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Manganese catalases use a dinuclear active site to catalyze the
disproportionation of hydrogen peroxide to dioxygen and water.
A low-resolution structure of the Thermus thermophilus enzyme
demonstrates that two manganese ions are in close proximity
(=3.6 A).! EPR spectroscopy confirms that the manganese ions
are weakly exchange-coupled in the Mn(II); and Mn(II/III)
forms? and more strongly coupled in the Mn(III/IV) enzyme.23
Optical absorption spectra have been used as evidence to support
a bis-u-carboxylato u-oxo-bridged structure for the Mn(III);
enzyme. A minimal catalytic mechanism that has the enzyme
cycle between Mn(II); and Mn(III), forms has been proposed
by Penner-Hahn for the catalytic cycle.?

Functional models for the Mn catalases employing the
enzymatic oxidation cycle [Mn(II);/Mn(III),] are not widely
known. In fact, the only model system utilizing a dinuclear Mn-
(I1);/Mn(III); cycle has not been crystallographically charac-
terized and loses activity after several hundred turnovers.* Other
catalase models, although quite efficient, cycle between higher
oxidation levels.® Herein we report the first crystallographically
characterized dinuclear Mn model that approaches some of the
structural, spectroscopic, and functional properties of the Mn
catalases. Furthermore, we present the first functional catalase
model in which both the oxidized and reduced forms have been
isolated.

Previous studies®’ have demonstrated various geometries
possible for Mn(III) complexes of the ligand 2-OHsalpn (1,3-
bis(salicylideneimino)-2-propanol). In thestudy of the chemistry
of low-valent complexes of this ligand, a new structural class was
discovered containing a u,-alkoxo core with symmetric Mn ion
environments. The complex Na,[Mn(II)(2-OHsalpn)],-2CH3-
OH (1) was prepared and isolated as a yellow powder by the
reaction of the ligand 2-OHsalpn with 3 equiv of NaOMe and
1 equiv of Mn(Cl0,),-6H,0 in methanol using standard Schlenk
techniques.® This complex can be oxidized by O; in acetonitrile
to give the corresponding symmetric Mn(III); dimer, [Mn(III)-
(2-OHsalpn)], (2).° An ORTEP diagram of a ring-substituted
derivative of 2, [Mn(111)(2-OH(5-NO;-sal)pn)] (3) is shown in
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moment = 5.68 ug. A DMF solution of 1showsa classicX-band EPR spectrum
for a Mn(II) dimer as described in ref 4 (Figure S4).
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Figure 1. ORTEP diagram of [Mn(11I)(2-OH(5-NO»-sal)pn)] 3) with
themral ellipsoids shown at 50% probability. Important distances (A);
Mnl1-Mnla 3.229(2), Mn1-0O1 1.904(3), Mn1-02 2.331(3), Mn1-03
2.096(3), Mn1-02a 1.923(3), Mn1-N1 1.968(2), Mn1-N2 2.017(2);
and angles (deg); Mn1-02-Mnla 99.91(1), O1-Mn1-02 87.8(1), O1-
Mn1-03 105.7(1), O1-Mn1-N1 89.1(1), O1-Mn1-N2 93.2(1), O2-
Mnl-N1 108.2(1), 02-Mn1-N2 72.7(1), 02-Mn1-02a 80.9(1), O3-
Mn1-02a 89.1(1), 03-Mn1-N1 94.0(1), O3-Mn1-N2 84.7(1), O2a-
MnI-N1 82.5(1), 02a-Mn1-N2 95.5(1).

Figure 1,!° with important bond distances and angles given in the
figure caption. Because there is no donating solvent present and
the Jahn-Teller axis is oriented symmetrically through the
bridging core, the complex can maintain a symmetric geometry.
In contrast, crystallization of 1 from methanol in air yields the
previously described asymmetric dimer [Mn(III),(2-OHsalpn),--
CH;0H] (4).¢ The conversion from symmetric to asymmetric
dimer leads to a marked alteration of the Mn—-Mn distances as
1,2, and 4show 3.10-,'1 3.23-, and 3.81-A separations, respectively.

The reaction of H,O; with 1 or 2 in acetonitrile causes the
evolution of oxygen (and water) and a cycling between the Mn-
(I1); and Mn(III); oxidation states for the complexes. The
addition of 1 equiv of H,O5 to 1 shows isosbestic conversion to
2 and vice versa. Oxygen evolution experiments indicate that
these complexes can complete the catalase reaction for at least
1000 turnovers without significant decomposition of the catalyst.
Isolation of dioxygen after the addition of H,'30; yields exclusively
18Q,, If H,'®0; and H,!%0; are added simultaneously to either
manganese complex, 180, and 0, are recovered but no 16130,
is detected. This isotope labeling pattern follows the isotopic O,
composition shown for the Lactobacillus plantarum catalase.!?
The reaction of H,O, with a 50:50 mixture of 1 and [Mn-
(I1)(2-OH(5-NO;-sal)pn)],* gives mass peaks for the recovered
material only for 2 and 3, and not for [Mn(III),(2-OHsalpn)-
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Table I. Initial Rate Data for Mn Catalase and Mn Models?

catalyst rate (s71)

L. plantarum Mn catalase 2% 10°

Na [Mn(I1)(2-OH(3,5-Cl-sal)pn)]> 11.0£09
[Mn(111)(2-OH(3,5-Cl-sal)pn)). 10.0 £ 0.8
[Mn(II1)(2-OH(5-Cl-sal)pn)]> 124 £0.5
Nay[Mn(11)(2-OH(5-Cl-sal)pn)]., 13.1+04
[Mn(111)(2-OHsalpn)]2 13.0%1.1
[Mn(I1I)(2-OH(5-NOz-sal)pn)]» 11205

Mn(I1)(C104)»6H,0 (6.25 % 1.5) X 1073
9 Conditions: [H20;] = 133 mM, [catalyst] = 111 uM.
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Figure 2. (A) Rate of H,O, disproportionation vs H>O, concentration
in acetonitrile. The plot shows saturation kinetics for Nas[Mn;(2-OH-
(5-Cl-sal)pn)]>. (B) Lineweaver—Burke plot (double reciprocal plot) of
the data in part A.

(2-OH(5-NO;-sal)pn)]. This provides strong evidence that the
dimers are not dissociating into monomers during the catalytic
process.

The initial rate of reaction of these complexes with H,O; was
determined using a modified Clark-type O, electrode. Table I
compares the initial rate of H,O, disproportionation by different
derivatives of 1and 2. The complex [Mn(III),(2-OH(5-Cl-sal)-
pn)z] (5) exhibits saturation kinetics as shown in Figure 2A.
Figure 2B presents these data in a double reciprocal (Lineweaver—
Burke) plot, demonstrating a linear relationship from which ke
(16 £ 3 s!) and K, (47 £ 10 mM) may be extracted. In
comparison, the Mn catalase from L. plantarum® has a K, = 200
mM and kg, = 2 X 105571, while Mn(II)(ClO,); has a kcae = 6.3
X 103 571, Relative values for keo/Kp, for the Mn catalase and
Sarel X 106and (3.5+0.2) X 102 M~!5"!, respectively, indicating
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that the enzyme is approximately 3000 times more efficient than
our synthetic catalyst. The L. plantarum catalase was initially
described as azide insensitive; however, this enzyme can be
inhibited by azide at high concentrations, with the pH-dependent
K;=80mMatpH = 7.3 Thecatalaseactivity of § is not inhibited
in acetonitrile to saturating concentrations of azide (=50 mM).

Hydroxylamine is another peroxide analogue that has been
used as a probe of enzyme activity. In the absence of H,0,, the
enzyme is reduced to the Mn(II), form by NH,OH. However,
if H,O, s present, the enzyme is trapped in a catalytically inactive,
superoxidized Mn(III,IV) state.!3 Treatment with NH,OH in
the absence of H,O, will slowly regenerate the reduced form and
restore catalytic activity.!* It is most likely that NH,OH, unlike
H,0,, reduces the enzyme by only one electron. If this is done
in the Mn(III); oxidation level, an intermediate Mn(IL1III) enzyme
should be formed. If the next molecule to bind is NH,OH, then
the enzyme will be reduced to Mn(II); and the cycle can be
continued. However, if H,O, binds next, the enzyme will be
oxidized by two electrons to the Mn(III,IV) form. Since reduction
of the Mn(IILIV) enzyme by hydroxylamine is slow, this
superoxidized level will eventually be the dominant species. The
[Mn(II)(2-OHsalpn)],% system can also be driven to a cata-
lytically inactive Mn(IILIV) species that has an EPR spectrum!*
(Figure S4) that is strikingly similar to that of the superoxidized
Mn catalase.!* This molecule can be reduced to a catalytically
active species through NH,OH reduction.

In summary, the [Mn(III)(2-OHsalpn)], system cycles between
the Mn(II); and Mn(III), oxidation levels, maintaining its
dinuclear integrity throughout the process. It shows respectable
turnover rates, exhibits saturation kinetics with H,0,, is rea-
sonably stable (showing greater than 1000 turnovers), has the
same 130, labeling as the enzyme, is azide insensitive under
conditions that the manganese catalase is not inhibited by azide,
and forms a catalytically inactive Mn(IILIV) form (with an almost
identical EPR spectrum to that of the enzyme) that can be reduced
to a catalytically active state by NH,OH.
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Supplementary Material Available: Tables containing complete
crystallographic data for 3, including all bond lengths and angles
and anisotropic thermal parameters, and the complete numbering
scheme (Figure S3) for the complex; the EPR spectra of
[Mn(II)(2-OHsalpn)],* (Figure S4) and of Mn catalase and
synthetic models (Figure S5) (11 pages); listing of calculated
and observed structure factors for 3 (13 pages). Ordering
information is given on any current masthead page.
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