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Several modifications of the manganese coordination environment and oxidation states of a family of synthetic
dimanganese complexes have been introduced in search of the structural features that promote high rates of hydrogen
peroxide dismutation (catalase activity). The X-ray structure of reduced catalase (T. thermophilus) reveals a
dimanganese(II,II) site linked by three bridges:µ13-glutamate-, µ-OH-, and µ-OH2. The roles of a bridging
hydroxide vsµ-aqua and the carboxylate have been examined in the reduced Mn2(II,II) complexes, [(L1,2)Mn2(µ-
O2CCH3)(µ-X)] 2+ for X- ) OH- (7A) or X ) H2O (1-4), and their oxidized Mn2(III,III) analogues, [(L1,2)-
Mn2(µ-O)(O2CCH3)(OH)]+ (6) (L1 is N,N,N′,N′-tetrakis(2-methylenebenzamidazolyl)-1,3-diaminopropan-2-ol, and
L2 is the tetrakis-N-ethylated analogue of L1, which has all amine protons replaced by ethyl groups). The steady-
state catalase rate is first-order in concentration of both substrate and reduced catalyst and saturates at high peroxide
concentrations in all cases, confirming peroxide/catalyst complex formation. No catalyst decomposition is seen
after>2000 turnovers. Catalysis proceeds via a ping-pong mechanism between the Mn2(II,II/III,III) redox states,
involving complexes6 and7A/7A′. The Mn2(III,IV) oxidation state was not active in catalase activity. Replacement
of theµ-aqua bridge byµ-hydroxide eliminates a kinetic lag phase in production of the O2 product, increases the
affinity for substrate peroxide in the rate-limiting step as seen by a 5-fold decrease in the Michaelis constant
(KM), and accelerates the maximum rate (kcat) by 6.5-fold. The kinetic and spectroscopic data are consistent with
substrate deprotonation by the hydroxide bridge, yielding a hydroperoxyl bridge coordinated between the Mn
ions (µ,η2 geometry, “end-on”) as the basis for catalysis:µ-OH- + H2O2 f µ-O2H- + H2O. Binding of a
second hydroxide ion to7A causes a further increase inkcat by 4-fold with no further change in substrate affinity
(KM). By contrast, free (noncoordinating) bases in solution have no effect on catalysis, thus establishing
intramolecular sites for both functional hydroxide anions. Solution structural studies indicate that the presence of
2-5 equiv of hydroxide in solution leads to formation of a bishydroxide species, [(L1,2)Mn2(µ13-O2CCH3)(OH)2],
which in the presence of air or oxygen auto-oxidizes to yield complex6, a Mn2(III,III)( µ-O) species. Complex6
oxidizes H2O2 to O2 without a kinetic lag phase and is implicated as the active form of the oxidized catalyst. A
maximum increase by 240-fold in catalytic efficiency (kcat/KM ) 700 s-1 M-1) is observed with the bishydroxide
species versus the aquo complex1, or only 800-fold less efficient than the enzyme. Deprotonation of the amine
groups of the chelate ligand L was shown not to be involved in the hydroxide effects because identical results
were obtained using the catalyst with tetrakis(N-ethylated)-L. Uncoupling of the Mn(II) spins by protonation of
the alkoxyl bridge (LH) was observed to lower the catalase activity. Comparisons to other dimanganese complexes
reveals that the Mn2(II,II)/Mn 2(III,III) redox potential is not the determining factor in the catalase rate of these
complexes. Rather, rate acceleration correlates with the availability of an intramolecular hydroxide for substrate
deprotonation and with binding of the substrate at the bridging site between Mn ions in the reductive O-O bond
cleavage step that forms water and complex6.

Introduction

A principal biological defense against hydrogen peroxide in
cells is a class of enzymes called catalases. A relatively new
class is the rare dimanganese catalases,1-3 which disarm
peroxide by converting it to water and oxygen (dismutation) at
extremely high rates equal to the fastest known enzymatic rate
for any biological function.

Catalase mimics have potential biomedical applications as
therapeutic agents against oxidative stress. However, so far the
best chemical mimics of the dimanganese class of catalases are
104-105 slower than the enzymes.4-6 This limitation stems from
the lack of complete understanding of the principles of catalysis
of peroxide dismutation and therefore is a topic of considerable
current interest.
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Structural features of the enzyme are known from a recent
X-ray structure diffraction map of the manganese catalase of
T. thermophilusobtained at 1.4 and 1.6 Å resolution.7 The
enzyme is comprised of six identical subunits (Mr ) 35 000
Da/su; su) subunit), and each subunit binds a pair of Mn ions.
The binuclear manganese cluster (Figure 1), which is situated
in a cavity rich in hydrophobic residues, has a Mn‚‚‚Mn
separation of 3.18 Å in the reduced form, Mn2(II,II), and 3.14
Å in the oxidized form, Mn2(III,III). The two Mn ions are
bridged by aµ1,3-glutamate residue (Glu70) and two exogenous
ligands, which were modeled as a water and hydroxide for the
reduced form and as a bridging oxygen and a hydroxide in the
oxidized form. A second water molecule bound at a terminal
site to Mn1 was observed and identified as a second location
for the µ-aqua bridge in 50% of the reduced molecules, thus
suggesting an equilibrium for water binding at these two sites
(V. Barynin, private communication). Both Mn ions have
distorted square pyramidal geometry arising from further
coordination to histidine and a second glutamate residue. The
Glu36 ligand to Mn1 exists in either bidentate coordination
mode (with bridging aqua) or monodentate coordination (with
intramolecular hydrogen bonding to a terminal aqua ligand on
Mn1). Although the enzyme can exist in at least four different
oxidation states,8 Mn2(II,II), Mn 2(II,III), Mn 2(III,III), Mn 2(III,IV),
it has been shown that the enzyme cycles exclusively between
the Mn2(II,II) and Mn2(III,III) oxidation states during catalysis.8-10

Three types of mechanistic proposals5,10,11have been suggested
that differ according to the geometry of the substrate binding

and hence in the HO-OH bond cleavage and electron transfer
from HO-OH to Mn2.

Many manganese complexes encompassing a variety of ligand
types and oxidation states have been reported that show catalase
activity. The roles of redox state, dinuclearity versus mono-
nuclearity, redox potential, Mn coordination asymmetry, and
inner-sphere ligand rearrangements have been explored.4,12-34

The availability of proton donors/acceptors and the redox-
decoupling role of a bridging carboxylate have been found to
be important in model complexes and thus have been proposed
to be functionally important for the enzymes.5,35,36In those few
cases where reaction mechanisms have been studied in detail
three types of mechanisms have been found that differ primarily
in the redox states that are used during catalysis.12-14,16-18,21-24

So far only two functional model systems have been proven
to use the low-valent Mn2(II,II) T Mn2(III,III) cycle similar to
the enzyme. Pecoraro et al. obtained a series of structurally
characterized six-coordinate Mn2(II,II) and Mn2(III,III) com-
plexes derived from a binucleating salen type ligand having a
pair of alkoxide bridges that are functional catalase mod-
els.4,14,35,37,38The complexes exhibit saturation kinetics14,39with
hydrogen peroxide. The most active of these model complexes
has a catalytic efficiency ((kcat/KM ) 990 M-1 s-1) that is
approximately 575 and 3160 times less effective than theL.
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Figure 1. Active site of the reduced form of Mn catalase fromT.
thermophilus. Reprinted with permission of the author.7
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plantarum10,40 and T. thermophilusenzymes,41 respectively.
Reactions with deuterium peroxide show that proton dissocia-
tion/association is important for both complex formation and
in the rate-limiting step.14,35,39

The other Mn2(II,II) model system that utilizes the same redox
states as the enzyme employs a septadentate ligand with
benzimidazolyl groups and a single bridging alkoxide (com-
plexes1-4).12,13,15The Mn(II) ions are five-coordinate, and the
most active derivative of this series contains aµ1,3-bridging
carboxylato group, [L1Mn2(µ-OAc)](ClO4)2, (1), instead of the
six-coordinate derivatives L1Mn2Cl3 and L1Mn2(OH)Br2.15

Kinetic and spectroscopic data reveal that the rate-limiting step
under steady-state turnover for these reactions is the reduction
of hydrogen peroxide by an active Mn2(II,II) species. This active
Mn2(II,II) species (denoted as [LMn2(II,II)( µ-O2CR)]* in eq 2)
is formed by reaction of water with the inactive complex1
during a kinetic lag phase (time required for the onset of O2

evolution).12,13

The molecular structures of the catalytically active Mn2(II,II)*
and Mn2(III,III) species in this cycle were not fully determined.
Although loss of the kinetic lag phase was shown to occur by
reaction with water, it was not established what rearrangement
is responsible for activation of the catalyst. Herein we identify
the solution-phase molecular structures of the Mn2(II,II) and
Mn2(III,III) species that are implicated in the catalytic cycle
with hydrogen peroxide. Further, the influence on the catalytic
rate and substrate affinity of addition of one and two intramo-
lecular hydroxide ligands to the Mn ions has been measured.
The kinetic data are correlated with quantitative physicochemical
measurements of redox potential and solution structures deter-
mined by NMR and EPR experiments.

Experimental Section

Reagents.See the Experimental Section of ref 42. All solvents were
of analytical grade and used without further purification unless stated
otherwise. [L1Mn2(CH3CO2)](ClO4)2 (1) and [L1Mn2(ClCH2CO2)]-
(ClO4)2 (2), where L1 is N,N,N′,N′-tetrakis(2-methylenebenzamidazolyl)-
1,3-diaminopropan-2-ol, were synthesized as described previously.12

N,N,N′,N′-tetrakis(2-(1-ethylbenzamidazolyl))-2-hydroxy-1,3-diamino-
propane (L2) was synthesized according to the procedure of McKee et
al.43 The dimanganese(II,II) complexes [L2Mn2(CH3CO2)](ClO4)2 (3)
and [L2Mn2(ClCH2CO2)](ClO4)2 (4) were prepared as described before42

and isolated as white crystalline solids. Further details on the
characterization of complexes6-8 can be found in the preceding paper.
The abbreviations L1 and L2 in complex formulas denote the depro-
tonated ligands that form aµ-alkoxide bridge between the two
manganese ions.

In situ Conversion of Complexes 1 and 3 to Complex Type 7A.
To 1 × 10-2 mmol of 1 or 3 dissolved (complex1) or suspended
(complex3) in 1 mL of methanol was added 1× 10-2 mmol NaOH
under argon.

In situ Conversion of Complexes 1 and 3 to Complex Type 7B.
To 1 × 10-2 mmol of 1 or 3 dissolved (complex1) or suspended
(complex3) in 1 mL of methanol was added 5× 10-2 mmol of NaOH
under argon.

In situ Conversion of Complexes 1 and 3 to Complex Type 8.
To 1 × 10-2 mmol of 1 or 3 dissolved (complex1) or suspended
(complex3) in 1 mL of methanol was added 2× 10-2 mmol of NaOH
under air. For both cases, an immediate change was observed from
colorless to bright-orange.

In situ Conversion of Complexes 1 and 3 to Complex Type 6.
To 1 × 10-2 mmol of 1 or 3 dissolved (complex1) or suspended
(complex3) in 1 mL of methanol was added 5× 10-2 mmol NaOH
under air. For both cases, an immediate change was observed from
colorless to bright-orange.

Physical Measurements.Equipment and experimental conditions
for optical spectroscopy, NMR, EPR, mass spectroscopy, and electro-
chemistry were all discussed previously.42

Oxygen Detection.The time course of oxygen concentration44 was
determined amperometrically using a Clark-type Pt electrode (YSI
Yellow Springs), which is covered by a Teflon membrane. All reactions
were done as described before,13 anaerobically in methanol or in water/
methanol mixtures that were degassed by argon. The order of addition
of reactants had no consequence on the measured rate of oxygen
production. The hydrogen peroxide solutions were made from 30%
aqueous solutions diluted in methanol (concentration was verified by
absorption at 230 nm usingε ) 60 cm-1).

Results

Catalase Activity of Complexes 1, 3, 7A, and 7B.An initial
lag phase (i.e., the time required for the onset of O2 evolution)
for the catalase activity starting with complex1 was previously
reported by Pessiki et al. (see Figure 2 of this paper and Scheme
3 in the preceding article for molecular formulas).13 This lag
phase was shown to decrease, and the steady-state rate was
shown to increase by 5- to 6-fold upon preequilibration with
water, hypothesized to represent dissociation of theµ-acetate,
since addition of an excess of acetate increased the lag phase
and slowed the steady-state catalase rate. However, the lag phase
could never be eliminated completely because addition of more
than 2% of water slowed the steady-state catalase rate and did
not decrease the lag phase any further.

Figure 3 shows that addition of NaOH to a methanolic
solution of complex1 prior to the addition of H2O2 eliminates
the lag phase completely and increases the steady-state O2

evolution rate. This rate increases linearly by 93-fold between
0 and 5 equiv of NaOH at which an end point is reached with
only an additional 6% increase upon further addition of up to
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Figure 2. Structures of the species discussed in the text. For complexes
1 and2, the ligand is L1 ) N,N,N′,N′-tetrakis(2-methylenebenzamida-
zolyl)-1,3-diaminopropan-2-ol. For complexes3 and 4, the ligand is
L2 ) N,N,N′,N′-tetrakis(2-(1-ethylbenzamidazolyl))-2-hydroxy-1,3-di-
aminopropane.
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8 equiv of NaOH. All necessary blanks were done to prove
that neither hydroxide itself nor the free ligand is responsible
for this effect (spontaneous dismutation). In the inset of Figure
3, the duration of the lag phase is shown to be essentially
eliminated by addition of only 1 equiv of NaOH. The stoichio-
metric conversion is consistent with formation of a new species
for which electrochemical evidence supports the formulation
[LMn2(II,II)( µ-OH)(µ1,3-OAc)]+, complex7A.42

The rate expression that was previously established under
nonsaturation conditions of substrate,13

was used to evaluate the rate constant. Using the steady-state
oxygen evolution rate (after the lag phase), we calculate the
observed rate constant (kobs) to increase linearly from 1.0 M-1

s-1 (at 0 equiv of NaOH) to 92 M-1 s-1 (at 5 equiv of NaOH)
and 100 M-1 s-1 (at 8 equiv of NaOH). The H2O2 dismutation
reaction catalyzed by complex3 (the N-ethylated analogue of
1) was accelerated by NaOH in the same manner as complex
1, i.e., with a breakpoint in the rate acceleration between 4 and
5 equiv of NaOH, akobs of 8.5 M-1 s-1 at 0 equiv (lag phase
450 s) and 291 M-1 s-1 at 5 equiv of NaOH. Moreover, the lag
phase is also eliminated after only 1 equiv of NaOH, consistent
with formation of a new species [L2Mn2(II,II)( µ-OH)(µ1,3-
OAc)]+ analogous to the behavior of complex1. We conclude
therefore that the rate acceleration and loss of lag phase cannot
be related to deprotonation of the benzimidazole groups on the
ligand. The fact that the addition of water to complex1 can
also decrease the lag phase (up to 50%) suggests that some
µ-hydroxo-bridged Mn2(II,II) dimer, species7A, is produced
by hydrolysis. On the basis of these rate data and EPR data
showing formation of an uncoupled Mn(II) species,13,42 we
conclude that spontaneous deprotonation of theµ-aqua ligand
in [LMn2(II,II)( µ-H2O)(µ-OAc)]2+, complexes1-4, yields
approximately equal amounts of the (catalytically active)
deprotonatedµ-hydroxide species [LMn2(II,II)( µ-OH)(µ-OAc)]1+,
complex 7A, and the (inactive) protonated complex5A,
[LHMn2(II,II)( µ-H2O)(µ-OAc)]3+, containing the neutral ligand
(LH) with a protonated alkoxide group (alcohol). Complex5A
is observed by EPR to be a spin-uncoupled Mn(II) species that
retains both Mn(II) ions.13,42 We observed no evidence that
linked catalytic activity to the presence of the spin-uncoupled
Mn(II) 2 species, complex5. Uncoupling of the Mn(II) ions by
protonation of the ligand (LH) leads to lower catalase activity.

When the concentrations of H2O2, complex1, and NaOH (at
5 equiv) are held constant, the rate of O2 evolution was measured

as a function of water concentration. Contrary to the previous
results on complex1 without NaOH that indicated adecrease
of kobs with increasing water content above 2% in methanol,13

the present data for1 with 5 equiv of NaOH show anincrease
in kobs from 9.2 M-1 s -1 (in 98/2 v/v methanol/water) to 24.8
M s-1 (in 11/89 v/v methanol/water). We tentatively attribute
this increase in rate upon increase of water content in the solvent
to an enhanced rate of proton exchange relative to methanol
solvent between H2O2 and the catalyst during the peroxide
dismutation.

In contrast to NaOH, the addition of 0-5 equiv of the
noncoordinating base 2,6-di(tertbutyl)pyridine (TBP) to com-
plexes1-4 does not change the steady-state oxygen evolution
rate or the lag phase. TBP was found42 to affect the electro-
chemical potential for the redox couple Mn2(III,III)/(III,IV) but
not the couple Mn2(II,II)/(III,III), indicating that the Mn2(III,IV)
state is not involved in the catalase activity. This result supports
earlier conclusions.13

We also conclude that the role of hydroxide is more than
merely to act as an outer-sphere (uncoordinated) base, since
TBP (a noncoordinating base) has no effect whatsoever. Instead,
the function of hydroxide is linked to its ability to bind to one
or both of the Mn ions. Therefore, an intramolecular base is
indicated for catalysis.

Characterization of the Active Species in the Catalytic
Cycle. Previously,42 we demonstrated the utility of NMR
spectroscopy to monitor the change in coordination mode of
the acetate group to the oxidized Mn2(III,III) species,6 vs 8.
Hence, this method also was used under catalytic conditions in
the presence of H2O2. EPR measurements under these conditions
did not yield useful information because the catalyst occurs in
the Mn2(III,III) state under catalytic conditions and the ground
state is diamagnetic. A 10 mM sample of complex8 in CD3-
OD was obtained in situ by adding 1 equiv of NaOH to a 10
mM solution of complex3 in CD3OD under aerobic conditions,
as described in the Experimental Section. Either a 10-fold or
20-fold excess of hydrogen peroxide was added to two samples
of complex8 in which theµ1,3-bridging acetate is present and
easily monitored by a broad signal at 22.8 ppm.42 Immediately
after addition of the hydrogen peroxide, oxygen bubbles are
observed and the broad resonance at 22.8 ppm starts disappear-
ing, while the resonance associated with monodentate bound
acetate at 1.9 ppm increases proportionally at the same time
(Figure 4). The proton resonances from the ligand remain
unchanged, which indicates that the complex is stable under
catalytic conditions. Addition of more H2O2 to the sample
produced more dioxygen evolution but did not further change
the NMR spectrum. After more than 2000 turnovers no evidence
of ligand or catalyst decomposition was observed.13 The NMR
spectrum obtained after reaction of8 with 10 or 20 equiv of
H2O2 is identical to the NMR spectrum of an authentic sample
of complex6 in CD3OD, which was obtained from complex3
upon addition of 4-5 equiv of NaOH, as described in detail
before.42 From this experiment we conclude that Mn2(III,III)
species6, possessing a monodentate acetate and a terminal OH-,
is formed at the end of the catalytic disproportionation reaction
with hydrogen peroxide. The UV-vis spectrum of6 in methanol
was reported before42 and is identical to the spectrum of the
reaction intermediate obtained upon reaction of complex1 with
a stoichiometric amount of H2O2 in methanol.13 Both spectra
reveal three absorption peaks at 425, 472, and 760 nm, which
are consistent with oxidation to a Mn(III) or Mn2(III,III) species.
A linear correlation is found between the concentration of6 in
solution (as measured by UV-vis spectroscopy) and the catalase

Figure 3. Increase ofkobs for the catalase reaction of1 in methanol
upon addition of NaOH, from 0 equiv (kobs is 1.0 M-1 s-1) to 8 equiv
(kobs is 100 M-1 s-1) of NaOH. The inset shows the decrease in lag
phase upon addition of NaOH. See text for details.

d[O2]

dt
) kobs[H2O2]

1[complex1]1 (3)
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rate observed for this solution (Figure 5). Therefore, we conclude
that complex6 is the oxidized form of the active catalyst under
multiple turnover conditions.

A nonbridging carboxylate, e.g., in the form of a monodentate
coordinated acetate, is not a prerequisite for an active catalyst,
as seen by the loss of the kinetic lag phase upon coordination
of hydroxide to complex1 in forming LMn2(II,II)( µ-OH)(µ-
O2CCH3), complex7A. NMR reveals that after oxidation by
H2O2 of complex 7A the symmetrical bridging acetate is
converted to a monodentate coordinated acetate in the
Mn2(III,III)( µ-O) species, complex6. Upon rereduction of
complex6 with hydrogen peroxide, the terminal carboxylate
need not rebridge, forming LMn2(II,II)( µ-OH)(O2CCH3)(H2O),
complex7A′, which would be in equilibrium with complex7A
by dissociation of water upon a carboxylate shift to the bridging
position. Thus, theµ-hydroxide appears to increase the lability
of the bridging carboxylate in the reduced complexes (7A′/7A).
This interconversion of species (7A′/7A) is included in the
catalytic cycle under steady-state turnover conditions (Scheme
2). Although these intermediates have been identified in solution
using spectroscopic methods, further support could be sought

from single turnover experiments with 1 equiv of H2O2 and the
isolated complexes6 and 7A/7A′. However, so far we were
unable to isolate these intermediates as homogeneous solids that
would be suitable for these kinds of experiments.

An additional feature of the NMR spectrum of the oxidized
derivatives8 and 6 obtained by alkaline oxidation in air of
complex 1 compared to the spectra of derivatives8′ and 6′
obtained by oxidation of complex3 is the presence of six partly
overlapping broad signals in the 10-30 ppm region, which were
assigned to protons on the benzimidazole nitrogens.42 Since there
are only four NH groups in complex1, the existence of six
different N-H signals indicates the presence of more than one
species. However, when the freshly oxidized sample is left for
1 h at room temperature, the NMR spectrum simplifies to a
new spectrum expected for a symmetric (µ-O)-(µ-OR)-
Mn2(III,III) species in which only two NH groups are detected
at 12 and 17 ppm with equal relative areas.42 This conversion
in the N-H region of the spectrum can also be accomplished
instantaneously by adding hydrogen peroxide. This result
indicates that under catalytic conditions only one Mn2(III,III)
species is present that has two pairs of inequivalent N-H

Scheme 1. Proposed Mechanism5 for Mn Catalase

Figure 4. 1H NMR spectra showing the appearance of absorption peaks
of derivative6 upon addition of 10 and 20 equiv of H2O2 to species8.
The decreasing signal at 22.8 ppm is the methyl group ofµ1,3-bridging
acetate. The increasing signal at 1.9 ppm is of the methyl group of
monodentate coordinated acetate, and the signal at 2.45 ppm is from
ligand L2. For further details for assignment of signals, see the preceding
article.

Figure 5. Correlation between the concentration of complex6 in
solution as measured by its absorption at 472 nm and thekobs of the
catalase reaction (solvent is methanol).
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protons. In addition, the latter spectrum does not contain aµ1,3-
acetate signal at 22.8 ppm but has instead a signal at 1.90 ppm
due to a monodentate acetate, indicating that the acetate bridge
is broken during catalytic turnover. The proposed structure for
complex6 (Figure 2) with terminal acetate bound to one of the
Mn(III) ions is consistent with these results. Thus, complex6
forms both during catalytic turnover with H2O2 and upon air
oxidation in the presence of 2 equiv or more of base. We
imagine that complex6 may be in equilibrium with complex8
in aqueous solvents where displacement of hydroxide would
be assisted by protonation. We attribute the conversion of6 to
8 with the modest rate increase seen upon addition of water.

Substrate Saturation Kinetics. The dependence of the
steady-state kinetics of H2O2 consumption on initial H2O2

concentration was determined as O2 evolution in 98% MeOH/
2% water for complex1 with 0, 1, and 5 equiv of NaOH (Table
1, Figure 6A, and Supporting Information) and at 9-fold greater
water concentration (89% H2O/11% MeOH with 5 equiv of
NaOH; Table 1 and Supporting Information). These latter
experiments were performed to learn if water solvation might
influence the rate parameters. The kinetic data establish that
saturation of the rate occurs with increasing H2O2 concentration.
Also, the dependence on the catalyst concentration is linear over
the range 0.1-4 mM (data not shown). Table 1 summarizes
the steady-state rate parameters (kcat and Km) obtained from
Lineweaver-Burke plots (reciprocal rate-1 vs [H2O2]-1, not
shown). Steady-state kinetic data were obtained after the lag
phase.

For complex1 without hydroxide added, aKm of 35 ( 8
mM is determined, which compares to aKm of 10 mM for the
[Mn(III)(2-OHsalpn)]2 model39 and 83 and 15 mM for the
MnCat’s fromT. thermophilus41 andT. album,10 respectively.
By contrast, thekcat of 1 is 0.1 s-1, which is smaller by 100, or
2.6× 106 and 2.6× 105 times that found for the salpn dimer39

MnCat from T. thermophilus41 and MnCat fromT. album,10

respectively. As a consequence, the catalytic efficiency (kcat/
KM) of complex1 is 105-106 lower than the catalase enzymes
from these organisms. Upon addition of 1 equiv of hydroxide
to 1, forming complex7A, theKm for peroxide disproportion-
ation decreases 5-fold from 35( 8 to 7( 2 mM, while thekcat

increases 6.5-fold from 0.1 to 0.65 s-1, resulting in a 32-fold
increase in catalytic efficiency. We propose that the lower
Michaelis constant (Km) for the µ-hydroxide species7A could
be due to a higher affinity for binding of the hydroperoxyl anion
(HO2

-) vs binding of hydrogen peroxide to1. Thus, the catalytic
function of theµ-hydroxide appears to include deprotonation
of the substrate by ligand exchange into the bridging position:

The fact that noncoordinating bases such as 2,6-di(tert-butyl)-
pyridine (TBP) have no effect on either theKm or kcat of the
peroxide dismutation reaction with complex1 supports this
proposal and establishes convincingly that bound hydroxide and
not free base in solution is responsible for the enhanced catalase
rate. Several lines of evidence establish coordination of hy-
droxide to complex1, forming complex7A, including the loss
of the steady-state kinetic lag phase, EPR, FTIR, and cyclic
voltammetry data.42 Since the rate-determining step in the H2O2

disproportionation cycle is the oxidation to a Mn2(III,III) species
from Mn2(II,II), the 6.5-fold increase inkcat could be explained
if there is a lower activation energy barrier to the oxidation step.
Voltammetry data show a considerably easier oxidation potential
for the bridging hydroxide complex7A versus the hydroxide-
free complexes1-4.42 Previous work has also shown that
bridging OH- facilitates oxidation in the related Mn2(II,II)
complexes [LMn2(µ-X)Y2]2+ (X ) Cl or OH-, Y ) Cl- or
Br-) that lack carboxylate.15

The lack of further change in theKm when two to five
hydroxides are added to the medium (Table 1) indicates that
the binding affinity of the initial substrate (hydroperoxide) that
is monitored in the steady-state kinetic experiment is not further
altered by excess hydroxide. Because we found no evidence
for a change in which of the two redox steps is the slowest
with excess hydroxide concentrationssit remains oxidation of
the Mn2(II,II) precursor species rather than reduction to
Mn2(II,II) swe may conclude that only the steps leading to
formation of this reduced precursor may contribute to increasing
the catalyst’s binding affinity for the initial substrate molecule
(so-called Michaelis complex).52 These steps correspond to steps

(45) Khangulov, S. V.; Goldfeld, M. G.; Gerasimenko, V. V.; Andreeva,
N. E.; Barynin, V. V.; Grebenko, A. I.J. Inorg. Biochem.1990, 40,
279.

(46) Shank, M. Unpublished data.
(47) Stenkamp, R. E.; Sieker, C.; Jensen, L. H.; McCallum, J. D.; Sanders-

Loehr, J.Proc. Natl. Acad. Sci. U.S.A.1985, 82, 713.
(48) Khangulov, S. V.; Pessiki, P. J.; Barynin, V. V.; Ash, D.; Dismukes,

G. C. Biochemistry1995, 34, 2015.
(49) Manchandra, R.; Brudvig, G. W.; Crabtree, R. H.Coord. Chem. ReV.

1995, 144, 1.
(50) Rardin, R. L.; Tolman, W. B.; Lippard, S. J.New. J. Chem.1991, 15,

417.

Figure 6. Saturation kinetics for the hydrogen peroxide dispropor-
tionation reaction for complex1 in methanol upon addition of 5 equiv
of NaOH prior to the reaction. Oxygen evolution rate is measured as
a function of the hydrogen peroxide concentration in solution.

Scheme 2. Proposed Dismutation Mechanism for the
Hydroxide Derivatives of Complex1

µ-OH- + H2O2 f µ-O2H
- + H2O (4)
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A f B f C in Scheme 2 in which the substrate binds as the
µ-hydroperoxide to7A′ by exchange with the hydroxide
bridge: µ-OH- + H2O2 f µ-O2H- + H2O. Subsequent steps
(D f E) that follow formation of the oxidized complex6A
and precede its reduction (Ef A) do not contribute to the
affinity of the Michaelis complex and therefore do not show
up in theKm.

The kinetic data also show thatkcat increases 4-fold with no
change inKm upon addition of 2-5 equiv of hydroxide (Table
1). This result is consistent with the model described above in
which substrate binding to the oxidized complex6A or reduction
to 7A′ is accelerated by excess hydroxide, but neither is rate-
limiting in the steady-state. We suggest that the step that is
accelerated by excess hydroxide may involve the reduction of
complex6A to form complex9 (step Df E), as depicted in
Scheme 2. This suggestion is based on the electrochemical data
showing that the electrochemical potential for reduction of the
oxidized Mn2(III,III) species is greater upon binding of a second
hydroxide, and thus, a greater driving force for reduction exists
(Scheme 1 of ref 42). Direct evidence for the formation of
complex 6A by air oxidation of7 in alkaline solutions was
previously demonstrated,42 and this species was found to be
immediately active in the catalase reaction with added peroxide
with no lag-time observed (data not shown).

These mechanistic conclusions are confirmed in other ex-
amples of “ping-pong” kinetics involving conversion of two
substrate molecules in sequential steps by an enzyme (E0) or
catalyst following preequilibrium binding.52 The steady-state
expression for the transit time, eq 5,52 the time required for 1
mol of substrate to pass through all steps in the mechanism
given in Scheme 2, can be reduced to a sum of four terms:

The first term involves the time for initial substrate binding
(steps Af B f C) governed by the Michaelis constant for the
reduced precursor (Km); the second term involves the time
required for irreversible oxidation of this precursor complex
(step Cf D); the third term involves the time required for
substrate binding to the oxidized catalyst (step Df E) governed
by the Michaelis constant for the oxidized catalyst (Km′); and
the last term is the time for regeneration of the reduced catalyst
by the second substrate molecule (step Ef A). Since we
observe that oxidation of the catalyst is always the slower of
the two redox steps for all hydroxide concentrations (kox , kred),

we may safely conclude that the first two terms will dominate
in the transit time and that the first term will make the dominant
contribution to the observable Michaelis constant. Thus, one
or more of the initial binding steps Af B f C provide the
major contribution to the rate acceleration/affinity increase seen
upon addition of the first hydroxide, while excess hydroxides
appear to contribute principally to the rate of the reduction step
(D f E).

When the water content of the solvent system is increased
by 9-fold to 89%, theKm decreases further from 6( 2 mM to
0.3 ( 0.02 mM (both measured with 5 equiv of NaOH plus
complex1; Figure 7 and Table 1). Little change occurs in the
kcat with water content. A catalyst efficiency (kcat/KM) of 700
s-1 M-1 is observed that is only 800 times slower than the
efficiency of MnCat fromL. plantarum(see Table 1). Upon
addition of more than 1.5 mM hydrogen peroxide (>5-fold
above theKm), the reaction rate increases again in a linear
fashion above its initial saturation plateau and no new saturation
level is observed. This result indicates that a new catalase
mechanism of lower efficiency can also be observed at very
high substrate concentrations but only in the presence of high
water content in the solvent. We have not explored the rate
parameters associated with this new mechanism. The following
discussion focuses on the mechanism observed in 98% methanol/
2% water.

General Discussion

Several mechanisms for the hydrogen peroxide dismutation
reaction by catalases have been proposed.5,10,11The mechanism
that we and others have investigated in the case of theT.
thermophilusenzyme is given in Scheme 1,5 which is based on
both the available enzymological data and the most recent X-ray
structural data7 for the reduced Mn2(II,II) form and the air-
oxidized Mn2(III,III) form at 1.6 Å resolution. The active site
of the enzyme (Figure 1) was found to consist of two major
conformers in equal population, a “closed” form with two
bridging solvent ligands formulated as (µ-OH)(µ-OH2), and an
“open” form with a single bridge (µ-OH) and a terminal aqua
ligand on MnA. In the first step of the proposed enzymatic
reaction (Scheme 1, Af B) hydrogen peroxide binds to the
“open” form as a terminal hydroperoxide anion to the five-
coordinate MnA(II) by releasing the water ligand. This step is
coupled to transfer of a substrate proton to a nearby base, which
was proposed to be theµ-OH bridge, formingµ-aqua. In the
next step (Bf C) this neutralµ-aqua bridge exchanges sites
with the anionic terminal hydroperoxide (yieldingµ-η2-OOH-),
driven by the more favorable charge neutralization for bridging
vs terminal anions, as demonstrated for the case ofµ-OH- by
the present complexes1-4.42 Anion binding studies toT.

(51) Barynin, V. Personal communication, 1997.
(52) Fersht, A.Enzyme Structure and Mechanism; W. H. Freeman: New

York, 1985; p 115.

Table 1. Steady-State Kinetic Parameters of Complex1 under Different Conditions and Comparison with Catalase Enzymes and Catalase
Mimics

catalyst ref Km (mM) kcat (s-1) kcat/Km (s-1 M-1)

1a this work 35(15 0.1( 0.005 2.9
1a + 1 equiv OH- (7A) this work 7( 3 0.65( 0.05 92
1a + 5 equiv OH- (6) this work 6( 4 2.7( 0.1 450
1b + 5 equiv OH- (6) this work 0.3( 0.04 2.1( 0.1 700
[MnIII (2-OHsalpn)]2 39 10.2( 0.4 10.1(0.2 990
[Mn2II( 2L)(PhCO2)2(NCS)c 21-23 nd kobs) 0.33 M-1 s-1 nd
MnCat (T. thermophilus) 41 83( 8 2.6× 105 3.13× 106

MnCat (L. plantarum) 10, 41 350 2.0× 105 0.57× 106

MnCat (T. album) 2 15 2.6× 104 1.73× 106

a Complex1 in 98% methanol/2% water.b Complex1 in 89% water/11% methanol.c 2L is 2,6-bis[N-((2-dimethylamino)ethyl)amino)methyl-
4-methylphenolate (1-). Saturation kinetics were not demonstrated nor was the molecularity of the reaction established. The number given represents
the reported rate divided by the concentrations of catalyst and peroxide.

[E0]

V
≡ Km

kox[H2O2]
+ 1

kox
+

Km′
kred[H2O2]

+ 1
kred

(5)
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thermophiluscatalase also demonstrate that various monoanions
prefer to bind in the bridging site.45,46 Therefore, the hydro-
peroxide anion was also proposed to undergo a critical step in
which it exchanges sites from a terminal to bridgingµ-η2-
hydroperoxide. The next step (Cf D) was proposed to be the
cleavage of the hydroperoxide O-OH bond to giveµ-oxo and
a water molecule. This step was proposed to be driven by
concerted protonation of the nonbridging hydroxyl group of the
hydroperoxide anion coupled to transfer of two electrons from
the Mn(II) ions to give the Mn2(III,III) oxidation state. This
oxidation step is known to be the slower of the two redox
transitions in the steady state with excess substrate. Although
the identity of this internal proton donor is not fully established,
the proximity of Lys162(H+) (hydrogen-bonded to the Glu36
ligand to MnA) and the measured pKA ) 10.5 for the functional
proton donor in catalysis45 would be consistent with Lys162(H+)
functioning in this role. The remaining steps in the catalytic
cycle are not rate-limiting and have not been well characterized
experimentally. It was suggested that the terminal water ligand
to MnA of the Mn2(III,III) intermediate D occupies the likely
site for binding of the second substrate molecule following
intramolecular deprotonation to form the terminal hydroperoxide
in a reaction that may involve Lys162 serving as the base (step
D f E). We will show kinetic data for complex6, which support
this step as a possibility for the enzyme. We anticipate that the
terminal hydroperoxide ligand could be stabilized by intramo-
lecular hydrogen-bonding toµ-oxo in intermediate E. The
binding of HOO- in species E as a terminal ligand that is
hydrogen-bonded to theµ-oxo is based on the analogous
structure found for oxyhemerythrin where a diiron(II,II)(µ-OH)
core binds47 molecular O2. In the final step (Ef A), O2 is
released by concerted transfer of the proton (toµ-oxo) and two
electrons from peroxide to reduce Mn2(III,III) and restore the
reduced Mn2(II,II)( µ-OH) “open” species.

Scheme 2 summarizes our proposed mechanism for peroxide
dismutation catalyzed by the hydroxide derivatives of complexes
1 and 3 based on work reported herein and the preceding
article.42 It was shown in the preceding article42 that under
anaerobic conditions addition of 1 equiv of NaOH to complex
1 forms complex7A, while under aerobic conditions oxidation
to complex8A occurs. Addition of more than 3 equiv of NaOH
to complex1 forms complex7A′ under anaerobic conditions,
while oxidation to complex6A occurs under aerobic conditions.
Both in complexes7A′ and6A the bridging acetate is converted
to a monodentate bound acetate upon aquation of theµ-hydroxo
(or µ-oxo) species while preserving a maximum coordination
number of 6.

The peroxide dismutation mechanism in Scheme 2 differs
from the mechanism of the aqua derivatives of complex1 that
was proposed previously.13 We start in Scheme 2A with the
µ-OH bridged complex7A. This structure is analogous to the
“closed” form of MnCat(II,II) described by X-ray crystal-
lography above (Scheme 1) because all six coordination sites
on both Mn(II) ions are occupied. Species7A has two
six-coordinate Mn(II) ions with threeµ-bridging anions and
appears to be in equilibrium with a ring-opened form having
terminal OAc- and water molecule (species7A′), based on the
ligand exchange equilibria42 and on known model complexes
of Mn2(II,II). 48,49Hence, species7A is expected to be kinetically
accessible via the hydrated species7A′. Species7A/7A′ with a
µ-OH bridge also has a two-electron Mn2(II,II) S Mn2(III,III)
redox gap that is 730 mV smaller relative to the parent complex
1 (lackingµ-OH bridge) and consequently has a lower activation
barrier to oxidation. The 10-fold increase in the rate constant

kobsfor the steady-state peroxide dismutation reaction observed
with species7A or 7A′ vs species1 and3 could be partly or
entirely due to this decrease in redox potential.

In order for this proposal to be correct, the rate-limiting step
in the reaction with H2O2 must also involve oxidation of
complex7A or 7A′ to a Mn2(III,III) species such as complex
6A. In step Af B, binding of hydrogen peroxide to species
7A by displacement of a water ligand is proposed to be
facilitated by the hydroxide bridge, which acts as a base to
deprotonate H2O2. In step Bf C the terminal HO2- anion in
B should migrate to the bridging position to form aµ,η2

hydroperoxide bridge by exchange withµ-aqua. This exchange
would be driven by the strong thermodynamic preference for
anions to bind at the bridging site between the metal cat-
ions.15,42,48 Peroxide bridging by displacement ofµ-aqua is
expected to be coupled to weakening of the acetate affinity,
thus forming a monodentate acetate on the free Mn site, which
lacks the water ligand, e.g., a carboxylate shift.50 Conversion
of µ-acetate to terminal acetate is reasonable by analogy to the
observed conversion ofµ-acetate to labile terminal acetate upon
treatment of species7A with more than 2 equiv of hydroxide.42

In the next step (Cf D, Scheme 2), bond cleavage of the
hydroperoxide is proposed by coupling protonation of the
terminal hydroperoxide with Mn2(II,II) oxidation to yield the
(µ-O)-Mn2(III,III) species, complex6A, and free water. This
step is analogous to the enzyme mechanism but employs a
stereochemically awkward weak proton donor, a water molecule
coordinated at a gauche position relative to the position of the
hydroperoxide, which is likely to require an additional proton
shuttle group such as a solvent water molecule to facilitate
proton transfer to the terminal site of the hydroperoxide. In the
enzyme a protein side chain (Lys162H+) may facilitate this
step.51 The resulting Mn2(III,III) species in D was shown to be
accessible by air oxidation of7A (see shunt pathway). Similar
chemistry appears to describe the air-induced oxidation of
MnCat(II,II) to MnCat(III,III) in base.8,9

The next step (Df E) of the mechanism is proposed to
involve binding and deprotonation of the second substrate
molecule by the bound hydroxide to yield a terminally bound
hydroperoxide anion species9 and release of a water molecule.
Our kinetic evidence indicates that this second hydroxide binds
more weakly then the first one, requiring 5 equiv of NaOH in
solution to saturate binding and accelerating the observed rate
by an additional 4-fold without affectingKm (Table 1). We
hypothesize that intermediate E may be stabilized by intramo-
lecular H-bonding between the terminal hydroperoxide and the
juxtaposed terminal acetate, although we have no structural
evidence for this suggestion. Intermediate E may also be
stabilized by intramolecular H-bonding between the terminal
hydroperoxide and theµ-O2- (as was previously proposed for
catalase; see Scheme 1). Intramolecular H-bonding would
facilitate the final step Ef A involving coupled deprotonation
and two-electron oxidation of the hydroperoxide to re-form the
starting species (7A/7A′ and release of the product O2 molecule,
thus completing the catalytic cycle.

It has been proposed that the alkoxide bridge of the salpn
ligand serves as an internal base in the Mn(III)2(2-X(5-Y)salpn)2
(X ) OH or H, Y ) Cl or H) complexes,35,39which are another
class of complexes for which saturation kinetics for the H2O2

disproportionation reaction has been reported.14,39 The data
presented herein indicate that the hydroxide ligand in complex
7A or 7A′ serves as the intramolecular base in preference to
the alkoxide. This hydroxide ligand increases the affinity by
5-fold for coordination of H2O2 in step Af B (Scheme 2) and
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results in a Michaelis constantKm that is similar or lower than
those observed for the Mn(III)2(2-X(5-Y)salpn)2 (X ) OH or
H, Y ) Cl or H) complexes (Table 1). The unimolecular
catalytic rate constantkcat obtained for the complexes1,
7A/7A′ and6A are lower, between 42- and 219-fold (complex
1), between 6.5- and 34-fold (complex7A), between 1.5- and
8-fold (complex6 in 98% methanol), and between 20- and
104-fold (complex6 in 89% water) than obtained for the
Mn(III) 2(2-X(5-Y)salpn)2 (X ) OH or H, Y ) Cl or H)
complexes (Table 1). The catalytic efficiencies of complex6
(both in 89% water and 98% methanol) and the salpn com-
plexes39 are of similar order, all approximately 3 orders of
magnitude lower than that of the catalase ofL. Plantarum(Table
1).

The previously reported bimolecular rate constant for peroxide
dismutation by complex1 should be increased by 10-fold to
take account of the 10-fold higher solubility of O2 in methanol,
the solvent employed for kinetic studies, versus that in water
solvent. The solubilities were incorrectly assumed to be the same
in that earlier work.

As discussed before5,13,14,39and above for complexes1 and
7A/7A′, a lower Mn2(II,II)/Mn 2(III,III) reduction potential is
predicted to lead to a faster H2O2 disproportionation rate if
oxidation of manganese is rate-limiting. No large difference in
catalytic rate is observed between the Mn(III)2(2-X(5-Y)salpn)2
complexes versus the complexes7A/7A′ and6A. The catalytic
efficiency (kcat/Km) is comparable for these complexes and
complex6A (Table 1). There is, however, a very large difference
in the Mn2(II,II)/Mn 2(III,III) reduction potentials estimated38,39

for the Mn(III)2(2-X(5-Y)salpn)2 complexes (between-618 and

-270 mV) and the reduction potentials of complex1 (+790
mV),12 complex7A (+500 mV),42 and complex6 (+600 mV).42

Yet the rate constantkcat differs only modestly, between 4.2
and 21.9 for the salpn complexes versus 0.1, 0.65, and 2.7 for
complexes1, 7A/7A′ and 6A, respectively (Table 1). We
conclude that reduction potential alone is not the determining
factor in catalase rate acceleration of these model complexes.
The principal factors in catalysis appear to be (1) the availability
of an intramolecular base sufficiently basic to deprotonate H2O2

and (2) unobstructed substrate binding to the bridging site
between the Mn ions as the deprotonated, end-on (µ,η2)
hydroperoxy anion. Substrate binding kinetics are thermody-
namically coupled to deprotonation by intramolecular hydroxide
ligands in both steps of substrate turnover. Substrate binding
also requiresµ-carboxylate conversion to terminal carboxylate
as a means of maintaining a constant coordination number.50
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