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Superoxide reductases (SORs) are nonheme iron-containing en-
zymes that reduce HO, to H,0,. Exogenous substrates such as N3
and CN— have been shown to bind to the catalytic iron site of SOR,
and cyanide acts as an inhibitor. To understand how these exoge-
nous ligands alter the physical and reactivity properties of the SOR
iron site, acetate-, azide-, and cyanide-ligated synthetic models of
SOR have been prepared. The x-ray crystal structures of azide-
ligated [Fe"(SMe2N4(tren))(N3)]* (3), dimeric cyanide-bridged
([Fe'"(SMe2N4(tren))]2--CN)3+ (5), and acetate-ligated [Fe"(SMe2N -
(tren))(OAQ)]* (6) are described, in addition to x-ray absorption
spectrum-derived and preliminary crystallographic structures of
cyanide-ligated [Fe'(SMe2N,(tren))(CN)]* (4). Cyanide coordination
to our model (4) causes the redox potential to shift anodically by
470 mV relative to acetate-ligated 6 and 395 mV relative to azide-
ligated 3. If cyanide coordination were to cause a similar shift in
redox potential with SOR, then the reduction potential of the cata-
lytically active Fe3+ center would fall well below that of its biologi-
cal reductants. These results suggest therefore that cyanide inhibits
SOR activity by making the Fe2* state inaccessible and thus pre-
venting the enzyme from turning over. Cyanide inhibits activity in
the metalloenzyme superoxide dismutase via a similar mecha-
nism. The reduced five-coordinate precursor to 3, 4, and 6
[Fe'(SMe2N,(tren))]* (1) was previously shown by us to react with
superoxide to afford H,0; via an [Fe''(SMe2N,(tren))(OOH)]™* inter-
mediate. Cyanide and azide do not bind to 1 and do not prevent 1
from reducing superoxide.

Superoxide is a dangerous cellular toxin that has been impli-
cated in a variety of ailments such as cancer, aging, and Par-
kinson’s disease (1). The main pathway used for the cellular deg-
radation of superoxide (O ) is via the superoxide dismutase
catalyzed disproportionation of superoxide to hydrogen peroxide
and dioxygen (2-4). Recently, a new mechanism for the cellular
destruction of superoxide has been discovered involving superox-
ide reductases (SORs) (5-8). SORs catalyze the reduction of
superoxide to afford HyO, (5-10). This mechanism is beneficial
to anaerobic organisms, which are incapable of processing dioxy-
gen. Two examples of SORs [neelaredoxin and rubredoxin oxi-
doreductase (Rbo)] have recently been structurally characterized
(11, 12). Each contains in its catalytically active reduced state an
Fe?* ion (Center II in Rbo) that is ligated by four equatorial
histidines and one apical cysteinate trans to an open site
(Scheme 1). Superoxide oxidizes the reduced SOR Fe?* ion to
afford Fe3* and hydrogen peroxide. On release of hydrogen per-
oxide, a nearby glutamate (Glu-47) coordinates to the Fe** ion
to afford a six-coordinate ferric species (the oxidized resting
state) (Scheme 1) (11). It has been postulated that this reaction
proceeds via a Fe3"-hydroperoxo or -peroxo intermediate [step
(1), Scheme 1], which has been spectroscopically observed (13,
14). This would imply that the mechanism for SOR catalysis in-
volves the transfer of an electron from Fe?* to a coordinated
O, via an inner-sphere pathway. Exogenous ligands, such as
azide and cyanide (15), have been shown to bind to the iron site
of SOR, both in its reduced and oxidized states, suggesting that
an inner-sphere catalytic mechanism is feasible (16).
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SORs are inhibited by cyanide [step (4), Scheme 1] (activity is
reduced 7-fold when 50 equiv of CN~ are added to wild-type
SOR at 25°C; M. K. Johnson and M. W. W. Adams, personal
communication), and spectroscopic studies have shown that both
azide and cyanide bind to the SOR iron site (16). A cyanide-
bridged ferric dimer forms on the addition of Fe(CN);~ to
reduced SOR (16). Oxidized SOR is characterized by an intense
(e ~ 3,000 M~ cm™~") low-energy sulfur-to-iron charge-transfer
band near 600 nm (17). This electronic absorption band is sensi-
tive to changes in pH, as well as added exogenous ligands. Muta-
tion of the Glu-47 residue of wild-type oxidized SOR (from Des-
ulfoarculus baarsii) to an Ala causes the ligand-to-metal charge
transfer (LMCT) band to blue shift from 635 to 580 nm (18),
presumably as a consequence of water replacing the coordinated
carboxylate. A shift in pH from 7.5 to 10.0 in wild-type SOR
obtained from Pyrococcus furiosus causes the LMCT band to
blue shift from 660 to 590 nm (16). Cyanide causes this band to
red shift to 685 nm, whereas azide does not induce a noticeable
shift. Cyanide also induces a spin-state change from S = 5/2 in
the oxidized Glu-bound resting state to S = 1/2. Azide, on the
other hand, does not cause the spin state to change (16). Al-
though both N3 and CN™ are presumed to displace glutamate in
these reactions, it is not known how CN~ (and not N3') inhibits
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SOR activity. One possible mechanism would involve cyanide
coordinating to the open coordination site of the catalytically
active SOR Fe?* site. This would make the Fe site inaccessible
to O, [step (5), Scheme 1]. Given that the electronic properties
of the oxidized SOR iron site are dramatically altered by cyanide
(16), it is also possible that inhibition occurs through an alter-
nate mechanism. Herein, we investigate this possibility.

Recently, we described a five-coordinate Fe?* complex in an
NS ligand environment ([Fe'(SM2Ny(tren))]™ (1), Scheme 2)
(19, 20), which reacts with HO, at ambient temperature to gen-
erate H,O, and a solvent-ligated oxidized Fe3* derivative
[FeMSMe2N(tren)(MeCN)J?>* (2) (Scheme 2). At low tempera-
tures (below —90°C), a six-coordinate low-spin (S = 1/2) Fe3*
intermediate is observed in this reaction. This intermediate dis-
plays two vo_o vibrational peaks in the IR at 788 and 781 cm™!
(a Fermi doublet) and a coordinated oxygen ligand [with one
short and one long Fe—O distance at 1.86(3) and 2.78(3) A,
respectively] (20). The Fermi doublet collapses to a singlet at
784 cm~! on deuteration. Together, these data imply that, like
the enzyme, oxidation of 1 proceeds via an inner-sphere electron
transfer pathway and involves the formation of an end-on
Fel(n!-OOH) intermediate. Because the reactivity of reduced
[Fel'(SMe2Ny(tren))]* (1) closely matches that of the active form
of the SOR enzyme, we sought to determine how azide, cyanide,
and acetate affect the spectroscopic and reactivity properties of
both the reduced and oxidized forms of 1.

Synthesis of [Fe"(SMe2N,(tren))(Ns)](PFs) (3),
[Fe(SM<2Ny(tren))(CN)I(BPhy) (4), [Fe"'(SV?Ny(tren))];(p~
CN)(PFg); (5), and [Fe"!(SV1*2N4(tren))(OAC)1(BPhy) (6)
Azide-ligated [Fe™(SMe2Ny(tren))(N3)](PFs) (3) was prepared
via the displacement of MeCN from [Fe(S,Me2N,(tren)-
(MeCN)J** (2) by N3 (Scheme 3). Cyanide-ligated
[Fe(SMe2N,(tren))(CN)](BPhy) (4), cyanide-bridged
[Fe(SMe2N,(tren))]o(u-CN)(PFs)s (5), and acetate-ligated
[Fe(SMe2N,(tren))(OAc)](BPhy) (6) were prepared in a similar
manner. Detailed synthetic, crystallographic, and x-ray absorp-
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Fig. 1. ORTEP of azide-ligated [Fe'(SMe2N,(tren)(N3)]*(3), showing 50% prob-
ability ellipsoids and numbering scheme. All hydrogen atoms have been deleted
for clarity.

tion spectrum (XAS) experimental sections are shown in Tables
4-21, and in Supporting Text and Supporting References, which
are published as supporting information on the PNAS web site,
WWW.pnas.org.

Structures of [Fe''(SMe2N,(tren))(N3)1(PFs) (3),
[Fe"(SMe2N,(tren))CN)1(BPhy) (4), [Fe™(SMe2N,(tren))],(u-
CN)(PFg); (5), and [Fe''(SMe2N,(tren))(0OAc)](BPh,) (6)

Single crystals of azide-ligated 3 were grown by layering diethyl
ether onto a MeCN solution. As shown in the Oak Ridge ther-
mal ellipsoid program (ORTEP) diagram of Fig. 1, the Fe3* ion
of 3 is contained in a distorted octahedral environment, with
azide coordinated trans to the imine nitrogen and cis to the thio-
late sulfur. The Fe—azide nitrogen distance in 3 [Fe—N(5), Ta-
ble 1] is shorter than those of previously reported neutral iron
azide complexes (21, 22). The Fe—S bond length in 3 (Table 1)
is also shorter (by ~0.02 A) than most previously reported low-
spin six-coordinate ferric complexes of similar structure [range:
2.189(3)—2.234(2) A] (21-27). In contrast, oxidized SOR has

Table 1. Selected metrical parameters for [Fe!'(SMe2N,(tren)-
(MeCN)J2* (2), [Fe"'(SMe2N,4(tren)(N3)]* (3), and
([Fe"(SMe2N,(tren))]l2--CN)3+ (5), and [Fe'((SMe2N,(tren))-
(OAQI™ (6)

2 3 5 6
Fe(1)-S(1) 2.146 (1) 2.176 (2) 2.153 (1) 2.168 (2)
Fe(1)-N(1) 1.912 (2) 1.917 (6) 1.918 (2) 1.910 (6)
Fe(1)-N(2) 2.026 (2) 2.002 (6) 2.023 (3) 2.050 (6)
Fe(1)-N(3) 2.002 (2) 2.011 (5) 2.000 (3) 2.003 (6)
Fe(1)-N(4) 2.018 (2) 2.002 (5) 2.012 (3) 2.000 (5)
Fe(1)-X 1.948 (2)* 1.999 (6)* 1.957 (3)* 1.972 (5)8
Fe(2)-C(100) N/A N/A 1.919 (3) N/A
S(1)-Fe(1)-N(2) 171.96 (6) 172.1(2) 172.0 (1) 172.1(2)
N(1)-Fe(1)-X 177.31(8) 176.7 (2) 177.8 (1) 174.9 (2)
X-Fe(1)-5(1) 92.75 (5) 95.5 (2) 91.50 (8) 95.0 (2)

Distances and angles are given in A and degrees, respectively.

*Nitrogen N(5) of coordinated MeCN.

"Nitrogen N(5) of coordinated azide.

*Nitrogen N(5) of coordinated CN~. Only the parameters for one-half of the
dimer are included here. A complete listing of bond distances and angles for 5
is published as supporting information on the PNAS web site.

50xygen O(1) of coordinated OAc™.

Shearer et al.



Fig. 2. ORTEP of [Fe!(SMe2Ny(tren))(OAQ)]*(6) showing 50% probability ellip-

soids and numbering scheme. All hydrogen atoms have been deleted for clarity.

a fairly long Fe—S {2.36 A [x-ray absorption fine structure
(EXAFS)] (16), 2.33—2.46 A (x-ray range) (11)} bond. The
short Fe—S bond in 3 indicates that the antibonding orbital
along the Fe—S axis remains unoccupied. This would be consis-
tent with either an S = 1/2 or S = 3/2 spin state (at 130 K, the
temperature at which the crystallographic data were collected)..
The longer bonds and higher spin (S = 5/2) state of oxidized
SOR probably reflect the positioning of the cysteinate sulfur
relative (trans) to the anionic glutamate ligand. The trans influ-
ence of this anionic ligand would be expected to weaken the
Fe—S interaction considerably, because both ligands would be
competing for overlap with the same orbital. The weaker neutral
amine nitrogen [N(2)] trans to the thiolate sulfur of our model
compound (Fig. 1), on the other hand, does not compete as
effectively for this orbital, allowing the Fe and S to form a stron-
ger bond. The delocalization of electrons within this more cova-
lent Fe—S bond would decrease the pairing energy (the nepha-
lauxetic effect) (28, 29) and thereby favor a lower spin state (27).

X-ray quality crystals of dimeric cyanide-bridged 5 were
grown via the slow diffusion of Et,O into a dimethylformamide
solution at —35°C. The two Fe3* ions of 5 are contained in a
pseudooctahedral ligand environment (Fig. 5, which is published
as supporting information on the PNAS web site) and are con-
nected via an approximately linear bridging cyanide. The cya-
nide is coordinated cis to the thiolate sulfurs and trans to the
imine nitrogens. Of the four structures reported in Table 1,
structure 5 has the longest [Fe—N(1)] bond, reflecting the stron-
ger trans influence of CN™~ relative to N3, OAc™, or MeCN.

Single crystals of the glutamate-bound resting state ana-
logue 6 were obtained from a MeOH solution, containing
[Fe(SMe2N,(tren))(OMe)]* (9) (20) and excess (=50 equiv) of
NaOAc. As shown in the ORTEP diagram of Fig. 2, the acetate
is coordinated in a monodentate, as opposed to bidentate, fash-
ion trans to an imine nitrogen [N(1), Table 1]. As is the case
with structures 3 and 5, the Fe—S bond in 6 (Table 1) falls on
the short end of reported low-spin Fe(III) thiolate structures (21,
22, 30). Again, this most likely reflects the cationic molecular
charge and the weaker trans influence of the amine nitrogen
[N(2)] relative to anionic ligands such as N3 or SCN™. Of the
four structures reported in Table 1, structure 6 has the shortest
Fe—N(1) bond, reflecting the weaker trans influence of OAc™
relative to N3, CN~, or MeCN.

Fe K-Edge XAS of [Fe'(SV'*2(tren))(CN)]BPh, (4)

Single crystals of pink cyanide-ligated 4 were poor quality (R =
15%), thus only preliminary crystallographic results are reported
(in the form of an ORTEP; Fig. 6, which is published as sup-
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Fig. 3. Preedge region of the x-ray absorption near-edge spectrum for 1. The
data are depicted as the solid line (——) and are fit as the sum of an edge shape
(- - - -) and two Gaussian peaks.

porting information on the PNAS web site). On the basis of
these preliminary crystallographic data, it is clear that cyanide-
ligated 4 is monomeric and contains a single cyanide ligand. To
confirm this and obtain more accurate distances, XAS was used
to structurally characterize 4. The Fe K-edge XAS of 4 was re-
corded at 50 K as a solid diluted in boron nitride. The near-edge
spectrum (x-ray absorption near-edge spectrum; see Fig. 3) con-
tains two prominent preedge transitions at 7,112.4(2) eV [area =
13(2) eV % relative to the edge] and 7,117.2(2) eV [area =
14(6) eV %] relative to the edge. The area under the first

(1s — 3d) preedge feature [13(2) eV %] is on the low side of
that previously reported for thiolate-ligated six-coordinate low-
spin Fe3™ complexes in similar coordination environments
(1520 eV %) (20).

The Fourier transform k3y EXAFS spectrum of 4 is unusual
for mononuclear complexes in that the oscillations deriving from
second-sphere scattering (' between 2 and 3 A in Fig. 4b) are
roughly half [as opposed to significantly less (23, 30)] as intense
as the oscillations due to first coordination sphere atoms (r’ be-
tween 1 and 2 A) Because scattering by C is not significantly
different from that by N, we initially analyzed the first sphere
(r" = 0.8-2.0 A) Fourier filtered (FF;) EXAFS by using a single
S scatterer and five N scatterers; the latter were distributed
among one or more shells, each with an integral n (no. of at-
oms) and refined rren. To reduce parameter correlation, the o2
(Debye—Waller disorder factor) was assumed to be the same for
all first-sphere scattering shells. The best fit to the FF; required
three shells: 1 N atom at 1.9 A, 4 N atoms at 20 A, and 1 S
atom at 2.1 A, Then the Fourier transform range was expanded
(' = 0.8-3.0 A) to include the second-sphere EXAFS (FF,),
and additional shells were added (with a common refined sec-
ond sphere ) to fit the data. The best fit to the FFy, (g2 = 1.2)
required three additional shells, the cyano N (with multiple
scattering effects included) and two C shells at 2.9 and 3.4 A
[the latter is thought to model ligand-based multiple scattering
pathways (30)]. Omission of any one of these three shells gave
a much worse fit (¢* > 3). On the basis of the refined 3. 05-A
Fe-N (cyanide) distance and the 1.15 -A C=N bond length, the
short ~1.9-A shell was presumed to be the Fe—C bond length
in the FFy; fits. An alternative fit to the FF;, with only slightly
higher &2 = 1.4 was obtained with two Fe—X (X = C_+ N)
bonds at 1.93(2) A and three Fe—N bonds at 2.07(2) A, thus
one of the Fe—N bonds (most likely to the imine group) may be
~0.15 A shorter than the other three. With either model, the
average Fe—N distance is 2.03 A, and the Fe—S distance is 2.11
A. The best fits to the EXAFS spectra are shown in Fig. 4, and
fitting parameters and uncertainty estimates are in Table 2.
Some of the other fits considered are published as Supporting
Text in supporting information on the PNAS web site.

The Fe—S and Fe—C(N) distances shown in Table 2 agree
with those of dimeric 5 (Table 1) as well as those observed in
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Fig.4. Fig. 4. EXAFS data (circles) and fits (lines) for 1. (a) Fourier transform of
K3y from k = 1.0 to 14.3 A~1. (b) k%x (unfiltered). The fits shown use the
parameters from the fit to the FF;, data shown in Table 2.

other low-spin iron(IIT) complexes, based on a search of the
Cambridge Structure Database, although the Fe—S distance is
at the short end of those previously observed (31). The bond
valence sum calculated on the basis of fits shown in Table 2 is in
the range (3.7-4.5) found for low-spin ferric complexes (32) in
the Cambridge Structure Database.

Table 2. Results from curve fitting FF k3 of 4

FF4 FF12

r=08-20A r=08-3.0A
Sh. 1-3 ¢2/A2 0.0043 (25)* 0.0050 (18)
shell 1: r/A 1 N:1.86 (4) 1C:1.88(5)
shell 2: r/A 4N:2.035 (13) 4 N:2.026 (13)
shell 3: r/A 15:2.103 (21) 15:2.109 (19)
Sh. 4-6 02/A2 0.005 (3)
shell 4: r/A 7(3) C: 2.90 (3)
shell 5: r/A 3(2) C: 3.43 (6)
shell 6: r/A 1 N*: 3.05 (4)
&2 0.56 1.21
BVS* 436 435

*Uncertainty estimates of last-reported digit, shown in parentheses, are de-
termined by plotting the increase in £2 (A¢?) vs. small changes (Ap) in the
parameter in question while refining other parameters; the uncertainty is
defined as the largest |Ap| giving Ae? = 1.

The N(CN) shell includes single (Fe-N-Fe), double (Fe-C-N-Fe), and triple (Fe-C-N-
C-Fe) scattering pathways and is calculated assuming rcy = 1.15Aand £ Fe-C-N =
180°.

*Bond valence sum calculated (32) from the refined r for shells 1-3.

3674 | www.pnas.org/cgi/doi/10.1073/pnas.0637029100

Table 3. Redox potentials and electronic absorption spectral data
for SOR models and their derivatives

Complex Eq/2 vs. SCE (298 K) Amax (M), nm
[Fe!(SMe2Ny(tren))(MeCN)]2* (2) —223 mV 585 (1975)
[Fe'(SMe2N,(tren))(OAQ)]* (6) —335 mV (quasireversible) 455 (1152),

537 (1390)
[Fe"(SMe2Ny(tren))(N3)]* (3) —410 mv 425 (2550),

535 (2020)
[Fe!(SMe2Ny(tren))(CN)]* (4) —805 mV (quasireversible) 554 (1550)
[Fe!(SMe2Ny(tren))](u-CN)3+ (5)  —455 mV, —665 mV (irreversible) 568 (1490)

Electronic and Magnetic Properties of [Fe''(SMe2N,(tren))-
(N3)I(PFg) (3), [Fe"(SM2N,(tren))(CN)](BPh,) (4),
[Fe"(SMe2N,(tren))]x(u-CN)(PFg); (5), and
[Fe™(SMe2N,(tren))(OAC)1(BPhy) (6)
Azide-ligated [Fe(SMe2Ny(tren))(N3)]*™ (3) is burgundy in
MeCN and displays two intense LMCT bands at 425(2,550 M ™!
em™!) and 535(2,020 M~! cm™!) nm (Table 3; Fig. 7, which is
published as supporting information on the PNAS web site).
This is in contrast to MeCN-ligated [Fe!™(SM2Ny(tren))-
(MeCN)J** (2), which is blue in MeCN and displays a single
LMCT band centered at 585(1,975) nm (Table 3). For compari-
son, azide-bound SOR is blue and has a LMCT band centered
at 660(2,300) nm (16). As shown by the temperature-dependent
inverse magnetic susceptibility curve of Fig. 8 (which is pub-
lished as supporting information on the PNAS web site), azide-
ligated 3 possesses an S = 1/2 ground state (with pegr = 2.0 up),
with a thermally accessible higher-spin excited state that be-
comes significantly populated at temperatures near 298 K. The
ambient temperature-effective moment of 3 in solution is 3.68
wa. The short Fe-N and Fe-S distances in 3 (Table 1) indicate
that the S = 1/2 state is predominantly populated at 130 K, the
temperature at which the crystallographic data were collected.
Azide-bound SOR enzyme, on the other hand, possesses an S =
5/2 ground state (16). These differences in spin state most likely
reflect differences in the positioning of the thiolate sulfur rela-
tive to the exogenous ligand. With SOR, the thiolate (S%%) is
positioned trans to the anionic N3 ligand, whereas with our
model compound it is positioned cis to the anionic N3 ligand.
Cyanide-ligated [Fe"'(SM2Ny(tren))(CN)] ™ (4) is pink in
MeCN and displays a LMCT band centered at 554(1,550) nm
(Table 3; Fig. 9, which is published as supporting information on
the PNAS web site). Cyanide-bridged dimeric 5, on the other
hand, is purple in this solvent and displays an intense absorption
band at 568(1,490) nm (Table 3; Fig. 9, which is published as
supporting information on the PNAS web site). The »(CN)
stretching frequency shifts significantly from 2,102 to 2,143 cm™
in going from a terminal binding mode in 4 to a bridging mode
in 5. For comparison, the LMCT band associated with cyanide-
bound SOR is centered at 685(2,700) nm (16). With SOR, the
cyanide-bound form is low spin (S = 1/2), whereas both the
glutamate- and azide-bound forms are high spin (S = 5/2). This
difference in spin states is not unexpected given the strong-field
nature of the cyanide ligand. A similar difference in spin is ob-
served with our synthetic model system. The effective moment
of cyanide-ligated 4 remains constant at 1.96 ug over the tem-
perature range 2—300 K (Fig. 10, which is published as support-
ing information on the PNAS web site), consistent with a S =
1/2 spin system. The electron paramagnetic resonance spectrum
of 4 is axial, with g values (g1 = 2.13, g = 2.00; Fig. 11, which
is published as supporting information on the PNAS web site)
that compare well with those of CN~-inhibited SOR from both
Desulfovibrio desulfuricans Dfx (gL = 2.27 and gl| = 1.96) (15)
and from P. furiosus (g = 2.289, 2.251, 1.935) (16). Acetate-li-
gated 6 and azide-ligated 3, on the other hand, each possess a
thermally accessible higher spin (S = 3/2 or S = 5/2) excited

1
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state that is significantly populated at ambient temperature. The
ambient temperature magnetic moment of acetate-ligated 6 is
3.46 up. The short Fe-S and Fe-N distances observed in the low-
temperature crystal structure of 6 indicate that the ground S =
1/2 state is predominantly populated at 130 K.

Acetate-ligated [Fe™(SMe2Ny(tren))(OAc)]™ (6) is pink
in MeCN and displays two intense absorption bands at
455(1,352) and 537(1,190) (Table 3; Fig. 7, which is published as
supporting information on the PNAS web site). For comparison,
glutamate-bound SOR possesses an intense absorption band at
660(2,500) nm. Again, differences in these electronic properties
most likely reflect the fact that the thiolate sulfur is positioned
trans with respect to the carboxylate ligand in SOR vs. cis in our
model. The electronic spectrum of 6 is temperature-dependent
in MeCN, indicating that there is an equilibrium between the
MeCN- and acetate-bound derivatives 2 and 6. Apparently
MeCN competes effectively with OAc™ but not N3 or CN~ for
binding to the Fe3* ion.

Reactivity of Acetate-Bound [Fe'"'(SMe2N,(tren))(OAc)]* (6)

Acetate-ligated 6 resembles the glutamate-bound oxidized Fe'!!
resting state of the SOR enzyme. With SOR, CN~ and N3 were
shown to displace the glutamate from the oxidized Fe'! form of
the enzyme (16). We observe similar reactivity with our model
compound [Fe™(SMe2Ny(tren))(OAc)]* (6). Addition of solid
NaCN to a MeCN solution of 6 causes the bands at 455 and 537
associated with 6 to disappear and a new band to grow in at 554
nm (Fig. 12, which is published as supporting information on the
PNAS web site), consistent with the formation of 4 via the dis-
placement of OAc™. This occurs even when excess amounts of
OAc™ (20 equiv) are present, indicating a strong preference for
the CN~ ligand. Addition of solid NaN3 to a MeCN solution of
6 causes the band at 455 to shift to 425 and the relative intensity
of the bands at ~535 and 425 to change, consistent with the for-
mation of 3 via the displacement of OAc™. These results indicate
that Fe3* has a much higher affinity for CN~ and Nj relative to
OAc™, when it is in a coordination environment resembling that
of SOR. This would be consistent with the observation that
these exogenous ligands bind to the iron site of glutamate-bound
oxidized SOR (16).

Reactivity of Reduced [Fe''(SMe2N,(tren))]* (1) with Azide,
Cyanide, and Acetate

Addition of CN~, N3, and OAc™ to MeCN solutions of reduced
1 does not cause the UV /vis spectrum to significantly change.
This would appear to suggest that exogenous ligands do not bind
to the Fe?* form of our model complex. However, because the
electronic absorption spectra of ferrous thiolate complexes tend
to be rather featureless (33) and therefore rather insensitive to
changes in the ligand environment, a more sensitive method of
probing ligand binding to 1 was pursued. Cyclic voltammetry was
selected as the preferred method, because it is capable of detect-
ing even minor changes to the Fe?* coordination sphere. Five-
coordinate 1 is oxidized at a potential of —80 mV in MeCN so-
lutions. This potential does not shift in the presence of CN~,
N;, or OAc™, implying that these ligands do not interact with
the iron center of 1. Cyclic voltammograms (CVs) of oxidized
Fe3*—L [L = OAc™ (6), CN~ (4)] are irreversible, indicating
that their reduced six-coordinate Fe?*—L (L = OAc™, CN™)
derivatives are unstable on the CV time scale (at scan rates of 75
mV/sec or less). Together these electrochemical data indicate
that exogenous substrates CN~, N3, and OAc™ have a lower
affinity for the Fe?* ion of 1 relative to the Fe** ion of 2. This
is not surprising, given the poorer Lewis acidity of +2 vs. +3
metal ions. The iron site of SOR also displays this oxidation
state-dependent ligand-binding property: reduced Fe?* SOR
does not appear to bind the nearby glutamate residue, whereas
oxidized Fe** SOR does.
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Redox Properties of SOR Model Complexes 2-6

The SOR Rbo contains a second rubredoxin-type iron center
(Center I), which presumably functions as the reductant for the
catalytic iron center (Center II). Kurtz and coworkers (13) have
shown that the Fe?* state of Center II in Rbo (the active form
of the catalytic iron site) can be regenerated by exposing Rbo to
a solution of reduced rubredoxin. This reaction most likely pro-
ceeds via the initial reduction of Center I, followed by electron
transfer to Center IL

Given that electron transfer plays a prominent role in SOR
chemistry, it is possible that SOR inhibition occurs by interfering
with these redox processes. To determine whether this is a viable
mechanism of inhibition, we decided to find out how the redox
potentials of our SOR models are affected by exogenous ligand
binding. As shown by the cyclic voltammogram of Fig. 13, which
is published as supporting information on the PNAS web site,
acetate-ligated [Fe'(SMe2Ny(tren))(OAc)]* (6) is quasireversibly
reduced at a potential of —335 mV vs. SCE (Table 3). That this
reduction is quasireversible implies that the carboxylate ligand
dissociates on reduction of the iron center, at a rate comparable
to the CV time scale (=1 sec). This is supported by the observa-
tion of a new peak at —80 mV, corresponding to the five-coordi-
nate [Fel{(SMe2Ny(tren))]™ (1), in the reverse scan (Fig. 13,
which is published as supporting information on the PNAS web
site) and is consistent with the proposed SOR mechanism shown
in Scheme 1 in which an open coordination site is created on
reduction. Replacement of the acetate of 6 with an azide causes
the redox potential to shift anodically by 75 mV. Azide-ligated
[Fe(SMe2Ny(tren))(N3)]* (3) is reversibly reduced at a potential
of Ei, = —410 mV (Table 3) vs. SCE in MeCN (Fig. 14, which
is published as supporting information on the PNAS web site).
Replacement of the acetate of 6 with cyanide causes the redox
potential to shift even more dramatically. Cyanide-ligated
[Fe(SMe2Ny(tren))(CN)]* (4) is quasireversibly reduced at a
potential of E;, = —805 mV vs. SCE in MeCN (Fig. 15, which
is published as supporting information on the PNAS web site).
This contrasts considerably with the redox behavior of acetoni-
trile-ligated [Fe™SMe2Ny(tren)(MeCN)J>* (2), which is reduced
at a much more cathodic potential of E;, = —222 mV vs. SCE
in MeCN (Table 3) and cyanide-bridged dimeric 5, which is irre-
versibly reduced, by two electrons, at —455 and —665 mV (Fig.
16, which is published as supporting information on the PNAS
web site). The redox potential differences between MeCN— li-
gated 2 vs. azide-, cyanide-, and acetate-ligated 3, 4, and 6 most
likely reflect differences in molecular charge: 3, 4, and 6 are all
monocations, whereas acetonitrile-ligated 2 is a dication. On the
basis of charge, one would expect 2 to be significantly easier to
reduce than 3, 4, and 6. Given its +3 molecular charge, it is also
not surprising that the first electron is added to dimeric 5 at a
significantly more cathodic potential (Table 3) than 4. Because
the iron species, which is reduced during SOR catalysis, is be-
lieved to contain a glutamate (Glu-CO;') coordinated to the
Fe™N,S site (Scheme 1), the overall molecular charge (+1)
would be expected to be closer to that of 3, 4, and 6. Thus, to
assess the effect that exogenous ligands have on the redox prop-
erties of oxidized SOR, the most relevant comparison is between
model compounds 3, 4, and 6 (Table 3).

Implications Regarding the Possible Mechanism of
SOR Inhibition

Comparison of the ambient temperature redox potentials of 3, 4,
and 6 (Table 3) shows that replacement of the carboxylate with
cyanide, but not azide, causes the redox potential to dramatically
shift (by —470 mV) to a more negative potential. If cyanide
binding were to cause the redox potential of SOR to shift by the
same amount, then the reduction potential of the catalytic iron
center (Center II) (reported range for the redox potential of
Glu-Fe-SOR: +9 to —51 mV vs. SCE) would fall well below
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that of its biological reductants [Center I (—236 mV vs. SCE)
and rubredoxin (reported range: —191 to —291 mV vs. SCE)].
Thus, cyanide would prevent the enzyme from turning over by
preventing the reduced catalytically active Fe?* SOR state from
being regenerated. This mechanism of inhibition is not unheard
of: cyanide also inhibits superoxide dismutase by preventing the
Fe?* state from being regenerated (34). One explanation for this
dramatic shift in potential on CN~ binding is that stronger bond-
ing in the low-spin cyanide complex 4 raises the energy of the
empty o orbitals. This would make it more difficult to reduce,
because the added electron would have to go into a higher en-
ergy orbital. Stronger bonding in the cyanide complex is implied
by the lower (S = 1/2 at 298 K) spin state relative to the acetate
and azide complexes. At ambient temperature (the temperature
at which the redox properties were measured), the acetate and
azide complexes, on the other hand, have higher-spin states pop-
ulated, implying that their bonding is weaker, and thus the o™
orbitals lie lower in energy. This would make these derivatives
easier to reduce. Given that the glutamate- and azide-bound
forms of the SOR enzyme are high-spin, whereas the cyanide-
bound form is low-spin, the same orbital energy arguments
would hold for the SOR enzyme. Thus one would predict that
CN-bound Fe?* SOR would be more difficult to reduce than the
native glutamate-bound form, making it difficult to regenerate
the active Fe>* catalyst when CN~ is bound. That our model
complex 4 is quasireversibly reduced on the cyclic voltommo-
gram time scale (200 mV/sec) implies that the CN~ ligand dis-
sociates from the Fe on reduction. Evidence for this is also in-
ferred from the observation that cyanide will not bind to
reduced Fe?" —1. Therefore, it seems likely that if the Fe>™ SOR
state were accessible with the cyanide-inhibited form of the en-
zyme, then the five-coordinate catalytically active form of the
enzyme could readily be regenerated via the dissociation of the
cyanide ligand. Given that the redox potential of our azide-
bound model is not significantly shifted (75 mV) relative to our
carboxylate-bound resting state model, our results also suggest
that azide would not inhibit SOR activity via the same mecha-
nism. In support of this, azide has not been reported to inhibit
SOR activity at ambient temperature (activity is reduced by 50%
only when the temperature is raised to 80°C and a 50-fold excess
of N3 is used; M. W. W. Adams, personal communication).
Reduced [Fe''(SMe2Ny(tren))]* (1) will stoichiometrically re-
duce superoxide to HO, in MeCN (containing trace amounts of
H,0) (20), even in the presence of either azide or cyanide. That
reduced 1 can still promote SOR chemistry (one turnover) in
the presence of these ligands strongly suggests that inhibition of
the enzyme occurs at the oxidized rather than the reduced state.
Although cyanide (and azide) have been shown to bind to re-

. Totter, J. R. (1980) Proc. Natl. Acad. Sci. USA 77, 1763-1767.

. Lyons, T. J., Gralla, E. B. & Valentine, J. S. (1999) Met. Ions Biol. Syst. 36, 125-177.

. Riley, D. P. (1999) Chem. Rev. 99, 2573-2587.

. Culotta, V. C. (2000) Curr. Top. Cell Regul. 36, 117-132.

. Adams, M. W. W, Jenney, F. E., Jr., Clay, M. D. & Johnson, M. K. (2002) J. Biol. Inorg. Chem.

7, 647-652.

Kurtz, D. M., Jr., & Coulter, E. D. (2002) J. Biol. Inorg. Chem. 7, 653-658.

. Auchere, F. & Rusnak, F. (2002) J. Biol. Inorg. Chem. 7, 664—-667.

. Abreu, I. A, Xavier, A. V., LeGall, J., Cabelli, D. E. & Teixeira, M. (2002) J. Biol. Inorg. Chem.
7, 668-674.

. Kurtz, D. M., Jr., & Coulter, E. D. (2001) Chemtracts 14, 407-435.

10. Jenney, F. E. Jr., Verhagen, M. F. J. M., Cui, X. & Adams, M. W. W. (1999) Science 286, 306—309.

11. Andrew, P. Y., Hu, Y., Jenney, F. E., Adams, M. W. W. & Rees, D. C. (2000) Biochemistry 39,

2499-2508.

Coelho, A. V., Matias, P., Fiilop, V., Thompson, A., Gonzalez, A. & Coronado, M. A. (1997)

J. Biol. Inorg. Chem. 2, 680—689.

13. Coulter, E. D., Emerson, J. P., Kurtz, D. M., Jr., & Cabelli, D. E. (2000) J. Am. Chem. Soc. 122,

11555-11556.
14. Mathe, C., Mattioli, T. A., Horner, O., Lombard, M., Latour, M.-M., Fontecave, M. & Niviere,
V. (2002) J. Am. Chem. Soc. 124, 4966—4967.

15. Romao, C. V., Liu, M. Y., Le Gall, J., Gomes, C. M., Braga, V., Pacheco, I., Xavier, A. V. &

Teixeira, M. (1999) Eur. J. Biochem. 261, 438—443.

Clay, M. D., Jenney, F. E., Jr., Hagedoorn P. L., George, G. N., Adams, M. W. W. & Johnson,

M. K. (2002) J. Am. Chem. Soc. 124, 788-805.

17. Taveres, P., Ravi, N., Moura, J. J. G., LeGall, J., Huang, Y.-H., Course, B. R., Johnson, M. K.,

Huynh, B. H. & Moura, 1. (1994) J. Biol. Chem. 269, 10504-10510.

[ N

%o

©

1

N

16.

o

3676 | www.pnas.org/cgi/doi/10.1073/pnas.0637029100

duced Fe?"-SOR at low temperatures (<52 K) (16), it not clear
whether these ligands would bind to this state of the enzyme at
ambient temperature, the temperature at which catalysis occurs.
For the reasons outlined above, one would expect anionic li-
gands (Lewis bases) to have a much larger affinity for Fe3" rela-
tive to Fe?™. It is also possible that the placement of the open
coordination site trans to an imine nitrogen, as opposed to trans
to a thiolate (as it is in SOR), reduces the affinity of our Fe?*
model for azide and cyanide. However, given that thiolate li-
gands are stronger trans labilizers than imines, it seems likely
that anionic ligands would have an even lower affinity for the
reduced Fe?* site of SOR.

Conclusion

The work reported herein suggests that cyanide inhibition of
SOR is caused by a shift in the reduction potential of the cat-
alytic iron center, which makes the Fe?" state unobtainable
using biological reductants. Cyanide and azide do not bind to
our reduced Fe?™ model (1) and do not prevent 1 from re-
ducing superoxide. Displacement of acetate from our resting-
state analogue, 6, affords a cyanide-ligated model complex (4)
that is 470 mV more difficult to reduce than acetate-ligated 6
and 395 mV more difficult to reduce than azide-ligated 3. If
cyanide coordination were to cause a similar shift in redox
potential with SOR, then the reduction potential of the cata-
lytically active Fe3*-center would fall well below that of its
biological reductants. Thus, cyanide would inhibit SOR activ-
ity by making the Fe?" state inaccessible and by preventing
the enzyme from turning over. Azide would not be expected
to inhibit SOR activity via the same mechanism. Reduction of
acetate-ligated 6 is quasireversible, implying that the carboxy-
late ligand dissociates on reduction of the iron. This would be
consistent with the proposed SOR mechanism (shown in
Scheme 1) involving the creation of an open coordination site
on reduction and subsequent reduction of superoxide via an
inner-sphere mechanism. The positioning of a thiolate cis, as
opposed to trans, to the open coordination site results in a
stronger Fe-S interaction (shorter bonds and lower spin state) in
our model compounds relative to the SOR active site.
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