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Superoxide reductases catalyze the monovalent reduction of
superoxide anion to hydrogen peroxide. Spectroscopic evidence
for the formation of a dinuclear cyano-bridged adduct after KsFe-
(CN)s oxidation of the superoxide reductases neelaredoxin from
Treponema pallidum and desulfoferrodoxin from Desulfovibrio
vulgaris was reported. Oxidation with KsFe(CN)s reveals a band
in the near-IR with s at 1020 nm, coupled with an increase of
the iron content by almost 2-fold. Fourier transform infrared
spectroscopy provided additional evidence with CN-stretching
vibrations at 2095, 2025-2030, and 2047 cm™!, assigned to a
ferrocyanide adduct of the enzyme. Interestingly, the low-
temperature electronic paramagnetic resonance (EPR) spectra of
oxidized TpNIr reveal at least three different species indicating
structural heterogeneity in the coordination environment of the
active site Fe ion. Given the likely 6-coordinate geometry of the
active site Fe3* ion in the ferrocyanide adduct, we propose that
the rhombic EPR species can serve as a model of a hexacoor-
dinate form of the active site.

Superoxide reductases (SORSs) play a fundamental role in
the defense of anaerobic organisms against oxidative stress
by catalyzing the monovalent reduction of the superoxide

anion Q*~ to hydrogen peroxide (eq 1)°
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Enzymes in this family share a conserved active site
domain of 100 amino acids accommodating a single Fe ion
coordinated by four equatorial histidine nitrogens (theee
and on&)) and an axial cysteinyl sulfur atofn® Three types
of SORs have been characterized, differing primarily in the
presence or absence of an N-terminal domain in addition to
the active site domain. One group, represented by desulfo-
ferrodoxin (Dfx), binds two Fe atoms in distinct centers.
Besides the active site Fe, Dfx accommodates a second Fe
atom within an N-terminal domain coordinated by four
cysteines in a distorted tetrahedral geometry similar to
desulforedoxin and rubredoxinEnzymes in the second
group are missing the N-terminal domain and are historically
referred to as neelaredoxins (NIrs), in reference to the
prototype fromDesulfaibrio gigas!® Neelaredoxin from
Treponema pallidunTpNIr), which has a unique N-terminal
domain that does not bind a second Fe atom, is representative
of the third group:®
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Figure 1. FTIR spectra of SORs after oxidation withe®e(CN}: (A) T. pallidumNIr (1.7 mM); (B) D. vulgaris Dfx (0.92 mM). Samples in 10 mM
Tris-HCI, pH 7.8 were oxidized with a slight excess off€(CN) at 23°C, immediately desalted in the same buffer by use of a Sephadex G-25 gel filtration
column, and concentrated. Parallel samples $fa{CN)} (v = 2115 cnt1) and K;Fe(CN) (v = 2037 cntl) were also processed and desalted to verify that
the resonances were not due to residual ferri- or ferrocyanide.

Table 1. Metal lon Stoichiometries of. pallidumneelaredoxinif = Scheme 1. Proposed Structure of the Ferrocyanide Adduct
3) Oxidized by Four Different Oxidarits Fe(CN)s5
oxidant iron/protein ratio '(/

none 0.4+ 0.12 h N

KsFe(CN) 0.67+ 0.06 N ’\ /[

NalrClg 0.40+ 0.04 N—™\ __.N\)\

H20, 0.36: 0.05 /Q/NVFO\N

KO, 0.38+ 0.01 / N

aSamples were treated and then desalted by rapid gel filtration S\

chromatography. The iron content of each sample was determined by atomic

absorption_spectroscopy (usirgl5 uM protein samples), and the p_rotein 2 Fe(CN); adducts of the dimeric protein (MH+ 211_9)
concentration was measured by use of the Bradford assay with serum . . .
albumin as a standard. (data in Supporting Information).
Spectroscopic evidence for a ferrocyanide adduct is

The optical spectra of as-isolated TpNIr, or TpNIr oxidized provided by Fourier transform infrared spectroscopy (FTIR)
with H,O,, KO,, and NalrClg, exhibit identical sulfur-to- spectroscopy, which shows characteristie XC stretching
iron charge transfer bands at 656 A#1% 12 Oxidation with bands due to the presence of protein-bound cyanide (Figure
KsFe(CN}, however, reveals an additional lower energy band 1). In agreement with vibrational studies on similar dinuclear
in the near-IR withina at 1020 nm (data in Supporting CN-bridged compounds, the 2095 tinstretch can be
Information). The latter absorption is characteristic of the assigned to the bridging CN.2* The more intense vibra-
charge transfer band observed for the mixed-valence cyanodions, around 20252030 cnt?, are assigned to the four
bridged [F&'—NC—F€'(CN)s] unit of Prussian blué? sug- equatorial cyanides, while the trans-axial CN vibrates at
gesting that ferricyanide oxidation of TpNIr produces a stable higher frequency due to donation, which strengthens the
ferrocyanide adduct with the active site Fe iron, in support C—N bond. This vibration can be clearly identified in the
of a recent proposaf Consistent with this, the Fe stoichi- Dfx spectrum around 2047 crh(Figure 1B). Since F&—
ometry of TpNIr increases following ferricyanide oxidation CN vibrations have been reported to occur at higher
(Table 1). The Fe stoichiometry of purified TpNIr is 0.41, frequencies=2100 cn1,% these data are consistent with an
indicating the presence of apoprotein in this preparation but F&* oxidation state of the Fe(Chgroup. Moreover, the
in agreement with previous metal analyses of recombinant bridging cyanide vibration around 2095 chrcorroborates
enzyme produced iEscherichia col? Following oxidation the orientation of the cyano-bridged structure proposed in
with KsFe(CN), but not HO,, KO,, or NalrClg, the Fe Scheme 28
content increased nearly 2-fold as would be expected for .
adduction of a molecule of ferrocyanide to the protein. 8‘5‘; ggg'rrr‘]', W E.';'mgb%ﬁ‘}ﬁ‘fgﬁf&iﬁ%bagsa 111 470812,
Similarly, the Fe stoichiometry of #ce(CN)}-oxidized (16) Walker, G. C.; Barbara, P. F.; Doorn, S. K.; Dong, Y.; Hupp, J. T. J.

i i 0 Phys. Chem199], 95, 5712-5.
D'Z.}UIg.ans [.)fx increased 4.10A) but was unchanged upon (17) Wang, C.; Mohney, B. K.; Williams, R. D.; Petrov, V.; Hupp, J. T.;
oxidation with the other oxidants. Walker, G. C.J. Am. Chem. S0d.998 120, 5848-9.
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. tion compoundsJohn Wiley and Sons: New York, 1997.
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94 physiological substrate, superoxide (Figure 2D), or upon
addition of the product KD, (Figure 2C). These oxidants

P

D

W produce yet another rhombic species with a low-field
B

J

resonance aj = 9.4 (high-spin F& component withe/D

' & = 0.25). This rhombic species resembles the EPR spectrum
N N of the magnetically isolated active site 3Feion of the
oo [TpNIr—Fe'—=NC—Fé!(CN)s] unit (Fe ion of the ferrocya-

E: KiFe(CN)s

-———-———————/J; D: KO, nide molecule is low spinS = 0).

In a recent study orP. furiosus the existence of a

42 C: KO0, ferrocyanide adduct was proposed by Clay and co-worRers,
_,_V_J\;f B: As Isolated but, to our knowledge, this work constitutes the first bona
A: Naglr(Clle fide example of a stable, cyano-bridge dinuclear iron cluster

with Fe(CN) to a metalloenzyme. Moreover, given the likely
; : T T : T ; r 6-coordinate geometry of the active site®*Féon in the
500 1000 1500 2000 2500 3000 3500 4000 . . .
Magnetic Field (Gauss) ferrocyanide adduct, its rhombic EPR spectrum serves as a
Figure 2. EPR spectra of recombinant Nlr frofm pallidum:(A) Nir (1.3 model of a hexacoordinate form of the active site.
mM) oxidized by a slight excess of Me&Cl; (B) as-isolated Nir (0.53 mM); We hypothesize that oxidation with K®@r H,O» yields

(C) NIr (0.45 mM) oxidized by 2.7 equiv of ¥D; (D) Nir (0.68 mM) . . ; .
oxidized by~5 equiv of KOy, (E) NIr (0.8 mM) oxidized by a slight excess ~ @n analogous octahedral geometry, with a likely sixth ligand

of KsFe(CNJ. A slight excess of oxidant is defined as the amount added being either an aquo or hydroxo species or possibly the
wh|ch_no longer produces an increase of thg absorbance at 656 nm. Aﬂercarboxwate from glutamate 47, coordinated to the oxidized
oxidation, all the samples were desalted using a Sephadex G-25 resin to. 08 .
remove excess oxidant. EPR conditions: temperature 3.1 K, microwave !fON base.d on the X-ray StrU_CtU%é- Further research IS
frequency 9.48 GHz, power 1 mW, modulation 1 mT/100 kHz. currently in progress to specify the geometry of the active

. . . _form of the enzyme.
Interestingly, the low-temperature electronic paramagnetic
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