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

In this report, we have used parallel polarization CW-EPR to
investigate the paramagnetic #nion of the MnSOD enzyme
from Escherichia colioverexpressed from pALS1 in HMS174/
DE3. The crystal structure of native MnSOD fro coli has
been determined to 2.1 A resolutid@rystal structures have also
been solved for MNSOD ofhermus thermophildsand human
mitochondria2 These structures show high homology between
the bacterial and the eukaryotic MnSOD and confirm that in each
case the M#" ion has five ligands (three histidines, one aspartate,
and one hydroxide ion) with a distorted trigond&lipyramidal
geometry. In this configuration, thé Mn3t ion is high-spin with
an effective total spils = 257

The energy levels of a® = 2 integer spin system with a
positive axial zero-field splitting valu®, are arranged as shown
in Figure 1. An EPR signal from the MnSOD Nthion has not
previously been detected with conventional X-band EPR methods.
D is predicted to be more than 2 chbased on SQUID saturation
magnetization studies of the oxidized form of native MnSOD,
or between +2 cmi! based on MCD studi€sBecause of the
large zero-field splitting values, the conventional perpendicular
polarization EPR allowedM; = +1 transitions are not possible
at normal X-band microwave frequencies (0.3 é(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 spacells = +2 energy levels (Figure 1 inset), to be
observed with signal intensities many orders of magnitude larger
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Figure 1. Energy level diagram of aB = 2 spin system, obtained via
eq 1 with matrix diagonalization, with = 2.10 cnt?, E = 0.243 cn?,
Ax= A, =101 G,A, = 100 G,g« = 2.00,gy, = 1.99,g, = 1.98, andd

= 0° and 90 with ¢ = 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).

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

N - A N 1 E ~ N A~ A
A =p4B,0.-5+ D(ﬁ - SSs+ 1)) +2E +§)+ SAd
1)
wheref. is the electron Bohr magnetoB; is the static magnetic
field vector; §e is the electrong tensor;S is the electron spin
operator (total spirS = 2); D is the axial zero-field splitting
parameterf is the rhombic zero-field splitting parametdy;is

the nuclear hyperfine tensor; amds the nuclear spin operator
for the 100% abundafi®™Mn nucleus [ = %,). The EPR spectrum

in Figure 2a was simulated using the Hamiltonian in eq 2 and
diagonalizing the corresponding 3030 Hamiltonian matrix for

than the corresponding perpendicular magnetic field orientation. the S = 2, I = %, system to determine the eigenvalues and
Figure 2a shows the parallel polarization EPR spectrum of the eigenfunctions at a constant microwave frequency as a function
Mn3* ion of native MnSOD. This signal is centered at an effective 0f 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 value® = 2.10 cm* andE = 0.24 cm™.
No distribution of D 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 to6the 0°
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Figure 3. Experimental and theoretical temperature dependence of the
EPR signal area vs T/for D = 2.10 cnt! andE = 0.24 cnt?. Inset:
power dependence (signal areaw/®) 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. (a) Parallel mode CW-EPR spectrum of #nSOD. Figure 2, excepT which is varied for the temperature dependence plot
Experimental parameters are: microwave frequency, 9.41 GHz; micro- and the power which is varied for the power-dependence plot.
wave power, 32 mW; and temperature 10 K. (b) Derivative of the
simulation of the experimental data. Simulation parameter®are2.10 spectrum can be simulated wifh and E outside of the range
cmt, E = 0.24 cm, Ac= Ay =101 G,A, = 100 G,gx = 2.00,gy = reported here; however, in these cases the temperature dependence
1.99,9, = 1.98,T = 1_0 K, Gaus_S|an linewidth parameter, 10 G.. The does not fit the experimental data.
powder patterhwas simulated witf) = 0.1 to 89.7, 448 angles with Upon treatment of MNSOD with azide, a functional inhibitor,
0.2% increments, and = 0.1 to 88., 11 angles with & increments. the six-line parallel mode CW-EPR signal disappears (data not
Note, the “simulation noise” in the baseline of the simulation results from . . .
the finite number of angles selected for the powder pattern simulation. shown)_. The M#A" ion geometfy Char_lges from 5-coordinate in
Sample conditions: 1 mM native MNSOD in 100 mMHPO;, 100 mM th.e native samp!e toa 6-goorqlnate distorted octahedral geometry
KB, 40% glycerol, at pH 7.65. with azide forming the sixth ligand at temperatures below 200
K.12In addition, it is predicted on the basis of MCD studi#sat

D will become negative upon azide binding. The lack of an

(“parallel”) turning points and have absorption-like lineshapes ;
because they are the derivatives of the rising edges of theseObserved parallel mode CW-EPR spectrum in the temperature

powder patterns. As can be deduced from the energy level '3N9€ of 3-70 K (data not shown) shows that indeed the zero-
diagram, transitions are allowed well past fhe= 2 magnetic field _spll_ttlng parameters are altered, !ndlcatlng th‘"?‘t parallel
field reg’ion when@ is varied from O to 96, However. the polarization EPR of the Mn(lll) ion provides a sensitive probe
distribution of angles in the powder pattern broadens the appear-Of II:Lganonl. ith the ob . fani in EPR sianal
ance of these transitions such that they do not result in well- __R€cently, with the observation of an Integer spin signa

localized peaks such as observed at low field for valugsaibse from the oxygen-evolving Mn cluster in photosystenfliye have
to 0°.10 demonstrated that hyperfine-resolved spectra could be obtained

Figure 3 shows the experimental temperature dependence ofon €nzymatic Mn clusters. The MnSOD spectrum reported here
the native MnSOD parallel mode EPR signal, along with a demonstrates that this holds for monomeric Mn(lll) enzymes as
theoretical simulation of the temperature-dependendent data. Thevell
simulation of the temperature dependence of the parallel mode  Acknowledgment. We acknowledge the NSF (Grant MCB-9418181,
EPR signal was performed by varying the temperature parametera.F.M.) and the NIH (Grant GM48242, R.D.B.) for support of this work.
in the full diagonalization EPR simulation program. The experi- A fellowship from the Department of Chemistry at UC Davis is gratefully
mental temperature dependence could be fit using a range of zeroacknowledged by K.A.C.
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field splitting values fronD = 2.00 toD = 2.15 cnT! with E = JAG902219
0.24+ .01 cn. However, the closest fit to both the experimental
temperature dependence and EPR spectrum wasDwith2.10 (11) Reif, F.Statistical and Thermal Physic#icGraw-Hill, Inc.: New

—1 — 1 ; York, 1965; Chapter 7.8.
cm * andE = 0.24 cm . The resulting temperature dependence YO0, "o Pl S =\ - \hittaker, 3. VBiochemistryl 996 35, 6762-

fit and EPR spectrum fit confirms that the EPR signal arises from 770 “(b)’Lah, M. S.: Dixon, M. M.; Pattridge, K. A.; Stallings, W. C.; Fee,
a transition between tHds = £2 electron-spin staté$.The EPR J. A.; Ludwig, M. L. Biochemistryl995 34, 1646-1660.
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