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Manganese superoxide dismutase (MnSOD) is an enzyme
found in mitochondria and chloroplasts of eukaryotes and in the
cytoplasm of bacteria.1,2 The redox active Mn ion cofactor
catalyzes the one-electron redox cycle by a two-step dispropor-
tionation reaction with oxidized Mn3+ in the resting state.

In this report, we have used parallel polarization CW-EPR to
investigate the paramagnetic Mn3+ ion of the MnSOD enzyme
from Escherichia colioverexpressed from pALS1 in HMS174/
DE3. The crystal structure of native MnSOD fromE. coli has
been determined to 2.1 Å resolution.3 Crystal structures have also
been solved for MnSOD ofThermus thermophilus4 and human
mitochondria.5 These structures show high homology between
the bacterial and the eukaryotic MnSOD and confirm that in each
case the Mn3+ ion has five ligands (three histidines, one aspartate,
and one hydroxide ion) with a distorted trigonal-bipyramidal
geometry. In this configuration, the d4 Mn3+ ion is high-spin with
an effective total spinS ) 2.6,7

The energy levels of anS ) 2 integer spin system with a
positive axial zero-field splitting value,D, are arranged as shown
in Figure 1. An EPR signal from the MnSOD Mn3+ ion has not
previously been detected with conventional X-band EPR methods.
D is predicted to be more than 2 cm-1 based on SQUID saturation
magnetization studies of the oxidized form of native MnSOD,7

or between 1-2 cm-1 based on MCD studies.6 Because of the
large zero-field splitting values, the conventional perpendicular
polarization EPR allowed∆Ms ) (1 transitions are not possible
at normal X-band microwave frequencies (0.3 cm-1) (See Figure
1). However, EPR signals from integer spin systems can be
detected when the oscillating magnetic field applied to induce a
spin-state transition is oriented parallel to the static magnetic field.
The parallel magnetic field orientation allows transitions between
the closely spacedMs ) (2 energy levels (Figure 1 inset), to be
observed with signal intensities many orders of magnitude larger
than the corresponding perpendicular magnetic field orientation.8

Figure 2a shows the parallel polarization EPR spectrum of the
Mn3+ ion of native MnSOD. This signal is centered at an effective

g value of 8.17 and consists of six hyperfine lines separated by
approximately 100 G. This EPR signal is absent in the conven-
tional perpendicular mode spectrum (data not shown). The spin
Hamiltonian describing this system is

whereâe is the electron Bohr magneton;BB0 is the static magnetic
field vector; g̃e is the electrong tensor;Ŝ is the electron spin
operator (total spinS ) 2); D is the axial zero-field splitting
parameter;E is the rhombic zero-field splitting parameter;Ã is
the nuclear hyperfine tensor; andÎ is the nuclear spin operator
for the 100% abundant55Mn nucleus (I ) 5/2). The EPR spectrum
in Figure 2a was simulated using the Hamiltonian in eq 2 and
diagonalizing the corresponding 30× 30 Hamiltonian matrix for
the S ) 2, I ) 5/2 system to determine the eigenvalues and
eigenfunctions at a constant microwave frequency as a function
of magnetic field. A Boltzman distribution was included to
account for the temperature dependence of the EPR signal. The
transition probability was calculated with the applied oscillating
field parallel to the static magnetic field and then multiplied by
a Gaussian lineshape function. The resulting simulated spectrum
was differentiated in order to compare with the experimental
spectrum which was obtained with derivative mode CW-EPR.
An excellent simulation, shown in Figure 2b, was obtained using
zero-field splitting valuesD ) 2.10 cm-1 and E ) 0.24 cm-1.
No distribution ofD or E parameters was required to simulate
this highly hyperfine-resolved spectrum. The transitions giving
rise to the EPR spectrum are shown in the inset figure of the
energy level diagram in Figure 1 (marked by double-headed
arrows). The observed EPR peaks correspond to theθ ) 0°
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Figure 1. Energy level diagram of anS ) 2 spin system, obtained via
eq 1 with matrix diagonalization, withD ) 2.10 cm-1, E ) 0.243 cm-1,
Ax ) Ay ) 101 G,Az ) 100 G,gx ) 2.00,gy ) 1.99,gz ) 1.98, andθ
) 0° and 90° with φ ) 0°. The inset figure is an expanded view of the
Ms ) (2 energy levels in the region of the observed parallel mode EPR
transitions of Figure 2 (indicated by arrows).
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(1)

4714 J. Am. Chem. Soc.1999,121,4714-4715

10.1021/ja9902219 CCC: $18.00 © 1999 American Chemical Society
Published on Web 05/01/1999



(“parallel”) turning points and have absorption-like lineshapes
because they are the derivatives of the rising edges of these
powder patterns. As can be deduced from the energy level
diagram, transitions are allowed well past theg ) 2 magnetic
field region whenθ is varied from 0 to 90°. However, the
distribution of angles in the powder pattern broadens the appear-
ance of these transitions such that they do not result in well-
localized peaks such as observed at low field for values ofθ close
to 0°.10

Figure 3 shows the experimental temperature dependence of
the native MnSOD parallel mode EPR signal, along with a
theoretical simulation of the temperature-dependendent data. The
simulation of the temperature dependence of the parallel mode
EPR signal was performed by varying the temperature parameter
in the full diagonalization EPR simulation program. The experi-
mental temperature dependence could be fit using a range of zero-
field splitting values fromD ) 2.00 toD ) 2.15 cm-1 with E )
0.24( .01 cm-1. However, the closest fit to both the experimental
temperature dependence and EPR spectrum was withD ) 2.10
cm-1 andE ) 0.24 cm-1. The resulting temperature dependence
fit and EPR spectrum fit confirms that the EPR signal arises from
a transition between theMs ) (2 electron-spin states.11 The EPR

spectrum can be simulated withD and E outside of the range
reported here; however, in these cases the temperature dependence
does not fit the experimental data.

Upon treatment of MnSOD with azide, a functional inhibitor,
the six-line parallel mode CW-EPR signal disappears (data not
shown). The Mn3+ ion geometry changes from 5-coordinate in
the native sample to a 6-coordinate distorted octahedral geometry
with azide forming the sixth ligand at temperatures below 200
K.12 In addition, it is predicted on the basis of MCD studies6 that
D will become negative upon azide binding. The lack of an
observed parallel mode CW-EPR spectrum in the temperature
range of 3-70 K (data not shown) shows that indeed the zero-
field splitting parameters are altered, indicating that parallel
polarization EPR of the Mn(III) ion provides a sensitive probe
of ligation.

Recently, with the observation of an integer spin EPR signal
from the oxygen-evolving Mn cluster in photosystem II,13 we have
demonstrated that hyperfine-resolved spectra could be obtained
on enzymatic Mn clusters. The MnSOD spectrum reported here
demonstrates that this holds for monomeric Mn(III) enzymes as
well.
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Figure 2. (a) Parallel mode CW-EPR spectrum of Mn3+ SOD.
Experimental parameters are: microwave frequency, 9.41 GHz; micro-
wave power, 32 mW; and temperature 10 K. (b) Derivative of the
simulation of the experimental data. Simulation parameters areD ) 2.10
cm-1, E ) 0.24 cm-1, Ax ) Ay ) 101 G,Az ) 100 G,gx ) 2.00,gy )
1.99, gz ) 1.98, T ) 10 K, Gaussian linewidth parameter, 10 G. The
powder pattern9 was simulated withθ ) 0.1 to 89.7°, 448 angles with
0.2° increments, andφ ) 0.1 to 88.1°, 11 angles with 8° increments.
Note, the “simulation noise” in the baseline of the simulation results from
the finite number of angles selected for the powder pattern simulation.
Sample conditions: 1 mM native MnSOD in 100 mM H2KPO4, 100 mM
KBr, 40% glycerol, at pH 7.65.

Figure 3. Experimental and theoretical temperature dependence of the
EPR signal area vs 1/T for D ) 2.10 cm-1 andE ) 0.24 cm-1. Inset:
power dependence (signal area vsxP) of the EPR signal at 3.2 K; the
arrow denotes the nonsaturating power (32 mW) used for the temperature-
dependence measurements. Experimental conditions are the same as in
Figure 2, exceptT which is varied for the temperature dependence plot
and the power which is varied for the power-dependence plot.
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