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Metal specificity is an intriguing aspect of manganese- and
iron-containing superoxide dismutases (SOD). Although there is
a high degree of structural homology among these enzymes,1

activity is highly metal-specific with virtually complete loss of
activity when the non-native metal is bound.2 Electron paramag-
netic resonance (EPR) can be used to probe directly the protein-
metal interactions that are at the heart of this specificity. However,
a detailed quantitative understanding of the EPR spectra of the
manganese(II) centers in these proteins is lacking.3 It is known
that Mn(II) EPR spectra are sensitive to mutagenesis and effects
of inhibitor binding.3 The size of the magnetic interactions which
characterize these centers are not known with any certainty. We
have used high-field EPR (HFEPR) to address this problem.

The low-temperature 285 GHz HFEPR of manganese-
reconstituted SOD fromRhodobacter capsulatus4 and native
MnSOD from Escherichia coli5 (Figure 1) exhibited similar

resonances centered near the free electrong-value at a value of
2.001 (Figure 1). This indicated that the dominant magnetic
interaction at 10 T was the Zeeman interaction with the resonances
corresponding to thems ) -1/2 f 1/2 transition of theS ) 5/2
Mn(II) ions. The overall width of both resonances increased from
0.135 to 0.170 T when the microwave frequency was decreased
from 285 to 190 GHz (data not shown). Therefore, the major
contribution to the spectral width was neitherg-anisotropy nor
hyperfine interactions, but rather nonnegligible zero-field interac-
tion, which has an inverse field-dependence.6

To compare quantitatively the two MnSOD spectra, simulations
(Table 1 and Figure 1) were carried out using the third-order
perturbation approximation7 to theS ) 5/2 spin Hamiltonian8

The terms describe the isotropic electronic Zeeman, nuclear
hyperfine and zero-field interactions, respectively. The simulations
and experimental spectra agreed nearly exactly for the low-field
portion with greater differences at higher fields.9
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Figure 1. The 285 GHz EPR spectrum of the 0.1 mM manganese SOD
in 10 mM Tris buffer at pH 8.2 fromR. capsulatus(upper) andE. coli
(lower) in the absence and presence of 0.1 M azide. Best-fit simulations
are shown as dashed lines. Magnetic parameters are given in Table 1.
Spectra were obtained at 25 K with 20 G modulation under nonsaturating
conditions.
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The biggest difference between the Mn centers in the two
proteins was the zero-fieldE parameter. The four times greater
E. coli Evalue was directly responsible for the differences in the
lowest-field hyperfine features in the two spectra. As suggested
by the amino acid sequence4 and the high degree of structural
homology among the SODs for which the structure is known,1 it
is likely that theR. capsulatusSOD manganese centers have the
same ligands as those in theE. coli protein and a similar trigonal
bipyramidal geometry. If one assumes that thez-axis of the zero-
field interaction is approximately along the Mn-OH (or solvent)
direction,1 the smallerR. capsulatus Evalues imply that the
ligand-metal interactions in the equatorial plane are relatively
more symmetric than in theE. coli protein.11 The largerR.
capsulatus Dvalue indicates that the axial ligand interactions are
also different.11 Consistent with theoretical expectations,12 the Mn-
(II) zero-field values are almost an order of magnitude smaller
than those of the Mn(III) centers, reflecting the spherical nature
of the five unpaired spins of the former.13 The hyperfine values
are also clearly smaller than the Mn(III) value of 94.4× 10-4

cm-1.13

Azide is known to bind to the SODs, converting the trigonal
bipyramidal geometry of the center to a octahedral one.1h,14Upon
addition of 0.1 M azide, six sharp (35 G peak-to-trough) slightly
asymmetric lines appeared in bothE. coli and R. capsulatus
HFEPR spectra. In each case, the six lines were superimposed
on a broader resonance which corresponded exactly to the
respective spectrum of the native protein. The integrated intensity
of the six-line spectra was no more than 25% that of the
corresponding broad component. Free Mn(II) ions in aqueous
buffer exhibited similar narrow six-line spectra. However, such
spectra were quite different from those of azide-treated SOD
samples, and hence, the possibility that azide addition resulted
in the release of Mn ions could be excluded (see Supporting
Information). We assigned the six-line spectrum to azide-bound
Mn(II) centers. The narrowness of the signals compared to the
width observed for those of the native protein is likely due to the
fact that Mn(II) ions are hexa-coordinated.1h,3b,c The 285 GHz
spectra of the two azide-complexed proteins were virtually
superimposable. 190 GHz spectra (Figure 2) were obtained to
better estimate the zero-field parameters. Except for the resonant-
field, theE. coli six-line 190 and 285 GHz spectra were nearly

identical. For theR. capsulatusprotein, each of the 190 GHz
hyperfine lines were broader than at 285 GHz and noticeably more
asymmetric with the biggest effect on the highest-fieldline. The
results of 190 GHz simulations using the same Hamiltonian used
for the untreated samples are summarized in Figure 2 and Table
1. TheR. capsulatuszero-field parameters were larger than those
of theE. coli protein. This is consistent with the observation that
the hyperfine line-width of the former is larger. These results
suggest that the azide-complexedR. capsulatusMn(II) center
exists in a more asymmetric site than in theE. coli protein.

The structure of theR. capsulatusprotein has not yet been
solved. The high structural homology of all SODs suggests that
theR. capsulatusprotein will also be quite similar. By contrast,
the HFEPR results show that the protein-metal ion interactions
are measurably different in the two manganese-containing SODs.
Accurate measurements of the magnetic parameters using HFEPR
will now make it possible to examine the relationship between
the magnetic state of the Mn(II) center and enzymatic activity.
These results show that HFEPR is an extremely sensitive method
for probing the electronic environment around manganese centers.
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Table 1. Magnetic Parameters for the Mn(II) Centers inR.
capsulatusandE. coli Superoxide Dismutases Obtained from
Simulations (D, E, andAiso Are in Units of 10-4 cm-1)10

giso D E Aiso

R. capsulatus 2.0009 3480 90 80
E. coli 2.0010 3440 295 77
R. capsulatus+ 0.1 M azidea 2.0009 720 193 81
E. coli + 0.1 M azidea 2.0010 462 91 82

a TheD andE values were sensitive to the choice of inhomogeneous
line-widths. Change in inhomogeneous line-width from 15 to 19 G
resulted in a decrease in theD value of 20× 10-4 cm-1. The reported
values are those having the smallest root-mean-squared difference
between experiment and simulation.

Figure 2. The 190 GHz EPR spectrum of the azide-complexed
manganese SOD fromR. capsulatus(lower) andE. coli (upper). Best-fit
simulations are shown as dashed lines, and the corresponding field-shifted
experimental 285 GHz spectra, also shown in Figure 1, are plotted as
dotted lines. Best-fit magnetic parameters are given in Table 1. Spectra
were obtained at 25 K with 20 G modulation under nonsaturating
conditions.
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