1, 32 atoms, total charge of 22) has been used for a

preliminary understanding of the mechanism and for a charge

deletion analysis that guided the selection of the larger QM

region M3a.[30] In this analysis, QM single-point calculations

(QM region M1 in the field of the MM point charges) were per-

formed for two intermediates with significant charge redistribu-

tion (Int1 and Int2), with the point charges of selected MM

residues/groups removed to evaluate their electrostatic contri-

bution to the relative energies of Int1 and Int2. Residues/

groups with large effects were included in the QM region to

better describe their interactions with the reaction center.

Omission of such residues from the QM region can lead to an

unbalanced model and unreasonable QM/MM results, as previ-

ously shown for model M2 (116 QM atoms).[30] In M2, the

important diphosphate groups (total charge of 24) were kept

in the MM region, which caused a severe overestimation of

their repulsion with the reaction center (total charge of 21)

and thus very high QM/MM barriers.[30]

In an analogous manner, we have now analyzed the electro-

static contributions of specific MM residues and groups on the

reaction energetics obtained with QM region M3a, again by

performing a charge deletion analysis for Int1 and Int2. In the

original model, with no charges removed, the QM energy of

Int2 (in the field of all MM charges) is 3.5 kcal/mol relative to

Int1. The energy changes caused by switching off the MM

charges of selected residues and groups are shown in Figure 2

(numerical results see Supporting Information Table S1). Cys12

has a very large destabilizing effect on Int1 (17.5 kcal/mol), as

its electrostatic repulsion with the anionic Asp13 in Int1 is

larger than that with the neutral Asp13 in Int2. The [Fe4S4]1

cluster has the opposite effect stabilizing Int1 by 7.9 kcal/mol.

All other residues have less influence. As shown in our previ-

ous study,[30] a quantum-classical treatment of very strong

QM/MM electrostatic interactions might not be accurate

enough, and it is thus safer to incorporate residues with large

electrostatic effects into the QM region. On the basis of this

guideline, we defined QM region M4 by including all residues

with electrostatic contributions of more than 2 kcal/mol (see

Fig. 1). In addition, residues with significant displacements

(more than 0.2 Å) during the reaction, for example, Met138,

Trp293, and Trp472, were also included in QM region M4. The

use of electrostatic criteria for the selection of the QM region

has also been suggested by Ryde and coworkers.[27–29]

We note that in our previous charge deletion analysis with

the minimum QM region M1 (32 atoms),[30] the effect of

Cys12 had been smaller (5.1 kcal/mol), presumably because

of the screening by the diphosphate and other groups

located between Cys12 and Asp13 that belong to the MM

part in model M1 and to the QM part in model M3a.

Remote residues can thus become more important in charge

deletion analysis when extending the QM region. We

emphasize again that the present example is particularly

challenging in this regard due to the large charge shift

between Int1 and Int2.

Figure 2. Changes of QM energies of Int2 relative to Int1 by switching off

MM point charges at selected residues and groups (QM region M3, RI-

BP86/def2-SVP). A negative (positive) value means that the energy of Int2

goes down (up). SFE, Ribose-base, and Cryw denote the sulfur-iron cluster,

guanosine nucleoside, and a crystal water molecule, respectively.
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QM region M4

QM region M4 is composed of 408 atoms, with a total charge

of 25 (see Methods section and Fig. 1). It contains the

[Fe4S4]1 cluster (3 Fe21 and 1 Fe31)[56] with a total of 17

unpaired electrons. Experimental evidence[57,58] and theoretical

calculations[59–62] indicate that the four iron centers of iron-

sulfur clusters in proteins are usually antiferromagnetically

coupled to form a low-spin species. While a broken-symmetry

approach could be used to generate such coupled states, one

would anticipate convergence and other technical problems

for such calculations on M4. We have, therefore, decided to

address only the high-spin state (S 5 17/2). This choice for the

spin state of the [Fe4S4]1 cluster should have a very small

effect on the calculated reaction energetics, as the cluster is

more than 10 Å away from tungsten and influences the reac-

tion center only through electrostatic interactions rather than

spin–spin coupling interactions, and moreover, there is no

electron transfer during the hydration reaction. A similar treat-

ment has been used in recent QM/MM calculations on [Ni, Fe]

hydrogenase with very large QM regions.[29]

In the starting tungsten–acetylene complex (Int1), the

[Fe4S4]1 cluster is linked to four cysteine residues, Cys9, Cys12,

Cys16, and Cys46, via Fe-S coordination, which leads to a total

charge of 23. The nearby positively charged Lys48 residue

provides electrostatic stabilization to the cluster. Spin popula-

tion analysis shows that the spin densities are mainly located

on the [Fe4S4]1 cluster (16.51 in total), with some minor deloc-

alization to the sulfur atoms (0.39 in total) of the four cysteine

residues (Supporting Information Table S5). One of the two

diphosphate groups (bottom right side of Int1 in Fig. 1) forms

a salt bridge to Arg720 and interacts with Lys172 via a crystal-

lographically observed water molecule. The other diphosphate

group is stabilized by His676 via a hydrogen bond chain medi-

ated by a water molecule. It should be noted that a number

of other residues in the MM region also provide hydrogen-

bonding interactions to these negatively charged groups in

the QM region. At Int1, the nucleophile water molecule is

engaged in a hydrogen bond with Asp13 (O2AH1 distance of

1.51 Å), which helps to put it into an orientation suitable for

the following nucleophilic attack.

Similarly to our previous study with QM region M3a,[30] vinyl

alcohol formation proceeds in two steps. First, the anionic

Asp13 residue functions as a general base to abstract a proton

from the water molecule, concomitant with nucleophilic attack

on acetylene. The barrier for this step (TS1, Fig. 3) is calculated

to be 8.1 kcal/mol at the RI-BP86/MM level (Table 1), and Int2

lies 1.7 kcal/mol above Int1. The B3LYP/MM barrier (11.7 kcal/

mol) is 3.6 kcal/mol higher. At TS1, the critical C1AO1 distance

is 1.94 Å, much less than in Int1 (2.77 Å). The O1AH1 and

O2AH1 distances are 1.34 and 1.12 Å, respectively. When QM

region M3a is used, the corresponding C1AO1, O1AH1, and

O2AH1 distances are 1.81, 1.11, and 1.34 Å, respectively, sug-

gesting a somewhat later transition state for the nucleophilic

attack compared with model M4.

Prior to the proton transfer back to the substrate, there is an

initial conformational change involving a rotation around the

carboxylic acid CAO bond, from Int2 to Int2b (Fig. 3), in com-

plete analogy to all QM/MM models considered previously.[30]

Figure 3. Optimized structures of transition states and intermediates using QM region M4, RI-BP86/MM. All bond lengths are given in Å. For clarity, only

the core region is shown. For the full model, see Figure 1.
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As discussed before,[30] this is not seen in the QM-only model:

due to the truncation of Asp13 at the Ca position, the carbox-

ylic acid group is free to rotate around the CaAN bond, thus

facilitating proton transfer.[33] In reality, the protein matrix does

not allow such rotation and dictates a conformational change

from Int2 to Int2b. This is associated with some energetic pen-

alty (8.3 kcal/mol, B3LYP/MM), mainly due to the disruption of

the hydrogen bond between the carboxylic acid and the attack-

ing water oxygen. The subsequent proton transfer has a very

small barrier (1.5 kcal/mol relative to Int2b, B3LYP/MM). The

important C2AH1 and O2AH1 distances at TS2 (Fig. 3) are 1.60

and 1.10 Å, respectively. The whole reaction is exothermic by

around 20 kcal/mol, close to the value found with model M3a.

The QM/MM energy difference between TS1 and TS2 is

rather small, less than 2 kcal/mol, both for QM5RI-BP86/def2-

SVP and QM5B3LYP/def2-SVP (Table 1). This is also true for

the QM-only results in solution (B3LYP/def2-SVP, CPCM) with

model M4. Focusing on the B3LYP-based results, the transition

state energies of TS1 and TS2 are computed to be 11.7 and

12.6 kcal/mol in the enzyme (QM/MM), compared with 15.8

and 17.5 kcal/mol in solution (QM-only), respectively. Given

these small differences, it is difficult to be sure which of the

two steps is rate-controlling, even though the second one

seems to be the more likely choice. However, the opposite

energetic order for TS1 and TS2 is found at the QM/MM level

for QM5RI-BP86/def2-SVP (8.1 vs. 6.5 kcal/mol) and

QM5B3LYP/def2-SVP with mechanical embedding (12.6 vs.

11.0 kcal/mol).

Turning from the present results with the large QM region

M4 (408 atoms) to those obtained previously with QM region

M3a (157 atoms), we note that the previous B3LYP/MM calcu-

lation with a larger basis set (BS2: Lanl2tz(f )[63] for tungsten

and 6-3111G(d,p) for all other elements) predicted the first

step to be rate-limiting, with a total barrier of 16.7 kcal/mol.[30]

To allow for a more direct comparison between M3a and M4

at the same level of theory, we also report the QM-only

(B3LYP/def2-SVP) gas phase and with solvation, QM(B3LYP/

def2-SVP)/MM energies for model M3a in Table 1 (with geo-

metries optimized for model M3a[30]). When going from M4 to

M3a, the transition state energy increases by 1.3 kcal/mol for

TS1 and decreases by 3.6 kcal/mol for TS2 at this level. As a

consequence, the first step becomes rate-limiting for M3a,

with a total barrier of 13.0 kcal/mol, in contrast to the situa-

tion for M4. The mean absolute deviation (MAD) between the

QM(B3LYP/def2-SVP)/MM energies for models M3a and M4 in

Table 1 amounts to 2.7 kcal/mol, with a maximum deviation of

5.0 kcal/mol for Int2b. There are several factors that may give

rise to these energy differences between models M3a and M4.

First, the QM calculations are of different type: closed-shell for

M3a and high-spin open-shell for M4 (S 5 17/2). While we

have argued (see above) that this should have little influence,

we cannot exclude some minor residual effects on the ener-

getics. For further assessment, we have performed QM/MM

single-point calculations at the common set of QM/MM geo-

metries[30] optimized with QM region M3a: the MAD between

the QM(B3LYP/def2-SVP)/MM energies using QM regions M3a

and M4 is 2.4 kcal/mol (Supporting Information Table S6), and

thus of the same order as in the case of separately optimized

geometries (see above). Second, there are also differences in

the underlying QM/MM optimized geometries for models M3a

and M4: the root-mean-square deviations for the atoms in QM

region M3a lie in the range of 0.28–0.41 Å for all six stationary

points (Supporting Information Table S7). QM/MM single-point

calculations with mechanical embedding were done to gauge

the polarization effect of the MM point charges (Table 1). Simi-

larly to model M3a, electronic and mechanical embedding

yields quite similar B3LYP/MM energies, with a mean absolu-

tion deviation of 2.1 kcal/mol. This deviation is smaller than

that obtained from model M3a (2.6 kcal/mol),[30] implying

somewhat smaller polarization effects from the MM environ-

ment in model M4.

QM-only calculations in the gas phase and in solution using

the CPCM continuum solvation model (Table 1) were used to

analyze the effect of the MM environment. Compared with the

B3LYP/MM results, the gas-phase B3LYP calculations give a

very similar potential energy profile, with a mean absolution

deviation of 1.3 kcal/mol. This is completely different from our

previous results with QM region M3a, where the inclusion of

the MM environment lowered the energy of TS2 by more

than 10 kcal/mol.[30] Surprisingly, inclusion of continuum solva-

tion effects (CPCM) increases the total barrier (TS2) by 3.0

kcal/mol. Closer inspection of QM region M4 shows that the

reaction center is still solvent accessible via two open sites,

which may impair the reliability of the continuum solvation

Table 1. QM/MM and QM-only relative energies (in kcal/mol) calculated with QM region M4 using two different functionals and def2-SVP basis set.

QM-only QM/MM M3a[a]

B3LYP gas phase B3LYP CPCM (E 5 4) RI-BP86 B3LYP[b] B3LYP[c] B3LYP gas phase B3LYP CPCM (E 5 4) QM/MM

Int1 0 0 0 0 0 0 0 0

TS1 10.4 13.3 8.1 11.7 12.6 16.6 15.0 13.0

Int2 1.9 4.8 1.7 2.8 3.3 16.2 11.1 4.2

Int2b 12.9 16.0 6.2 11.1 9.3 19.4 16.0 6.1

TS2 14.6 17.6 6.5 12.6 11.0 20.5 17.8 9.1

Int3 219.4 218.9 219.8 218.6 213.0 219.7 221.0 221.1

[a] Results for QM region M3a are included for convenience; QM(B3LYP/def2-SVP) energies in the gas phase and in solution (E 5 4), QM(B3LYP/def2-

SVP)/MM energies obtained with electronic embedding; geometries optimized at the QM(RI-BP86/def2-SVP)/MM level for model M3a. [b] Electronic

embedding (charge shift). [c] Mechanical embedding.
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approach and may thus indicate the need to include more

groups around the active site into the QM region. Another

possible problem could arise from the high negative charge of

the QM region (25), which is expected to make model M4

rather sensitive to continuum solvation.

QM regions M5, M6, and M7

As shown above, the extension of the QM region from M3a

(157 atoms) to M4 (408 atoms) still produced considerable var-

iations in the QM(B3LYP/def2-SVP)/MM energies (Table 1). To

further check the convergence of the QM and QM/MM ener-

gies (QM5B3LYP/def2-SVP) in our case study, we systematically

increased the size of the QM region up to 657 atoms during

single-point energy evaluations. In principle, the geometries

should be reoptimized in this exercise, as we found in our pre-

vious investigation with smaller QM regions (32 to 157 atoms)

that the computed relative energies could differ by more than

20 kcal/mol with and without geometry optimization.[30] The

main problem is that optimized geometries may be quite dif-

ferent when groups close to the reaction center are treated at

the QM level (larger QM region) or the MM level (smaller QM

region). However, such differences should become smaller

when an extended QM region is used for QM/MM geometry

optimization (presently M4 with 408 atoms), because the

effect of residues far from the reaction center should then be

very small both at the QM and the QM/MM level. Moreover,

practical limitations in the available computer resources only

allowed us to perform single-point calculations with the larger

QM regions M5, M6, and M7 (533–657 atoms). The relative

energies from QM-only calculations in the gas phase and in

solution as well as from QM/MM calculations are listed in

Table 2.

For QM region M4 with 408 atoms, the differences between

QM-only (gas phase) and QM/MM energies are all less than 2

kcal/mol, with a MAD value of 1.4 kcal/mol. Similar deviations

are also found for the other model M5 to M7. There is one

outlier for the largest QM region M7 where the QM-only ener-

gies relative to Int1 are consistently about 3 kcal/mol lower

than in all other calculations, indicating that the stability of

Int1 is underestimated by roughly this amount at the QM-only

level and that Int1 may thus be an unsuitable as reference

point for M7. The MAD value for M7 indeed drops from 3.4 to

1.2 kcal/mol when using Int2 as reference instead (for detailed

data, see Supporting Information Table S14). We note that the

negatively charged residue Asp298 is moved from the MM

part to the QM part when going from model M6 to M7,

resulting an increased total charge of 26 for the QM region.

At the QM-only level, this leads to larger electrostatic repul-

sions within the QM region, while the electrostatic interactions

are merely repartitioned in the QM/MM case (which may be

expected to cause less changes overall). The large negative

charge (25 for M4, M5, and M6; 26 for M7) might also result

in slower convergence behavior.

For QM region M4, the inclusion of continuum solvation

effects increases the differences between the QM-only and QM/

MM results, with a MAD value of 2.8 kcal/mol. The correspond-

ing deviations are similar for M5 and M6, and become smaller

for M7, with a MAD value of 1.9 kcal/mol. It should be pointed

out that the solvation effects are generally quite large, up to 6

kcal/mol, even for the largest model M7 that has no cavity. This

is likely due to the high total charge of the QM regions M4 to

M7 (25 or 26), which makes these models very sensitive to

continuum solvation. When the total charge of the QM model

is small, for example, zero in aspartate decarboxylase[21] or 11

in 4-oxalocrotonate tautomerase,[18] haloalcohol dehaloge-

nase,[19] and histone lysine methyltransferase,[20] the solvation

effects saturate already at a model size of around 150–200

atoms.

In previous work, QM/MM energies have been shown to

converge faster than QM-only energies.[24–29] Selecting the

QM/MM energies of model M7 as reference, the MADs of the

QM/MM energies (relative to Int1, Table 2) are 1.3, 0.6, and

0.7 kcal/mol for models M4, M5, and M6, respectively. The

corresponding MAD values for the gas-phase QM-only ener-

gies are 4.5, 2.6, and 2.5 kcal/mol (again relative to Int1,

Table 2). The QM/MM energies thus show somewhat better

convergence also in the present case. Furthermore, we have

checked the convergence of the computed spin densities on

the iron-sulfur cluster and its cysteine ligands. In the QM/MM

calculations with models M4 to M7, these spin densities are

found to be essentially constant at all atoms (variations of

less than 0.01 e, see Supporting Information Table S5) indi-

cating that the electronic structure remains qualitatively

unchanged.

Finally, we have also studied the use of a somewhat smaller

QM region (labeled as M3c, 352 atoms, see Supporting Infor-

mation for details, Table S16) for QM/MM geometry optimiza-

tions. We decided against adopting this QM region because

the MM contributions to the relative energies (Supporting

Table 2. QM-only [B3LYP/def2-SVP, gas phase and in solution (CPCM, E 5

4)] and QM (B3LYP/def2-SVP)/MM relative energies (in kcal/mol) calcu-

lated with different QM regions at QM/MM geometries optimized with

QM region M4.

Int1 TS1 Int2 Int2b TS2 Int3 MAD[a]

M4 (408

atoms)

QM-only gas

phase

0 10.4 1.9 12.9 14.6 219.4 1.4(1.4)

QM-only CPCM 0 13.3 4.8 16.0 17.6 218.9 2.8(2.0)

QM/MM 0 11.7 2.8 11.1 12.6 218.6 0

M5 (533

atoms)

QM-only gas

phase

0 9.8 0.3 9.9 11.7 220.7 0.6(0.7)

QM-only CPCM 0 13.1 4.4 14.0 15.5 219.3 2.8(2.0)

QM/MM 0 9.9 0.2 10.6 12.2 219.2 0

M6 (576

atoms)

QM-only gas

phase

0 10.1 0.9 9.4 11.2 221.2 1.3(1.9)

QM-only CPCM 0 13.4 5.0 14.2 15.5 220.1 3.3(2.2)

QM/MM 0 9.3 20.3 10.8 12.4 219.4 0

M7 (657

atoms)

QM-only gas

phase

0 7.6 23.0 7.3 9.2 223.1 3.4(1.2)

QM-only CPCM 0 12.1 3.1 13.5 14.9 220.7 1.9(0.9)

QM/MM 0 10.0 0.4 11.6 13.0 220.0 0

[a] Mean absolute deviation between QM-only and QM/MM energies

for each QM region. Values in parentheses are obtained if the energies

are taken relative to Int2 (rather than Int1).
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Information Table S17, mean absolute value of 2.9 kcal/mol)

were larger than our target level (1–2 kcal/mol).

Discussion and Conclusions

In continuation of our previous study[30] on the comparison of

QM-only and QM/MM models for the mechanism of the

tungsten-dependent acetylene hydratase, we have extended

the QM region in the present calculations to assess the con-

vergence behavior of QM-only and QM/MM energies in the

modeling of this enzymatic reaction. QM/MM geometry opti-

mizations were performed using a QM region with 408 atoms,

which were selected on the basis of charge deletion analysis

to ensure that all residues and groups around the active site

with strong electrostatic interactions were included in the QM

region. On the basis of the optimized geometries, further QM/

MM single-point calculations were carried out with even larger

QM regions up to 657 atoms, including all residues within 8 Å

to tungsten.

The QM/MM calculations with QM region M4 (408 atoms)

lead to the same overall mechanism as the previous QM/MM

calculations with QM region M3a (157 atoms). However, the

calculated relative energies along the reaction profile still differ

appreciably, on average by 2.7 kcal/mol (at most for Int2b, by

5.0 kcal/mol). The rate-limiting transition state changes from

TS1 in model M3a to TS2 in model M4, even though it should

be noted that TS1 and TS2 are energetically close at all cur-

rently applied levels (Tables 1 and 2). The overall QM(B3LYP/

def2-SVP)/MM barrier is computed to be 13.0 kcal/mol for

M3a and 12.6 kcal/mol for M4; the use of a larger basis set

(BS2) increases this value to 16.7 kcal/mol for M3a (no such

data for M4). The overall reaction is exothermic by about 20

kcal/mol in both models.

QM region M4 is designed to include all residues and

groups with important electrostatic contributions to the rela-

tive energies (typically more than 2.0 kcal/mol). Further exten-

sion of the QM region has little effect on the single-point QM/

MM relative energies (typically 1–2 kcal/mol), as reflected in

the MAD of 1.3 kcal/mol between the results from M4 (408

atoms) and M7 (657 atoms). Likewise, for QM regions M4 to

M7, the single-point relative energies from gas-phase QM-only

calculations are quite close to the corresponding QM/MM

energies (typically within 1–2 kcal/mol), as also indicated by

the corresponding MAD values (Table 2). By contrast, for the

smaller QM region M3a (157 atoms), the respective QM-only

and QM/MM relative energies have previously been found to

differ more strongly (MAD of 7.9 kcal/mol, see Table 5 of Ref.
[30], data obtained with the larger BS2 basis). Judging from

these results, both the QM-only and the QM/MM results seem

converged reasonably well for QM region M4, because they

agree with each other to typically within 1–2 kcal/mol and

since further extension of the QM region only leads to varia-

tions of similar magnitude. The convergence is somewhat

smoother and faster for the QM/MM energies. However, even

with such a large QM region (408 atoms), the uncertainties

arising from the choice of the model are apparently still in the

range of 1–2 kcal/mol.

On the basis of the present results, we suggest that in QM/

MM studies of enzyme reaction mechanisms, a QM region of

relatively small size should first be used to establish the reac-

tion mechanism, followed by charge deletion analysis to iden-

tify MM residues with significant electrostatic contributions.

Larger QM regions that include these important residues

should then be used to check for convergence of the com-

puted relative energies. QM-only single-point calculations or

with geometry reoptimization will be helpful to understand

the effect of the protein environment.
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