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ABSTRACT. Superoxide reductase (SOR) is an Fe protein that catalyzes the reduction of superoxide to give
H,0,. Recently, the mutation of the Glu47 residue into alanine (E47A) in the active site of SORDesni-
foarculus baarsihas allowed the stabilization of an ireperoxo species when quickly reacted with(d [Mathée

et al. (2002)J. Am. Chem. Soc. 124966-4967]. To further investigate this non-heme perekon species,

we have carried out a Msbauer study of th&€Fe-enriched E47A SOR from. baarsii reacted quickly with

H,0,. Considering the Mssbauer data, we conclude, in conjunction with the other spectroscopic data available
and with the results of density functional calculations on related models, that this species corresponds to a
high-spin side-on peroxeFe** complex. This is one of the first examples of such a species in a biological
system for which Mesbauer parameters are now available:= 0.54 (1) mm/sAEq = —0.80 (5) mm/s, and

the asymmetry parameter = 0.60 (5) mm/s. The Mssbauer and spin Hamiltonian parameters have been
evaluated on a model from the side-on peroxo complex (m®diskued from the oxidized iron center in SOR

from Pyrococcus furiosydor which structural data are available in the literature [Yeh et al. (2B@@)hemistry

39, 2499-2508]. For comparison, similar calculations have been carried out on a model derived (noodel

3), where the [CH—S]*~ group has been replaced by the neutral fNHKroup [Neese and Solomon (1998)

Am. Chem. Soc. 1202829-12848]. Both model® and 3 contain a formally high-spin Fé ion (i.e., with

empty minority spin orbitals). We found, however, a significant fractie®.6 for 2, ~0.8 for 3) of spin
(equivalently charge) spread over two occupied (minority spin) orbitals. The quadrupole splitting valis for
found to be negative and matches quite well the experimental value. The computed quadrupole tensors are
rhombic in the case d? and axial in the case &. This difference originates directly from the presence of the
thiolate ligand in2. A correlation between experimental isomer shifts fof"R@ononuclear complexes with
computed electron densities at the iron nucleus has been built and used to evaluate the isomer shift values for
2 and3 (0.56 and 0.63 mm/s, respectively). A significant increase of isomer shift value is found upon going
from a methylthiolate to a nitrogen ligand for the*Féon, consistent with covalency effects due to the presence

of the axial thiolate ligand. Considering that the isomer shift valueSfisrlikely to be in the 0.6+0.65 mm/s

range [Horner et al. (200Bur. J. Inorg. Chem.3278-3283], the isomer shift value for a high-spjiO, Fe**

complex with an axial thiolate group can be estimated to be in the-@%8 mm/s range. The occurrence of

a side-on peroxo intermediate in SOR is discussed in relation to the recent data published for a side-en peroxo
Fe*' species in another biological system [Karlsson et al. (2@3&nce 2991039-1042].

Superoxide reductase (SORis an iron enzyme that give H,O, according to the reaction:
catalyzes the one-electron reduction of superoxide @

0, +2H +1e —H,0,
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by four equatorial histidine ligands and an apical cysteinate 15). This second intermediate is then transformed into the
ligand. It therefore possesses a vacant axial coordination sitefinal product of the reaction #D,. This occurs by a still
available to bind superoxide. In the oxidized state, this site uncharacterized protonation process with the help of the
is occupied by a glutamate residue which binds as a sixthstrictly conserved glutamate 47 (Glu47) residue which
ligand @, 5). The D. desulfuricans, Desulfébrio baarsii, becomes a ligand of the Feion in the oxidized center I
and Desulfaiibrio vulgaris enzymes possess an additional (16).
iron site (center I, as opposed to the active site called center Mutation of Glu47 into alanine (E47A), which does not
II) which consists of a mononuclear Heion coordinated affect the binding of superoxide to the SOR fr@mbaarsi
by four cysteinate residues in a distorted rubredoxin-type (12, 15), results in the stabilization of a perox@on species
environment and is separated by ca. 20 A from center Il when the enzyme is reacted with an excess gDH16).
(3). This center | is absent in the SORs frémfuriosusand This species was shown to be in t8e= 5, ground state by
Treponema pallidugrand its biological role is still unknown  EPR spectroscopy. Trapping of this species by the E47A
(2, 4, 6). mutation permitted a RR characterization, and the observed
Spectroscopic techniques (EPR, MCD, EXAFS) have been O—O and Fe-O vibrations were found to be consistent with
used extensively to characterize the SOR iron cenf8ts (@ side-on peroxeFe®* species 16). Nevertheless, this
In particular, the oxidized centers | and Il have been widely conclusion was recently questioned from RR studies of model
studied by EPR spectroscopy. Oxidized centers |l possesscomplexes 17) and DFT calculations which eventually
similar UV—visible and redox properties. Nevertheless, their advanced a hydroperoxo form as the most likel§)(
EPR properties differ. Indeed, the enzymes which possess a To further investigate this non-heme peresmn species,
center | (e.g., SOR frorD. desulfuricangexhibit a rhombic ~ we have carried out extensive B&bauer studies of the
EPR signal 8) while this EPR signal is axial in the enzymes >'Fe-enriched E47A SOR from. baarsiireacted with HO,.
which lack center | (e.g., SOR frorf. pallidum or P. Indeed, recent Mgsbauer studies of perox@gon complexes
furiosug (7). Mdssbauer spectroscopy was also used to have shown that the side-on peroxo and hydroperoxo forms
characterize the as-isolated and oxidized SOR fidm exhibit different spectroscopic signatures owing to their
desulfuricang8, 9). Indeed, Mesbauer parameters (isomer different spin states and geometrids,(19). The value of
shifts and quadrupole splittings) have been determined for the Mssbauer isomer shift deduced in the present study for
oxidized center | and center I (high-spin ¥eions) and  the purported side-on peroxé€** species departs slightly
reduced center Il (high-spin Feion). from that expected from model complexes. We reasoned that
The reaction of the SORs from different origins with the unusual presence of a cysteinate iron ligand might be
superoxide has been studied by pulse radiolysis methods'eSponsible for the observed value. This prompted us to
(10-14). It is now generally assumed that the reaction of investigate in detail the effect of thiolate ligation on the
O, with the F&* ion of reduced center Il proceeds through M0ssbauer parameters by (i) studying model complexes of
an inner-sphere mechanism. The first step of the reaction isféduced center Il (F€) in SOR by Msbauer spectroscopy,
an extremely fast bimolecular reaction of SOR with super- (ii) evaluating the Mssbauer (isomer shift excluded) and
oxide in a nearly diffusion-controlled process(® M1 spin Hamiltonian parameters by DFT calculations for a
s7%). In all enzymes studied, a first intermediate is formed Structural model of oxidized center Il in E47A SOR reacted
that exhibits a broad absorption bandiat-600 nm ¢ ~ with H;0,, and (jii) establishing a correlation between
3000-4700 Mt cm1) and was proposed to be a perexo  €xperimental isomer shifts for mononuclear ferric complexes
Fe* species. However, depending on the enzymes studied,and computed electron densities at the iron nucleus, to
the following steps of the catalytic cycle differ. In the SORs €stimate the isomer shift value for the model of oxidized
from Archaeglobus fulgidu and Duulgaris, the first center Il. From our Mesbauer data and the results of DFT
intermediate becomes protonated to give directly the final Calculations, we conclude that the perexmn species in
products of the reaction, oxidized center Il {Feand HO, E47A SOR is a high-spin side-on peroxBe’* species, in
(13, 14). In the SORs fronD. baarsiiandT. pallidum an ~ agreement with the RR stud$®). The occurrence of g*
additional reaction intermediate has been identified, resulting O F€*" intermediate in SOR will be discussed in relation
from a single protonation process of the first intermediate, O the experimental data already published and the recent
to give presumably an hydroperox&e** species 11, 12, proposal for the catalytic mechanism.

MATERIALS AND METHODS
! Abbreviations: Cys, cysteine; DFT, density functional theory; Dfx, . "
the enzyme from the suifate-reducing bacteriDesulfaibrio des- Preparation of*’Fe SOR E47A from D. baarsii Samples

ulfuricans EDTA, ethylenediaminetetraacetate; EFG, electric field and Model Complexe3he purified®Fe SOR E47A sample

gradient; EPR, electron paramagnetic resonance; EXAFS, extendedyas prepared as already describd@®) (except that 98%

X-ray absorption fine structure; [[{SV'*2Ny(tren))", complex prepared 57 :
by combining 2 equiv of 3-methyl-3-mercapto-2-butanone with FeCl Fe m_ste_ad Of. natural Fe was used to complement the
in methanol and adding 1 equiv of tren; HOMO, highest occupied EScherichia coliDH5a pMLE47A culture medium. For

molecular orbital; ICSD, Inorganic Crystal Structure Database; LCAO, isotopic enrichment, thé’FeC-6H,0 starting compound
linear combination of atomic orbitals;®pys, 5-bis(2-pyridylmethyl)- was obtained by dissolvingFeOs (AMT Ltd.) in 20 equiv

1,5-diazacyclooctane; LUMO, lowest unoccupied molecular orbital;
MCD, magnetic circular dichroism; Nlr, the enzyme from the archae of concentrated HCI (Carlo Erba) under reflux and then by

Pyrococcus furiosyN4Py, N,N-bis(2-pyridylmethyl)N-bis(2-pyridyl)- evaporating to dryness.
methylamine; PDB, Protein Data Bank; Py, pyridine; RR, resonance  Three Fé&" complexes of the ¥py, ligand of the general

Raman; SOR, superoxide reductase; SQUID, superconducting quantu 8 I + — _
interference device; TpivPPpesea,a,a,o-tetrakisp-pivalamidophe- Mormula [L°py2Fel (X)) [X = SCeHs mCH3 (4), SCGHl.l (5),
nyporphyrin; Tris, tris(hydroxymethyl)aminomethane; tren, tris(1- and CHCO; (6)] were prepared according to the literature

aminoethyl)amine; ZFS, zero field splitting. procedure (Chart 1)20).
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Spectroscopic MethodsAll Mo ssbauer measurements \,J é /> NS N ’\[B
were performed as already describ&®d)( One homemade \CH3 NH
sample holder able to generate an external magnetic field of 2 3

50 mT applied parallel to the Msbauery-beam was also  Figure 1: Three theoretical models of the SOR active site
used R1). The samples for Mesbauer spectroscopy con- investigated by DFT calculations in this study.

tained ca. 1.5 or 4 mM’Fe in a 200uL nylon cell. The
analysis of the Mesbauer data was made as already that treatment of some Fecomplexes with HO, results in
described 19). To determine an accurate value of the isomer the formation of metastable Fe-peroxo species5@); the
shifts, a special procedure was followed when fitting the mechanism is not completely understood but has been
spectra. Indeed, the contribution of the oxidized center | in addressed experimentall§g, 56). Furthermore, Tris buffer
SOR fromD. baarsii was first of all subtracted from the is a good"'OH scavenger7) which further minimizes the
experimental data. This difference spectrum was then fitted risks of protein damage.
by considering only the contribution of the oxidized center ~ Computational MethodsAll calculations have been per-
Il in SOR from D. baarsii This theoretical spectrum was formed with the Amsterdam LCAO density-functional
then subtracted from the experimental spectrum, and this newprograms (ADF 2.3) developed by Baerends et24—28).
difference spectrum was further fitted by considering only We considered there only the potential referred to as “VBP”
the contribution of oxidized center I. This procedure was [Vosko, Wilk, and Nusair's exchange and correlation energy
repeated until a convergence of the 8dbauer parameters (30, 31) completed by nonlocal gradient corrections to the
was observed (seven or eight cycles), which allowed an exchange by Becke3p) as well as to the correlation by
accurate determination of the isomer shift values. The Euler Perdew 83)]. We used triple (plus polarization) basis sets
anglesa, 3, andy define the orientation of the [A] tensor for all atoms.
relative to the EFG tensor (the [A] and [g] tensors are  Models Used and Choice of GeometriEfgure 1 shows
assumed here to be collinear). the models used in this study. The crystal structure éf Fe
Magnetization measurements were performed with a SHE SOR from P. furiosus has been determined by X-ray
SQUID 700 magnetometer operating at six magnetic fields crystallography at 1.70 A resolution (PDB entry 1DQ4).(
in the range 0.55 T over the temperature domainr-200 The coordinates are therefore readily available in order to
K. After concentration in a deuterated buffer, the sample (5.1 build structural models suitable for density functional LCAO
mM) was deaerated under argon, and ZlL5vas transferred ~ calculations. Modell corresponds to a simplified structure
into a quartz sample bucket within a glovebox under argon. of the oxidized center Il issued from the oxidized iron center
Upon immediate removal from the glovebox the sample of SOR @. furiosu3, where residues His16, His41, His47,
(under argon in a small container) was frozen in liquid and His114 of the equatorial plane have been replaced by
nitrogen and introduced in the magnetometer. The magne-four neutral imidazole rings [pCsH.]° and where the axial
tization of the protein was obtained by subtraction of the residues Cys111l and Glul4 have been replaced by the
buffer magnetization measured in the same conditions charged [CH—SJ*~ and [CH—CGO,]*~ groups, respectively
according to the general procedure outlined by D2%).( (Table S6; see Supporting Information). In such a model,
Simultaneous fitting of the six isofield curves was performed the z axis has been set along the-F&(Cys) bond. The
with a homemade FORTRAN prograr@3). EPR spectra  axis is then roughly defined along the-Rd(His16,47) bonds
were recorded as already describ#8)( Resonance Raman and they axis along the FeN(His41,114) bonds, with the
spectra were recorded and analyzed as already describedyrojected S-C bond of the [CH—S]* group along the
with a laser excitation at 647.1 nm and at 15 ¥6); The (Fe—S) z axis being closer to the FeN x axis.
intermediate F&—peroxo species was prepared by mixing ~ From modell, we then derived mode?, obtained by
6 equiv of HO, with ferrous SOR and rapidly freezing in  replacing the [CH—CO;]*™ group (located along theaxis)
liguid nitrogen withih 3 s ofmixing. The same Feé—peroxo by a side-on peroxo group,© (Table S7). The @0 and
could be prepared (as determined by RR spectroscopy) byFe—O bond lengths have been set to the values used by
mixing 6 equiv of HO, to ferric SOR which was previously  Neese et al. for high-spin® —Fe&** models that they built
oxidized with 3 equiv of KIrCls and then washed to remove for their calculations on [Fe(EDTA)(#)]%~ (1.41 and 2.05
excess KIrClg (Mathe Niviére, and Mattioli, unpublished A, respectively) 84). These distances are consistent with
results). Possible Fenton chemistry a@iH-related protein  those determined very recently for a side-on peroxo adduct
damage at the Fé sites (as monitored by UWvisible crystallographically characterized for a naphthalene dioxy-
absorption and RR spectroscopies) were not observed on thggenase 35). Considering now the FeS bond, an EXAFS
time scale of the Fé—peroxo species formation. Itis known study of oxidized center Il in SOR froiR. furiosusyielded
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a bond length of 2.36 A7). Recently, Schearer et al. 404 cnt?, andS = %, for the & F&*" ion. The labels &”
structurally characterized two model complexes of the and ‘3" stand for the five filled majority and the five empty
reduced and oxidized center Il in SOR, [F8"e2N,(tren))[-" minority spins of the high-spin Fé ion, respectively,ol
and the hexacoordinate [IEESVe2N,(tren))(CHCN)J>T com- stands for an occupied molecular orbital wherga8l
plexes 86). They measured the F& bond lengths to  represents an empty one. Thg — E, energy gaps, when
be 2.31 and 2.33 A, respectively. Upon reaction of promoting an electron from and to mainly Fe molecular
[Fe'(SVe2N(tren))I" with superoxide, an Fé—hydroperoxo  orbitals (as would usually be the case for ar?'Feon-
intermediate that possesses ar-Babond length of 2.33 A, containing complex within the minority spin set of orbitals)
as determined by EXAFS, was isolate2b). Moreover,4, can be computed as Slater transition state energies ascribing
5, and [L8py,Fe! (SGH4-p-CHa)]*" exhibit an average FeS half an electron to bothoOand |nl] The difference in the
bond length of 2.30 AZ0). Therefore, we decided to set corresponding half-occupied molecular orbital energies is

the initial value of the FeS bond length ir2 to 2.30 A. then taken as a good estimate of the total energy difference
We finally constructed model, starting from modeR, by E, — E, between the two electronic structurey(n)® and
further replacing the [CE-S] group by the neutral [NJ° (0)°(n)t. We will show below how this point is relevant for
group, with an FeN(NH3) bond length value of 2.10 A the oxidized (i.e., F&) models2 and 3.

(Table S8) 84). The ZFS tensor [D] is obtained from eq 1 by replacihg

Full geometry optimization was performed on models  with —£2. TheD andE ZFS parameters are then defined by
and 3 (and 2" and 3' where imidazoles were replaced by
NHs). It is noteworthy that the optimized geometry far {D =3(D,,— Dis»)/2 @)
matched very well that of modd from Kurtz et al. (8). E=ID,,— Dyl/2
These calculations allowed us to estimate the respective
electron densities at the iron nucleus for all optimized WhereDis, = Tr([D])/3. We also computed the quadrupole
structures which were converted to the respective isomertensor [Q] as &7)
shifts (using the correlation of Figure 7), 0.63 and 0.70 mm/s 1 1
for 2 and3 (0.68 and 0.74 mm/s fa?' and3'). The value ~ —(eOm 311 — 1Q 3
for 3 (and 3) is definitely out of the range observed for 1] 2( QY RO))(Z;)# ] 3)
peroxo—ferric complexes of N donors, which is confined to )
0.60-0.65 mm/s. The reason for this discrepancy must be Where€j = [@[LiL; + LiLi — (/5)05L(L + 1)|PLIQ s the
found in the constraints imposed by the protein backbone quadrupole moment and (+ Ro) the Sternheimer factor.
and the polydentate ligands used in biomimetic compounds. Numerically, [Q]= 0.925(] mm-s™.
These observations led us to calculate the electronic structure |Somer Shift CorrelationA number of small mononuclear
for 2 and3 by imposing the geometry of the metal and of F€" and biomolecules that cover the full range dFe
the protein ligands to their positions deduced by X-ray shifts were selegted for_callbratmg the relationship be-
crystallography in the oxidized SOR frof. furiosusas tween the experimental isomer shifts and the calculated
detailed above. The peroxo ligand was added at a chemicallyelectron densities at iron nuclei. The calibration process
reasonable distance, as done by Neese et3d).if their consisted Qf three steps. First, the structures of the complexes
calculation of the complex [Fe@edta)f~. A geometry were obtained fr_om the X-ray data available at the ICSD
optimization of the angl® between the (FeOO) plane and ([Fe(NO)(Py)(TpivPP)] and [Fe(CN)*) or from some
the Fe-N axis was carried out by rotating the-@ bond ~ atomic coordinates already published elsewhere ([f&Cl
aroundz by steps of 15 This led to the -0 bond being ~ and [Fe(EDTA)(Q)]*", the latter corresponding to a com-
oriented alongy for both 2 and 3. The calculation of the putational model complex; see below). The structures of the
electronic structure o3 performed for this model led to an biomolecules were constructed from the X-ray data available
isomer shift value of 0.60 mm/s within the experimental atthe PDB (oxidized center Il in SOR and [Fe(3R)), after
range. Calculation o2 gave an isomer shift value of 0.55 simplification of the biological reS|due_s ligated to the iron
mm/s, again in agreement with the experimental value of center (R= —CH,CH;). Second, all previous structures were
0.54(1) mm/s. It is worth noting that all calculations point directly used for density functional LCAO calculations (see
to a reduction of the isomer shift value of ca. 0:@810  above) in order to compute electron densities at ke
mm/s when an axial amine ligand is replaced by a thiolate. nuclei. Third, the calculated electron densities at iron nuclei
Spectroscopic Parametersthe EPR and Mssbauer — Were plotted vs the experimental isomer shifts, and the
parameters (isomer shift excluded; see below) were evaluated®Sulting graph was subjected to a linear regression analysis.
by first determining the electronic structures corresponding All of the experimental isomer shifts reported in this work
to models2 and 3 using DFT electronic structures as are reported relative to an Fe metal standard at room
provided by the ADF code. We then relied on a homemade temperature and refer to a sample temperature of 4.2 K.
code in order to compute the [g] and ZFS tensors [D] as
well as the quadrupole tensor [Q]. To compute the [g] and RESULTS AND ANALYSIS

ZFS tensors, we relied on the expression: The oxidation of E47A SOR fromd. baarsii by KaIrClg
or H,O, is almost complete (see below), but a few percent
2& Eb|Li|n|Lj|oD of the unreacted enzyme containing reduced center fifjFe
g; ~ 90 — —(Z - )Z— (1) was still present (Chart 2).
254G n E.—E Therefore, we decided to characterize the reduced center

Il both in the as-isolated and in the dithionite-reduced
with {i,j} = {xy,Z, the spin-orbit coupling constanf = enzymes. Indeed, the spin Hamiltonian parameters of reduced
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Ficure 2: BBI/KT ratio dependence of the molar magnetization of
the as-isolated SOR from. baarsii (5.1 mM in 50 mM Tris-HCI
buffer in D,O, pH= 7.6). The isofield experiments were performed
at 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 T. The lines through the points
correspond to the best fit obtained with 50% contribution of center
I (g=2.0,D = 2.2 cnTl, andE/D = 0.08) and 50% contribution

of center Il g = 2.15,|D| = 5.2 cnT?, andE/D = 0.28+ 0.05).

Chart 2

Center | Center Il

(Cys)S\ ‘e\\\\\\S(CVS) (His)Na,,, F o WN(HS)
Fe¥* , )
(His)N/ |e\N(HIS)
(Cys)S S(Cys) S(Cys)
As-isolated SOR
(Cys)S . \\\\\\S(Cys) (His)Nuy,,, M\\\\\N(His)
Feﬂ: “"IFe\
i | Neis)
(Cys)S S(Cys) S(Cys)
Dithionite-reduced SOR
Cys)S S(C X
(Cys) SSO i, | WN(His)
Fe3* , .
(His)N/ | “SNHis)
(Cys)S S(Cys) S(Cys)
Oxidized SOR

center Il in SOR were extracted more easily in the latter
case as detailed below.

As-Isolated and Dithionite-Reduced E47A SOR from D.
baarsii. In the as-isolated E47A SOR frobB baarsii, center
| contains an F& ion, whereas center Il contains an%Fe
ion (Chart 2). The as-isolated E47A SOR frdn baarsii
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FiGURE 3: Mossbauer spectrum of as-isolat&ge SOR E47A from
D. baarsii (4.5 mM in 50 mM Tris-HCI buffer, pH= 7.6) at 4.2
K in a magnetic field of 50 mT applied parallel to thebeam.
The solid curves show the contribution of each iron site [(&)Fe
from center II; (b) Fé&" from center I].

fit of the molar magnetization (solid line in Figure 2) gave
for the reduced center Il (high-spin #don) the following
parameters,g = 2.15,|D| = 5.2 cnt, andE/D = 0.28 &
0.03.

Figure 3 shows the 4.2 K Mgsbauer spectrum of the as-
isolated E47A SOR frorD. baarsiirecorded with a magnetic
field of 50 mT applied parallel to the-beam. Two distinct
spectral components are clearly distinguishable: a dominant
central quadrupole doublet [(a) in Figure 3] and a magnetic
spectral component extending frorb.0 to 5.0 mm/s [(b)
in Figure 3]. The quadrupole doublet accounts fort53%
of the total absorption, whereas the magnetic component
accounts for 47 3% of the total absorption. The Msbauer
parameters obtained for the quadrupole douldlgt = 1.06
(1) mm/s andAEq = 2.82 (3) mm/s] are characteristic of a
high-spin Fé* ion and correspond to the reduced center Il
of SOR fromD. baarsii. These parameters are comparable
to those published for the reduced center Il of wild-type SOR
from D. desulfuricangd,re = 1.04 mm/s andAEq = 2.80
mm/s) @). The magnetic component corresponds to the
oxidized center | and has been fitted with a unique set of
parameters shown in Table 1, tBeand E/D values being
fixed in the fitting procedure to 2.2 crmh and 0.08, re-
spectively (see above). The isomer shift and quadrupole
splitting values obtained for the magnetic spectral component
[O/re = 0.29 (2) mm/s andAEq = —0.79 (4) mm/s] are
characteristic of the high-spin Feion in center | and
compare well with the parameters obtained for the oxidized

was investigated by magnetization measurements to quantifydesulforedoxin fronD. gigas[d,re = 0.25 (6) mm/s and\Eq

the ZFS parameters of the reduced center IF{}zeFigure

= —0.75 (5) mm/s] 88).

2 shows the temperature dependence of the molar magne- Reduction of E47A SOR frorD. baarsiiwith 1.1 equiv

tization in the as-isolated enzyme with tfiB/KT ratio for
different magnetic fields (isofield experiments). The data
were simultaneously fitted within the spin Hamiltonian
formalism. Oxidized center | is characterized in EPR
spectroscopy by resonancesgat = 7.7, 5.7, 4.1, and 1.8
(6, 12, 16), which correspond t® > 0 andE/D ~ 0.08.

of sodium dithionite occurs with immediate loss of the red
color of the sample. In this case, both center | and center Il
contain an F& ion (Chart 2). The zero-field NMesbauer
spectrum of the dithionite-reduced E47A SOR frdin
baarsii consists of two quadrupole doublets (Figure S1, A)
that have been fitted with the parameters in Table 1.

These data are close to those obtained for the oxidizedMoreover, the spectrum of the dithionite-reduced enzyme

desulforedoxin fromDesulfaibrio gigas (38). Indeed,
oxidized center | has a distorted tetrahedral sulfur coor-
dination very similar to that found in the desulforedoxin
from D. gigas(39). The magnetic contribution of oxidized
center | (F&") was estimated by fixing th® value in the
fitting procedure to the valueD(= 2.2 cm') determined
for the oxidized desulforedoxin from. gigas(38). The best

was measured at 200 K in a parallel field of 7.0 T, and the
reversed patterns of triplet and doublet structures show that
AEq is positive and thay is less than 0.5 for both reduced
sites (Figure S1, B)38, 40). Mossbhauer spectra of the
dithionite-reduced enzyme were also recorded at 4.2 K in
variable fields (Figure S2). The Msbauer data were fitted
simultaneously within the spin Hamiltonian formalism using
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Table 1: Mwsbauer Parameters for Center | and Center Il in SOR E47A Dotaarsii at 4.2 K (a) for the As-Isolated Enzyme, (b) after
Oxidation of the Enzyme by #rCls, (c) after Oxidation of the Enzyme by.B,, and (d) Set to the Value Determined by Magnetization

Measurements
iron center
center | (F&") center Il (F&")
center | (Fé") in as-isolated IrGf in $,042" reduced center Il (F&") center Il (F&")
in S;04%~ reduced and HO; oxidized and as-isolated in IrClg~ oxidized in H,O, oxidized

E47A SOR E47A SOR E47A SOR E47A SOR E47A SOR
D (cm™Y —6.0¢ 2.7 5.2 -1.3(2) 0.8(2)
E/D 0.1%¢ 0.08 0.28 (3¥ 0.33 0.33
Ox 2.08 2.0 2.08 2.0 2.0
Oy 2.02 2.0 2.18 2.0 2.0
g 2.20 2.0 2.00 2.0 2.0
AJgfn (T) —20.4 (2) —15.4 (4) —23.4(2) —20.1 (5) —21.6 (5)
AJgSn (T) —20.4 (2) —15.4 (4) —7.4(2) —20.0 (8) —20.5(3)
AJgnfn (T) —6.5(2) —15.4 (4) -8.1(2) —21.0 (5) —21.0 (5)
AEqg (mm/s) +3.37 (3) -0.79 (4) +2.82 (3) —0.53 (5) —0.80 (5)
n 0.35(5) 1.0(2) 0.40 (5) 0.00 (5) 0.60 (5)
Orre (MM/s) 0.69 (2) 0.29 (1) 1.06 (1) 0.47 (1) 0.54 (1)
Euler angles (deg) 0, 1020 0,90, G 78, 40,0 0, 90, 90 17, 80, 60
fwhmP 0.30 0.35 0.33 0.35 0.35

2 Reference38. ® Determined from the relationgc = g, — 2(D — E)/4, gy = g, — 2(D + E)/A, andg, = 2.20, whereA = —80 cn1! is the
spin—orbit coupling constant. From EPR and magnetization measurements (this wéiBgtermined from the relatiorsx = g, — 2(D — E)/A, gy
=g, — 2(D + E)/4, andg, = 2.0, wherel = —100 cn1! is the spir-orbit coupling constant Referencel6. f From EPR measurements (this

work). 9 Reference8. " fwhm = full width at half-maximum (in mm/s).

the set of parameters shown in Table 1. In the fitting
procedure, the ZFS parameters for reduced center | were
fixed to the values published for reduced desulforedoxin from

D. gigas(39).
Oxidation of E47A SOR from D. baarsii bylkCls. In

the oxidized enzyme, both center | and center Il contain an

Fe*t ion (Chart 2). Indeed, center Il in the E47A SOR from
D. baarsii can be oxidized by a slight excess 0fliCls.

The 4.2 K EPR spectrum of the oxidized enzyme consists

of a large rhombic derivative signal gt= 4.3, which is
characteristic of a high-spin Feion (oxidized center Il) in
a rhombic ligand field §, 16). The Mssbauer spectra of
the E47A SOR fromD. baarsii oxidized with KlrClg

recorded at 4.2 K in various magnetic fields applied parallel

to the y-rays are shown in Figure 4; 4% 2% of the

experimental spectra obtained for the oxidized enzyme are

accounted for by the contribution of the¥éon from center
I [(a) in Figure 4]. In addition, 4 2% of the spectra [(c) in
Figure 4] are accounted for by the contribution of thé'Fe

ion from center Il showing that the oxidation is essentially

quantitative. The major part of the spectra (83 2%)
corresponds to the oxidized center Il [(b) in Figure 4]. It
was satisfactorily fitted with Mesbauer and spin Hamiltonian
parametersdee = 0.47 (1) mm/s and\Eq = —0.53 (5) mm/s
with # = 0.00 (5)] close to those published for the oxidized
center Il (gray form) in the wild-type SOR fronD.
desulfuricangd/re = 0.50 (2) mm/s and\Eq = —0.53 (3)
mm/s withy = 0.14] @). This similarity suggests that the
Fe** ion in the oxidized center Il of the mutated enzyme
(for which no Glu47 ligand is available) is likely to be
hexacoordinated. Moreover, the 3Fesnvironments of the

100
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100
9| c
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transmission (%)

99 L *
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FIGURE 4: Mossbauer spectra 8fFe SOR E47A fronD. baarsii
(1.5 mM in 50 mM Tris-HCI buffer, pH= 7.6) at 4.2 K treated
with 3 equiv of KiIrCle. The experimental spectra taken at 4.2 K

oxidized center Il in both enzymes should be similar, making in a magnetic field of (A) 50 mT, (B) 1.5 T, (C) 3.0 T, and (D) 5.5
water a plausible sixth ligand in the mutated enzyme. Indeed, T applied parallel to the-beam were fitted (solid curves) with the

in the zero-field Ma@sbauer studyT( =77 K) of some
dinuclear F&" complexes with some N/O ligands, the
following M6ssbauer parameters were obtainggs= 0.55
(1) mm/s andAEqg = 1.51 (1) mm/s for a hexacoordinated
Fe**—OH center, ands. = 0.55 (1) mm/s and\Eq = 0.60
(1) mm/s for a hexacoordinated¥e-OH, center 41). These

parameters set of Table 1. The solid curves above the experimental
spectra show the contribution of each iron site [(a)"Feom center
I; (b) Fe* from oxidized center II; (c) R from center I1].

latter parameters (in particular when considering the quad-
rupole splitting value) are close to those determined for the
E47A SOR fromD. baarsii oxidized by KlrCls.
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' ' ' © as-isolated enzyme (Table 1). A total of 452% of the
- ®) | experimental spectra is accounted for by a second component
B i with a large magnetic splitting [(b) in Figure 5] and which
- (@)~ differs from the one observed in the spectra of th&®ls-
100 oxidized enzyme (see above). It can be assigned to a high-
- D v . spin FE' site whose parameters are reported in Table 1. We

99.2 assign this F& ion site to the peroxeiron species. The

associated contributions in Figure 5 were fitted by allowing
some anisotropy of the [A] tenso”A{/gpBn = —21 T).
Moreover, these fits were improved by introducing three

100 Euler anglesq = 17°; 8 = 80°; y = 60°) between the [A]

< and the EFG tensors. The isomer shift and quadrupole
95‘ 99.2 splitting values of the peroxeiron speciesd;re = 0.54 (1)

@ mm/s andAEqg = —0.80 (5) mm/s, respectively, with =

E 0.60 (5)] are clearly different from those obtained for center
g Il oxidized by KlrCle, in particular concerning the isomer

100 shift and the quadrupole splitting value§&f = 0.47 (1)

mm/s andAEq = —0.53 (5) mm/s withy = 0.00 (5)]. It
must be noticed that the Mebauer parameters of the
peroxo-iron species are typical for high-spin¥Feomplexes
and therefore are not unique for the peroxo complex. Finally,
a minor contribution [(c) in Figure 5] is also discernedi3
1%) that corresponds to reduced center Il of SOR E4¥A [

= 1.06 (2) mm/s and\Eq = 2.82 (2) mm/s] and that has
been simulated with the parameters of Table 1. It must be
. . . . . noted that this complex is remarkably stable in the E47A

99.2

100

99.5

10 -5 0 5 10 mutant since it is still present almost quantitatively within 5
velocity (mm/s) S (90+£ 4% of center Il is in the peroxsiron form).
FIGURE 5: Mossbauer spectra 6fFe SOR E47A fronD. baarsii Evaluation of the Mssbauer and Spin Hamiltonian

(1.5 mM in 100 mM Tris-HCI buffer, pH= 8.4) at 4.2 K treated ~ Parameters for an Fe—Peroxo Species with an Axial
with 6 equiv of HO, and immediately frozen in liquid nitrogen. ~ Thiolate LigandThe set of Mesbauer and spin Hamiltonian
The experimental spectra taken at 4.2 K in a magnetic field of (A) parameters that we have obtained for the pergsan species

50mT, (B) 1.5 T, (C) 3.0 T, and (D) 5.5 T applied perpendicular f the E47A mutant of the SOR from. baarsii matches
to they-beam were fitted (solid curves) with the parameters set of

Table 1. The solid curves above the experimental spectra show thethe properties riported for Side'?” pere;RB” model COT-
contribution of each iron site [(a) Eefrom center I; (b) F& from pounds (e.g., }{*-O2)Fe(EDTA)F™ or [(n*O2)Fe(NiPy)I")

oxidized center Il; (c) R from center II]. except for its isomer shift value, which is slightly lower:
= 0.54 vs 0.610.65 mm/s for complexes with nitrogen
Oxidation of E47A SOR from D. baarsii by®Gb. To form ligands (7, 19, 42, 43). Obviously, the SOR active site
peroxo-Fe** species, the as-isolatéFe SOR E47A from  differs from these model compounds by the presence of an
D. baarsii was reacted with 6 equiv of @, at pH= 8.4 axial thiolate ligand. This ligand is expected to lower the

and immediately frozen withi 5 s in liquid nitrogen, as isomer shift by covalency effects. However, to the best of
already reportedl). An aliquot of this sample was analyzed our knowledge no high-spip?-O, Fe¢t complexes mimick-

by RR spectroscopy (Figure S3). The RR spectrum exhibits ing the peculiar [NS] SOR environment have been charac-
bands at 850 cnt (no %“Fe isotopic shift) and 436 cm terized so far in the literature by Mebauer spectroscopy.
(°"Fe isotopic downshift of 2 crt) which correspond to the  Therefore, it appeared important to us to quantify the effect
v(0O—0) andv(Fe—0) stretching modes of the irerperoxo of a thiolate ligand on the values of the "kBbauer
species, respectively, as previously reporfid).(This control parameters, and in particular on the isomer shift, when going
measurement clearly shows that théddbauer cell contains  from a (N/O) to a (N/O)/S side-on peroxaron species. We
the peroxe-iron species under study. An aliquot of the approached this question by combining experimental studies
Mdossbauer sample was also studied in X-band EPR spec-of model compounds and DFT calculations.

troscopy at 4.2 K and shows a large derivative signgl=t (a2) Model Compounds=irst, we decided to obtain zero-
4.3, which is characteristic of a high-spin3Feion in a field MOssbauer datal(= 4.2 K) for model compounds of
rhombic ligand field (data not shown) and is not due to reduced center Il in SOR [0 = 0.93 (1) mm/s] andb
oxidized center | (see above). W&bauer spectra of the [dre= 0.93 (1) mm/s] (Chart 1 and Figure S4). For the sake
sample recorded in several magnetic fields applied perpen-of comparison, the zero-field Msbauer spectrum 6f(Chart
dicular to they-rays, which allows a better separation of 1), where no axial thiolate ligand is present, has also been
center | and oxidized center Il contributions, are shown in recorded §,re = 1.06 (1) mm/s, Figure S4]. It appears that
Figure 5. The solid lines correspond to the best fit obtained replacement of the carboxylate ligandGrby a the thiolate
with the parameters reported in Table 13Fen from center ligand in4 and5 results in a decrease of the isomer shift

| contributes for 52+ 2% of the total spectra, and its value of~0.13 mm/s (Table S5). This difference is explained
contribution [(a) in Figure 5] was simulated with the by covalency effects associated to the thiolate ligand in
Mossbauer and spin Hamiltonian obtained for center | in the complexest and5 (44). Taking these covalency effects into
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ARelative MO
4 _ Energies (eV)

| ]

01— i—0,

Model 2 Model 3
Ficure 6: Simplified description of the (DFT spin unrestricted)
electronic structures of modeiand 3 (only some of the spin
minority $ orbitals are represented). Tig molecular orbital results
from the interaction of the Fedatomic orbital (-30—40%) with
a peroxo Op—Opy linear combination £50%), and thegy,
molecular orbital results from the interaction of Fg (@-30—40%)
with a peroxo Op-Op, linear combination. “a” refers to a
combination of Sp(50%) and peroxo Qyf30%) orbitals. “b” refers
to a combination of imidazole C and Nprbitals. Thez? and &2
— ¥?) molecular orbitals contain a small fraction of thé  y?)
and 22 orbitals, respectively. The meaning of HOMO and LUMO
is restricted here within the minority spin orbitals.

consideration for thiolato-bound perox&€e*" species would
lower the expected isomer shift value from the G-6165
mm/s range 17, 19, 42, 43) to ca. 0.55 mm/s, indeed close
to the experimentally determined value of the SOR peroxo
iron species.

(b) DFT Calculations.We have evaluated by computa-
tional methods the NMssbauer (except for the isomer

Horner et al.

Table 2: Eigenvalues of the Computed [G], [D], and Quadrupole
Tensors § = Asymmetry Parameter) and Calculated Theoretical
Electron Densitie®(0) at the Iron Nucleus for Model® and 3

model2 model3

(o1 2.010 2.012

o2 2.009 2.011

O3 2.006 2.006

D (cm™) 0.50 0.56
E/D 0.07 0.06
AEg (mm/s) —1.04 —1.40

n 0.65 0.13
0(0) (au®) 25.0766 24.8595
Ojre (MM/s) 0.55 0.60

Table 3: Mononuclear Iron Complexes and Biomolecules (Column
1) Used for Establishing the Linear Correlation between Calculated
Theoretical Electron Densities at the Iron Nucleus (Column 3) and
Experimentally Measured Isomer Shifts (Column 4)

0(0) OrFe
(au3) (mm/s) ref

compound ref
model of [Fe(edta)(@]3~ 33 24,791  0.65 42
oxidized center Il PDB (1DQI) 25.270 0.508
in SOR

[FeCl]t~ 44 25.948 0.36 47
[Fe(SR)]*~ PDB (1FHH) 26.136  0.2450
[Fe(NQ)(Py)(TpivPP)]  ICSD (SOBZUE) 26.346 0.261
[Fe(CN)]3~ ICSD (200200)  27.258—0.03 this work

and 0.7 eV for modeB. We have verified that the Slater
transition energies (see Materials and Methods) do not differ
much from the d (occupied) to d (empty) transitions derived
directly from the ground state electronic structures (such is
not the case for formal Péions, in our experience). As the
deviations from the free electron valge= 2.0023 are very
small indeed for an Fe& ion (because of the rather large
d—d gaps involved), and despite the slight #Fecharacter
resulting from the Fe(O,) interaction, the computation of
[g] and [D] tensors is tentative only. The numerical results

shift; see below) and the spin Hamiltonian parameters of and the ZFS parameteB® and E/D, as well as the largest

model 2, a side-on F& —peroxo complex$ = %) with a
[CH3—S]* group in the axial position (Figure 1 and Table

(in magnitude) principal values of the quadrupole tensors
for 2 and 3, are reported in Table 2.

S7). For comparative purposes, similar calculations have been Within such limits, both [g] tensors are very similar r

performed on modeB derived from2 by replacing the
[CH3—ST* group by the neutral [NE° group (Figure 1 and

and 3, as far as the principal values (cf. Table 3) and axes
(not shown) are concerned. Mod@snd3 exhibit smallD

Table S8). Let us start by some general considerationsvalues (0.50 and 0.56 crh respectively) that are consistent
concerning the electronic structures computed for both with a high-spin F&" ion. Both quadrupole splittings values

models2 and 3, for which a description of the electronic

for 2 and 3 are found to be negativeAEq = —1.04 and

structures is available in Figure 6 (the spectroscopic param-—1.40 mm/s, respectively). The computed quadrupole tensors
eters, [g], ZFS, and quadrupole tensors, computed in thisare rather rhombic in the case ®f{» = 0.65) and axial in
paper are essentially determined by the minority spin orbitals, the case o8 (y = 0.13). This difference originates directly
hence the choice of representing some of them here). Bothfrom the relative weights ofand d.in ¢x, and¢,, due to

models2 and 3 contain a formally high-spin Fé ion (i.e.,
with empty minority spin orbitals). We found, however, a
significant fraction {0.6 for model2, ~0.8 for model3) of

the presence of the thiolate ligand 2n
(c) Isomer Shift Predictiortnlike the quadrupole splitting,
the direct calculation of the isomer shift is not straightfor-

spin spread over two occupied (minority spin) orbitals. The ward @5). It is possible to estimate it by establishing a

first of these molecular orbitals¢g) results from the
interaction of the Fe,g atomic orbital (~30—40%) with a
peroxo Op—Opy linear combination{50%) and is similar
for 2 and 3. The second oneg(; which results from the
interaction of Fe g (~30—40%) with a peroxo Op-Op,

correlation between experimental isomer shifts and theo-
retical electron densities at the iron nucleif®), as previ-
ously done in the literature4b—49). Since the computed
electron densities depend on the used DFT exchange-
correlation potential, we built a new correlation following

linear combination differs between both models. In the case this procedure. The mononuclear 3Fecomplexes and

of model3, ¢y, contains a large peroxo contributior40%).
By contrast, in model2, ¢,, contains a large sulfurp

contribution ~30%), and the peroxo contribution is reduced

(~20%). The HOMG-LUMO gaps are 0.8 eV for modél

biomolecules used for establishing the linear correlation are
shown in Table 3.

The electron densities at tlkéFe nuclei were plotted vs
the experimental isomer shifts, and the resulting graph was
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within the range 0.630.65 mm/s {7, 19, 41), (iii)
06 7 v(Fe—0) vibrations in the range 45600 cnt?, and (iv)

z [ 1 v(O—0) vibrations in the range 8830 cn1?! insensitive

E 04 - . to hydrogen/deuterium exchang7( 52).

£ T 1 The parameters obtained in this work for the perexo

g 0.2 - 1 iron species in E47A SOR frorD. baarsii are consistent

§ . with a high-spin ground stat®= . In addition, it appears

2 ol i that both the isomer shift and the asymmetry parameter
. . ! . ! values of the peroxo species are higher than those determined
25 26 5 27 for the center Il oxidized with KIrClg (Table 1). This

Nuclear Density (au™) observation is in agreement with the presence of the peroxo
Ficure 7: Calibration of the VBP method for prediction &fFe ligand. However, the value of the isomer shift [0.54 (1)

isomer shifts. The calculated electron density at the iron nucleus is mm/s] appears to be outside the range observed for com-
plotted vs the experimentally determined isomer shifts for a series

of mononuclear iron complexes and biomolecules (see Table 1 for PIéxes of N/O ligands (see above). We reasoned that this
details). The solid line corresponds to the linear correlation analysesmight be caused by the presence of the axial cysteinate ligand

of the Fé* data. Key: (1) model of [Fe(EDTA)(®]°"; (2) model in SOR which is absent in the side-on perexee"
of oxidized center Il in SOR frorD. desulfuricans(3) [Feghll’i complexes reported so far. This hypothesis was validated
(4) [Fe(SRII™ (5) [Fe(NQ)(PY)(TPIVPP)L; (6) [Fe(CNJ®". by several lines of evidence: (i) the experimental observation

biected t ver tisfactory linear rearession analvsi that replacing a carboxylate ligand by a thiolate ligand in
subjected 1o a very salistaclory linear regression analysis, g+ ,4g| complexes lowers the isomer shift value by ca.

as shown in Figure 7. Linear regression analyses of theseo_1 mmVs, (ii) the results of DFT calculations showing a
datf gayeé)(mm/s)z_ 7'34_0'27(’?(0) (r = 0.992) for the similar decrease of the isomer shift valukd(z. = —0.07
Fe*t series. By varying the FeS distance from 2.46 to 2.30 mm/s) when an axial Nidigand of the F&" ion in model3

A in the model of oxidized center Il in SOR from. - ; : :
; o . ; is replaced by a methylthiolate ligand in modland (iii)
desulfuricangmodel2; point 2 in Figure 7), the associated the axial ZFS, the quadrupole splitting, and the asymmetry

N . a4 .
p(;)'rt]t in I?g:}lre [ re\r/nvﬁms E:OS; to thel Fte_hnea; (l::c_)rrelau?o_n parameter values that have been evaluated by DFT calcula-
(data not shown). When the Fecorrelation of Figure 71is ¢ 1o, then?-O, FE* model2 (D = 0.5 cm'!, AEg =

used to estimate the isomer shift values 2oand 3, three —1.04 mm/s and; = 0.65) matching reasonably well the

main features are noticeable: (i) the calculated value for - ; " :
model2 compares favorably [0.56 mm/s vs 0.54 (1) mm/s] ienx;éir;n';esnéaévs Iieg g tztza;lréﬁglfoAréZe:pirgg(Sfp:ﬁgfss
with the experimental value of the peroxBe’" species in andn = 0.60 (5)]. It is worth noting that the calculated value

E47A SOR fromD. baarsii, (ii) replacing an axial nitro- : : o .
! . . of the isomer shift of3 falls within the experimental range
gen (modeB) by an axial thiolate (mode?) ligand for the expected for2-0, Fe* complexes with nitrogen ligands

L i o
Ffegh 1on brings ﬁ_tf)out Ia S|gnn;!cant qre]crheaseg(m m(rjn/s% (see above), which supports the validity of the calculations.
of the isomer shift value, In fine with that observed When rpq etore the isomer shift value for a high-sphO, Fe**

going from6 to 4 and 5 (see above), and (iil) the isomer complex with a thiolate ligand can be estimated to be in the

shift value of 0.63 mm/s estimated fBris consistent with 0.54-0.58 mm/s range. The isomer shift value determined
experimental data available in the literature for similar species here for the E47A SOR peroxo species fits this range

17, 19). .
( ) It follows then that all spectroscopic features of the E47A
DISCUSSION SOR peroxo species from. baarsii are consistent with a
A . . _ side-on peroxe Fe*t formulation and that a hydroperoxo
Our initial experiments on the perox&e’ species of  Fe+ formulation must be rejected. This would imply a
E47A SOR fromD. baarsii reacted with HO led us 10 peptacoordination of the Feion in the peroxo complex.
propose, on the basis of RR, that it is a side-on pefoxo |ngeed, the RR band at 743 chnwhich corresponds to a
Fe’* species 16). Such species possess specific signatures c_g gyretching mode of the CysEe** active site, is stil
in MOssbauer sp_ectroscopy which distinguish them clearly yjcarved in the peroxo species. This indicates that the
from the alternative end-on hydroperoxo form+(see below). cysteinate ligand is still coordinated to the iron center. In
Therefore, to fprther characterize this perexee** species, addition, there is no evidence for a His(NFe rupture upon
we have obtained in the present study a complete set ofyqgition of an extra ligand in SOR froM. furiosus(7). In

Mossbauer and spin Hamiltonian parameters. this respect, it is of interest that a heptacoordinae®,

_ Recent spectroscopic and magnetic studies have estabpe+ complex has been very recently reported in the literature
lished that the vast majority of mononuclear hydroperoxo 17).

Fe** complexes with only N/O ligands exhibit (i) a low-
spin ground stat&= Y/, (52), (i) isomer shift values within  coNnCLUSION
the range 0.160.19 mm/s 17, 19, 42, 53), (iii) v(Fe—0)

vibrations in the range 615645 cn?, and (iv) »(O—0) The E47A mutation in SOR fromD. baarsii allows the
vibrations in the range 78810 cm! with a deuterium stabilization of a peroxeiron species in the second time
isotopic shift (7, 52). A single hydroperoxe Fe** com- scale when reacted with,B,. We were able to prepare a

pound departs from this behavior, being high spin with a sample of this peroxo species by manual freezing in liquid
v(O—0) vibration at 830 cm* (54). In contrast, mononuclear  nitrogen and to study it by spectroscopic methods. All of
side-on peroxe Fe** complexes of N/O ligands exhibit (i)  the experimental and theoretical evidence presented here
a high-spin ground sta®&= %/, (52), (ii) isomer shift values = shows that this peroxo complex is a high-spin side-on
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peroxo-Fe** species and clearly rules out a hydroperexo
Fe’* species. Therefore, a mutant of SOR fr@mbaarsii

(E47A mutant) is able to accommodate a side-on peroxo g

complex without severe disruption of its protein matti8y;

It is of interest that very recently a similar side-on perexo
Fe** adduct has been crystallographically characterized for
the first time in a protein in the case of naphthalene
dioxygenase35). The kinetic and UV+visible analyses of

the peroxo intermediates detected in the reaction of super-

oxide with the SOR of various origind {—14) suggest that

the same species is formed initially in all cases. Its 10.

decomposition, probably following a protonation process,
varies with the origin of the enzyme. Therefore;?e0, Fe**

species may be considered as a candidate for an intermediate; ;

involved in the catalytic cycle of SORs. Experiments are
presently underway in our laboratories to further characterize
these intermediates. 12
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SUPPORTING INFORMATION AVAILABLE

Zero-field Mssbauer spectra and high-field and high-
temperature Mssbauer spectrum 6fFe SOR E47A from
D. baarsiiafter reduction by sodium dithionite (Figure S1),
high-field Miéssbauer spectra 6fFe SOR E47A fromD.
baarsiitreated with sodium dithionite (Figure S2), resonance
Raman spectrum of’Fe SOR E47A treated with 40,
(Figure S3), zero-field Mssbauer spectral (= 4.2 K) of
complexegl—6 (Figure S4), zero-field Mesbauer parameters
of complexedgl—6 (Table S5), coordinates in angstroms for
the model of oxidized center Il in SOR, mod&lsand 3,
and the model of reduced center Il in SOR used for DFT
calculations (Tables S659). This material is available free
of charge via the Internet at http://pubs.acs.org.
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