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Abstract. The catalytic mechanism of manganese cata-
lase has been studied using the Becke’s three parameter
hybrid method with the Lee, Yang and Parr correlation
functional. On the basis of available experimental
information on the geometric and electronic structure
of the active manganese dimer complex, different pos-
sibilities were investigated. The mechanism finally sug-
gested consists of eight steps. In the first steps, the first
hydrogen peroxide becomes bound and its O-O bond is
activated. This occurs in a spin-forbidden process found
to be common in many biological processes where
the O-O bond is cleaved, and two general rules are
formulated for the requirements for a low activation
energy in this type of reaction. As the O-O bond is
cleaved a hydroxyl radical is initially formed in the
overall rate-limiting step of the catalytic cycle. This
radical is then immediately and irreversibly quenched in
a strongly exothermic step. In the subsequent steps, the
second hydrogen peroxide becomes bound and its two
O-H bonds are broken, leading to the formation of
an O, molecule, which is released. Parallels between
the reversal of the present O-O cleavage mechanism
in manganese catalase and the recently suggested O-O
bond formation in photosystem II are drawn.
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1 Introduction

Catalases are metalloenzymes that protect the cell from
oxidative damage by excess hydrogen peroxide produced
during O, metabolism [1]. Hydrogen peroxide is de-
stroyed resulting in the formation of oxygen and water
in a disproportionation reaction:

2H,0, — 2H,O0 + O, + AE . (1)

This reaction is quite exothermic (experimental
enthalpy value 52 kcal/mol; theoretical value 51 kcal/

mol) [2], which means that one or several steps in the
catalytic cycle of the enzyme may have a large driving
force. The dangerous chemistry that catalases are there
to prevent is termed Fenton chemistry [3] and leads to a
production of hydroxyl radicals that can be very toxic
for the cells. There are two major classes of catalases.
The most abundant one of these has an Fe proto-
porphyrin IX cofactor with a proximal tyrosinate ligand
trans to the position where the substrate binds. In the
first step of the most accepted mechanism, a reaction
between the resting ferric state and hydrogen peroxide
results in an O—O bond cleavage, forming an Fe(IV) = O
structure and an additional radical either in the heme
organic n system or on one of the neighboring amino
acids [4]. This step has recently been studied in detail
using quantum chemical methods [5] for the case of a
proximal imidazole ligand as present in peroxidases such
as in cytochrome c peroxidase and in ascorbate peroxi-
dase. On the basis of the results of this investigation this
step should have a rather low barrier and only a small
driving force. In the next step of the mechanism sug-
gested for heme catalases, O, should be formed from a
second hydrogen peroxide following hydrogen abstrac-
tion by the oxo ligand. The overall disproportionation
reaction as shown in Eq. (1) is thus suggested to be a
result of two quite separate reactions. For heme cata-
lases it should be the second of these reactions that has a
large driving force. The mechanisms of heme catalases
have been reviewed rather recently in the general context
of metal sites in biology [6].

In the second major class of catalases there is instead
an active dimanganese complex. This type of catalase has
been isolated from the thermophilic eubacteria, for ex-
ample, Thermus thermophilus [7, 8] and Thermoleophilium
album [9], and from lactic acid bacteria, for example,
Lactobacillus plantarum [10]. Crystal structures have
been determined for the cases 7. thermophilus [11] and
L. plantarum. These structures show that both enzymes
have a bridged binuclear manganese cluster (Fig. 1).
During turnover the binuclear cluster cycles between
two different sets of oxidation states, the reduced form,
Mn,(ILII), and the oxidized form, Mn,(II1,III), which
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Fig. 1. The oxidized bridged binuclear manganese cluster of
manganese catalase

are both, in principle, indefinitely stable. Electron para-
magnetic resonance (EPR) studies reveal that the reduced
form is weakly antiferromagnetically coupled. However,
two excited-state EPR signals, from a triplet and a
quintet, can also be observed [12]. The oxidized form is
more strongly antiferromagnetically coupled and lacks
an EPR signal [12, 13]. Manganese binuclear enzymes
including manganese catalase have been reviewed rather
recently [12], although before any actual crystal structure
of catalase was available.

In the present study, the mechanism of manganese
catalase is investigated by density functional theory.
Several mechanisms have been suggested previously on
the basis of experiments. In one of these mechanisms,
internal protein residues play a key role as proton ac-
ceptors and donors [12]. In the first step, the substrate
should bind directly to a terminal site on Mn(II) by
displacement of a water ligand. The internal proton
residue should then function as a proton acceptor from
hydrogen peroxide. The cleavage of the O-O bond is
suggested to occur after a critical step where the termi-
nally ligated substrate swings in and forms a u—n’-
peroxide. At this stage the O-O bond is broken in a
process where the external residue back-delivers the
proton to form product water. Protonation of py-oxo and
cleavage of the bridge is proposed to occur upon binding
of the second substrate to a terminal Mn(III) site. In-
tramolecular two-electron transfer from hydroperoxide
to reduce both Mn(III) ions, coupled to proton transfer
to the external proton acceptor, should complete the
cycle by generating O,. In another proposed mechanism
[13], the lability of the bridging group of the reduced
complex is suggested to allow substitutional insertion
of peroxide in this position. Isomerization of peroxide
to the gem-protonation isomer is then suggested to
sufficiently polarize the O—O bond for heterolytic bond
cleavage. The second substrate then binds to the oxi-
dized form as a terminal ligand and reduces the cluster in
a two-electron step that results in the formation of a
weakly coordinating terminal dioxygen as the product.
A mechanism in which interconversion of Mn,(ILII)(u-
OH), and Mn,(IILIIT)(u-O), core structures forms the
basis of the catalytic cycle has also been suggested [14].

2 Computational details

The calculations were performed in three steps. First, an opti-
mization of the geometry was performed using Becke’s three pa-
rameter hybrid method with the Lee, Yang and Parr correlation
functional (B3LYP) [15, 16]. Double-zeta basis sets were used in

this step. In the second step the energy was evaluated for the op-
timized geometry using large basis sets, also at the B3LYP level. In
the final step, polarization effects from the surrounding protein
were evaluated using a dielectric cavity model. The calculations
were carried out using the Gaussian 94 [17] and Gaussian 98 [18]
programs.

In the B3LYP geometry optimizations, the LANL2DZ set of
the Gaussian program, was used. For manganese this means that
a nonrelativistic effective core potential (ECP) [19] was used. The
valence basis set used for manganese in connection with this ECP is
essentially of double-zeta quality. The rest of the atoms are de-
scribed by standard double-zeta basis sets. In the B3LYP energy
calculations the diffuse and polarization functions from the 6—
311 + G(1d,1p) basis sets in the Gaussian program were added to
the LANL2DZ basis sets. This basis set has a single set of polar-
ization functions on all atoms including an f set on Fe, and also
diffuse functions. This basis set is somewhat smaller than the one
previously used for similar studies [20, 21], since it was found in the
very large number of cases tried that the additional functions
rarely, if ever, had any significant effect on the results. The small
double-zeta basis set was used to determine the geometries since it
is well known that final energies are very insensitive to the size of
the basis set used for the geometry optimization [22, 23]. This was
tested in a few cases for manganese catalase by using the large basis
set used for the energies (except the Mn f set) also for the geometry,
but the final relative energies hardly changed (see later).

Zero-point vibrational effects for the most important reaction
steps were obtained by calculating molecular Hessians at the
B3LYP level using the same basis set as for the geometry optimi-
zation. Since these calculations are quite time-consuming, in most
cases they were performed on the smaller model where ammonia
was used instead of imidazole as a model for the actual histidine
ligands. As shown later, the modeling using ammonia gives nearly
identical results to those obtained using imidazole for the catalase
reactions. The glutamates were modeled by formates, which should
be an excellent approximation. This was tested for most steps of the
present catalase mechanism by using acetate models instead, and
the results agreed with the formate results for both geometries
and energies almost to within the convergence thresholds used
(approximately 0.01 A and 0.5 kcal/mol). The molecular Hessians
were also used to optimize saddle-point structures and to define
these as true transition states. Since very high self-consistent-field
(SCF) convergence was not possible to achieve, small additional
imaginary frequencies had to be tolerated (up to 20 cm™). The
transition-state structures for the model with imidazole ligands were
obtained by actually calculating Hessians for these larger systems.
Entropy and other temperature effects were also obtained from the
computed Hessians. Since they were not computed in all cases and,
in general, were found to be small, they are not included in the
energies in the figures and in the text, but are discussed separately
later. Dielectric effects from the surrounding protein were obtained
using the self-consistent-isodensity polarized continuum model
(SCI-PCM) [24], using a dielectric constant of 4, and these effects
are included in all the energies discussed later. It should finally be
added that ferromagnetic coupling between the manganese spins
was used throughout, since these wavefunctions are much easier to
converge and the relative energetic effects of antiferromagnetic
coupling for the present systems are quite negligible [25, 26]. For
example, the effects of antiferromagnetic coupling on the geome-
tries for both an Mn,(IV,IV) and an Mny(V,IV) complex were
within the convergence thresholds used and the effect on the O-H
bond strength of a hydroxy ligand of one of these complexes was
only 0.5 kcal/mol. For the present manganese complexes, which
have lower oxidation states and, therefore, also weaker antiferro-
magnetic coupling, the effects should be even smaller. A very small
effect of antiferromagnetic coupling was also noted recently for the
Fe,(IV,1V) complex in methane monooxygenase (MMO) [27].

3 Results and discussion

The mechanism of manganese catalase was investigated
using two different chemical models. First, for explor-



atory purposes, the histidines were modeled by ammo-
nia. In this simple model it is possible to do many more
calculations in a reasonable time and also to calculate
molecular Hessians and thereby locate and confirm
proper transition states. In the larger model, used
afterwards, the histidines were more accurately modeled
using imidazoles. The results using both models are
shown in the energetic scheme later. As it turned out, the
results using the ammonia and the imidazole ligands are
extremely similar, which supports this type of procedure.
The glutamates were modeled by formates, and this was
found to be an excellent approximation as tested by a
comparison to the larger acetate model (see earlier).

During catalytic turnover, the dimer complex of
manganese catalase is known to alternate between two
different oxidation states. One of these is the reduced
form with oxidation states Mn,(IL,II) and the other one
is the oxidized form with oxidation states Mn,(IILIII).
As a starting point for the investigation of the mecha-
nism these two complexes were optimized. Since no
X-ray structure is yet generally available, the starting
point for these optimizations was taken from Fig. 1 in
Ref. [13], where no distances are given. These distances
would have been useful for deciding on the charge state
of the complex, but apart from this a rather crude
starting point is all that is needed for the geometry op-
timizations. Also, information about the second shell
structure around the complex would have been useful
when the role of possible external residues was investi-
gated (see later).

The fully optimized structure for the reduced form is
given in Fig. 2, where spin populations larger than 0.10
are also shown. When the hydrogen atoms were added
to the X-ray structure, the metal complexes were as-
sumed to be neutral in the low dielectric medium of the
enzyme [20, 21], owing to the lack of any direct experi-
mental information on this point. A positively charged
complex was also tested for the rate-limiting step (see
later). Since the carboxylates are almost always negative
and the histidines neutral there are essentially only two
possible choices for placing the hydrogen atoms. The
best choice found is the one shown in the figure with one
bridging hydroxide and one bridging water, and where
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the bridging water is trans to the histidines. The alter-
native choice, with a bridging hydroxyl group trans to
the histidines was found to have a less favorable energy.
The reason is that the hydroxyl group has a larger trans
effect and, therefore, prefers to occupy the position trans
to the empty position on the second manganese. The
spin populations on manganese are 4.84 and 4.81, which
are typical for Mn(II). Only one other spin is larger
than 0.10 and this is the one for the bridging hydroxide.
There are two strong hydrogen bonds, both between
carboxylates and water. One is between the terminal
carboxylate of Glu36 and a terminal water on one
manganese and the other between the terminal carb-
oxylate of Glul55 on the other manganese and the
bridging water. These two hydrogen bonds are of im-
portance for the mechanism discussed later and are ex-
pected to be stronger and, therefore, more important
than possible hydrogen bonds to second-sphere ligands.
The imidazoles are not involved in hydrogen bonding to
other ligands, which is one important reason why these
can be modeled very well by ammonia.

The oxidized structure of the manganese complex is
shown in Fig. 3. For this form of the complex there are
several possibilities to place the hydrogen atoms while
keeping a neutral complex. In the best choice found, the
bridging hydroxyl which has a weaker trans effect than
the oxo group is placed trans to the imidazoles. It is
interesting to note that the same type of trans effect has
recently been noted for the case of iron dimer complexes
in MMO and ribonucleotide reductase [29], which are
structurally quite similar to the present dimer complex.
This trans effect could be one reason the histidines are
trans to the substrate pocket in MMO. Going back to
catalase, the spins on manganese are 3.90 and 3.83,
typical for Mn(III). In this case the only other spin larger
than 0.10 is on the bridging carboxylate of Glu70, which
has a spin of 0.13. Since Mn(III) is Jahn-Teller (JT)
active, one weak JT axis can be identified on each
manganese. On both manganese, this axis is perpendic-
ular to the bridging plane, for one manganese pointing
along the Mn—H,O direction and for the other along the
empty coordination site. The existence and directions
of the weak JT axis play important roles for the

Fig. 2. Optimized structure for the reduced Mn,(IL1II) active site of
manganese catalase

Fig. 3. Optimized structure for the oxidized Mn,(IILIII) active site
of manganese catalase
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mechanism, as usual for redox-active Mn-complexes [26,
28]. It is interesting to note that the distances along the
weak JT axis are quite similar to the ones for Mn(II) in
the reduced form, while the other distances have short-
ened substantially in the oxidized form.

The first step of the mechanism for manganese cata-
lase that is suggested on the basis of the present calcu-
lations is shown in Fig. 4. In this step an incoming
hydrogen peroxide simply replaces the bridging water of
the reduced Mn,(ILII) form. This has previously been
suggested on the basis of experiments [13]. Since a water
ligand in a manganese complex with oxidation states as
low as II is quite loosely and flexibly coordinated, the
substitution reaction was assumed to occur without any
appreciable barrier. The five-coordination of one of the
manganese in the present complex is one example of this
flexibility. In fact, increasing the distance between the
bridging water and one of the manganese atoms by more
than 0.5 A increases the energy by less than 1 kcal/mol.
Only the reactant and product were therefore deter-
mined for this step. With the imidazole model, this re-
action is calculated to be weakly exothermic by 0.3 kcal/
mol. The product hydrogen peroxide is bridging and
is hydrogen-bonded to Glul55 like the bridging water
is for the reduced form in Fig. 2. It is also hydrogen-
bonded with its other oxygen to the terminal water and
with the hydrogen on this oxygen to the bridging hy-
droxide. Hydrogen peroxide is thus rather firmly bonded
to the complex and is well prepared for activation.

It is in the second step of the mechanism, that the
O-O bond of hydrogen peroxide should be broken.
Assuming ferromagnetic coupling, which is an excellent
approximation for these systems, the neutral Mn,(IL,II)
reactant will have spin 11, while the ground state of the
final Mn,(IILIII) product of the O-O bond cleavage
reaction will have spin 9. These ground states follow
from the weak ligand field in these complexes. A spin-
crossing is therefore needed at some point in this pro-
cess. For the present system this is required irrespective
of whether the cleavage is homolytic, leading to two
hydroxyl ligands, or if it is heterolytic, leading to one
oxo ligand and one water molecule. The situation is
quite different for heme-containing peroxidases where
the ligand field is much stronger and the splitting be-
tween relevant spin states therefore quite different. A
heterolytic cleavage of the type found for H, in NiFe
hydrogenases [30], which does preserve the spin, can
safely be ruled out for manganese catalase, since this
would require the unlikely formation of a cationic hy-
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Fig. 4. Step 1 of the mechanism suggested for manganese catalase

droxyl ligand. For spin-crossing reactions of the present
type two general rules can be formulated concerning the
requirements for a low barrier [31, 32]. The first one of
these says that either the excited state of the reactant
corresponding to the product ground state (the low-spin
state) or the excited state of the product corresponding
to the reactant ground state (the high-spin state) has to
be low lying. The second rule for a low barrier is less
fundamental and is mainly based on previous experi-
ence, which means that exceptions may exist. It says that
a low-lying transition state (with one imaginary
frequency) must exist on at least one of the crossing
spin-surfaces. The alternative, that none of the crossing
spin-surfaces has an low-lying transition state, and that
a low barrier is still found as determined by the
spin-crossing point, should at least be very unusual. To
clarify, it should be added that the second rule does not
exclude the possibility that the barrier defining the rate
of the reaction may actually be determined by the spin-
crossing point, but says that in addition to this barrier
there should also be a low-lying transition state on one
of the spin-surfaces. There are two rationales for this
empirical rule. First, it is reasonable that with two sur-
faces that rise steeply towards the spin-crossing point
there will be a high barrier. If, on the other hand, one of
the surfaces has a low-lying transition state, at least this
surface will be flat, or may even go down, in the bond-
cleavage region. The second rationale is connected to the
first one, and concerns the spin-crossing probability. If
the surfaces cross with a steep descent, the spin-crossing
probability will be low and will therefore lead to a high
effective barrier (low rate) [32-34]. The largest spin-
crossing probability is, in fact, obtained if both surfaces
are flat, but if at least one of the surfaces is flat this will
increase the probability.

In the reaction where the O-O bond of hydrogen
peroxide is cleaved by the manganese catalase complex,
the choice given in the first rule is very simple. Since the
reaction is found to be strongly exothermic by more than
40 kcal/mol, there is a good chance that the excited state
of the product will be quite low-lying compared to the
reactant ground state, and this is found to be the case.
The excited state of the product is actually found to be
3.9 kcal/mol lower than the reactant ground state. The
reaction should thus occur on the reactant ground-state
surface, leading to an excited state of the product. Since
the lowest excited state of the product with the right spin
has a hydroxyl radical ligand, the conclusion is that this
radical will be the initial product of the O-O bond
cleavage, which is one of the most important conclusions
of the present study. The mechanism of step 2 is shown
in Fig. 5 and the transition state in Fig. 6.

The transition state in Fig. 6 was quite difficult to
locate and some further comments on this problem
should be given here. A starting structure for the search
of the transition state was obtained by increasing the
O-0 distance in steps of 0.10 A until a maximum was
found. At this point a molecular Hessian was calculated
which had one imaginary frequency; however, using this
Hessian and following the imaginary frequency led to
a transition state which was actually one for electron
transfer between the manganese centers rather than the
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Fig. 5. Step 2 of the mechanism suggested for manganese catalase
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Fig. 6. Optimized transition state structure for the O—-O activation
of H,O; in step 2

one defining the O—-O bond cleavage. The O-O bond
cleavage is instead initiated by electron transfer from
Mn(II) to hydrogen peroxide, which requires a very
specific geometry and is therefore difficult to locate.
However, by also freezing the distance between the
leftmost manganese and the closest oxygen of the per-
oxide in steps of 0.1 A, the region for the electron
transfer to the peroxide could be determined better.
After the new determination of the Hessian at the saddle
point of the two-dimensional surface, the transition state
eventually converged to the structure in Fig. 6. The
leading imaginary frequency of the Hessian is 544 cm™'
and one additional imaginary frequency of 20 cm™
appeared as a result of low SCF convergence. A few
characteristic features of this structure should be men-
tioned. The spin on the leftmost manganese of 4.48 is
between the one typical for Mn(II) of 4.8 and of Mn(III)
of 3.9 and shows that the system is in the process of
sending the electron to the peroxide. The second man-
ganese remains as Mn(II) during the entire O-O bond
cleavage. The only other spin larger than 0.1 in the
complex is located on the outermost oxygen of the per-
oxide (0.40) and shows that this is where the hydroxyl
radical is being formed. An important structural feature
of the transition state is that a proton is drawn towards
the carboxylate of Glul55, which loses its contact to the
second manganese somewhat. This is quite important
and significantly lowers the barrier. The hydrogen
bonding of Glu36 at the first manganese center also
changes somewhat, leading to a decrease of the Mn-O
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distance for Glu36 from 2.11 A for the Mn(II) reactant
to 1.95 A for the transition state in Fig. 6. This change,
forced by the change of oxidation state, is simplified by a
corresponding weakening of the hydrogen bond between
Glu36 and the water ligand on this center. The O-H
hydrogen-bond distance changes from 1.54 to 1.61 A.
The distances around the first manganese are overall
between those of Mn(II) and Mn(III), in line with the
change of spin. The potential surface after the transition
state is extremely flat and the hydroxyl radical finally
ends up with a distance of 2.24 A to the second man-
ganese.

The computed barrier height for the reaction going
over the transition state in Fig. 6 is 15.4 kcal/mol. This
is the highest barrier of all the steps in the catalytic cycle
and limits the rate to about 30 s~ Experlmentally, the
rate of the catalytic cycle is 10*°, depending on the
particular enzyme [35-37], which means that the rate is
almost limited by diffusion [12]. The experimental bar-
riers correspond to barriers in the range 10-12 kcal/mol,
which means that the calculated barrier is 3—5 kcal/mol
too high. The overestimation by B3LYP of the barrier
for this type of reaction is in line with recent experience
obtained for similar reactions for other systems where
electron transfer is involved [38]. In order to see if a spin-
crossing might occur before the actual transition state
and lower the barrier somewhat, a calculation was per-
formed for the low-spin state in the saddle-point geom-
etry of the high-spin state, but the energy was much
higher than for the high-spin state. This does not entirely
rule out a spin-crossing before the transition state, but
makes it very unlikely. As an alternative, the O—-O bond
cleavage of H,O, was also tried at the empty coordina-
tion site of the rightmost manganese. This led to a bar-
rier which is very close to the one for the transition state
in Fig. 6, and is thus a valid alternative; however, the
character of this transition state is almost identical to the
one described earlier and, therefore, does not represent
a significantly different mechanism, and for this reason
this pathway is not discussed here further.

A third alternative mechanism was also tried, where
the effect of an additional proton from an external
proton donor [12] was investigated, by placing a proton
on the outermost oxygen of H,O, in the structure in
Fig. 6. It turns out that the proton added moves over
from H,O, to Glu36, followed by O-O bond cleavage
with a mechanism and barrier height which are very
similar to those for the unprotonated system. It is con-
cluded that an outside proton donor does not appear to
help to lower the barrier. In the beginning of this section
it was noted that the charge state of the complex remains
an uncertain parameter. In the absence of any other
evidence the complex was therefore chosen to be neutral.
Since the neutral and positively charged complexes be-
have very similarly in the O—O bond-breaking step, it is
concluded that the charge state of the complex does not
appear to be an important factor in the present case. To
deprotonate the complex before the O—-O bond cleavage,
and thus make the complex negative, should not be an
advantage and has not been suggested by any previous
investigator. It should finally be noted that the charge
state for other systems can be important as, for example,
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found recently for isopenicillin n synthase [39] and
cytochrome c oxidase [40].

A number of attempts to find the transition state for
O-0 bond activation preceded the finding of the one in
Fig. 6. These attempts were made on the basis of pre-
vious experience of O—O bond activations. In a recent
study of heme peroxidases [5], the O—O bond was found
to be cleaved by first deprotonating one of the oxygens
and then protonating the other one, forming an oxo li-
gand and a water molecule in a heterolytic mechanism.
In cytochrome ¢ oxidase [40], a similar mechanism was
found for the activation of O,. In the initial attempts to
break the O—O bond of hydrogen peroxide in manganese
catalase, one of the oxygens was therefore first proto-
nated by moving a proton from another ligand; how-
ever, both taking the proton from the terminal water and
from the bridging hydroxyl was found to require too
much energy. This result was independent of whether the
other oxygen of the peroxide, the one hydrogen-bonded
to Glul55, was deprotonated by this carboxylate or not.
The heterolytic mechanism was therefore considered
much less likely than the homolytic one.

Since the best mechanism to activate the O-O bond
of hydrogen peroxide found here has a barrier that is 3—
5 kcal/mol too high compared to experiments a few
comments on the accuracy of the present methods, basis
sets and models should be given. First, an error of
3-5 kcal/mol due to the use of the B3LYP method for a
barrier of a complicated reaction like this is certainly
possible on the basis of previous experience, even though
it is slightly large. Second, since the basis set used for the
geometries is rather small, a larger basis set was also
tried. For the larger basis set two coordinates, O—O and
Mn1-O, were held frozen from the smaller basis set in
the geometry optimization of the transition state. Using
the large basis set, described in Sect. 2, without the
manganese f set but with polarization on all other atoms
and also including diffuse functions, the barrier in-
creased very slightly by 0.7 kcal/mol. This result is per-
fectly in line with previous experience gathered during a
decade of quantum chemical modeling, including mod-
eling of transition-metal complexes [22, 23], that the final
energy is very insensitive to the quality of the geometry
optimization. Concerning the model, there is first the
question concerning the modeling of the ligands.
Changing the models of the glutamates from formates to
the larger acetates decreases the barrier by an insignifi-
cant 0.4 kcal/mol (compared to the total barrier of
15.4 kcal/mol), which can be considered to be within the
normal convergence thresholds used in the calculations.
The geometric changes are also insignificant. Changing
the models of the histidines from imidazoles to the
smaller ammonias, actually gave an identical (within
0.1 kcal/mol) barrier. The conclusion from these inves-
tigations is that the result is very stable with respect to
basis set and chemical model. Since the result is so stable
even with respect to modifications of the first layer
ligands, it is assumed here that the effects of second-
sphere ligands and also the rest of the enzyme should
be rather small and that they should not qualitatively
change the present mechanism. In a recent direct inves-
tigation [27] of the effect of a second-sphere hydrogen

bond in MMO, previously suggested to be important
[41], it was shown that this hydrogen bond was quite
insignificant for the relative energies and structures.
Unfortunately, careful comparisons of the effects of the
surrounding enzyme in reactions similar to the present
one hardly exist. However, there is a recent investigation
of galactose oxidase, where the effect of the enzyme
(modeled in its entirety) was shown to have quite insig-
nificant effects on the mechanism [42]. Similar results
were obtained for the same enzyme in another study [43].
Also, the quite small effects from the dielectric modeling
repeatedly obtained in enzyme studies of reaction
mechanisms (including the present one) clearly argues
against large effects from the surrounding enzyme [20,
21]. The main possible errors of the present study
should, therefore, firstly, be the possibility that B3LYP
should unexpectedly fail for the present reaction or,
secondly, be that a mechanism has not yet been thought
of within the present model. However, not many
fundamentally different mechanisms for activating the
O-0O bond are known and these have been considered
here (see earlier).

As already indicated, step 3 of the catalase mecha-
nism suggested here, is the spin-crossing leading to
an Mn(IILIII) product. This crossing, which should
be very efficient, leads to a manganese-bound hydroxyl
ligand, which will directly reorganize and combine with
a proton on a bridging hydroxyl to form water and a
bridging oxo ligand as indicated in Fig. 7. The water is
pushed out from manganese since it is situated along the
weak JT axis. This step is found to be exothermic by
as much as 39.1 kcal/mol. Of the total exothermicity
available for the catalase reaction (Eq. 1) of 52 kcal/
mol, most of it is thus spent in this step. This is in
contrast to the heme catalases, where the O-O bond-
breaking step should have only a weak driving force [5].
The large exothermicity involved in the spin-crossing for
manganese catalase means that this step is efficient and
irreversible. The consequence is that the potentially
dangerous hydroxyl radical is immediately quenched,
which is obviously critical for the function of the
enzyme.

With this mechanism of the O-O bond cleavage for
manganese catalase, it becomes interesting to look at the
reverse of this step and see if it has any implications for
0O-0 bond formation in photosystem II (PSII), where a
manganese complex with weak ligand field is also used.
The most striking point in the reversal of steps 2 and 3,
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Fig. 7. Step 3 of the mechanism suggested for manganese catalase



is that the O—O bond formation should be preceded by
the formation of a hydroxyl radical. Clearly, a direct
reversal of step 3 for manganese catalase is not appli-
cable in a single step for PSII since the barrier would be
over 50 kcal/mol; however, a mechanism for O—O bond
formation in PSII which still has many similarities to the
reversal of steps 2 and 3 has been suggested. In this
mechanism, the energy made available to the manganese
complex through the photon absorptions at the reaction
center and the subsequent charge separations in the
lower states is used to pump up the energy of the com-
plex so that for the S; state a bridging oxyl radical
is created [26, 28]. It is suggested that in the O-O
bond-formation step the radical is first transferred to
a hydroxyl radical in a low-energy step, after which it
combines with a hydroxide ligand to form the O-O bond
in a transition state similar to the one in Fig. 6. Even
though the existence of an oxygen-based radical in S; is
still controversial, there are also experimental indica-
tions of such a radical [44-46].

Step 4 of the mechanism suggested is shown in Fig. 8.
As indicated, this is a rather trivial step, where the
loosely bound water is replaced by another hydrogen
peroxide, the second one in the overall reaction (Eq. 1).
Owing to favorable hydrogen bonding for the peroxide,
this step is found to be exothermic by 4.4 kcal/mol. The
hydrogen-bond distance for the hydrogen peroxide to
the bridging oxo group is, for example, quite short at
1.39 A. At this stage, this strongly hydrogen bonding O—
H bond of hydrogen peroxide is heterolytically cleaved.
In this way, the oxidation states and, therefore, also the
spin can be conserved, in contrast to the reaction in
steps 2 and 3. The optimized transition-state structure
for the O-H bond cleavage is shown in Fig. 9 and the
overall step 5 reaction in Fig. 10. The barrier for this
step is 8.9 kcal/mol, corresponding to a rate calculated
from transition state theory of 10° s™'. There is a single
imaginary frequency of 198 cm™ for the Hessian used to
determine the transition state.

An interesting aspect of the reaction in step 5 is that
the active Mn(III) is forced to change the direction of the
weak JT axis. In the reactant, this axis points towards
the empty coordination site; however, the product needs
to bind the peroxide fragment at this site and it therefore
turns this into a strongly binding site. Instead, the choice
of the direction of the weak JT axis for the product is
given by the bond to the Glul55 oxygen and the bond to
the bridging hydroxyl formed in the O—H bond-breaking
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Fig. 8. Step 4 of the mechanism suggested for manganese catalase
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Fig. 9. Optimized transition-state structure for the O—H activation
of H>O» in step 5

Step 5
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Fig. 10. Step 5 of the mechanism suggested for manganese catalase

process. To simplify this change of direction of the JT
axis, the hydrogen bonding between Glul55 and the
other bridging hydroxyl is quite important. Before the
heterolytic cleavage of the O-H bond this hydrogen-
bond distance is 1.82 A and it changes to 1.49 A after
the reaction. The Mn-O distance for Glul55 is 1.94 A
before and 2.14 A after the reaction. The negative
carboxylate of Glul55 can thus compensate for the loss
of electrostatic bonding to the manganese center by a
corresponding increase in electrostatic hydrogen bond-
ing. Simultaneously to these changes, the distance be-
tween the active manganese and the oxygen of Glu70
changes from 2.10 to 2.00 A.

The only part remaining to complete the cycle of the
catalase mechanism is to form an oxygen molecule from
the OOH peroxide ligand bound to manganese at the end
of step 5. The first part of this process is described in
Fig. 11 asstep 6. This step can be described as an electron
transfer from one oxygen of the peroxide to manganese,
coupled with a proton transfer from the other oxygen of
the peroxide to a bridging hydroxide, leading to a bridg-
ing water. To perform this step, the transition state shown
in Fig. 12 needs to be passed. Also this transition state
was quite complicated to locate and required several
Hessian evaluations. It is obvious that the O-H and O-O
distances are important distances that vary along the re-
action pathway, but the Mn—O distance is also a key
geometrical parameter. The Mn—O distance is important
mainly to control the electron transfer to manganese. For
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the reactant in step 6, this Mn—O distanceis 1.89 OA, at the
transition state 2.11 A and for the product 2.21 A. In line
with this change, the spin on manganese varies from 3.95
to 4.54 and to 4.79. The corresponding change on the
peroxide is from —0.09 to —0.70 and to —0.95. Along the
reaction pathway, the distances around the active man-
ganese also increase from those typical for Mn(III) to
those for Mn(II). This reaction thus couples an unusually
large number of distance variations, which was one rea-
son why it was difficult to locate. The calculated barrier
for this stepis 6.1 kcal/mol and the reaction is found to be
endothermic by 3.6 kcal/mol The Hessian of the transi-
tion state structure in Fig. 12 has only one imaginary
frequency (460 cem™).

As seen in Fig. 11, the product of step 6 is an
Mn,(IILII) complex with the O; radical ligand bound to
the Mn(II) center. Because of this bond it might have
appeared more natural for the product to have been
Mn,(ILIIT), with the oxidation states switched. In fact
this change of oxidation states leads to a complex which
is 4.4 kcal/mol more stable. For this reason, several at-
tempts were made to find a transition state that directly
linked the reactant of step 6 with the lowest energy
product Mn,(ILIII) but these were all unsuccessful. The
reason for this is that the electronic coupling between the
peroxide and the second manganese, required to make
this electron transfer, is too weak.

Instead the switch of oxidation states is described
here as the subsequent step 7 and is shown in Fig. 13.
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Fig. 12. Optimized transition-state structure for the formation of
O, in step 6
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Fig. 13. Step 7 of the mechanism suggested for manganese catalase
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Fig. 14. Step 8 of the mechanism suggested for manganese catalase
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No attempt was made to locate the transition state
involved in step 7, but the barrier is expected to be very
low. In a recent study, electron transfer between man-
ganese centers was studied for an Mn,(ILIIT) as shown
in Fig. 1 but with two bridging hydroxides. In that case
the barrier for electron transfer was found to be only
1.9 kcal/mol. The reaction pathway was found to in-
volve a strongly concerted motion of eight manganese—
ligand distances in the complex. It can finally be added
that the spin on the peroxide increases in step 7 from
about 1.0 in the reactant to 1.4 in the product, showing



that the spin has changed almost half the way towards
that of O,, which has a spin population of 2.0.

The only step remaining is the one shown in Fig. 14,
in which the O, molecule is released and the manganese
complex returns to the original Mn,(I1I1) form it had at
the start of step 1. In the calculations, this step is en-
dothermic by 3.5 kcal/mol without temperature effects
and occurs without any additional barrier; however, this
is the only step where temperature has significant effects,
and when these are added the step becomes exothermic
by 1.3 kcal/mol. In particular, the entropy effects are as
large as 6.0 kcal/mol. This is not unexpected since O,
becomes almost free in this process. Since the effects are
so large, there could also be a small entropy-dependent
barrier involved for the dissociation, which is not
possible to determine accurately in the present type of
calculations.

4 Conclusions

The calculated energies of the proposed catalytic cycle of
manganese catalase are shown in Fig. 15. The results are
displayed for the small model with ammonia ligands and
for the larger model with imidazole ligands. As seen in
the figure, the results using the two models are strikingly
similar. Clearly, the electronic structure effects of
imidazole ligands are almost perfectly modeled by
ammonia. However, even if the direct electronic struc-
ture effects had been identical, the results could still have
differed if ammonia had become involved in artificial
hydrogen bondings, however, this does not happen for
the present model of manganese catalase. Artificial
hydrogen bonds to ammonia may be very difficult to
avoid for other systems, and in previous studies the
results for ammonia ligands have therefore differed
much more from for using imidazole ligands [20, 47].

The most interesting part of the mechanism suggested
here for the catalytic cycle of manganese catalase occurs
in steps 2 and 3, where the O-O bond of the first
hydrogen peroxide in the overall reaction (Eq. 1) is
cleaved. Owing to the spin-forbidden nature of this re-
action, going from Mn,(IILIIT), the process occurs in
two steps. It is suggested that in the first step a hydroxyl
radical is formed in a slightly exothermic reaction with a
calculated barrier of 15 kcal/mol, which is the rate-lim-
iting step of the entire cycle. Since the production of
a hydroxyl radical is potentially dangerous, the radical
must be quenched immediately after it is produced. To
do this very effectively and irreversibly, a large part of
the available exothermicity of the catalytic cycle is used
up in this quenching step.

The remaining steps of the catalytic cycle, after the O—
O bond cleavage has been completed, are quite fast. In
steps 4 and 5, the second hydrogen peroxide in the re-
action expressed by Eq. (1) is bound to the complex and
one of its O—H bonds is cleaved by a heterolytic mecha-
nism which preserves the spin. The barrier for this step is
8.9 kcal/mol. In step 6, the second O—H bond is cleaved
with a barrier of 6.1 kcal/mol, leading to the formation
of a bound peroxide with a spin population of about 1. In
step 7 the oxidation states of the manganese centers are
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switched, leading to an increase of the spin on the
peroxide. Finally, O, is formed in step 8 in a process
which only becomes exothermic after the relatively large
entropy effects of 6 kcal/mol have been added.

One of the most interesting aspects of the mechanism
of manganese catalase is to see to what extent one can
learn something from this process for the reverse one of
O-0 bond formation in PSII. It turns out that there are
surprisingly many similarities between the catalase pro-
cess found here and the mechanism recently suggested
for PSII [26], even though the oxidation states are quite
different. In the present mechanism of manganese cata-
lase, a hydroxyl radical is produced in the O-O bond-
cleavage step, while in the mechanism suggested for PSII
an oxygen-based radical is a precursor for the O—-O bond
formation. To reach this radical precursor in S3, which
can be compared to climbing up from the reactant of
step 4 backwards to the product of step 3 in Fig. 15, the
manganese cluster in PSII can use the energy made
available to it by the photon absorptions in the S states
preceding S;.
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