
H171 in the equatorial plane, and H26 and a water molecule in
the axial plane (Fig. 3). The bond distances and angles are
summarized in Table 1.

EPR spectra

As shown in Fig. 4, S. aureusMn(Mn)SOD and Mn(cam)SOD can
be readily distinguished by their 94 GHz field-swept echo EPR
spectra. They were also distinct from the spectrum of the
inactive Mn(Fe)SOD. This was not completely unexpected based
on our previous studies.8 The spectra, to first order in the
magnetic-field, were essentially determined by their Mn(II) zero-
field with resonant magnetic-field given by

Bres ¼
2hnobs� D 3 cos2 yzf�1

� �
þ 3E sin2 yzf cos2 f zf

� �
2M s þ 1ð Þ

2gb
(3)

where nobs is the observation frequency (94.0 GHz) and Bres is
the magnetic field at which the Ms 2 Ms+1 (Ms = {�5/2, �3/2,
�1/2}) electronic spin transitions of the Mn(II, S = 5/2) ion

resonate when it is oriented yzf with respect to the zero-field Dzz

axis and f zf to Dxx (Fig. 2). What made these spectra unique
from our previous work8 was that they showed a number
of different electronic spin transitions, instead of just
Ms = �1/2 2 +1/2. This allowed us to essentially ‘read-off’
the zero-field D and E values using eqn (3) and the field
positions labelled Dzz,�5/2, Dyy,�5/2 and Dxx,�5/2 and Dzz,�3/2 that
originated from the Ms = �5/2 2 �3/2 and �3/2 2 �1/2
transitions (see the ESI†). For Mn(Mn)SOD, D = �10.60 and
E = 0.63 GHz, similar to E. coli Mn(Mn)SOD; for Mn(cam)SOD,
D = �10.66 and E = 0.43 GHz, comparable to the R. capsulatus
camSOD; and for Mn(Fe)SOD, D = �10.46 and E = 0.33 GHz,
which were the same within errors as those previously obtained
from simulations of the Ms = �1/2 2 +1/2 transition.8

ENDOR and ELDOR-NMR spectra

Each magnetic-field position on the SOD EPR spectra corre-
sponds to a unique set of orientations of the magnetic-field
with respect to the zero-field interaction. The amplitude at a
given field position is proportional to the size of the set of

Table 1 Comparisons of the crystallographic and DFT model structures. DFT-based hyperfine tensors are given in parentheses, in plain-type for •as-is•
values and in italics for symmetrized and adjusted values (see text for details)

Model

Owater–Mn–dihedral (1) Mn-Interatomic distance (Å)

H171 H81 O–CQ O (D167) OHOH Od2,D167

S. aureus 30 � 5 �14 � 3 19 � 8 2.22 � 0.01 2.09 � 0.03
Mn(Mn)SOD
S. aureus 25 � 1 �4 � 2 20 � 4 2.17 � 0.04 1.94 � 0.03
Mn(cam)SOD
Crystallographica 29 � 8 �15 � 10 16 � 10 2.18 � 0.12 2.01 � 0.07

(Mn(Mn)SOD)
2.17 � 0.12
(Mn(cam)SOD)

GOb �61 �8 26.3 2.32 2.05
CDb 33 �8 15 2.30 2.04
CD(NH)b 29 �8 15 2.32 2.06
CD(OH)b 29 �8 15 2.33 2.07

Mn-Interatomic distance (Å)

Ne2,H171 Ne2,H81 Ne2,H26

H (water ligand) H (water ligand)

Free Hydrogen bound to D167

S. aureus 2.31 � 0.11 2.15 � 0.02 2.37 � 0.01
Mn(Mn)SOD
S. aureus 2.32 � 0.02 2.33 � 0.01 2.36 � 0.01
Mn(cam)SOD
Crystallographica 2.19 � 0.07 2.17 � 0.07 2.20 � 0.07
GOb 2.22 2.18 2.24 2.89 2.61

14N: (1.57, 1.65, 3.33) 14N: (1.48, 1.55, 3.29) 14N: (2.59, 2.61, 4.40) (�1.99, �2.44, 7.78) (�3.71, �4.53, 8.60)
1H2: (�2.10, �2.25, 4.39) 1H2: (�2.07, �2.25, 4.05) 1H2: (�2.11, �2.29, 4.44) (�2.58, �2.58, 7.32) (�3.95, �3.95, 8.35)
1H5: (�1.55, �1.65, 3.73) 1H5: (�1.78, �1.87, 3.93) 1H5: (�1.48, �1.57,3.57)

(�1.63, �1.63, 3.71)
CDb 2.20 2.19 2.25 2.97 2.59
CD(NH)b 2.12 2.21 2.27 2.87 2.63

14N: (0.56, 0.61, 2.31) 14N: (1.92, 1.99, 3.73) 14N: (2.92, 2.94, 4.74) (�2.42, �2.92, 7.40) (�3.70, �4.51, 8.40)
1H2: (�1.90, �2.05, 3.87) 1H2: (�1.98, �2.16, 4.02) 1H2: (�1.98, �2.14, 4.15) (�2.58, �2.58, 7.32) (�3.95, �3.95, 8.35)
1H5: (�1.86, �1.99,4.39) 1H5: (�1.73, �1.84, 3.89) 1H5: (�1.57, �1.65, 3.66)

(�1.63, �1.63, 3.71)
CD(OH)b 2.10 2.22 2.27 2.82 2.64

14N: (0.33, 0.35, 2.03) 14N: (1.95, 2.03, 3.75) 14N: (2.96, 2.98, 4.77) (�2.75, �3.304, 7.5) (�3.66, �4.48, 8.30)
1H2: (�1.94, �2.10, 3.98) 1H2: (�1.99, �2.16, 4.03) 1H2: (�1.95, �2.11, 4.09)
1H5: (�1.86, �2.00, 4.45) 1H5: (�1.72, �1.82, 3.85) 1H5: (�1.59, �1.66, 3.68)

a Based on average of 57 Mn(Mn)SOD and 4 Mn(cam)SOD structures (see the ESI). b See text and Fig. 8 for details.
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orientations. As shown in Fig. 2, the orientations of the zero-
field and the hyperfine interactions are fixed to the molecular
frame and, hence, to each other. A particular magnetic-field
orientation not only fixes yzf and f zf, but also yn and thereby the
size of the hyperfine couplings (An,eff) (see the ESI† for details)
This means that hyperfine measurements at specific points in
the MnSOD spectra will be orientation selective14—that is the
hyperfine interactions are measured in a direction-specific
manner. At the extreme edges of the spectra, the set of
orientations are single valued: yzf = 0 and f zf = 0 for the low
field edge, and yzf = p/2 and f zf = p/2 for the high-field edge.
The corresponding yn will depend on the relative orientations
of the hyperfine and zero-field interaction.

Fig. 5 shows the 1H ELDOR-NMR spectra obtained at these
two extremes and Fig. 6, the Davies12 1H ENDOR spectra taken
at the Dyy,�3/2 magnetic-field position. The corresponding
n1H,NMR were 79, 185 and 154 MHz. The arrows in Fig. 4 indicate
the specific magnetic-fields for each protein where the ELDOR-
NMR and ENDOR spectra were obtained. ENDOR spectra at the
three fields would have been ideal, since ENDOR resonances
are typically sharper than the ELDOR-NMR ones.11,15 However,
the intensity of the 1H ENDOR spectra taken at the Dzz,�5/2 and
Dxx,�5/2 field positions was too low to be useful (Fig. 6). This was
likely due to our inability to deliver sufficient radio-frequency
power to excite the NMR transitions at n1H,NMR of 79 and
185 MHz, which were far from 144 MHz for which our system
is optimized. By comparison this was not the case for the Dyy,�5/2

field position, for which n1H,NMR was 154 MHz.
We were struck by the overall similarity of the 1H ELDOR-

NMR and ENDOR spectra of the three proteins. The Dxx,�5/2

spectra (inset of Fig. 5) of Mn(Mn)SOD, Mn(cam)SOD and

Mn(Fe)SOD were essentially identical and relatively featureless,
extending asymmetrically about n1H,NMR from �12.0 to
4.7 MHz, (or an An,eff range of �4.8 to 1.8 MHz) for the
magnetic-field oriented along the Dxx direction (eqn (3)). In
addition to the large matrix signal at n � n1H = 0, the Dzz,�5/2

spectra had two resolved features at 8 and 16 MHz (Fig. 5; see
the ESI† for full spectra). Simulation based on eqn (2) and
assuming Gaussian line-shapes showed that these features
were unrelated and arose from two different protons with An,eff

of 5.3 (2.2) and 6.4 (2.2) MHz (with the Gaussian widths in
parentheses). The intensity pattern of the Dyy,�5/2

1H ENDOR
spectra were also strikingly similar (Fig. 6). All three proteins
had nearly identical resonances at �6.3 and �9.2 MHz. The
tempting conclusion based on this close similarity of the 1H
ELDOR-NMR and ENDOR spectra was that the positions of the
five ligands at the level of the hydrogen atoms were the same
for the three proteins.

This was not the case for Mn(Fe)SOD. As can be seen in
Fig. 5, the positive half of all three DQ 1H ELDOR-NMR spectra
is nearly identical extending to 30 MHz, twice that of the SQ
spectra, demonstrating that in all three proteins the resolved
high-frequency portion of the SQ spectra arose from two
protons from a common Mn(II) center. The data lend themselves
to two possible interpretations. The DQ high-frequency edge was

Fig. 4 94 GHz 6 K Mn(II) field-swept echo EPR spectra of: Mn(Mn)SOD
(black); Mn(cam)SOD (green); and Mn(Fe)SOD (red). The indicated zero-
field field positions are relative to nobs/gb. Arrows indicate the magnetic-
field positions where the ENDOR and ELDOR-NMR spectra were taken
(their colors corresponding to the proteins).

Fig. 5 The 94 GHz 5 K SQ (bottom) and DQ (top) 1H ELDOR-NMR spectra
of Mn(Mn)SOD (black), Mn(cam)SOD (green) and Mn(Fe)SOD (red) taken at
the Dzz,�5/2 field positions. The SQ spectra taken at the Dxx,�5/2 field
position are shown in the inset. The exact field positions are indicated by
the arrows in Fig. 2. The Gaussian line shape simulations of the SQ spectra
are also shown, with their colors corresponding to the measured spectra
and their sums as dashed lines. The DFT hyperfine histograms of the GO
(black) and CD(NH) (red) models are superimposed and their correspon-
dence to the measured spectra is indicated by the dotted-lines. For the
Dzz,�5/2 spectra, n1H,NMR was 79 MHz and for the Dxx,�5/2, it was 185 MHz.
See text and the ESI† for details.
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defined by either: (1) two protons having the same Aeff of
6.4 MHz; or (2) one proton with Aeff = 5.3 MHz and the other
6.4 MHz. The resolution of the DQ spectra did not allow us to
distinguish between these two possibilities. Mn(Fe)SOD also had
at least one proton that was distinct. This could be seen in the
positions of the low-frequency edges of DQ spectra. The low-
frequency edge of Mn(Fe)SOD was 6 MHz lower, indicating that
it had at least one pair of protons with a larger combined
negative Aeff than the two active proteins. Both the 1H ENDOR
and SQ ELDOR-NMR spectra of Mn(Fe)SOD were also distinct in
the detail. The simulations of SQ spectra also required a third

An,eff = 2.6 MHz component to explain the reproducibly lower
amplitude of the Mn(Fe)SOD SQ 1H ELDOR-NMR spectrum in
the 4–8 MHz region. The uniqueness of Mn(Fe)SOD was also
evident in the structure of the ENDOR resonances at �3 MHz
(orange region, Fig. 6). In the yellow regions, which arise from
the smallest An,eff, all three proteins exhibited subtle but repro-
ducible differences.

The close similarity between Mn(Mn)SOD and Mn(cam)SOD
and the uniqueness of Mn(Fe)SOD extended to their 14N
hyperfine interactions (Fig. 7). All three SODs had readily
detectable SQ and DQ 14N ELDOR-NMR resonances. The large
intense center peak (n � n14N = 0) obscured the low-frequency
portions of SQ resonances, while the low-frequency regions of
DQ resonances overlapped with the much larger SQ ones. None-
theless, it was evident that the three proteins shared a common
DQ feature, a partially resolved unequal doublet. The resonance
at 20 MHz dictated another at 12 MHz since resonances occur
pairwise (eqn (2)). Since, as in the case of radicals,16 the 1-spin
DQ transition frequencies are purely hyperfine determined and
are unaffected by 14N nuclear quadrupolar coupling, the doublet
corresponded to an An,eff of 4 MHz, the largest 14N hyperfine
coupling when the magnetic-field is along the Dzz direction. The
unequal amplitudes of the DQ doublet likely arose from the
overlap of the 12 MHz resonance with those arising from smaller
Aeff. The three proteins also had a partially resolved SQ doublet
with a separation B 0.5 MHz smaller than 4 MHz. This may have
been due to 14N nuclear quadrupolar contributions. What made
Mn(Fe)SOD stand out was that its SQ and DQ intensity pattern
was reproducibly different from those of the active proteins.

Fig. 6 The 94 GHz 5 K Davies 1H ENDOR spectra of Mn(Mn)SOD,
Mn(Fe)SOD and Mn(cam)SOD taken at theDyy,�3/2 magnet field positions
indicated by the arrows in Fig. 2. The blue trace was obtained under the
same conditions but at the D�xx,�5/2 magnetic-field position indicated by
the black arrow in Fig. 2. The initial electron-spin inversion pulse was 200 ns,
followed by a 16 ms radio-frequency pulse and standard spin-echo detec-
tion (12 and 24 ns pulses). The lower panel shows the calculated ENDOR
spectra based on DFT hyperfine tensors obtained for the GO (red) and
CD(NH) (black) models. The cyan traces show the calculated spectra
obtained by symmetrizing the DFT hyperfine tensors and manually adjusting
the Aiso values. The calculated spectra have been convolved using 150 kHz
Gaussian and each arbitrarily scaled (see text and the ESI† for details).

Fig. 7 The 94 GHz 5 K SQ (bottom) and DQ (top) 14N ELDOR-NMR
spectra of Mn(Mn)SOD (black), Mn(cam)SOD (green) and Mn(Fe)SOD
(red) taken at the Dzz,�5/2 field positions indicated by the arrows in Fig. 2.
The DFT hyperfine histograms of the GO (black) and CD(NH) (red) models
(n14N,NMR = 5.7 MHz).
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resisting the mammalian immune system’s oxidative burst
during infection by pathogens such as S. aureus.
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