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ABSTRACT: Different models to treat metal-catalyzed enzyme reactions are
investigated. The test case chosen is the recently suggested full catalytic cycle of
manganese catalase including eight different steps. This cycle contains O—O and
O—H activations, as well as electron transfer steps and redox active reactions,
and is therefore believed to be representative of many similar systems. Questions
concerning modeling of ligands and the accuracy of the computational model are
studied. Imidazole modeling of histidines are compared to ammonia modeling,
and formate modeling compared to acetate modeling of glutamates. The basis set
size required for the geometry optimization and for the final energy evaluation is
also investigated. The adequacy of the model is judged in relation to the inherent
accuracy achievable with the hybrid DFT method B3LYP. © 2001 John Wiley &
Sons, Inc. ] Comput Chem 22: 1634-1645, 2001

Introduction

D evelopments the past decade, in particular of
density functional theory (DFT),! have made
it possible to study mechanisms of reactions oc-
curring at active sites in metalloenzymes at a rea-
sonable level of accuracy. Several studies of this
type have thus appeared during recent years.? In
these studies, the metal active site including its first
coordination shell ligands have, in general, been in-
cluded in the model fully quantum mechanically,
which commonly leads to a model system in the
range of 30-50 atoms. When models of these ac-
tive sites are constructed, a key parameter is the
inherent accuracy of the DFT method itself. For first
and second row molecules, benchmark tests show
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that all DFT methods perform quite well for geome-
tries, but for energetics, the hybrid methods, which
include Hartree-Fock exchange, are substantially
superior.® The average error on the atomization en-
ergies for 55 small first- and second-row molecules
is 2.2 kcal/mol using the B3LYP method. For tran-
sition metals there are no benchmarks due to the
lack of accurate experimental numbers but indica-
tions from normal metal-ligand bond strengths are
that the accuracy is slightly lower with errors of 3-5
kcal/mol.2 Also, for transition states the accuracy
can be expected to be somewhat lower than for equi-
librium structures. Overall, a result that is within
3-5 kcal/mol for a barrier of a transition metal-
catalyzed reaction for a model system consisting of
30-50 atoms, must be regarded as quite satisfactory.
With this background on the inherent accuracy, the
questions addressed in the present study concern
the design of a balanced model, both chemical and
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MECHANISMS FOR REACTIONS CATALYZED BY METALLOENZYMES

computational, which does not severely destroy this
accuracy. This model should obviously not be too
small to recover the main effects in the reaction.
The model should not be unnecessarily large either,
because there is no gain to be expected by model-
ing effects, which only modify the final results by
1-2 kcal/mol. Rather than using an unnecessarily
large model, time is then better spent on increasing
the number of investigations. Clearly, the limita-
tions on the inherent accuracy also put limits on the
questions that can be meaningfully addressed by
quantum chemical techniques, as further discussed
below.

The next step in complexity compared to the
model described above, where only first shell lig-
ands are included, is to include also second shell
ligands quantum mechanically, which would re-
quire on the order of at least 100 atoms in the
model. Although such calculations are possible,4
models of this size require an order of magnitude
more computer time, and will therefore severely
limit the number of mechanistic possibilities that
can be tested. It is, therefore, a big advantage if
they can be avoided unless it is absolutely nec-
essary for the problem under consideration. An
interesting alternative is to include the protein by
a simple molecular mechanical modeling which
now starts to become possible even for redox-active
metalloenzymes.> ¢ However, this introduces other
questions concerning the accuracy that have not yet
been answered. For example, if the inclusion of the
protein in this way requires the use of a less accurate
DFT method, the overall improvement in accuracy
is quite questionable in general and certainly prob-
lem dependent. Questions concerning the accuracy
using different treatments of the interface between
the different parts with relation to covalency and
charge transfer are not resolved either. A very sim-
ple way to approximately evaluate the effects of the
protein surrounding the metal complex is available
through dielectric cavity methods. However, the use
of such simple methods requires that these effects
are rather small and largely independent of the di-
electric constant used, because this constant usually
has to be rather arbitrarily chosen. Another ques-
tion in this context is if direct hydrogen bonding
from the second to the first coordination shell lig-
ands needs to be included in the model to answer
the relevant question.

Even for a model of 50 atoms it is important
to know the minimum level of accuracy needed to
solve the chemical question posed. If large basis sets
can be avoided in the geometry optimization this
is a major advantage and allows more detailed in-

vestigations of possible mechanisms. Also, avoiding
large basis sets for the final energy evaluation is an
advantage, although this part of a study normally
represents a more limited problem. For metal com-
plexes with more than one metal center, the question
whether ferromagnetic or antiferromagnetic cou-
pling should be used is also a technically important
one. With standard programs’ 8 it is much easier to
converge wave functions with ferromagnetic cou-
pling, and to model the metal complex with this
coupling is therefore a major advantage. In fact, it
may even decide whether the study is at all pos-
sible to perform or not. With this background it
is clear that underlying investigations concerning
these model aspects have been a normal part of the
studies already published, and many quite definite
conclusions have already been drawn. However, no
systematic comparisons of different levels of mod-
eling have so far been made for an entire catalytic
cycle for a metalloenzyme.

In the present article, the recently suggested eight
steps of the catalytic cycle for manganese catalase’
are investigated to try to answer some of the above
questions. For the modeling aspects discussed here,
the question whether the suggested catalytic cycle
is indeed the correct one or not should not matter.
It is more important that the manganese catalase
cycle is representative for reaction mechanisms en-
countered in metalloenzymes. Of the eight steps
in this cycle there are both O—O and O—H bond
cleavages, O, formation, electron transfer steps, and
redox active reactions, which together should repre-
sent a quite typical mixture of reactions. The con-
clusions drawn should therefore have a reasonable
degree of generality. Finally, it should be noted that
even if a large model can be afforded it is still one
of the major tasks in a quantum chemical investi-
gation to analyze what the important effects are.
Because an energy criterion can be provided for
the importance of each effect, quantum chemistry
is particularly suited to address this question and
quantify this importance by its energy contribution.
Such information is much more difficult, or often
even impossible, to obtain from experiments.

Computational Details

The normal procedure used in recent DFT appli-
cations on metalloenzymes is that the calculations
are performed in three different steps.? ¥ First, an
optimization of the geometry is performed using the
B3LYP method."!! In most applications performed
so far this has been done using rather small dou-
ble zeta basis sets. In the second step the energy is
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evaluated for the optimized geometry using a larger
basis set, also at the B3LYP level. In the final step,
polarization effects from the surrounding protein
are evaluated using a dielectric cavity model. The
calculations discussed here were carried out using
the GAUSSIAN-94” and GAUSSIAN-98® programs.

The double zeta basis used in the B3LYP geom-
etry optimizations is the LANL2DZ set of the
GAUSSIAN program. For manganese, this means
that a nonrelativistic ECP'? is used. In one of the
investigations discussed below this basis was ex-
tended for the geometry optimization by adding a
diffuse d- and p-function on manganese and a d-
function on all first row atoms. The exponents were
taken from the 6-311+G(1d,1p) basis set. For the
most critical step in the catalase cycle an even larger
basis was used in the geometry optimization step,
where all polarization and diffuse functions from
the 6-3114+G(1d,1p) set were included except the f-
function on manganese.

The standard large basis used in the B3LYP en-
ergy calculations starts with the LANL2DZ basis
and adds diffuse and polarization functions from
the 6-3114-G(1d,1p) basis set. This basis set has a
single set of polarization functions on all atoms in-
cluding an f-set on manganese, and also diffuse
functions. In one of the model studies discussed
below, an even larger basis was used in this step
with two sets of polarization functions instead of
one for manganese and oxygen taken from the 6-
311+G(2d,2p) set. An additional diffuse d-function
was also added on manganese.

For all energies discussed below, zero-point vi-
brational effects were added. These were obtained
by calculating molecular Hessians at the B3LYP
level using the same double zeta basis set as used
for the geometry optimization, and were in most
cases only performed on the smallest model where
ammonia was used instead of imidazole as model
for the actual histidine ligands. The same zero-point
effects were used for all the different models dis-
cussed below. The molecular Hessians were also
used to optimize saddle point structures, for the
ammonia and imidazole model structures, and de-
fine these as true transition states. For the other
models discussed below, transition state structures
were obtained by an energy minimization, where
the key geometrical parameters (one or two) were
kept frozen from the imidazole model. Entropy and
other temperature effects were found to be small,
and are not included in the energies in the figures
and in the text.

Dielectric effects from the surrounding protein
were obtained using the Self-Consistent Isodensity

Polarized Continuum Model (SCI-PCM),'® using a
dielectric constant of 4. These effects were computed
at the B3LYP level using the LANL2DZ basis. Be-
cause the dielectric effects were generally found to
be small, the same dielectric energy contributions
were used for all the models discussed below.

For the discussion below where the accuracy of
different models axe discussed, it is furthermore im-
portant to know the convergence criteria used in
the calculations. For practical reasons, not to spend
unreasonable amounts of unnecessary computer
time, rather loose convergence criteria were used.
A geometry is considered sufficiently converged
when the rms force has been less than 0.0003 for a
few geometry steps and when the energy changes
are simultaneously less than 0.1 kcal/mol per step.
This procedure normally leads to an energy con-
verged to 0.5 kcal/mol and distances converged to
0.01 A. However, exceptions can obviously occur
where the deviations to the fully converged case is
larger than this, as will be discussed below.

Results and Discussion

The enzyme used here to investigate the models
and their accuracy is manganese catalase. Cata-
lases are metalloenzymes that protect the cell from
oxidative damage by excess hydrogen peroxide pro-
duced during O, metabolism.!* Hydrogen peroxide
is destroyed, forming oxygen and water in a dispro-
portionation reaction:

2H,0, — 2H,0 + O, + AE 1)

There are two major classes of catalases. The most
abundant one of these has an Fe protoporphyrin
IX cofactor with a proximal tyrosinate ligand trans
to the position where the substrate binds. In the
second class of catalases there is instead an active di-
manganese complex, and this is the type of catalase
considered in the present study. This type of catalase
has been isolated from the thermophilic eubacteria,
for example, Thermus thermophilus'>'® and Ther-
moleophilium album,'” and from lactic acid bacteria,
for example, Lactobacillus plantarum.'® Crystal struc-
tures have been determined for the cases Thermus
thermophilus' and Lactobacillus plantarum.?° These
structures show that both enzymes have a bridged
binuclear manganese cluster. During turnover the
binuclear cluster cycles between two different sets
of oxidation states, the reduced form, Mny(IIII),
and the oxidized form, Mn, (IILIII), which are
both in principle indefinitely stable. Several mech-
anisms have been suggested previously based on
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FIGURE 1. Schematic picture of the eight suggested steps of the catalytic cycle of manganese catalase.

experiments,?! = but the mechanism considered
here is the one suggested recently based on a DFT
study.9 As emphasized in the introduction, for the
present purposes it is not necessary that this mech-
anism will turn out to be the correct one, but more
important, that it is representative for reactions oc-
curring in a metalloenzyme.

The eight suggested steps of the catalytic cycle
for manganese catalase are shown schematically in
Figure 1. These steps can be briefly described as
follows: Step 1: a water molecule bridging the two
manganese centers in the Mn,(ILII) complex is be-
ing substituted by a hydrogen peroxide molecule.
Step 2: the O—O bond of hydrogen peroxide is
cleaved forming a hydroxyl radical and a bridging
hydroxide. The manganese complex has the oxida-
tion states Mny(IILII) at the end of this step. The
transition state is one of electron transfer from one
of the manganese centers to the hydrogen peroxide.
Step 3: a spin-transition and a proton transfer occur
leading to a Mn,(IILIII) complex with a bound wa-
ter molecule. Step 4: the water molecule produced in
Step 3 is being substituted by a hydrogen peroxide

molecule. The manganese complex is Mny(IILIII).
Step 5: an O—H bond of the hydrogen peroxide that
entered in Step 4 is being heterolytically cleaved.
The manganese complex remains in Mny(IILIII).
Step 6: the second O—H bond of hydrogen perox-
ide is being cleaved leading to a terminally bound
O, ligand and a Mn,(IILII) complex. The transition
state is one of electron transfer from the peroxide to
one of the manganese centers. Step 7: an electron is
transferred between the manganese centers leading
to a transfer from Mny(II1,IT) to Mn,(ILIII). No tran-
sition state was obtained for this step. Step 8: a triplet
oxygen molecule is being released.

Seven different models of varying size and accu-
racy have been used in the present study, and each
one of these is discussed below. All energetic results
are summarized in Table I, where the energy is set
to zero for the reactant of step 1 for each model.
Unfortunately, for the reactant of Step 7 only one
model (the NH3z model) converged, so for this step
the results shown for the other models in the fig-
ures were taken from this model. The comparison
in the figures discussed below is always made to
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TABLE I.
The Energetics (kcal/mol) for the Different Steps of Manganese Catalase (see Text), Modeled at Different Levels
Described in the Text.

Imid. NH3 Acet. —Diel. +d(geom) Lanl +2d(energy)

Step 1 0 0 0 0 0 0 0

Step 2 -0.3 1.2 -1.5 25 -0.3 3.1 0.5
TS 15.1 16.4 13.5 175 15.9 16.0 15.2
Barrier 154 15.2 15.0 15.0 16.2 12.9 14.7
Reac.en. —3.6 57 -3.4 —4.7 —3.1 —6.8 —4.8
Step 3 -3.9 -4.5 -49 -2.2 -3.4 -3.7 -4.3
Reac.en. -39.3 —39.1 —40.8 —38.7 —415 -32.0 —40.3
Step 4 —43.2 —43.6 —45.7 —-40.9 —-44.9 -35.7 —-44.6
Reac.en. —-4.8 -9.0 —-4.3 —-4.9 -3.5 -3.8 -4.0
Step 5 -48.0 -52.6 -50.0 —-45.8 —-48.4 -39.5 —48.6
TS —-39.1 -39.9 —42.2 -37.7 -39.3 -32.7 -40.2
Barrier 8.9 12.7 7.8 8.1 9.1 6.8 8.4
Reac.en. -2.8 +1.3 -3.7 -0.8 -25 -5.2 -3.0
Step 6 -50.8 -51.3 -53.7 —46.6 -50.9 —44.7 -51.6
TS —44.4 —43.2 —45.9 —40.9 —44.6 —42.0 —44.5
Barrier 6.4 8.1 7.8 57 6.3 2.7 71
Reac.en. +3.6 +4.3 +3.8 +2.1 +3.0 —-1.1 +4.8
Step 7 —47.2 —47.0 —49.9 —44.5 —47.9 —45.8 —46.8
Reac.en. +3.6 +4.3 +3.8 +2.1 +3.0 —-1.1 +4.8
Step 82 — -51.4 — — — — —

Product -51.0 —-49.4 -51.7 —-49.3 -50.2 -41.6 —49.6

The energy is set to zero for the reactant of step 1 for all models.

@ Convergence only obtained for the NH3z model.

the “Imid.” model, which is typical for the level
of modeling and accuracy used in previous stud-
ies on metalloenzymes,> >~ including the one on
manganese catalase.” As models for the ligands, it
uses imidazole to model histidines, and is therefore
termed “Imid.” in Table I, and the glutamates are
modeled by formates. The geometry optimization is
performed using a double zeta basis set and for the
final energy evaluation a single set of polarization
and diffuse functions are added.

When comparisons between the models are
made it should be kept in mind that the overall
accuracy of the B3LYP method is 3-5 kcal/mol. De-
viations between the models that are much smaller
than this are, therefore, unlikely to be significant.
Exceptions to this rule are possibly cases where very
similar mechanisms and models are compared, for
which the trend of the variation may be signifi-
cant even if it is small. In general, larger differences
are required to discriminate between mechanisms.
Fortunately, distinctly different mechanisms com-

monly differ by much more than 3-5 kcal/mol.
For example, the different activation mechanisms
of O in cytochrome oxidase differed by more than
15 kcal/mol, as did some of the different mecha-
nisms for isopenicillin N synthase, while the differ-
ent mechanisms tried in photosystem II commonly
differed by at least 5-10 kcal/mol. Before the com-
parisons between the models are discussed below, it
is furthermore important to note that energy devia-
tions less than 0.5 kcal/mol and distance variations
less than 0.01 A are numerically insignificant. For
some cases, explicitly mentioned below, even larger
deviations found between the models may be nu-
merically insignificant.

THE AMMONIA MODEL

The first chemical model for which a comparison
is made to the Imidazole model, described above,
is one that is the same except that the histidines are
modeled by ammonia, and this model is therefore
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FIGURE 2. Energy diagram for the suggested
mechanism of manganese catalase. The thick lines are
the results for the imidazole model of histidine, and the
dashed lines are those for the ammonia model.

termed “NH3” in Table I. The computational level is
identical to the one used for the Imidazole model.
The energies for the two models are compared
schematically in Figure 2. The main conclusion that
can be drawn from these energy comparisons is that
the two models give strikingly similar results. Most
energies are within 1 kcal/mol, which is close to
the numerically significant limit using the present
convergence thresholds (see above). For example,
the barrier for the critical rate-limiting step of O—O
bond cleavage is very similar between the models,
15.4 and 15.2 kcal/mol, respectively. There are two
additional, somewhat larger, deviations that can be
noted in the figure that may still not be numerically
significant. These concern the first and the final step
where the deviations are 1.5 and 1.6 kcal/mol. For
these points there are weakly bound ligands, wa-
ter and O,, whose positions are difficult to converge
precisely and where very close local minima ex-
ist. Minor deviations for these steps therefore have
to be regarded with caution throughout the model
comparisons of the present study. The large simi-
larity between the models as shown in the figure
may be considered quite surprising, because am-
monia lacks the conjugation present in imidazole.
However, based on detailed comparisons of ligand
effects performed over the past decade for different
catalytic reactions,® the present results are actually
expected. From those studies, it can even be ex-
pected that water would probably be a qualitatively
reasonable model of histidine in this context. This
experience was the background for the quite sim-
ple model used in the first B3LYP study of methane

monooxygenase, where water and hydroxide lig-
ands were used.?! It is clearly a major advantage to
use these smaller ligands, at least in the large num-
ber of exploratory investigations needed to find the
best mechanism. This reduces the number of atoms
in the models significantly, from about 40 to 30 in
manganese catalase, which means about a factor of
5 on the computation time. Ammonia ligands were,
therefore, used in the previous catalase study except
at the very end, where imidazole ligands were used.

From the comparison of the energies discussed
above, the conclusion drawn is that the electronic
effects on the mechanism from using ammonia
and imidazole ligands are very similar. However,
there is one exception to the good agreement be-
tween the models, and this occurs for the prod-
uct of Step 4. The energy deviation is here as
large as 4.6 kcal/mol, 52.6 kcal/mol compared to
48.0 kcal/mol, which is significant. The reason for
this deviation is easy to find. When the second hy-
drogen peroxide binds to the complex, an artificial
hydrogen bond is formed to one of the N—H bonds
of ammonia, which could not form to histidine (or
imidazole). When ammonia is used as a model lig-
and, this situation must therefore be avoided. In the
present case, it is easy to avoid this except in this
step, but it is, in fact, possible also for this step.
When a local minimum without hydrogen bond-
ing is located, the deviation to the imidazole model
is reduced from 4.6 to 1.5 kcal/mol. However, for
some systems like tyrosinase where there are six
histidines, it turned out to be impossible to avoid
artificial hydrogen bonding when ammonia was
used,?? and there seems to be no alternative but to
use imidazole models in that case.

THE ACETATE MODEL

The second chemical model compared to the Im-
idazole model is the same as this one except that
the glutamates are modeled by acetates, and it is,
therefore, termed “Acet.,” in Table I. The histidines
are modeled by imidazoles, and the computational
level is identical to the one used for the Imidazole
model. Because acetate must be considered much
more electronically similar to formate than ammo-
nia is to imidazole, even smaller deviations between
the models could be expected in this case. On the
other hand, the glutamates are more active in the
suggested mechanism than the histidines are. For
example, the glutamates significantly change their
hydrogen bonding in a mechanistically important
way, both in Steps 2 and 5. The energies of the two
models are compared in Figure 3. The main conclu-
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FIGURE 3. Energy diagram for the suggested
mechanism of manganese catalase. The thick lines are
the results for the formate model of glutamate (the
“Imid.” model in Table I), and the dashed lines are those
for the acetate model.

sion when the energies are compared must again be
that the results are very similar. From the figure it
may appear as if the deviations are slightly larger
than for the ammonia model, but this is actually not
the case but rather a result of an initial deviation
for Step 1 of 1.2 kcal/mol, that remains through-
out the cycle and that is probably not numerically
significant (see above). If the individual reaction
energies and barriers of the different steps are com-
pared in Table I, it can be concluded that they are,
in general, more similar than the Ammonia model
to the reference Imidazole model. The energetic de-
viations for the Acetate model is almost within the
convergence thresholds in most cases, even for the
steps where the glutamates are most involved. Even
more important is that, in contrast to using am-
monia ligands where artificial hydrogen bonding
is always a potential danger, no such problem can
occur for the formate model. Also, the geometrical
changes compared to the formate model are es-
sentially within the convergence thresholds. From
these results and similar comparisons for methane
monooxygenase, it appears that larger models for
glutamates than formates should almost never be
motivated when the B3LYP method is used. Clearly,
substantial amounts of computer time are saved by
avoiding acetates in the modeling.

THE —DIELECTRIC MODEL

The third model compared to the standard Imi-
dazole model is chemically identical, with the same
modeling of all ligands, but is different computa-

Relative enermgies (kealmol)

Reaciion coardinile

-80.0

FIGURE 4. Energy diagram for the suggested
mechanism of manganese catalase. The thick lines are
the results with dielectric corrections (the “Imid.” model
in Table I) and the dashed lines are those without this
correction (the “—Diel.” model).

tionally by not including the dielectric effects. From
the energy difference of this model and the standard
model, the dielectric effects can, thus, be studied. As
seen on the results shown in Figure 4 and in the ta-
ble, the dielectric effects are somewhat larger than
the effects noted in the previous figures. For the re-
action energy of Step 5 the effect is a decrease by
2.0 kcal/mol, for example. An advantage with these
effects, as opposed to the previous effects discussed
above, is that they take very little computation time
and can, therefore, always be evaluated. This means
that there is by now a quite large number of cases
where the effects have been studied. The present re-
sults are quite typical for the effects found when the
system does not change its charge. For these sys-
tems, a dielectric effect of more than 3 kcal/mol is
often a sign of a badly designed model where, for
example, an essential hydrogen bond is left out. In
cases with electron or proton transfers over long dis-
tances, the situation is clearly different. For these
situations the dielectric cavity method should be
regarded as qualitative, although still with surpris-
ingly accurate results in some cases.®® The dielectric
cavity method is very poor at reproducing effects
from hydrogen bonding left out of the model. If
a hydrogen bond to the second shell is expected
to have a large effect on the property under in-
vestigation, it should, therefore, be included in the
quantum chemical model. As a general rule, hydro-
gen bonds to uncharged groups can be left out of
the model unless this bond is expected to be broken
in the reaction studied. The electronic and geomet-
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ric structure effects of hydrogen bonds from inactive
uncharged groups are generally found to be very
small. As an example, in a recent model of com-
pound Qin MMO,* one of the carboxylates, Glu243,
bound to one of the Fe(IV) atoms of the dimer, forms
a hydrogen bond to a second shell uncharged lig-
and. Because the carboxylate is charged it might be
expected that this hydrogen bond should be impor-
tant to include in the model. However, including
this ligand does not change the metal-ligand bond
distances beyond the convergence thresholds used
(those mentioned above), and the same is true for
the critical spin-populations, which change by less
than 0.01.3* Any chemical effects of this hydrogen
bond on the property of compound Q is, therefore,
very unlikely if it is not broken during the reaction
studied.

THE +d(GEOMETRY) MODEL

The fourth model compared to the standard
Imidazole model is also purely a test of the com-
putational model. In this case the same chemical
model is thus used, but the computational scheme
is changed by optimizing the geometries using a
larger polarized basis set (for details see the second
section). The final energy evaluation is done at the
same standard level as before.

When polarization functions are added on the
first row atoms, this is expected to have noticeable
effects on the geometry, which is also found to be the
case. For the O—O activation TS, for example, the
Mn—Mn bond distance is decreased by as much as
0.11 A while the Mn—His distances are increased by
0.04-0.05 A. For the hydrogen peroxide, the distance
from the lower oxygen to one of the manganese
atoms decreases by 0.07 A, while the proton on the
same oxygen moves away by 0.14 A towards the
glutamate. The other distances change by 0.02 A
and less. Even though these distance changes may
appear mechanistically significant, they turn out to
have only very small effects on the energetics. There
are two reasons for this. First, the largest bond dis-
tance changes occur for the bonds with the most
shallow energy minima. This meant that the to-
tal energy obtained in the reoptimized geometries,
using the same large basis as in the standard proce-
dure, decreased by only 6.7 kcal/mol. Second, the
distance changes are often essentially the same for
all structures along the reaction pathway. As seen in
Figure 5 and in Table I, the relative energies using
the two different sets of geometries are extremely
similar. The only numerically significant differences
occur for the product of Step 3, where the difference

Ralativa anergles (kealimol)

Resction coordinate

-60.0

FIGURE 5. Energy diagram for the suggested
mechanism of manganese catalase. The thick lines are
the results with geometries optimized using the lanl2dz
basis (the “Imid.” model in Table I) and the dashed lines
are those with geometries obtained using a polarized
basis (the “+d(geom)” model).

is 1.7 kcal/mol, and possibly for the TS of Step 2
with 0.8 kcal/mol and the product of Step 8, also
with 0.8 kcal/mol. The very high stability of the en-
ergies with respect to geometric changes is in line
with the experience obtained for similar systems
the past years. In several cases where notable ef-
fects were obtained on the final energies when the
basis set was increased, the geometries were reopti-
mized at a higher level, and the effects were always
found to be small. This is quite fortunate, because
the geometry optimizations using the smaller basis
are substantially faster, for the present systems by
about a factor of 3. This is in line with an n® de-
pendence on the basis set size, because the basis set
increases from 283 in the small to 414 basis functions
in the large basis.

For the most critical rate-limiting step of the cata-
lase cycle, the O—O bond cleavage in Step 2, the
geometry was also optimized using a still larger
basis set. The first set of polarization functions, dis-
cussed above, increased the barrier by 0.8 kcal/mol
from 15.1 to 15.9 kcal/mol. Even though this does
not indicate any particular sensitivity to the ba-
sis set size, there could be hidden problems in the
basis sets chosen. The extended basis set used in-
cludes all the polarization and diffuse functions
from the 6-311G+(1d,1p) basis except the man-
ganese f-functions, leading to a total of 500 basis
functions and an expected computation time in-
crease by a factor of 5 compared to the double zeta
basis. Most notably, diffuse functions on oxygen,
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p-polarization on hydrogen and diffuse d-functions
on manganese were added. The geometries, also for
the transition state, were fully optimized using the
Hessian obtained from the small basis set. The geo-
metric changes due to the large extension of the
basis set are quite small, on the order of 0.02 A and
less, hardly above the convergence thresholds. The
total energy obtained in the reoptimized geometries,
using the same large basis as in the standard pro-
cedure, decreased by only 0.5 kcal/mol for the TS,
and remained the same for the reactant. The barrier
decreased by 0.4 kcal/mol. Because there are nega-
tively charged ligands, these truly negligible effects
from adding diffuse functions might be considered
somewhat surprising. However, it must be noted
that the present comparisons for the “+d(geom)”
model only concern the indirect effect of the geome-
tries on the energies, not the direct effect that will be
discussed below.

THE LANL MODEL

One of the major findings in quantum chemical
modeling of mechanisms the past decades is that
geometries require a much less rigorous treatment
in terms of methods and basis sets than the final
energies do. This is particularly true for ab initio
methods, where often a simple Hartree—Fock treat-
ment of the geometry using a small basis set is
enough to balance a final energy evaluation using
a coupled cluster method with a huge basis set.?
The same is true, although to a lesser extent, when
DFT methods are used.>*10 In this and the next
section, the basis set requirement on the final en-
ergy will be evaluated, again in the light of the
internal limitations on the accuracy of the B3LYP
method. As discussed above, a double zeta basis
(here LANL2DZ) appears quite adequate in most
cases for the geometries. It is not expected that this
will be true for the energies. A comparison between
the LANL2DZ energies and the ones obtained using
the large standard basis set described in the second
section and used in all the above comparisons are
shown in Figure 6.

As expected, the comparisons in the figure and
table for the Lanl model show much larger de-
viations compared to the standard treatment than
for any of the other comparisons. For example,
the reaction energy of Step 3, which is a spin-
transition where one of the manganese atoms
changes oxidation state, is 32.0 kcal/mol compared
to 39.3 kcal/mol in the standard treatment. Also,
the step where O, is released, going from the reac-
tant of Step 7 to the product of Step 8, is exothermic

0.0
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Rexction covrdirase
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FIGURE 6. Energy diagram for the suggested
mechanism of manganese catalase. The thick lines are
the results obtained using the standard polarized basis
(the “Imid.” model in Table I) and the dashed lines are
those obtained using an unpolarized basis (the

“Lanl” model).

by 2.8 kcal/mol in the standard treatment and en-
dothermic by 4.2 kcal/mol in the Lanl model. These
two cases, where a change of oxidation state occurs
and where a 7-bond is formed or broken, are the
ones where the largest deviations are expected. In
Step 2, where both these effects are present, they
largely cancel. The barrier for the second O—H
bond cleavage in Step 6 is furthermore notably un-
derestimated at the Lanl level. Even though the
deviations to the standard treatment are substan-
tial, and definitely motivate the use of the larger
basis for the energies, the overall picture given for
the catalase cycle using the small unpolarized ba-
sis set is qualitatively correct. This would probably
not have been the case for a corresponding ab initio
treatment, where the effects of increasing the basis
set in the correlation treatment are generally much
more dramatic. In fact, at the DFT level most qual-
itative conclusions concerning the mechanism can
be already drawn after the geometry optimization
before the final energies have been evaluated using
the big basis, and this is often done in practice.

THE +2d(ENERGY) MODEL

With the rather large effects on the final energies
found by adding the first set of polarization func-
tions, the effects of adding a second set might not be
negligible. To test this, the energies for the catalase
cycle were evaluated also for such a basis set. The
results are shown in Figure 7 and in Table I. The ef-
fects are, as expected, smaller than when the first set
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FIGURE 7. Energy diagram for the suggested
mechanism of manganese catalase. The thick lines are
the results obtained using the standard polarized basis
(the “Imid.” model in Table 1), and the dashed lines are
those obtained using double polarization (the
“+2d(energy)” model).

of polarization functions were added. The largest ef-
fects are found for the steps where also the first set
had the largest effects, in Step 3 and Step 8. How-
ever, the effect on the reaction energy of Step 3 is
only 1.0 kcal/mol and of Step 8 also 1.0 kcal/mol,
and hardly motivate the extension of the basis set as
a general procedure. This is in line with previous ex-
perience where the energies in several studies were
evaluated both for one and two sets of polarization
functions.!% 3! This procedure was abolished after a
few investigations, because the energies hardly ever
were affected by the basis set extension.

ANTIFERROMAGNETIC COUPLING

Most of the manganese complexes involved in
the catalase cycle have experimentally been deter-
mined to have antiferromagnetically coupled man-
ganese spins. However, due to severe convergence
problems for antiferromagnetic coupling, all the
calculations discussed above have used ferromag-
netic coupling between the spins. Experimentally,
Mn,(ILII) and Mn,(IILIII) complexes of the present
type do not show strong exchange couplings,?* and
the use of ferromagnetic coupling should therefore
not be a severe problem when mechanistic effects
are investigated. Nevertheless, this still represents
an approximation and an estimate of the effect
would be useful. The only manganese systems for
which convergence to antiferromagnetic coupling
was achieved so far with the present programs was
for an Mn,(IV,IV) and an Mny(V,IV) complex with

hydroxyl and water ligands. The two manganese
centers are coupled by two p-oxo bridges for both
systems and they are neutral. The energy splitting
between parallel and antiparallel couplings of the
manganese spins was found to be 2.2 kcal/mol
for the Mn,(IV,IV) complex and 1.8 kcal/mol for
the Mny(V,IV) complex. This leads to predicted J-
values of 0.49 and 0.60 kcal/mol, respectively.®
Using these J-values the spin-corrected splittings be-
tween ferro- and antiferromagnetic coupling can be
estimated to be 2.9 and 2.4 kcal/mol, respectively.
From the calculations on the two complexes the an-
tiferromagnetic effect on an O—H bond strength of
an hydroxyl ligand can also be obtained, and was
found to be a lowering of the bond strength by
0.5 kcal/mol. This latter value should give some
idea of the size of the relative energetic effects on
mechanisms from antiferromagnetic couplings. The
splittings of 2.4 to 2.9 kcal/mol gives an estimate of
the total energy effects, which thus largely cancel
for the relative energies. The effects on the geome-
tries and on the spinpopulations, which are good
chemical indicators, were found to be within the
convergence thresholds for both systems.

Convergence to antiferromagnetic coupling has
also recently been achieved for a similar Fe,
complex.* This was for a model of compound Q
of MMO, which has two Fe(IV) centers bridged
by two u-oxo bonds. The spins on the individual
irons are low-spin coupled to S = 1. Also, in this
case, the effect of antiferromagnetic coupling was
found to be very small, actually smaller than for the
manganese complexes. The conclusion from these
few examples is that the effect of antiferromagnetic
coupling is not expected to have significant effects
on the chemistry and on the mechanisms in these
types of complexes. Recent calculations on systems
involving iron-sulfur bonds and on tightly bound
iron-dimer complexes with S = 2, indicate that the
antiferromagnetic effects are somewhat larger, and
may not be negligible in those cases. Clearly, more
examples are needed to draw more general conclu-
sions.

Conclusions

A recently suggested catalytic cycle for man-
ganese catalase has been used to test the adequacy
of different models, both chemical and computa-
tional, for the treatment of mechanisms of metal-
catalyzed enzyme reactions. Previous experience
has shown that the hybrid B3LYP method can usu-
ally provide relative energies for reactions of this
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type with typical errors of 3 kcal/mol, even though
larger errors can not be excluded. It is, therefore,
argued that a balanced model should aim at repro-
ducing effects of this size. A model that has a higher
accuracy is obviously no drawback unless it will be
so expensive to use that it will severely hamper the
exploration of all the mechanistic possibilities.

In previous investigations of metal-enzyme
mechanisms, a model has been arrived at where
normally 30-50 atoms are treated using the B3LYP
method. Geometries have been obtained using
small double zeta basis sets while the final energies
have been evaluated with the addition of polariza-
tion and diffuse functions. Effects of the protein
surrounding have been estimated using dielectric
cavity methods. In the present study it has been
shown that it is normally not a worthwhile improve-
ment of the accuracy to extend the basis set, neither
by adding polarization for the geometry optimiza-
tion nor by adding additional polarization for the
final energy evaluation. Dielectric effects have fur-
thermore been shown to usually be rather small
when the charge of the system does not change, and
can therefore be treated with rather crude dielectric
cavity methods even though the precise dielectric
constant is not well defined. To go in the other direc-
tion and make the treatment still more approximate
does not appear to be recommendable either. For
example, removing polarization functions for the fi-
nal energy reduces the accuracy significantly with
only a small gain of efficiency. The improvement
from extensions of the size of the model significantly
beyond 50 atoms is a more complicated issue, and
must to some extent be model dependent. How-
ever, the stability of the results on sometimes rather
large variations of the models demonstrated in the
present study, will at least give some support for
models that only take the most important part of
the enzyme active site into account. The main prob-
lem when only the first sphere ligands around the
metals are included in the model will appear when
charged groups are present in the immediate sur-
rounding in the second sphere, and special care
therefore has to be devoted to these situations. Ide-
ally, if it can be afforded, these charged groups
should be included in the model as well.
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