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A common approach for the computational modeling of enzyme reactions is to study a rather small model of
the active site (20-200 atoms) with quantum mechanical (QM) methods, modeling the rest of the surroundings
by a featureless continuum with a dielectric constant of ∼4. In this paper, we discuss how the residues included
in the QM model should be selected and how many residues need to be included before reaction energies
converge. As a test case, we use a proton-transfer reaction between a first-sphere cysteine ligand and a second-
sphere histidine group in the active site of [Ni,Fe] hydrogenase. We show that it is not a good approach to
add groups according to their distance to the active site. A better approach is to add groups according to their
contributions to the QM/MM energy difference. However, the energies can still vary by up to 50 kJ/mol for
QM systems of sizes up to 230 atoms. In fact, the QM-only approach is based on the hope that a large
number of sizable contributions will cancel. Interactions with neutral groups are, in general, short-ranged,
with net energy contributions of less than 4 kJ/mol at distances above 5 Å from the active site. Interactions
with charged groups are much more long-ranged, and interactions with buried charges 20 Å from the active
site can still contribute by 5 kJ/mol to the reaction energy. Thus, to accurately model the influence of the
surroundings on enzyme reaction energies, a detailed and unbiased atomistic account of the surroundings
needs to be included.

Introduction

During the latest 20 years, theoretical calculations have been
established as an important complement to experimental studies
of enzyme reactions. In particular, they have been shown
powerful to study details of enzyme mechanisms, giving
structures and energies of putative transition states and reaction
intermediates.1-6

Theoretical studies of enzyme reactions are a rather young
science. Therefore, there is still no consensus how such
calculations are ideally performed. On the contrary, two rather
different approaches have been developed. In the first, which
we will call the QM-only approach,1-4 only a rather small model
of the active site is explicitly studied. A typical size is 20-200
atoms, which corresponds to the substrate and up to 20 amino
acids from the surroundings. The rest of the enzyme is either
ignored or treated as a featureless continuum, characterized by
a dielectric constant of ∼4. Owing to the small size of the
studied system, accurate quantum mechanical (QM) methods
can be used, and many different mechanisms may be compared.
In addition, the studied system is so small that it is possible to
have a full control of the conformations of all included groups
(to ensure that all reaction intermediates reside in the same local
minimum). Entropy effects are typically obtained by a normal-
mode analysis of calculated harmonic frequencies. It is custom-
ary to perform geometry optimizations with a medium-size basis
set and then calculate single-point energies with a larger basis
set. Typically, it is necessary to fix the position of one or a few
atoms in each residue to keep the structure reasonably close to
the protein structure. This approach originates from QM
calculations on simple organic reactions, where it has been

applied with great success. The accuracy of the QM-only
approach for enzymes is typically estimated to be 12-20
kJ/mol.1,4

In the alternative approach, the full enzyme is included by
combined QM/MM calculations,7 in which the active site is
treated by QM methods whereas the rest of the enzyme and
often some shells of surrounding water molecules are treated
at the molecular mechanics (MM) level.5,6 The size of the QM
system is similar to that in the QM-only approach. The
advantage with the QM/MM approach is of course that a detailed
account of the surrounding protein is explicitly included.
Thereby, the risk that the results are biased by the selection of
residues to include in the model system is avoided. The
disadvantage with this approach is the size of the simulated
system. For a full protein with water solvation (typically
10 000-100 000 atoms), there is practically an infinite number
of possible conformations. It is virtually impossible to ensure
that the most relevant conformation is obtained, and there is a
great risk that different states during the reaction may reside in
different local minima. Unfortunately, the energy is sensitive
to the conformation (a single extra hydrogen bond, even far
from the active site, will change the energy of the system by
∼20 kJ/mol). Likewise, there is an uncertainty of the exact
location of all atoms in the system because hydrogen atoms
are normally not discerned in protein crystal structures (the
typical starting point of QM/MM calculations). In particular,
the number of protons (i.e., the net charge of the protein) is
unknown. There are ways to deal with these problems, for
example, by using ensembles of structures and free-energy
methods, but they are quite time-consuming.6,8-10 Thus, the QM/
MM approach is clearly more complicated than the QM-only
approach.
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Apparently, both the QM-only and QM/MM approaches have
their advantages and disadvantages, and currently, no consensus
has been reached of which approach is preferable. In the present
paper, we study the convergence of energies from the QM-only
approach with respect to the size of the QM system. In
particular, we test whether the results of QM/MM calculations
can be used to guide the selection of the QM system in a QM-
only approach, so that the advantages of the two methods can
be combined.

Methods Section

In this paper, we study the reaction energy of the simple
proton-transfer reaction in Figure 1. It involves the transfer of
a proton from the Sγ atom of one of two cysteine ligands that
bridge Ni and Fe ions in the active site of [Ni,Fe] hydrogenase
(Cys-546 in DesulfoVibrio fructosoVorans) to the Nε2 atom of
a second-sphere histidine ligand (His-79). We have calculated
the energy difference between the form in which the proton
resides on Cys-546 (called the HID state) and the form in which
the proton resides on His-79 (called the HIP state).

We test if we can obtain a good estimate of this reaction
energy with a rather small QM system, studied in vacuum or a
continuum solvent with a dielectric constant of ε ) 4.1-3,5 We
use the same geometries for all calculations in order to minimize
the effects of the structure. The structure comes from a QM/
MM minimization of the protein in the two states,11 based on a
1.81 Å crystal structure.12 The geometry of the surrounding
protein is exactly the same in the two states outside of the 46
atom QM system. Thereby, we avoid the risk that the surround-
ings may reside in different local minima for the two states.6

We systematically enlarge the QM system up to the size when
the calculations start to be prohibitively slow (450-700 atoms).
Two different approaches are followed. In the first (Dist), we
include residues in the order of their closeness to the active
site (the shortest distance between any atom in the residue and
any atom in the smallest QM model of the active site). In the
second approach (Ene), we instead include them according to
their contribution to the free energy,11 according to a QM/MM
free-energy perturbation approach, called QM/MM thermody-
namic cycle perturbation (QTCP).10 In addition, two different
sizes of the added residues are tested. In the first (Res), the full
residue is added, including capping CH3CO- and -NHCH3

groups from the previous and following residues. In the second
(Grp), we instead add only functional parts of the amino acid,
namely, either the backbone CH3CONHCH3 group (named

according to the residue of the NH group), the side chain (the
functional part of the polar groups, including a CH3- buffer,
except for the aromatic amino acids, for which the ring systems
are truncated by a hydrogen atom), or the rest (which includes
the whole side chain of the nonpolar and nonaromatic amino
acids). These two schemes gives rise to four series of calcula-
tions, which will be called Dist-Res, Dist-Grp, Ene-Res, and
Ene-Grp, respectively.

For each series, residues or groups were added systematically
to the QM system, which initially consisted of FeII and NiII (both
in the closed-shell low-spin state), their first-sphere ligands Cys-
72, -75, -543, and -546 (modeled by CH3S-), CO, and two CN-

ligands, as well as the two second-sphere ligands His-79 (the proton
acceptor, modeled by an imidazole group) and Glu-25 (modeled
as a protonated acetic acid group because it is hydrogen-bonded
to the Sγ atom of Cys-543). This system consists of 46 atoms and
is shown in Figure 1. This was the QM system optimized by QM/
MM for the starting structure. All broken bonds were truncated
by a H atom at a C-H distance of 1.101 Å.

Then, single-point energies were calculated with the Becke
1988-Perdew1986 density functional13,14 and the def2-SV(P)
basis sets for all atoms.15 The calculations were sped up by
expanding the Coulomb interactions in auxiliary basis sets, the
resolution-of-identity approximation.16,17 Finally, all atoms were
immersed into a continuum solvent with a dielectric constant
of ε ) 4, and the energy was recalculated using the continuum
conductor-like screening model (COSMO).18,19 These calcula-
tions were performed at the same level of theory and with default
values for all parameters (implying a water-like probe molecule).
For the generation of the cavity, a set of atomic radii has to be
defined. We used the optimized COSMO radii in Turbomole
(1.30, 2.00, 1.83, and 1.72 Å for H, C, N, and O, respectively)
and 2.0 Å for the metals.20

Result and Discussion

We have studied a simple proton-transfer reaction in the active
site of [Ni,Fe] hydrogenase (shown in Figure 1), namely, the
transfer of a proton from the Sγ atom of one of the two cysteine
ligands that bridge Ni and Fe ions (Cys-546 in DesulfoVibrio
fructosoVorans) to the Nε2 atom of a second-sphere histidine
ligand (His-79). We have calculated the energy difference
between the form in which the proton resides on Cys-546 (called
the HID state) and the form in which the proton resides on His-
79 (called the HIP state). This reaction has been previously
studied with several different theoretical methods and is known

Figure 1. The studied reaction, with the HID state to the left and the HIP state to the right, illustrated with the smallest, 46 atom QM system
without any added residues.
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to be sensitive to the treatment of the surrounding protein.11,21

With a QM/MM free-energy perturbation approach (QTCP),
using QM systems of 46-104 atoms, the HIP state is most stable
by 74 kJ/mol (and 72 kJ/mol at a level of theory similar to the
one used in this paper).

We have systematically (residue- or group-wise, as explained
in the Methods Section) enlarged the QM system and calculated
single-point energies in vacuum and in a continuum solvent with
a dielectric constant of ε ) 4 (called COSMO below). The
residues or groups were added either according to their distance
to the QM system (Dist) or according to their approximate
QTCP energy components (Ene). This gave rise to four energy
curves for the relative energy of the HID and HIP states, which
will be discussed below.

The results of the Dist-Res calculations are shown in Figure
2. It can be seen that the vacuum energies vary between 0 and
115 kJ/mol (a positive sign indicates that HIP is the most stable
state). The COSMO calculations are more stable and vary
between 57 and 124 kJ/mol. However, once the 12 closest
residues (up to 2.1 Å or 281 atoms) are included in the
calculations, the energies stabilize at around 115 (vacuum) and
124 (COSMO) kJ/mol, with a variation of less than 13 kJ/mol.
The largest contributions (shown in Table 1) come from three
residues, Arg-476, which forms a hydrogen bond to one of the
CN- ligands (cf. Figure 3; 18 kJ/mol with COSMO), the
backbone of Cys-546 (the proton donor, 14 kJ/mol), and His-
481, which forms a hydrogen bond to the other N atom of the
proton acceptor His-79 (11 kJ/mol). However, it is somewhat
alarming that the 24th residue, a water molecule at 2.7 Å
distance, still has an effect of 8 kJ/mol. After 25 residues have
been added, the size of the QM system is 443 atoms.

Figure 4 shows the corresponding results of the Ene-Res
calculations. It can be seen that the energies are actually more stable
than those for the Dist-Res calculations, with a variation of -15
to +71 kJ/mol in vacuum and 49-94 kJ/mol with COSMO. Again,
the results are reasonably stable, once the eighth residue has been
added (233 atoms), around 62 and 84 kJ/mol in vacuum and with
COSMO, respectively, and with a variation of less than 32 kJ/mol
in vacuum and 24 kJ/mol with COSMO. The residues that give
the largest contributions (Table 1) are Arg-476, Cys-546, and His-
481 (18, 17, and 12 kJ/mol), as before, but also Thr-68, which is
3.2 Å from the proton acceptor His-79 (-21 kJ/mol), Arg-70,
which is 4.5 Å from Cys-72 (17 kJ/mol), and Asp-541, which forms
hydrogen bonds to Arg-476 (-12 kJ/mol; cf. Figure 3). Most of

the residues added are either connected to the active-site residues
or have a net charge (but all of the added charged residues are
buried within the protein). When 25 residues have been added,
the QM system contains 695 atoms, and each calculation takes
about two weeks.

Apparently, it is quite uneconomical to include full residues
in the calculation, leading to a practical limit of ∼25 residues.
Therefore, we developed the group-wise method also and
applied it to both schemes of addition. The results of the Dist-
Grp calculations are shown in Figure 5. It can be seen that the
results are quite similar to those in Figure 2. In particular, the
energies stabilize at around 115 and 124 kJ/mol for the vacuum
and COSMO calculations, respectively, after the addition of 18
groups (2.2 Å or 217 atoms), with a variation of less than 16
(COSMO) or 25 kJ/mol (vacuum). Again, the most important
residues (Table 1) are Arg-476 (18 kJ/mol), the backbone of
Cys-546 (14 kJ/mol), and His-481 (11 kJ/mol). In addition, Asp-
114 at 3.3 Å distance, which also forms hydrogen bonds to Arg-
476 (Figure 3), has a contribution of -10 kJ/mol. When 40
groups have been added, there are 396 atoms in the QM system.

Finally, Figure 6 shows the results of the Ene-Grp calcula-
tions. The results are quite similar to those of the Ene-Res
calculations. The COSMO calculations are fairly constant at
around 62 kJ/mol throughout the whole series, with variations
of up to 31 kJ/mol. This variation is not reduced below 20 kJ/
mol until 21 residues have been added (271 atoms). The largest
contributions (Table 1) come from the side chains of Arg-476
(15 kJ/mol), Asp-541 (-13 kJ/mol), His-481 (11 kJ/mol), and
Glu-S22 (from the small subunit, -11 kJ/mol), which is 5.6 Å
from the QM system, as well as from the amide group between
Ala-545 and Cys-546 (10 kJ/mol). After 40 groups have been
added (including all groups that give QTCP components larger
than 4.4 kJ/mol), there are 446 atoms in the QM system, as
shown in Figure 3. It can be seen that the residues are
preferentially located along the reactive Sγ-H-Nε2 reaction
coordinate, illustrating that the observed effects come mainly
from electrostatic interactions with a difference in the dipole
moment of the active site, oriented along this reaction coordi-
nate. Moreover, negatively charged residues on the left-hand
side of Figure 3 give a negative contribution and positively
charged residues a positive contribution, whereas on the right-
hand side, the opposite is true (Asp-60 is the only exception),
indicating the sign of the difference in dipole moments.

Comparing all four approaches, it is very alarming that the Dist
and Ene approaches do not converge to the same results. Even
after 40 groups are included, the results of the two approaches differ
by over 60 kJ/mol (124 kJ/mol for Dist-Grp but 62 kJ/mol for
Ene-Grp). The major reason for the difference is that the Dist
approach does not include all energetically important residues
(residues included in Ene-Grp but not in the Dist-Grp contribute
by -35 kJ/mol to the energy). However, there is also a smaller
contribution from residues included in the Dist-Grp but not in the
Ene-Grp, -10 kJ/mol, and a similar contribution from nonadditive
effects (i.e., from the fact that the groups are polarized differently
in the two calculations, -15 kJ/mol). Thus, neither of the
approaches is highly accurate, but since the former contribution is
largest, this approach seems most reasonable.

However, it has recently been show that once all residues
close to the active site have been included in QM-only
calculations,22,23 that is, something similar to the Dist-Grp
approach, the calculated energy differences no longer depend
on the selection of the dielectric constant in the continuum
solvent model. From Figures 2 and 5, it can be seen that our
results confirm this. Once ∼13 groups have been added

Figure 2. The results of the Dist-Res calculations.

Do QM Energies for of Protein-Active Sites Converge? J. Phys. Chem. A, Vol. 113, No. 43, 2009 11795



(220-280 atoms), the difference between the vacuum and
COSMO calculations is less than 12 kJ/mol. Similar results are
also observed for the Ene approach (Figures 4 and 6), but the
convergence is slower, with differences of 11-16 kJ/mol after
the addition of 35 groups (∼400 atoms). This is of course an

important result, showing that the general dielectric effect of
the surroundings is saturated for systems of ∼200 atoms with
the Dist approach, making superfluous the use of the question-
able continuum solvation model with its arbitrary dielectric
constant.

TABLE 1: Energy Contributions of the Most Important Residues or Groups in the Various Calculations (kJ/mol)a

Dist-Res Ene-Res Dist-Grp Ene-Grp Dist+Ene

residue COSMO COSMO COSMO COSMO vacuum COSMO QTCP distance (Å)

Arg-476 17.5 18.3 17.6 15.4 30.1 24.4 2.2
Asp-541 -11.7 -13.2 -21.2 -12.6 -16.0 4.8
Glu-S22 -3.8 -11.1 -9.3 -14.4 -9.8 5.6
His-481 11.3 12.0 10.6 10.7 15.4 9.5 2.0
Cys-546b 14.1 17.4 14.1 10.1 12.0 22.8 1.7
Asp-114 -12.2 -9.6 -8.6 -19.7 -10.2 -16.9 3.3
Asp-126 -7.3 -6.3 -0.8 -5.0 14.0
Glu-S75 -7.2 -4.8 -11.1 -5.8 7.0
Arg-23 7.0 5.3 5.2 5.1 11.9
Gly-547b 6.9 11.7 -4.6 1.7
Ala-80b -6.5 -2.0 -6.2 2.9
Arg-428 -3.8 6.0 7.7 4.2 8.2 7.9
Gln-69b 5.6 5.7 6.3 4.9 13.6 3.2
Mg-sitec -0.5 5.7 32.8 -8.4 4.2
His-79b -1.1 -1.4 -1.1 5.3 12.9 -9.2 1.6
Cys-75b 7.1 5.1 7.1 5.2 4.3 16.2 1.6
Arg-85 -9.1 -5.0 0.1 -5.7 9.6
Wat 8.3 7.2 8.2 -4.9 -11.0 9.1 2.7
Cys-72b 1.6 1.6 -4.3 -5.7 15.6 1.6
Arg-70 17.5 -3.7 -1.5 -7.3 7.3
His-538 5.4 3.6 7.7 6.7 8.9
His-115 -8.8 2.9 7.4 6.9 6.4
Ile-544b -2.8 -3.4 -30.7 1.8
Cys-543b -0.5 -0.4 -0.5 0.2 1.3 10.2 1.6
Thr-68 -21.3 1.1 -8.6 3.2
Glu-25b 0.6 0.6 0.3 1.6

a All COSMO contributions larger than 5 kJ/mol are included. The distance to the original QM system is also indicated. Note that the
contributions correspond to residues in the Res calculations but to groups in the other calculations. A positive sign of the energies indicates that
the HIP state is favored. b Backbone rather than the side chain. c The Mg site includes the Mg2+ ion, three water molecules, as well as the side
chains of Glu-53 and His-630, and the backbone O atom of Gln-540.

Figure 3. All groups included in the largest Ene-Grp calculation (446 atoms). The Mg ligand Gln540 is mainly hidden behind His79. Note
that there are four water molecules in the calculation, one at the arrow, one just to left of the label, and two just to the right of the label. All
are Mg ligands, except the upper one to the right of the label. The original quantum system is shown in balls and sticks and with blue
boldface labels.
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Interestingly, this decreased dependence of the results on the
dielectric constant has been taken as evidence of convergence
of the results with respect to the number of atoms in the QM
system.22,23 However, this is not a valid conclusion, as is shown
in Figure 7. There, we have started from the Dist-Grp result
with 15 added residues, which, according to Figure 5, is
essentially converged with respect to both the total energy and
the effect of the COSMO model. However, if we now add the
groups that gave the largest energy contribution according to
the Ene-Grp approach (we call this approach Dist+Ene), the
energy changes by up to 98 kJ/mol in vacuum and 49 kJ/mol
with COSMO (after the addition of five residues), and the effect
of the COSMO model increases to up to 60 kJ/mol. After the
addition of the eight most important residues, the energy with
COSMO is ∼80 kJ/mol, that is, ∼10 kJ/mol higher than the
Ene-Grp result, as expected from the discussion above, but each
added residue still contributes by ∼5 kJ/mol. This shows that
it is very hard to converge QM-only energies and that a small
dependence on the dielectric constant does not imply that the
size of the QM system is large enough. The reason for this is

that the continuum solvent model can only take into account a
featureless solvent, but it can never model specific strong
interactions in the surrounding protein, such as charged groups.

Finally, we tested whether the interactions with charged
groups can be screened by nearby groups. For the residue that
gave the largest effect in Figure 7, Glu-S22 (the second added
residue), we enhanced the model with all groups within 4 Å of
the acetate model of Glu-S22, 109 atoms. However, this changed
the COSMO energy by only 2 kJ/mol, that is, it reduced the
effect of this residue from -14 to -12 kJ/mol. In vacuum, the
effect was somewhat larger, from -27 to -19 kJ/mol. Thus,
the effect of the charged residues cannot be decreased by adding
nearby neutral groups. Therefore, such interactions need to be
taken into account explicitly in a QM-only approach.

Next, we studied how to select groups to be included in the
calculations. Figure 8 shows the relation between the estimated
group contributions calculated at the QTCP and QM-only (Ene-
Grp results with COSMO) levels. It can be seen that there is a
fair correlation between the two estimates (r2 ) 0.51). However,
the QM estimates are typically smaller than the QTCP estimates

Figure 4. The results of the Ene-Res calculations.

Figure 5. The results of the Dist-Grp calculations.

Figure 6. The results of the Ene-Grp calculations.

Figure 7. The results of the combined Dist+Ene approach.
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(by a factor of 2.4 on average) as a consequence of the damping
effect of the continuum solvation. On the other hand, there is
no systematic shift in the two estimates (the intercept of the
best correlation line is 0.2 kJ/mol), and for only six of the 40
groups do the two estimates give a different sign (and only for
contributions smaller than 10 kJ/mol). Among the 10 and 20
largest QTCP energy contributions, 5 and 14 of the largest QM
contributions are included, respectively. This shows that the
QTCP components give a rough estimate of what groups are
most important in the QM-only calculations, that is, that the
Ene approach works fairly well to select the most important
residues. It should be noted that both the QTCP and QM-only
energy contributions are approximate, and it cannot be said
which of them is more accurate. The QTCP contributions are
free energies (and therefore not directly comparable to the QM
pure energies), but they have been obtained with a linear
approximation and without taking any account of the relaxation
of the surrounding residues and solvent. Moreover, no polariza-
tion of the MM system is considered. On the other hand, the
QM-only energies are obtained with a featureless continuum
model of the surroundings, assuming that a dielectric constant
of 4 is applicable to any part of the protein. In addition, only a
few groups in the surroundings are considered explicitly. Owing
to the many-body character of polarization, residue contributions
are an ill-defined concept also in the QM-only approach. For
example, even if there is a better correlation (r2 ) 0.86) between
the residue contributions in the Ene-Grp and Dist+Ene ap-
proaches (where exactly the same groups are added but in a
different order and to different QM systems), there are differ-
ences of up to 7 kJ/mol (Table 1).

Figure 9 shows the relation between the absolute energy
contribution of each group and their distance to the QM system,
marking interactions with charged groups by squares and those
with neutral groups by diamonds. It can be seen that interactions
with neutral groups are quite short-ranged; only groups within
4.5 Å of the QM system give significant contributions. However,
it is possible that some important interactions are not included
among the 40 added groups because the second to last neutral
residue contributes by 6 kJ/mol (the backbone between Cys-
546 and Gly-547) and the back-bone between Ile-24 and Glu-
25 (included in the Dist-Grp calculation but not in Ene-Grp)
contributed 5 kJ/mol. Assuming a dipole-dipole interaction (i.e.,

a r-3 dependence), the most long-ranged interaction is that with
the amide group between Val-78 and the proton donor His-79
(4 kJ/mol at a distance of 4.4 Å); a similar interaction would
still give a contribution of 3 kJ/mol at a distance of 5 Å or 1
kJ/mol at 8 Å distance.

As expected, interactions with charged groups are both longer-
ranged and stronger. The longest-ranged interaction is that with
Asp-126 (7 kJ/mol at 14 Å distance). Assuming an r-2 distance
dependence, such an interaction would still provide a 4 kJ/mol
contribution at a distance of 20 Å. On the other hand, [Ni,Fe]
hydrogenase is unusual in that it contains so many buried
charged groups (∼47, estimated from MD simulations); in most
proteins, the great majority of charged groups are located on
the surface. Both experimental and computational studies
indicate that solvent-exposed surface charges have little influ-
ence on reaction energies.11,24,25 Therefore, it is unlikely that
residues at distances over 20 Å contribute significantly to
reaction and activation energies in proteins.

However, our results give a quite pessimistic view of the QM-
only approach for the study of enzyme reactions, even if a
continuum solvation model is used. It is clear that it must
entirely rely on cancellation of a large number of rather small
contributions (up to 17 kJ/mol), which are quite long-ranged.
Figure 4 shows that the energy may vary by up to 50 kJ/mol
even if over 160 atoms are considered and the groups are added
according to the QTCP energy contributions. Even if very large
QM systems are used (∼400 atoms), the energy will not be
more accurate than 20 kJ/mol. Likewise, there is a 22 kJ/mol
difference between the best Ene-Res and Ene-Grp results. Even
worse, our results show that it is not enough to include in the
QM system residues close to the active site; Figure 7 shows
that this gives energies that are wrong by ∼40 kJ/mol. Instead,
neutral groups up to 4.5 Å and charged groups up to 16 Å from
the active site contribute significantly to the energy difference.
In traditional QM-only approaches, only groups directly con-
nected or hydrogen-bonded to the active site are included. As
is shown in Figures 3 and 9, this would exclude many important
groups.

The great majority of previous QM-only studies of [Ni,Fe]
hydrogenase have used only the metal ions and their first-sphere

Figure 8. The relation between estimated QTCP and QM-only (Ene-
Grp with COSMO) group contributions to the energy difference between
the HIP and HID states.

Figure 9. The relation between the absolute group contribution to the
QM-only energy from each group (Ene-Grp calculation with COSMO)
and its distance to the original QM system, divided into neutral
(diamonds) and charged (squares) groups. The lines show the average
r-3 and r-2 distance dependence of the interactions.
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ligands as the QM system.26 However, recent studies with
extended QM systems have been published, including His-79,27

His-79, Glu-25, Arg-476, and Asp-541,26,28 the latter residues
plus Asp-114,29 and also Ser-499 and its backbone to Pro-498
(up to 137 atoms).30 According to Table 1, these selections are
wise, but it can be seen that there are many other groups both
close to and farther away from the active site that have
significant influence on the reaction energies.

Of course, it can be argued that buried charges in proteins
typically come in ionic pairs so that the effect of the two groups
may (partly) cancel. This is supported by Figure 3 (even if three
partners of ionic pairs are missing, namely, Arg-S26, interacting
with Glu-S22, Glu-294, interacting with Arg-85, and Asp-473
interacting with Arg-388). However, there are also more
complicated chains, for example, the triplets of Arg-23, Asp-
126, and His-538, as well as those of Asp-114, Arg-476, and
Asp-541, making the cancellation less effective (the net effects
are -7 and +4 kJ/mol for the two triplets). There are also some
buried charges that do not have any charged groups in the
neighborhood.

Conclusions

In this paper, we have studied how proton-transfer energies
calculated with the QM-only approach converge with respect
to the size of the QM system. We have tried two different
schemes to decide what residues to include in the calculations.
In the first, residues are simply added according to their distance
to the QM system. In the second, we use approximate energy
components of a QM/MM-FEP approach to guide the choice
of groups. In a more practical use of the latter approach, a single
QM/MM minimization of each state should be performed, and
the contributions of each residue to the relative reaction energy
can then be calculated at the MM level, using charges from a
QM calculation for the active site.

Unfortunately, our results show that the results of the two
approaches differ by 60 kJ/mol, even if ∼400 atoms are
considered, which succinctly illustrates the problem of modeling
an enzyme reaction by a QM-only approach. The difference is
caused primarily by differences in the groups included in the
two approaches, and the energy-based approach seems to give
the more accurate results. However, it seems to be hard to devise
an approach that provides accurate results without explicitly
including a major part of the enzyme; a large number of groups
have a significant influence on the energies (up to 17 kJ/mol),
groups directly connected to the active site, neutral groups close
(up to ∼5 Å from) to the active site, and charged groups both
near and far (up to 16 Å away). This is in accordance with our
previous QTCP results, which indicated that all residues up to
10 Å need to be included in the calculations before the calculated
reaction energy converges to within 20 kJ/mol, even if solvent-
exposed charges are excluded.11

Therefore, the best suggestion for a QM-only approach is
probably to include only the minimum of residues needed for
the chemical reaction in the QM calculations (in our case, this
would be a 39 atom system, where the model of Glu-25 is
removed from our standard QM system in Figure 1; it gives a
QM energy of -8 kJ/mol in vacuum and 49 kJ/mol with
COSMO). This will give the intrinsic reactivity of the active
site. Inclusion of a continuum solvation model is recommended
as a crude model of the surroundings and, at least in the present
case, has a strong influence on the reaction energy, bringing it
much closer to the true value than the vacuum energy. Inclusion
of selected additional residues from the surroundings is not
recommended because this will only bias the results without

increasing the accuracy. For example, if only Arg-476 is added
to the QM system, this will increase the reaction energy by +15
kJ/mol, but if the nearby Asp-541 and Asp-114 residues are
also included, the effect is actually -6 kJ/mol in the opposite
direction. The present results show that a wrong selection of
residues can give results that are wrong by over 40 kJ/mol even
if 400 atoms are included in the QM model. It must simply
accepted that the QM-only approach is based on the hypothesis
that the surrounding protein does not influence the reaction
energy. Any unbiased investigation of the influence of the
surroundings necessarily needs to be performed with an ap-
proach that takes a full account of all groups in the protein.

However, this does not mean that the QM/MM approach is
without problem. On the contrary, it has severe convergence
and sampling problems, as discussed in the Introduction.
Moreover, polarization of the MM system is typically ignored,
and junctions between the QM and MM systems may introduce
serious artifacts.5,6 Thus, improved methods to estimate the
influence of a protein on the active site are needed.31,32 The
present calculations also point out the problems with buried
charged groups in the protein. Our results indicate that they
can have a large influence on the reaction energies, especially
when they do not form ion pairs. To confirm that the results
are relevant, it is necessary to check if these charged groups
are stable inside of the protein and are not actually neutral at
ambient pH. There are many methods to determine the pKa of
groups in proteins,33-35 and such calculations should be routinely
used in the setup of QM/MM calculations of proteins, at least
when buried charges give important contributions to the
energies. Among the charged groups discussed in this paper,
the simple and fast PROPKA approach35 predicts that Glu-S46,
Glu-S75, Asp-63, and Arg-70 should be neutral. They have a
net contribution of -13 kJ/mol to the proton-transfer energy.

In conclusion, the QM-only approach is useful to compare
various tentative mechanisms of the active site. However, it is
based on the hypothesis that the surrounding protein has no
influence on the energies, which we show in this paper to be
quite crude, at least for some types of reactions. Therefore, the
estimated accuracy of the QM-only approach is appreciably
lower than the normal estimates of 12-20 kJ/mol.1,4 This
problem will not be solved by simply making the QM system
larger, e.g. by simply adding the closest residues, nor by adding
a selected number of residues forming hydrogen bonds to the
active site. On the contrary, this will only make the results
biased. The only objective way to study the effect of the
surroundings on the enzyme reaction is to explicitly model all
residues at least up to 10-15 Å from the active site.
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(11) Kaukonen, M.; Söderhjelm, P.; Heimdal, J.; Ryde, U. J. Chem.

Theory Comput. 2008, 4, 985–1001.
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