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Abstract Superoxide dismutases (SODs) protect cells
against oxidative stress by disproportionating O, to H,O,
and O,. The recent finding of a nickel-containing SOD (Ni-
SOD) has widened the diversity of SODs in terms of metal
contents and SOD catalytic mechanisms. The coordination
and geometrical structure of the metal site and the related
electronic structure are the keys to understanding the dis-
mutase mechanism of the enzyme. We performed Q-band
“N,"?H continuous wave (CW) and pulsed electron—
nuclear double resonance (ENDOR) and X-band N
electron spin echo envelope modulation (ESEEM) on the
resting-state Ni-SOD extracted from Streptomyces seoul-
ensis. In-depth analysis of the data obtained from the
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multifrequency advanced electron paramagnetic resonance
techniques detailed the electronic structure of the active
site of Ni-SOD. The analysis of the field-dependent Q-band
!N CW ENDOR yielded the nuclear hyperfine and quad-
rupole coupling tensors of the axial Ny of the His-1 imid-
azole ligand. The tensors are coaxial with the g-tensor
frame, implying the g-tensor direction is modulated by the
imidazole plane. X-band "*N ESEEM characterized the
hyperfine coupling of N, of His-1 imidazole. The nuclear
quadrupole coupling constant of the nitrogen suggests that
the hydrogen-bonding between N,—H and Og,.17 present
for the reduced-state Ni-SOD is weakened or broken upon
oxidizing the enzyme. Q-band "H CW ENDOR and pulsed
’H Mims ENDOR showed a strong hyperfine coupling to
the protons(s) of the equatorially coordinated His-1 amine
and a weak hyperfine coupling to either the proton(s) of a
water in the pocket at the side opposite the axial N or the
proton of a water hydrogen-bonded to the equatorial thio-
late ligand.

Keywords Nickel-containing superoxide dismutase -
Electron paramagnetic resonance -

Electron-nuclear double resonance -
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Abbreviations

CuZn-SOD Copper- and zinc-containing superoxide
dismutase

Cw Continuous wave

ENDOR Electron—nuclear double resonance

EPR Electron paramagnetic resonance

ESEEM Electron spin echo envelope modulation

Ni-SOD Nickel-containing superoxide dismutase

SOD Superoxide dismutase
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Introduction

Superoxide dismutases (SODs) catalyze disproportionation
of superoxide (O,") to hydrogen peroxide (H,O,) and
molecular oxygen (O,) to protect cells against oxidative
stress [1-4]. SODs are found in all living organisms and all
have redox-active transition metals in their active sites. The
most well known one, found in both eukaryotes and pro-
karyotes, contains copper and zinc (CuZn-SOD). Other
SODs contain manganese or iron. Crystallographic studies
of the SODs revealed histidine-rich metal centers. In CuZn-
SOD, copper and zinc are bridged by the imidazolate of a
histidine residue, whereas manganese-containing SOD and
iron-containing SOD have mononuclear transition metal
centers. In the resting state of CuZn-SOD, the Cu(Il) site is
pentacoordinated with four histidine residues, including the
bridging histidine, and one solvent-accessible ligand site.
The Zn(Il) site has three histidine ligands, including the
bridging histidine, and one oxygen ligand of the carbox-
ylate group of an aspartate residue [5—8]. The metal centers
of both the oxidized manganese-containing SOD and the
oxidized iron-containing share identical trigonal bipyra-
midal geometries. In those, two nitrogen atoms of histidine
side chains and one oxygen atom of aspartate occupy the
three equatorial ligand positions of the bipyramidal coor-
dination, and a solvent molecule and one histidine imid-
azole occupy the remaining two axial positions [9—-14].

The diversity of SODs in terms of metal contents has
become even wider. Recent isolation of SODs from
Streptomyces species revealed a nickel-containing SOD
(Ni-SOD) [15, 16]. The amino acid sequence analysis of
the enzyme exhibited no sequence homology to any known
SODs [17]. The finding of Ni-SOD is also of interest
because copper, iron, and manganese ions can catalyze
disproportionation of superoxide anions in aqueous solu-
tion but nickel ion does not, indicating that Ni-SOD is a
new class among the SODs. The 3D coordination envi-
ronments and the electronic structure of the metal site of
Ni-SOD should play a key role both in fine-tuning the
redox potential of the metal site and in the enzymatic
mechanism.

Ni-SOD isolated from Streptomyces seoulensis was
originally reported as a tetramer but now is known as a
hexamer in its catalytically active form. Each subunit
consists of 117 amino acids and one nickel ion with
molecular mass of 13.4 kDa [18, 19]. Electron paramag-
netic resonance (EPR) studies of the oxidized (resting)
Ni-SOD showed that the active site contains Ni(III) ion with
g = [2.302.24 2.01] (S = 1/2) and that an axial position is
occupied by a nitrogen ligand [16, 18-20]. X-ray crystal-
lographic analyses of both the oxidized and the reduced
Ni-SODs have shown that the nickel ion resides in the
N-terminal loop. The active site of the reduced form
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Fig. 1 Active-site structures of nickel-containing superoxide dismu-
tase (Ni-SOD)

[Ni(II)] has a square-planar coordination with the amino
group of His-1, the amide group of Cys-2, and two thiolate
groups of Cys-2 and Cys-6 [18, 19]. The oxidized [Ni(IIl)]
Ni-SOD has the axial ligand of the imidazole group of His-
1 in addition to the equatorial ligands, forming a penta-
coordinated square pyramid. The mechanistic conversion
between the reduced and oxidized forms and the Ni(II)/
Ni(IIl) redox potential are finely tuned by rotating the
imidazole plane about the Cs—C, bond of His-1 (Fig. 1).
The mechanism of the dismutation by Ni-SOD is still
controversial. X-ray structural analysis has suggested
outer-sphere electron transfer [18], whereas EPR and X-ray
crystallographic studies of Ni-SOD with inhibitor/inacti-
vator have proposed inner-sphere electron transfer in which
the superoxide ion is directly coordinated to the nickel ion
in both oxidized and reduced forms at the side opposite
His-1 imidazole [19].

Among the known redox-active nickel-containing
enzymes, both carbon monoxide dehydrogenase and
acetyl-coenzyme A synthase contain an active nickel center
linked to an Fe-S cluster [21]. Methyl-coenzyme M
reductase has a mononuclear nickel center, but there are no
endogenous sulfur-donor ligands [22, 23]. [NiFe] hydrog-
enase also has a redox-active nickel center and is viewed as
a Ni—Fe cluster bridged by two p-thiolate sulfur atoms of
cysteine residues [24]. Therefore, the active-site structure
of Ni-SOD is a completely new class in redox-active
nickel-containing enzymes, and the coordination and geo-
metrical structure of the site and the related electronic
structure are the keys to specifically controlling the dis-
mutase activity of the enzyme. In the present study, we
performed Q-band (35 GHz) “N,"H continuous wave
(CW) and pulsed electron—nuclear double resonance
(ENDOR) and '*N X-band (9 GHz) electron spin echo
envelope modulation (ESEEM) on the resting-state Ni(III)-
SOD extracted from S. seoulensis. In-depth analyses of the
data obtained from the multifrequency advanced-EPR
techniques detail the electronic structure of the active site
of Ni-SOD.
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Materials and methods
Protein isolation

The Ni-SOD sample was prepared from S. seoulensis
as described previously [15, 16], with some modifications.
S. seoulensis was cultured in yeast extract/malt extract
medium supplemented with 100 pM NiCl, to increase the
expression of Ni-SOD. Mycelial cells of S. seoulensis
harvested by aspiration on filter paper were resuspended in
buffer A (20 mM phosphate buffer, pH 7.4). After cell
disruption with an Omni-mixer (Omni International), cell
debris was removed by centrifugation at 12,000g for
20 min. The supernatant was brought to a final 35%
ammonium sulfate saturation and the precipitate was
removed by centrifugation at 12,000g for 30 min. The
resulting supernatant was loaded onto a phenyl-Sepharose
CL-4B FastFlow column (5 cm x 30 cm) equilibrated
with buffer A containing ammonium sulfate at 35% satu-
ration, and was eluted with a linear gradient of ammonium
sulfate between 35 and 0% saturation. The fractions con-
taining SOD activity were collected and desalted with a
Sephadex G-25 column (8 cm x 60 cm) equilibrated with
buffer A. The desalted fractions were applied to a Protein-
Pak DEAE 5PW column (2.15 cm x 15 cm) using a
Waters Delta Prep 4000 chromatography system and were
separated using a linear gradient of 0.1-0.3 M NaCl.
Active fractions were pooled and desalted using a YM10
membrane (Amicon), and were separated by preparative
electrophoresis with a Bio-Rad model 491 prep cell appa-
ratus using 7.5% nondenaturating polyacrylamide gel.
After the active fractions had been concentrated using an
Amicon YM10 membrane, the concentrated sample was
loaded onto a Superdex 200 column (HiLoad 16/60)
equilibrated with buffer A and was eluted with the same
buffer by a fast protein liquid chromatography system
(Pharmacia). The active fractions were further purified on a
Mono Q column (HR 5/5) with a linear gradient of 0—
0.3 M NaCl using the same fast protein liquid chroma-
tography system. Finally, the purified Ni-SOD sample was
mixed with an equal volume of ethylene glycol and loaded
into the X-band or Q-band EPR quartz tube to be frozen at
liquid-nitrogen temperature.

EPR/ENDOR/ESEEM measurements

X-band EPR spectra were collected at liquid-nitrogen
temperature with a Bruker EMX spectrometer. Q-band CW
EPR and 'H,"*N ENDOR spectra were collected using a
modified Q-band Varian E-110 spectrometer equipped with
a liquid-helium immersion Dewar at 2 K a under rapid
passage condition [25]. Q-band *H Mims ENDOR data
were obtained with a locally built Q-band pulsed-EPR

spectrometer [26]. Three-pulse echo (n/2—t—n/2—T—mn/
2—1—echo) intensities were recorded as a function of radio
frequency to generate “H Mims ENDOR data [27].

The first-order ENDOR spectrum of a nucleus N with
I =1/2 in a paramagnetic center is a doublet with fre-
quencies given by [28]

v = | £AN/2|. (1)

Here, vy is the nuclear Larmor frequency and AY is the
angle-dependent hyperfine coupling constant. For a nucleus
with [ > 1, each v transition is further split into 2/ lines
by the nuclear quadrupole interaction,

vi(my) = [w £ AN/2+ (3PN/2)(2m; — 1)), (2)

where PV is the angle-dependent quadrupole coupling
constant and —/ + 1 < m; < I. For a frozen-solution sam-
ple with a rhombic EPR signal (g, g», g3), the full
hyperfine and quadrupole tensors, including both the
principal values and the orientations in the g-tensor axis
frame, of the hyperfine-coupled nucleus can be obtained
from the analysis of the 2D datasets comprising numerous
ENDOR spectra collected across the EPR envelope, as
described elsewhere [29-32].

X-band "N ESEEM experiments were performed on a
locally built X-band pulsed-EPR spectrometer at 4 K [33].
Three-pulse echo (n/2—t—n/2—T—n/2—1t—echo) intensi-
ties were recorded as a function of the time interval T to
construct the time-domain ESEEM data [34]. The 7n/2
microwave pulse duration was 16 ns with power of
approximately 1 W. The frequency-domain spectra were
obtained through Fourier transform of the time-domain
data by modifying the “dead-time reconstruction” proce-
dure originally developed by Mims [35].

Results
Q-band '“N CW ENDOR

The resting-state Ni-SOD shows a well-resolved rhombic
S = 1/2 EPR signal with g = [2.30 2.24 2.01] originating
from a Ni(IIl) center. The g5 (2.01) EPR signal is further
split into three lines by 25 G (70 MHz) of the hyperfine
coupling to an axial nitrogen (I = 1) ligand [16, 18-20].
Figure 2a shows the 20-45-MHz region of the Q-band CW
ENDOR spectra obtained across the EPR envelope of the
resting-state Ni-SOD. The “single-crystal-like” ENDOR
spectrum obtained at the high-field edge (g3) of the EPR
spectrum shows two doublets centered at 35.2 MHz (circles
in Fig. 2a) and each doublet splits by 3.0 MHz (“goal-post™
marks in Fig. 2a). The centers of the two doublets are sep-
arated by 7.7 MHz, which is twice the N Larmor fre-
quency at the experimental magnetic field, indicating that

@ Springer



178

J Biol Inorg Chem (2010) 15:175-182

(a) “N ENDOR (b)

7

Simulation

230(g)

229
227

225
2.23
222(g)
2.20
2.17

2.14

2.11

2.08

2.05

\ \
1 A \ A

LN AN WWARAVA

A ) Y j f p

' ' A 2.02 ’ '\~ [ “ ' \ \

LFI_._LIJ 201 (&)

[(TTTT[TI T T [TI T[T TT[TTTT] [TTTT[TTTT[TTITTI[TTTT[TTTT)
20 25 30 35 40 45 20 25 30 35 40 45

Frequency (MHz)

Frequency (MHz)

Fig. 2 a Q-band (35 GHz) 1N continuous wave (CW) electron—
nuclear double resonance (ENDOR) spectra of the resting-state
(oxidized-state) Ni-SOD and b their corresponding numerical simu-
lations. Dashed lines guide the change of the ENDOR pattern across
the electron paramagnetic resonance (EPR) envelope. The experi-
mental conditions were as follows: microwave frequency
35.252 GHz, modulation amplitude 1.3 G, radio-frequency (RF)
power 20 W, RF sweep speed 1 MHz/s, and temperature 2 K. The
simulation parameters were as follows: EPR linewidth 300 MHz and
ENDOR linewidth 1 MHz. Other parameters were as in Table 1

the signal originates from a hyperfine-coupled "“N nucleus;
the observed ENDOR signal is hyperfine-centered
[35.2 MHz = A(g3)/2] and the separation within each
doublet arises from the nuclear quadrupole coupling

[3.0 MHz = 3P(g3)] (Eq. 2). Such a four-line pattern is also
well observed at g, the other “single-crystal-like” field
position. The "N ENDOR signals are well followed across
the EPR absorption envelope, although ENDOR line dis-
tortion is observed around g, because of slow nuclear
relaxation, which is often the case in Q-band “rapid pas-
sage” ENDOR experiments. The observed field-dependent
(orientation-selective) "*N ENDOR data are well simulated,
as shown in Fig. 2b, with the hyperfine coupling tensor
A = [55 55 70.4] MHz and the nuclear quadrupole coupling
tensor P = [0.4 0.6 —1.0] MHz, both of whose principal
axes are coaxial to the g-tensor frame [29-32] (Table 1).

X-band '“N ESEEM

Figure 3a displays frequency-domain '“N ESEEM spectra,
obtained from Fourier transform of the time-domain
ESEEM data, across the EPR of Ni-SOD. The numerical
simulation of the data was obtained with the method
developed previously [36]. Figure 3b depicts the results in
a contour plot. The '*N ESEEM collected at g5 shows three
well-resolved lines at about 0.55, about 1.05, and about
1.6 MHz, whose frequencies are almost invariant across
the EPR envelope. Also one relatively broad band is
observed at about 5.0 MHz in the '*N ESEEM spectrum of
g3. The position of this band shifts to lower frequencies as
the g-value increases (or the magnetic field decreases).
This four-line pattern (three field-independent lines and
one field-dependent band) of '*N ESEEM is often observed
when the nuclear Zeeman and half the nuclear hyperfine
interactions are comparable. For this coupling condition,
the nuclear Zeeman and hyperfine interactions are opposed
and largely cancel in one electron-spin manifold, resulting
in the nuclear states becoming nuclear quadrupole states
[30]. All three nuclear transition lines from this manifold

Table 1 The nuclear hyperfine and quadrupole coupling tensors of the resting-state nickel-containing superoxide dismutase

Nucleus Hyperfine coupling Quadrupole coupling

Tensor (MHz)? Orientation® Tensor (MHz)?* Orientation®
B\ [55 55 70.4]¢ (0° 0° 0°) [0.4 0.6 —1.0]¢ (0° 0° 0°)
14N,e [1.92.027) (90° 10° 90°) [0.18 0.65 —0.83]" (0° 65° 0°)
'He 3.8 —3.8 10.6]" (30° 70° 0°) - -

? The signs are arbitrary

° Euler angles with respect to g-tensor frame [46, 47]. The error range is £5°

¢ Axial ligand

9 The error range is +0.5 MHz
¢ Remote nitrogen

T ¢%g0 = 1.65 MHz (0.05), n = 0.57 (+0.03)
& Solvent-exchangeable strongly coupled proton

" e(NicH) = 2.55 A (£0.05), A;e, = 1.0 MHz (£0.05)
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Fig. 3 a X-band (9 GHz) '*N three-pulse electron spin echo
envelope modulation (ESEEM) frequency-domain (Fourier trans-
form) spectra of the resting-state (oxidized-state) Ni-SOD and b their
corresponding numerical simulations in a 2D contour plot. The
experimental conditions were as follows: microwave frequency
9.714 GHz, t© ~ 140 ns, shot repetition time 24 ms, and temperature
4 K. For the simulation, the "N nuclear hyperfine and quadrupole
tensors were as in Table 1

are primarily determined by the nuclear quadrupole cou-
pling constant, which is independent of the external mag-
netic field. Therefore, the lines are usually narrow and the
frequencies are mostly independent of the field strength. In
the other electron spin manifold, the nuclear Zeeman and
hyperfine interactions are additive. Single-quantum transi-
tions (Am; = %1) in this manifold depend on the orienta-
tion of the magnetic field and give rise to a broad powder-
ESEEM spectrum, seldom observed in time-domain
experiment. However, the double-quantum transition
(Am; = £2) is weakly dependent on the orientation of the
magnetic field and thus is readily detected. The double-
quantum transition frequency varies according to the

strength of the magnetic field because it is dependent on the
nuclear Zeeman interaction as well as the nuclear hyperfine
and quadrupole tensors [36].

Numerical simulation (Fig. 3b), based on the frequency-
domain orientation-selective '*N ESEEM analysis method
[36], shows that the observed N nucleus has a nuclear
hyperfine coupling tensor of A = [1.9 2.0 2.7] MHz and a
nuclear quadrupole coupling constant of e*q0 = 1.65 MHz
with an asymmetry parameter of # = 0.57. The simulation
found that the lineshape and the field-dependent frequency
position of the double-quantum transition band were sen-
sitive to the relative orientation of the hyperfine tensor with
respect to the g-tensor frame, whereas those of the three
narrow transition lines of the nuclear quadrupole states
were sensitive to the relative orientation of the quadrupole
tensor, yielding Euler angles of [o f 7] = [90° 10° 90°] for
the hyperfine tensor and [o f y] = [0° 65° 0°] for the
quadrupole tensor with respect to the g-tensor frame. An
unresolved '*N' ESEEM feature found in the 2-4-MHz
region (Fig. 3a) may come from weakly coupled '*N or the
Am; = *1 transition.

Q-band *’H ENDOR

The left panel in Fig. 4a shows the Q-band 'H CW ENDOR
spectra obtained across the EPR envelope of the resting-
state Ni(IIT)-SOD. The ENDOR spectrum collected at the
low-field edge (g;) exhibits at least three doublets, centered
at the 'H Larmor frequency, arising from the protons
hyperfine-coupled to the Ni(III) center. The field-dependent
patterns of the signals are not completely resolved owing to
overlaps of the powder-ENDOR lineshapes. However, the
outermost v pattern of the strongly coupled (10.2 MHz at
g1) 'H signals are easily followed (dark lines in Fig. 4a).
These strongly coupled signals were absent in the 'H
ENDOR spectra of Ni-SOD incubated in D,O buffer,
indicating the signals arise from a solvent-exchangeable
proton. As seen in the right panel in Fig. 4a, the ENDOR
pattern of the exchangeable proton is well simulated by a
through-space point-dipole approximation with an effective
distance of ro(Ni(IID-"H) = 2.55 A and an isotropic
coupling of Aiso('"H) = 1.0 MHz. The Ni(Ill) —» 'H vector
is estimated as lying at 6 = 70° and ¢ = 30° with respect to
the g-tensor frame. The “H nucleus corresponding to the
exchangeable proton can be detected by H Mims ENDOR of
Ni-SOD incubated in D,0 buffer. Figure 4b shows such data
(solid lines) along with the simulation (dotted lines) using
the corresponding “H hyperfine coupling constant (IA(‘H)/
A(*H)l = 6.51) and the orientation vector, confirming that the
strongly coupled proton observed by '"H CW ENDOR is sol-
vent-exchangeable. “H Mims ENDOR also reveals other
solvent-exchangeable protons with IA(ZH)I < 0.75 MHz,
corresponding to IAC'H)I < 5.0 MHz (re(Ni-H) > 3.2 A).
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Discussion

The EPR spectrum of the resting-state Ni-SOD shows a
well-resolved rhombic S = 1/2 EPR signal with g = [2.30
2.24 2.01]. The g-tensor feature is well characterized as a
Ni(II) center with a d. ground state in a tetragonally
distorted octahedral or square-pyramidal geometry. A
slight contribution of d\»_y» to the ground state causes g3
(2.01) to be slightly larger than 2.00. The rhombicity of the
g tensor indicates that the d,, and d,, orbitals are not
degenerate. The g3 (2.01) EPR signal is further split into
three lines by 25 G (70 MHz) of the hyperfine coupling to
an axial nitrogen (I = 1) ligand. The axial nitrogen has
been identified as N;s of His-1 imidazole of Ni-SOD by
X-ray crystallographic studies of the oxidized enzyme

@ Springer

<« Fig. 4 a Q-band (35 GHz) '"H CW ENDOR spectra of the resting-

state (oxidized-state) Ni-SOD (left) and their corresponding numerical
simulations for the solvent-exchangeable strongly coupled proton
(right). The spectra are centered at the proton Larmor frequencies.
Dark lines denote the outermost pattern of the v, line of the solvent-
exchangeable strongly coupled 'H signals. The experimental condi-
tions were as follows: microwave frequency 35.255 GHz, modulation
amplitude 1.3 G, RF power 20 W, RF sweep speed 1 MHz/s, and
temperature 2 K. The simulation parameters were as follows: EPR
linewidth 200 MHz and ENDOR linewidth 0.5 MHz. The other
parameters were as in Table 1. b Q-band (35 GHz) 2H Mims ENDOR
spectra of the resting-state (oxidized-state) Ni-SOD in D,O buffer
(solid lines) and their corresponding numerical simulations for the
strongly coupled *H (dashed lines). The spectra are centered at the
deuterium Larmor frequencies. Corresponding proton frequencies
centered at the proton Larmor frequencies are marked at the top. Dark
lines denote the outermost patterns of the v, and v_ lines of the
solvent-exchangeable strongly coupled ’H signals. The experimental
conditions were as follows: microwave frequency 34.858 GHz, t =
332 ns, microwave pulse width 52 ns, RF pulse width 30 ps, shot
repetition time 10 ms, and temperature 2 K. The simulation param-
eters were as follows: EPR linewidth 200 MHz, ENDOR linewidth
0.05 MHz, the *H hyperfine coupling tensor values were 1/6.51th of
the "H hyperfine coupling tensor values and the orientation was the
same, and the nuclear quadrupole tensor P = [0.07 0.07 —0.14] MHz
with Euler angles of (90° 35° 0°)

[18, 19]. Further, the structural study revealed that the
equatorial plane of the Ni(II) site is occupied by the amino
group of His-1, the amide group of Cys-2, and two thiolate
groups of Cys-2 and Cys-6, to form a square-pyramidal
coordination geometry with the axial nitrogen.

Analysis of Q-band '*N CW ENDOR data (Fig. 2)
yields the hyperfine coupling tensor, A = [55 55 70.4]
MHz, and the nuclear quadrupole coupling tensor, P =
[—0.4 —0.6 1.0] MHz, of the axial nitrogen (Table 1). The
large isotropic hyperfine coupling (A;, = 60 MHz) is
comparable to those of axial nitrogen ligands of Ni(II)
complexes with square-pyramidal geometry [37—41] and
results from spin delocalization through the o-bond
between the metal d. and the axial nitrogen (Ny), as is
common for Ni(Ill)-imidazole complexes.

For metal-nitrogen complexes, the "*N nuclear quadru-
pole coupling is sensitive to details of the metal-nitrogen
bond. The largest '*N nuclear quadrupole coupling can be
either along the metal-nitrogen bond (nitrogen lone pair
direction) or normal to the metal-nitrogen bond. The former
shows a negative coupling constant, whereas the latter,
occurring with increasing nitrogen-to-metal donation as
found in copper(Il) tetraphenylporphyrin and aquomet-
myoglobin, shows a positive coupling constant [42]. In
Ni-SOD, the "N nuclear quadrupole and nuclear hyperfine
coupling tensors of the axial nitrogen are collinear with the
g tensor (Table 1) and the largest '*N nuclear quadrupole
coupling (P3) is along the Ni(IlI)-Ns bond. For the tetrag-
onally distorted (or square-pyramidal) S = 1/2 Ni(III), the
orientations of the d,, and d,, orbitals affect the directions
of the g; (equivalent to g,) and g, (equivalent to g,)
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components of the g tensor, respectively. The collinearity of
the g and '*N nuclear quadrupole tensors can be explained
by metal-to-nitrogen m back-donation. A favorable orien-
tation of either the filled d,, or the filled d,, orbital for back-
donation to the empty nitrogen p,, orbital [43], normal to the
imidazole plane, strengthens the metal-nitrogen bond and
causes the coincidence of the g and P tensors. In other
words, for the tetragonally distorted (or square-pyramidal)
S = 1/2 Ni(Ill) complexes with axial imidazole, the
g-tensor direction is modulated by the imidazole plane.

X-band '"*N ESEEM measurements (Fig. 3) identified
one well-defined signal from a '*N atom with the hyperfine
tensor A = [1.9 2.0 2.7] MHz, plus the possibility of other
weakly coupled nitrogen(s). There are four nitrogen atoms
present within the magnetic-coupling range of the Ni(IIl)
center of Ni-SOD; the imidazole Ns and N, of His-1, the
terminal amine nitrogen of His-1, and the amide nitrogen
of Cys-2. The strongly coupled imidazole N of His-1 was
characterized by Q-band YN CW ENDOR (Fig. 1). For
spin-bearing metal-bound imidazole, the hyperfine cou-
pling of the nitrogen directly bound to the metal is in
general 20-30 times bigger than that of the remote nitro-
gen. This enables us to assign the well-defined nitrogen
signal seen by ESEEM to the imidazole N, of His-1
(remote nitrogen). In-plane coordinated '*N atoms have
minimal coupling to an electron in the d orbital.

The crystallographic studies of the reduced Ni-SOD
have shown that the imidazole of His-1 donates two
hydrogen bonds, Ns—H:--Ov,.¢ and N—~H:--Ogp,.17. Upon
oxidation of the enzyme, the hydrogen bond of N,
H---Ogj,.17 remains, whereas that of Ns—H:---Oy,_g is bro-
ken and N is bound to Ni(Ill) [18, 19]. The "N nuclear
quadrupole coupling parameters of the remote nitrogen of a
metal-bound imidazole have been widely utilized to study
the chemical environment, which tunes the electron density
of the remote nitrogen. The "*N nuclear quadrupole cou-
pling constant e’qQ = 1.67 MHz and the asymmetry
parameter # = 0.57 of the remote nitrogen (N,) of His-1 of
Ni-SOD are close to the values expected when there is a
weak or no hydrogen bonding to the remote N-H [44, 45].
This suggests that there is a subtle change in the hydrogen-
bonding network around the active sites in crystal and
solution phases in the Ni(IIl) state.

Q-band 'H CW ENDOR and pulsed ?’H Mims ENDOR
show that the hyperfine couplings (10.2 MHz at g) to the
strongly coupled solvent-exchangeable proton(s) are
mostly dipolar (Fig. 4). From the point-dipole approxima-
tion, assuming 100% spin on Ni(III), the effective distance
(rerr) between Ni(III) and the proton is estimated to be
approximately 2.55 A (Table 1). The Ni(Ill) — H vector
with 6 = 70° and ¢ = 30° in the g-tensor frame indicates
that the coupled proton(s) is near the g;—g, plane (equa-
torial ligand plane). The crystal structure shows the

distance from Ni(IIl) to the amine nitrogen of His-1 is
2.182 A. Assuming the bond length of the amine N-H is
about 1 A and the Ni(III)-N-H angle adopts near tetrahe-
dral geometry, we estimate the Ni(IIl)-H,,j,. distance to
be approximately 2.3 A. This enables us to assign the
proton giving rise to the hyperfine coupling to the proton(s)
of the terminal amine nitrogen of His-1. The difference
between ENDOR and crystallographic distances reflects
the delocalization of the spin density.

Q-band "?H ENDOR also found weakly coupled sol-
vent-exchangeable proton(s), for which the effective dis-
tance is no less than 3.2 A (IA('H)I < 5.0 MHz). In the
framework of the protein backbone, solvent-exchangeable
protons are not present within the detected hyperfine-cou-
pling range. The crystal structure shows a vacant pocket,
enclosed by the backbone and side chains of Cys-2 through
Cys-6, on the side opposite the axial Ns. This pocket
embeds a water molecule at a distance of 3.427 A from
Ni(Ill) in the crystal. The weakly coupled solvent-
exchangeable proton thus seems to be the proton(s) of this
water. But, as a kind reviewer pointed, the possibility of the
proton of a water molecule being hydrogen-bonded to the
equatorial thiolate ligand cannot be ruled out.

In summary, we performed ENDOR and ESEEM exper-
iments to obtain details on the electronic structure and
magnetic couplings of the Ni(Ill) site of Ni-SOD. The
analysis of the field-dependent Q-band '*N CW ENDOR
determined the nuclear hyperfine and quadrupole coupling
tensors of the axial '*N ligand of Ni(III), N of His-1 imid-
azole. The tensors are coaxial with the g-tensor frame,
implying the g-tensor direction is modulated by the imid-
azole plane. X-band '*N ESEEM characterizes the weakly
coupled N, of His-1 imidazole. The nuclear quadrupole
coupling constant of this nitrogen suggests that the hydro-
gen-bonding between N, —H and Og,.;7 present for the
reduced-state Ni-SOD is weakened or broken in the Ni(III)
enzyme in aqueous phase. Q-band '"H CW ENDOR and
pulsed ’H Mims ENDOR distinguished two kinds of solvent-
exchangeable protons: one is the equatorial amine proton(s)
of His-1 and the other is either the proton(s) of a water in the
pocket at the side opposite the axial Ny or the proton of a
water hydrogen-bonded to the equatorial thiolate ligand.
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