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ABSTRACT: Superoxide reductase is a non-heme iron metaljoemzhat detoxifies superoxide anion radicaj§ @ some mi-
croorganisms. Its catalytic mechanism was previopgdposed to involve a single ferric iron (hydre)pxo intermediate, which is
protonated to form the reaction producidd Here we show by pulse radiolysis that the mutatibthe well-conserved lysine 48
into isoleucine in the SOR froMesulfovibrio baarsii dramatically affects its reaction with,Q Although the first reaction inter-
mediate and its decay are not affected by the moutat,O, is no longer the reaction product. In additioncamtrast to the wild-
type SOR, the lysine mutant catalyzes a two-elaabbddation of an olefin into epoxide in the presef HO,, suggesting forma-
tion of iron-oxo intermediate species in this matdn agreement with the recent X-ray structureshef peroxide intermediates
trapped in a SOR crystal, these data support th@hiement of lysine 48 in the specific protonatmirthe proximal oxygen of the
peroxide intermediate to generate( thus avoiding formation of iron-oxo species, a®lserved in cytochrome P450. In addi-
tion, we proposed that the first reaction interraggliobserved by pulse radiolysis is a ferrous-ggperoxo species, in agreement
with TD-DFT calculations of the absorption spectrafrihis intermediate. A new reaction scheme ferc¢htalytical mechanism of
SOR with Q* is presented in which ferrous iron-superoxo anddeydroperoxide species are reaction intermediaand the
lysine 48 plays a key role in the control of theletion of iron peroxide intermediate to form®;.

INTRODUCTION site®*? It consists of a mononuclear ferrous iron siteain
Detoxification of the superoxide anion radical®Gs one of  atypical [FeNS;] coordination, where the nitrogen ligands are
the main processes which allows the cells to wahgtoxida- ~ Provided by four histidine residues and the suliigand, in an
tive stress:? Superoxide dismutase (SOD) has long been con-2xial position, by a cysteine residtie” A similar [Fe $ N,]
sidered as the sole enzymatic system able to eltmi®", by coordination is also present in the active sitecyitbchrome

catalyzing its dismutation into 4, and Q.2 Recently, how-  P450, with hQWGVGVSth? presence of a porphyrin mrsgead
ever, evidence for the existence of an alternativeymatic ~ Of histidine ligands® Different classes of SOR have been
system to detoxify & was discovered in some specific bacte- described, depending on the presence of additismattural
ria*® This enzyme, called superoxide reductase (SOR3; ca domains.”™ The enzyme fronDesulfoarculus baarsii presents

lyzes the reduction of £ into H,O, without production of @ an additi?naI_N-termi?al gorgain Whi‘_:h_ICO':tamSt?md
O, +16 + 2H — H,0, (SOR) mononuclear iron center [FgCys)S], similar to that foun

in desulforedoxit*** It was recently proposed that this iron
Unlike SOD, SOR requires a source of electronsettuce center serves as an electron relay between sonudigyeslec-
0,", which can be provided by cellular reductases @nd/ tron donor proteins and the active sife"’

soluble electron transfer proteifi&. Although SODs and
SORs are structurally unrelated, they are both #blecact
with O,*" at a nearly diffusion-controlled rate and SOR has

appeared as%efﬂment as SOD to protect cells fiOg- be a F&-0-O(H) species resulting from an inner-sphere re-
induced stress. duction mechanism of £ by the ferrous iron. This is in
SORs, also known as desulfoferrodoxin or neelanedace agreement with the capability of the SOR active $it ac-
small iron metalloproteins, which all contain there active commodate F&0-O(H) species when reacted with®4,>*

The mechanism of the reduction of"Oby SOR has been
extensively studied by rapid kinetics studies, rydly means
of pulse radiolysi$®?* A first reaction intermediate T1 would



and with a synthetic SOR model to form such spegiesn
reacted with &% The intermediate T1 decays through a
process ending in the formation and the releasthef,0,
product from the active site. Protonation processescentral
in SOR catalysis since two protons, in additionote elec-
tron, are required to form #, from O,”. However, rapid
kinetic studies have identified only one catalwlmnpetent
protonation step, which is involved in the decaffdf®* The
rate constant of the decay of T1 in acidic medignpriopor-
tional to the concentration of protons in solutisnggesting a
direct protonation of T1 by 4" from the bulk solvent®* At
the end of the reaction, SOR lies in &'Heexacoordinated
resting state, in which the carboxylate side chithe E47
residue (according to the numbering of Ehebaarsii enzyme)
occupies the sixth coordination posititif*

Recently, X-ray structures of iron peroxide spectiapped in
the active site of the SOR frod. baarsii have suggested a
specific role for the lateral chain of the K48 s in the
control of protonation process during SOR catal§sisctu-
ally, K48, a well conserved residue among SORKadated at
the surface of the protein in a conformation defranon the
redox state of the active siteIn the ferrous state, where its
neighbour residue E47 is not bound to iron, Kd®eated at
about 6 A from the iron atofi.Such close proximity of K48
was proposed to induce an electrostatic attracifche nega-
tive charged @ to the iron site, contributing to the very fast
formation of the T1 intermediat&™ In the ferric state, where
E47 becomes a ligand of the iron, K48 moves awamfthe
iron site, at 12 A distancg.In the iron peroxide state, K48
can adopt different conformations around the pe®xinoi-
ety In one conformation, K48, through hydrogen bormkip
tions a water molecule at a distance compatiblé wihydro-
gen bond to the proximal oxygen of the hydroperspecies’®
This suggests a mechanism involving K48 to spedlfiqoro-
tonate the proximal oxygen of the iron-hydroperaxi@rme-
diate to generate J@,. Interestingly, in cytochrome P450,
which also forms an iron-hydroperoxo intermediateirty its
catalytic cycle, a hydrogen bond network drives phetona-
tion of the distal oxygen of the iron-hydroperoxaesies. This
facilitates the heterolytic cleavage of the O-O dboifi the per-
oxide!® which leads to the formation of a high-valentiro
oxo intermediate. The iron-oxo species is respdadir the
oxidation of substrates by cytochrome P45t SOR, K48,
by inducing the protonation of the proximal oxygenight
favour the cleavage of the Fe-O bond of the pemkiterme-
diate to form HO,, and thus avoiding formation of iron-oxo
species in its active siféHowever, experimental evidence in
support of such a function of K48 in SOR catalysikcking.
Previous studies on K48 SOR mutants frbnbaarsii andD.
vulgaris Hildenborough did not reveal any significant ater
tion of the protonation step observable by pulskotgsis®*°
Nevertheless, recently, we showed that for the -tyiiee (wt)
SOR fromD. baarsii at pH 7.6, the reaction intermediate T1 is
highly susceptible to be photodegradated by thensg light
beam used in pulse radiolysis experiments below 3#5"
This photochemical process affects the absorpp@ctsum of

a late reaction intermediate, together with theskas of its
evolution to the final reaction produétThen, the absence of
effects of the K48l mutation on the reactivity oOB with
O, described in these studies is questionable andries
more investigations. These remarks also apply er E47A
SOR mutant fronD. baarsii, which was previously reported

to have no effects on cataly$isThe effects of this mutation
also needs re-investigation in the absence of kimtoghemi-

cal process, in particular to allow a better arialg$ the spe-
cific role of the K48 residue in catalysis.

Here, the reactions of the wt, E47A and K48| SGfRes D.
baarsii with O,"” were re-investigated by pulse radiolysis at
different pHs between 5.5 and 10.2 using a 345 otroff
filter on the light beam to avoid any photochemisiale reac-
tions?* The study reveals that the formation of the fiesic-
tion intermediate T1 was not affected by the K4&ltation.
However, this mutation drastically impacts the tidéty of
SOR towards ¢ through the control of a specific protona-
tion step of the proximal oxygen of the iron hydeogxide
intermediate to produce,B,. These data suggest that in the
K48l SOR mutant, a high valent iron-oxo species t&n
formed in the active site.

EXPERIMENTAL PROCEDURES

Materials. Sodium formate and buffers were of the highest
quality available (Prolabo Normatom or Merck Supna).
Oxygen was from ALPHA GAZ. Its purity was higherath
99.99%. Water was purified using an Elga Maximatesys
(resistivity 18.2 M2). K,IrClg was from Strem Chemical Inc.
Benzophenone was from Aldrich (99%).

Protein purifications. Over-expressions and purifications of
the wt, E47A and K481 SOR mutants frdin baarsi were
carried out as reported previously"

Pulse radiolysis. Pulse radiolgsis measurements were per-
formed as described elsewh ]reBriefIy, free radicals were
generated by irradiation of,@aturated ([g ~ 1 mM) aque-
ous protein solutions (100M), in 2 mM buffer, 10 mM so-
dium formate with 0.2-2is pulses of 4.5 MeV electrons at the
linear accelerator at the Curie Institute, OrsapnEe. Q"
was generated from reduction of Oy the carboxyl radical
formed during the scavenging by formate of the’ ilical®’
The doses per pulse were calibrated from the atisorpf the
thiocyanate radical (SCH) obtained by radiolysis of 10 mM
KSCN in N,O-saturated solution (G =0.55 umo[.l, N
am = 7580 M cm™).?” The radiation dose varied linearly with
the pulse length, for instance an 0.2 ps long pyiskeled a
dose ofca. 5 Gy ([G°] = 2.8 uM). Reactions were followed
spectrophotometrically, using a 150 W continuousBliaatsu
SuperQuiet xenon-mercury arc (310-750 nm) or a sterg
lamp (450-750 nm), at 20 °C in a 2 cm path lengtefl silica
cuvette. A cut-off filter cutting all wavelengthelbw either
345 nm or below 425 nm was positioned between dnepl
and the cuvett&' Identical results were obtained with the 345
and the 425 nm filters. The kinetics of the reactwas fol-
lowed spectrophotometrically between 450 and 70@nrthe
microsecond to second time scale. The proteing weFsent
in large excess with regard to,’Q providing pseudo first-
order conditionsKinetic traces were analyzed using a Leven-
berg-Marquardt algorithm from the Kaleidagriphoftware
package (Synergy Software).

pH studies. The following different buffers were used to cove
the pH range 5.5 to 10.2: pH 5.5, acetate buffer56, 6.0,
6.5, MES buffer; pH 7.0, bis-Tris propane or HEP#8fer;
pH 7.6, 8.1, 8.5, 8.8, Tris-HCI buffer; pH 9.1, 919.2, 10.5,
glycine-NaOH buffer.



Electrospray ionization mass spectroscopy. Electrospray ioni-
zation mass spectra were obtained on a Perkin-ESoex
API I+ triple quadrupole mass spectrometer eqaippiith a
nebulizer-assisted electrospray source operatingatatos-
pheric pressure. Samples were made in 10 mM ammoniu
acetate.

Hydrogen peroxide. Hydrogen peroxide was determined im-
mediately after irradiation using the leuco crysfalet horse-
radish peroxidase methdd.

Oxidation of 2-cyclohexen-1-0l. In a standard reaction, 0.05 to
5 mM of H0, was mixed with 100 uM of SOR, 3 mM 2-
cyclohexen-1-ol and 0.4 M ethanol, in 10 mM TrisIH@ffer
pH 8.5, 100 pL final volume. The reaction was perfed
under a 100 % nitrogen atmosphere (inert glovesdyskem
Jacomex), at room temperature. After 2 to 10 mauliation,
10 pL of 0.1 mM benzophenone 99% diluted with
dichloromethane was added as a reference. Theiareact
mixture was then extracted with dichloromethanes @rganic
phase was concentrated under vacuum until a volineto
10 pL and injected into the gas chromatography Epps:
(GC). The products were identified by comparisoithefr GC
retention times with those of authentic synthetienpounds.
For 1,2-epoxycyclohexan-3-ol (the product of 2-oyexen-1-
ol epoxidation) two peaks were detected, corresipgnid the
two enantiomersyn and anti. The peak of each enantiomer
was identified thanks to the synthetic epoxidesictvtwere
obtained using peroxy acid, described to form the t
enantiomersyn andanti in a ratio of 91:%yn:anti.”® The gas
chromatography apparatus was a PerkinElmer Autesyst
(Optima-17 column, 30 m), connected to a PE Nels0R2
integrator with flame-ionization detector. The teargiure
program started at 100 °C for 4 min and then iregd&5 °C
per min.

Computations. Calculations were performed using the Gaus-
sian03 packag® Geometries were optimized in vacuum with
the B3LYP hybrid density functiondt**and using a double-
quality basis set using 6-31G* for C, H, N, O andt8ms,
while a lanl2dz with ECP® augmented by an f polarization
function of exponent 3.25 was used for iron. Thedaisys-
tems were taken from the crystallographic structfréhe wt
SOR (Protein Data Bank code: 2Jf1)To build the systems,
only the five amino-acids binding iron were consatk
namely H49, H69, H75, H119 and C116. For each afauid,
only the side chain plus-carbons were kept and saturated by
hydrogens to replace neighbouring N and C atomghef
backbone. During the geometry optimizatiory ®ere kept
fixed at their crystallographic positions, while dniggens
bound to them were free to move only along tleNCor Co-

C direction found in the crystallographic structuBy doing
so, the arrangement of the active site and thd tmastraints
imposed by the protein structure during geometriindpa-
tions were conserved. Two systems were considezest the
pentacoordinated with iron at a formal oxidatiomyme of +lI
(no G bound), and the hexacoordinated state, with osle O
bound to the ferrous iron. UV/Visible spectra welgained
by the mean of TD-DFT methodolod}? Single point calcu-
lations were done on the pre-optimized structurestha
B3LYP/6-311+G** level of theory, as implemented the
Gaussian package. The effects of the protein emwiemt on
the active site were accounted by the mean of @k fn-
plicit model of solvent® with a dielectric constant of 4.0 and

an increased probe radius of A7s0 as to avoid any overpo-
larization problems due to the presence of diffoasis func-
tions. For each structure, the twenty transitiohfowest en-
ergy were computed (keyword TS=NStates=20).

RESULTS AND DISCUSSION

Formation of the T1 intermediate in the absence of photo-
chemical processes

The reaction of the wt, E47A and K48l SOR mutdnisn D.
baarsii with O,*" was investigated by pulse radiolysis at dif-
ferent pHs between 5.5 and 10.2. A 345 nm cutitiirfwas
placed on the analysis light beam to prevent amtqathemi-
cal reactiorf* For the three reduced proteins, the reaction con-
duced to the formation of a first reaction interiaée, named
T1, with a rate constal (Scheme 1), independent of the pH
between 5.5 to 10.2 (data not shown). These datsiuilar to
those reported previously in the absence of therBdSilter™
Formation of T1 corresponded to a bimolecular ieacbf
SOR with @* with a rate constarg of (1.0 + 0.2) x 1OM™

s™ for both the wt and the E47A SORs and of (4.23) 8.10
M™ s* for the K48l SOR (data not shown). This latterueals
25 times lower than that reported for the wt protéh agree-
ment with an electrostatic guidance of"Cby the positively
charged K48 side chain, as previously repotfed.
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Figure 1. Transient absorption spectrum (xenon laritp a 345
nm cut-off filter, 2 cm path-length cuvette) of tfiest reaction
intermediate T1 for the wte, E47A @) and K48l @) SORs,
formed 100 pus (wt and E47A) or 1.2 ms (K48l) aftez pulse.
Proteins were 100 uM in 10 mM formate, 2 mM Tris{HGH
7.6. Q" concentration formed in the pulse (11 Gy) was|6\Vb
The inset shows the time-dependent optical chaagé&d0 nm
during the reaction of the wt and K48l proteinshw@,”. The
dashed lines were calculated for best fit to aroaeptial model.

The absorption spectra of T1 at the reaction tioreespond-
ing to its maximal formation (10Qs for both wt and E47A
SORs and 1.2 ms for the K481 SOR) exhibited a sintiroad
absorption band centred at 600 nm, with a molapri®n
coefficient value of ca. 2.5 mMcri* (Figure 1). In all cases,
T1 spectrum remained unaffected by the pH, betvEe®grand
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9.5 (data not shown), as reported previously inaihgence of
the 345 nm filter?

pH dependence of the decay of T1

The decay of T1 (rate constdgt Scheme 1) was independent
of the enzyme concentration (data not shown). Aswvshin
Figure 2, between pH 5.5 to 8, for the three prstelodk,
exhibited a linear dependence versus pH, with pestif 0.50
+0.08, 0.60 + 0.02 and 0.70 + 0.05 for the wt, E4nd K48l

SORs, respectivel§f. These values of slope are consistent with

a rate-limiting protonation process in the decay$ly with a
proton coming from the $©" bulk solvent. Above pH 8 and
up to pH 10k, became independent of thé Ebncentration
for the wt SOR. Such a pH-independent process Veasre-
ported for the enzymes fro. vulgaris andA. fulgidus and
was proposed to involve a water molecule in theqoration
process in more basic medidfif® Conversely for the E47A
and K48l proteinsk, increased slightly with the pH (Figure 2).
This might reflect some favourable effect of th@mxonation
of surrounding residues on that step, or the irmolent of
HO'. Nevertheless, these data confirm that the E47TtAK8I
mutations do not impact the kinetics of the dedaylg which
clearly remained in acidic and neutral media asgediwith a
rate-limiting protonation process involving®f.

3.6

logk

6 7 8 9 10

Figure 2. pH-dependence of the rate condtafdr the reaction of
SORs fromD. baarsii (100 uM) with Q" (3 uM), generated by
pulse radiolysis in the presence of 10 mM formaid 8 mM
buffer. Xenon lamp with a 345 nm cut-off filtem(bold line), wt
SOR; @, thin line), E47A SOR mutant;&(, dashed line), K48I
SOR mutant. In the range 5.5 <pH< 8.0, ksgalues were fitted
to a linear equation, lok = log kg - apH, o = 0.50 + 0.08 and,
=15+ 1.5 18’ (wt SOR),a = 0.60 % 0.02 anéty = 4.7 = 1.0
10 s* (E47A SOR mutant)e = 0.70 + 0.05 andly = 7.5 + 2.0
10" s (K481 SOR mutant)k, is the limit of the protonation rate
constant when pH values approach zero.

Absorption spectra of the transient P1 and the final species P2

For the wt protein at pH 7.6, the decay of T1 (@astank,)
was previously shown to result in the formationao$econd
transient, re-named here P1, which then evolvethdofinal
SOR-F&"-E47 species, P2 (rate constdgt Scheme 1). The
spectra of P1 and of P2 were determined at diffgpéfs be-

tween 6 and 9.5 (Figure 3). Since P1 evolved tovilaedfor-
mation of P2 before its maximal formation, the ¢peu of P1
was calculated by an extrapolation of the kinetaces at
wavelengths between 500 and 700 nm, ugingandk; values
given in Figures 2 and 4 (see above). The speatfuRr2 was
reconstructed from the absorbance value at diffeveave-
lengths at the end of the reaction.
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Figure 3. Absorption spectra (tungsten lamp witB4& nm cut-
off filter, 2 cm path-length cuvette) at various palues of the P1
transient and of the final species P2 formed dfierreaction of
the SOR wt fronD. baarsii with O,*” (8 uM), generated by pulse
radiolysis in the presence of 10 mM formate and\2 buffer. A.
Spectra of P1 at pH 6.0 and 5 ms after the pieH 8.5 and
50 ms after the pulse), pH 9.5 and 60 ms after the pulsk)(
The spectra were calculated from an extrapolaticthe decay of
T1, using the double exponential fits of the kiodtiaces at dif-
ferent wavelengths: A=@xp(4;*t)+A ,exp(ks*t)+A s, where : A,
absorbance at time t;;Aand A, pre-exponential terms which
describe the amplitude of each phase associatddkyiand ks,
respectively; A, absorbance at the end of the reactioptAd
corresponds to the absorbance of P1 at a spedfielength. B.
Experimental spectra of P2 at pH 6.0 and 40 ms #fie pulse
(®), pH 7.6 and 70 ms after the pulag,(pH 8.5 and 200 ms after
the pulse ¢), pH 9.5 and 800 ms after the pulsk)( The inset
shows the pH dependence of the absorbance at 66T0hmntitra-
tion curve fitted the equation expected from a lemgotonation
process, Asonn(Assomad-Assomik LOPPKA)/(1+10°7P5) - A pK,
value of 8.9 + 0.2 was determined.



As shown in Figure 3, the absorption spectra obRd of P2
varied with pH. For both species, their absorptioaxima
shifted from 650 nm (pH < 8.5) to 560 nm (pH 9.Bylavere
superimposable to those reported for the alkaliaesition of
the SOR ferric active sit€. The alkaline transition is associ-
ated with an acid-base equilibrium between th&-E47 (wt
SOR) or the F&-OH, (E47A mutant) species present in acidic
medium (band at 650 nm) and the"F@H species present in
more basic medium (band at 560 niftif For P1, taking into
account the uncertainty associated with the cdicuaof its
spectrum, in particular at neutral pH (in this pbingin, k;
and k; values were close to each other), g, pKlue for the
650-560 nm transition could not be determined ately. For
P2, the 650-560 nm transition appeared to occun wipK,
value of 8.9 = 0.2 (Inset Figure 3B), similar tattreported
for the SOR ferric active site.These data are fully consistent
with the formation of the P&E47/F&'-OH species at the end
of the reaction. Comparison of the spectra of Pd aihthe
Fe"-E47/F&"-OH final species at different pHs (Figures 3A
and 3B) suggests however that the, pKthe P1 transition is
lower than that of P2.

The decay of P1 into P2 (rate constégt Scheme 1) was
found to be independent of the enzyme concentrétiata not
shown). As shown in Figure 4, the rate conskaniaried with
pH, with a pKa value of 7.2 £ 0.1.
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Figure 4. pH-dependence of the rate condtafar the reaction of
the wt SOR fronD. baarsii (100 uM) with Q™ (8-12 uM), gen-
erated by pulse radiolysis in the presence of 10forkhate and 2
mM buffer. Tungsten lamp with a 345 nm cut-offdilt The titra-
tion curve fitted the equation expected from a lgiqgrotonation
processks = (Kamax + Kanin X 10PTPK)/(1 +10PHPREY A pK, value

of 7.2 + 0.1 was determined.

P1 P2

Fe**-OH, Fe**-E47

(650 nm) (650 nm)
o E47
2+
SORFf — TIL—> R pKa~7L> pK,9
+0, ki wonm K2 \ ks
Hy0,

Fe’'-OH Fe’"-OH

(560 nm) (560 nm)

Scheme 1. Reaction mechanism of the SOR fiorbaarsii
with O,” deduced from pulse radiolysis studies. T1 is thig o
competent reaction intermediate observed by pad®lysis.
P1 and P2 are reaction products formed after tlease of
H,O, from the active site.

P1 asthefinal species for the E47A SOR mutant

For the E47A mutant, at all the pH investigatediueen 5.5
and 10.2, the decay of Tky) led directly to the formation of a
final species, without evidence of a third reactiiep (nok,
observed). The absorption spectrum of the finatiggewas
reconstructed at pH 5.5 and 8.5 and was found ®uperim-
posable to that of the final oxidized E47A mutanthee same
pH, with a maximum of absorption shifted from 658 at pH
5.5 to 560 nm at pH 8.5 (Figure 5A). These speapaeared
similar to those of P1 in the wt protein, takingpimccount the
uncertainty associated with the calculation thecspeof P1
(Figure 3A). As shown in Figure 5B, the dependeot¢he
final absorbance at 640 nm on the pH allowed catngd a
pK, value of 6.7 + 0.2 for the transition between &%® and
560 nm absorbing species. This value is identicahe pK,
reported for the similar spectral transition of #547A SOR
ferric site, corresponding to a ¥H,/ F€"-OH acid-base
equilibrium?®3®
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Figure 5. A. Absorption spectra of the final specfermed at
different pHs after the reaction of the E47A SORtant with
0,*" (8 uM), generated by pulse radiolysis in the pmeseof 10
mM formate and 2 mM bufferAj pH 5.5, 4 ms after the pulse.
(e) pH 8.5, 80 ms after the pulse. Tungsten lamp &i45 nm
cut-off filter, 2 cm path-length cuvette. The algga@n spectrum
in 2 cm path-length cuvette of the iridium chlorimadized E47A
SOR mutant (8 uM) is shown at pH 5.5 (solid linedl @t pH 8.5
(dotted line). B. pH-dependence of the final abaade at 640 nm
measured after the reaction of the E47A SOR mufamh D.
baarsii (100 pM) with Q™ (8 pM), under the same conditions.
The titration curve fits the equation expected frasingle proto-
nation process, donm= (Assomax* Asaomin X 10PHPK)/(1 +10PH
PKa) A pK, value of 6.7 + 0.2 was determined.



Thus, for this mutant, P1 is identified to the cleupe’-OH,/
Fe*-OH (Scheme 1). Since the third reaction (rate @oTi&s)
was specifically abolished by the E47A mutatiore tbrma-
tion of P2 can be associated to the binding oB#@ carboxy-
late group on P1, displacing the OH/©férric iron ligand.
The dependence of the rate constanon the pH (Figure 4)
most likely reflects a more favourable ligand exule of the
E47 with the -OH species than with the -OH species. Thus,
the pK, associated with the rate const&pt(P1—P2) can be
associated with the FeOH,/ FE€*-OH acid-base equilibrium
on P1 (Scheme 1). Accordingly, its value (7.2 + Gigure 4)

is close to the pKvalue determined for the alkaline transition
of the ferric E47A SOR mutant (6.7 +02)it should be noted
that sincek; was still observed at pH > 9.5 (Figure 4), P1 and
P2 species could not be in equilibrium with a sdfge-OH
species (Scheme 1). Thus, although th&-B#1 species in P1
and P2 exhibit similar absorption spectra, they may be
equivalent, with a slightly different protein erstirment.

Scheme 1 summarizes the reaction mechanism of 3@R f
D. baarsii, as deduced from pulse radiolysis studies on the w
and E47A proteins in the absence of photocheminadgss.
This reaction scheme appears very similar to teabnted for
the SORs fromA. fulgidus,® suggesting, as discussed in pre-
vious work?! an overall common reaction mechanisms for the
different SORs studied so far. It is important talerline that
according to Scheme 1, T1 appeared as the only etemip
reaction intermediate observed by pulse radiolysidact P1,
associated with a FeOH, or F€*-OH species, is a reaction
product, resulting from the release ofQd4 from the active
site. Actually, only one catalytic protonation st@pte con-

stantk,) was observed by pulse radiolysis. Thus, the other

protonation process required to generaj®tHrom O,"” was
not observed, and should correspond to a non-naui¢ing
step. That T1 could be already a protonated spesies as an
iron hydroperoxo species and thai(d4 formation might di-
rectly result from the protonation of T1 was presty pro-
posed’®*® However, formation of T1, which occurred at a
nearly diffusion-controlled ratex(10° M™ s%), was found to
be totally independent on pH from pH 5 to pH l@Qstlover a
variation of 100,000 fold in the concentration of A the
solution'®* Consequently, formulation of T1 as a protonated

species is questionable.

Formation of the final species for the K48l SOR mutant

The spectrum resulting from the decay of T1 in KA&I mu-
tant was reconstructed at different pHs (FiguréA6)pH 5.6, a
spectrum similar to that of P1 was observed, wibhvéver
only 40 % of the intensity of that of the wt at th@me pH.
This species in the K481 SOR mutant evolved to rach grod-
uct, which had similar spectral features than FAf) an inten-
sity about 40 % less than that of the wt at theespi (data
not shown). Surprisingly, when increasing the ptthie K48l
SOR mutant, the intensity of the absorbances oafd P2
became smaller and smaller and were almost antatit pH
8.5 and above (Figure 6).

Pulse radiolysis experiments were then carriedabytH 8.5,
where the K48l mutant (8M) was reacted with a stoichiomet-
ric amount of @ (8 uM, 12.5 Gy). These conditions allowed
recording directly the absorption spectrum of thkitson ca.

1 min after the pulse with a classical spectropimetier. The

presence or absence of a catalytic amount of cataldded to
the solution before the pulse had no effect orfitied absorp-
tion spectrum (data not shown).
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Figure 6. Absorption spectra at different pHs af fimal species
for the reaction of the K48l SOR mutant frdin baarsii (100
puM) with G,*” (8 uM), generated by pulse radiolysis in the pres-
ence of 10 mM formate and 2 mM buffer. Tungstendamith a
345 nm cut-off filter, 2 cm path-length cuvette.eTépectra were
reconstructed at the following pHs and times atter pulse: pH
5.6 and 20 mso), pH 7.6 and 500 ms\}, pH 8.5 and 500 ms
(). The solid line shows the spectrum of the sotuéd pH 8.5
recorded on a UV-visible spectrophotometer 1 miarahe pulse.
The inset shows the same spectrum of the solutiggiHaB.5 re-
corded on a UV-visible spectrophotometer 1 minratie pulse,
without (solid line) and with treatment with a $lignolar excess
of K,IrClg (dotted line).

The solution thus obtained showed a spectrum icrit that
reported in Figure 6 for the species formed at pbl&hd at
500 ms reaction time «§, Figure 6). This showed that this
spectrum corresponds to that of a stable final ispe&Vhen
the pulsed K48l SOR mutant solution at pH 8.5 wes r
oxidizedca. 1 min after the pulse with a slight stoichiometric
excess of KIrClg, the spectrum showed a strong increase of
the band in the 560 nm region. This band was smpersable
to that of a solution of K48l mutant active site (Bl) oxi-
dized by KlrClg at the corresponding pH (Inset of Figure 6).
Electrospray mass spectra analysis of the K48l $@fant
after the pulse radiolysis experiment gave a vafu#4,010 +

1 Da for the mass of its polypeptide chain. Thikigas ex-
pected for the K481 SOR mutant, showing that itlypeptide
chain was no altered at the end of the reaction.

Altogether, these data indicate that the weakmpat absence
of the absorbance band at the end of the reacfitimeok48I
SOR mutant with @ in basic medium did not reflect a deg-
radation of SOR, but the formation of a ferrousiaztive site
species. In fact, the ferrous iron site has no igdbiem band in
the visible regiori.Consequently, from the spectra of Figure 6
at pH 5.6, one can calculate that at the end ofehetion of
the K48l mutant with ¢, 40% of the enzyme was oxidized
(3.2uM) and 60% reduced (448M). At pH 8.5, at the end of
the reaction, 85% of the mutant was reduced (64 and
15% oxidized (1.2:M). Then, the higher the pH at which the
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reaction of the K48l SOR mutant with,'Dwas carried out,
the more the SOR iron site ended up on a reduege, &',

Quantification of HO, production immediately after the pulse
was carried out at pH 8.5 using the leuco crysialet
horseradish peroxidase mettf§chs shown in Table 1, at pH
8.5, the formation of LD, resulting from the reaction of O
with the K481 SOR mutant represented only abou¥dléf the
expected value for a stoichiometric reaction of S@R O,".

It should be noted that T1 was formed in the sameuat in

the K48l SOR mutant compared to the wt (FigureCnse-
quently, the near-absence of the formation gbHat basic
pHs cannot be associated with the decrease oatbeonstant
of the reaction of the mutant with,0

Altogether, these data show that the K48I mutakias a pro-
found effect on the reaction of SOR with*O Although the
K48l mutant does not modify the spectrum of theirftérme-
diate and its pH dependent decay (Figures 1 anth Hasic
medium it does not lead to the formation of thei¢especies.
Instead, it leads to the formation of a ferrous S§Rcies,
without production of KO,.

Table 1. Amount of kD, produced immediately after the reaction
of the K48l SOR mutant (20 uM) with various concatibn of
0,*, at pH 8.5.

[02*] [H20,] pro- [H20,] produced / [G*]
_reacteda duced® reacted with SOR
with SOR 0
(LM (LM) (%)
3.4 0.5 15
4.4 0.4 9
6.3 1.2 19
6.8 1.2 17

& 0,* was generated by pulse radiolysis (10 mM formatsM
Glycine NaOH buffer pH 8.5, 1 mM £ H,O, was determined
from the oxidation of LCV in the presence of horadish peroxi-
dise?® ® Values were corrected from the production ofOH
formed from the onset of water radiolysis£®.07pmol J%).

Epoxidation of 2-cyclohexen-1-ol catalyzed by SOR. Evidence
for the formation of iron-oxo speciesin SOR

For the K48| SOR mutant, the formation of a fineﬁ*l-'species
without production of KO, as observed at pH 8.5 (Figure 6
and Table 1)might be the consequence of oxidation of or-
ganic solutes present in the solution, formateusfel, carried
out by a transient species formed at its active it order to
investigate if the K481 SOR mutant could perfornelsoxida-
tion reactions, we tested its ability to oxidizeefol, 2-
cyclohexen-1-ol as a test substrate, in the presehétO, at
pH 8.5. Oxidation of olefins has been well desatibe char-
acterize reactions catalyzed by iron complexesparticular
for those forming iron-oxo intermediat&s? The reaction was
conducted at room temperature under anaerobic tonsli in
the presence of 5 to 50 molar equivalent gbfHand 30 molar
equivalent of racemic 2-cyclohexen-1-ol, with regpe SOR
(Table 2). In the absence of SOR or in the presefitke wt
protein or the E47A SOR mutant, no oxidation prddwf 2-
cyclohexen-1-ol were detected (Table 2). On themitfand, in

the presence of the K48l SOR mutant and 10 to 5Gmo
equivalent of HO,, 2-cyclohexen-1-ol was oxidized into ep-
oxide, in a 25-30 % yield, assuming a stoichionsetgaction
of SOR with the olefin (Table 2). No other oxidatiproduct,
e.g. the ketone 2-cyclohexen-1-one, was detectesl epoxide
formed in the presence of the K48l SOR mutant dnatha
slight diastereoisomer excess of 20 % for #m& isomers,
corresponding to the enantiomers (1S, 2R, 6R) aRj 2S,
6S) 7-oxabicyclo[4-1-0] heptan 2-ol. When the teactime
was lengthened to 10 min, no variation in the anhofiepox-
ide formed was observed (data not shown), showiag the
oxidation reaction was over within 2 min.

UV-visible spectral analysis of the solution at thrmeaction
time revealed that the SOR active site got mos#istrdbyed,
whether the olefin was present or not (wt and K48IR mu-
tant proteins, Table 2). It should be noted thahsdenatura-
tion processes precluded any possible turn-ovestioes in
the oxidation of olefin.

These data demonstrate that the mutation of lyddénto
isoleucine leads to new properties of SOR, allowirig carry
out 2¢é oxidation of organic substrates in the presendd,G%.
As mentioned previously, the SOR active site isablform
iron peroxide species when treated with an excebs®@,.*%
However, that an iron peroxide species in the K8R mu-
tant could be directly involved in the oxidationacdon is
unlikely. In fact, such iron peroxide species wehewn to be
poor oxidant, not prone to carry out oxidation teacof sul-
fide and olefin'®***30On the other hand, high-valent iron-oxo
species, generated via O-O bond cleavage of thepiesoxide
species in iron complexes, are known to be thevadpecies
in the oxidation of organic substraf@4® These data sug-
gested that in the K481 SOR mutant, thé"F@-OH species
formed upon reaction with J@, undergoes a cleavage of its
0O-0 bond to generate an iron-oxo species. Wheth&icteav-
age could be homolytic or heterolytic to genera@\H=0 +
HO® or Fe(V)=0 + HOspecies respectively, is still unknown.
Nevertheless, our data showed no evidence for ribielvie-
ment of HO in the oxidation reaction. As a matter of fact,
epoxidation reaction involves an oxygen transferatcC-C
double bond, corresponding to a 2&idation. One electron
oxidant species such as Fl@re not prone to carry out such
reaction. In addition, the high chemoselectivitwaod epoxi-
dation and the presence of diastereocisomeric exdabeanti
isomers are not in favour of a free radical chemisthus,
these data indicated for the K48l SOR mutant a Irretsed
mechanism, possibly an iron-oxo species directplved in
the 2é oxidation of 2-cyclohexen-1-ol. Hence, in the SOR
from D. baarsii, the K48l mutation would favour formation of
a highly oxidant iron-oxo species in its activessit

The demonstration that the K481 SOR mutant canoperf
oxidation reaction provides an explanation for fbemation
of a Fé" species without production of,8, at the end of the
reaction of the mutant with £ (Figure 6 and Table 1). This
Fe&* species could result from a 2exidation reaction of or-
ganic solutes present in the solution used in prddlysis,
namely formate, tris-hydroxymethyl aminomethanglgcine,
carried out by a Fe(IV)=0 species formed throughmabigtic
cleavage of an iron peroxide intermediate (Scheyne 2



Table 2. Yields (%/SOR) of epoxide formation frome toxidation
of 2-cyclohexen-1-ol by }D,, in the presence of wt or K481 SOR
mutant proteins frorD. baarsii

SOR HO, epoxide % of de-
(equiv./SOR) | (yield/SOR) Sétg‘;tfcr:i\%
site!
no SOR 50 0 nd
wt 5 0 nd
10 0 ~60
30 0 100
50 0 100
E47A 10 0 nd
mutant 30 ) —
K48l 5 traces nd
mutant 10 25+5° ~60
30 24 +5° 100
50 30+6° 100

Conditions: 10uM SOR, 3 mM 2-cyclohexen-1-ol, 0.4 M EtOH,
10 mM Tris/HCI, pH 8.5. Epoxide was detected by gasoma-
tography 2 minutes after the addition of®4. The reaction with
H,O, was carried out at room temperature and underrabige
conditions (100 % MNatmosphere). Nd: not determindd=rom
UV-visible spectra analysis of the solution at Zymreéaction time.
The spectra of the solution were recorded befodeadier IrClg
treatments, in order to discriminate between redl 8®R, which
exhibits an absorbance band in the 560-650 nmmegfter oxi-

dation with KlrClg, and degraded SOR, which does not show any

increase of absorbance in the 560-650 nm regides @fidation
with K,lIrClg. Identical results were obtained in the presemda o
the absence of 2-cyclohexen-1-Low amounts of epoxide were
detected, that could not be accurately quantifigdipoxide
formed with a diastereocisomer excess of 20 % feraitti iso-
mers, corresponding to the enantiomers (1S, 2Ra6R) 1R, 2S,
6S) 7-oxabicyclo[4-1-0] heptan 2-ol.

These data highlight a pivotal role for K48 in tbentrol of
the evolution of the reaction intermediate durihg teaction
of SOR with Q*". This role is in full agreement with the X-ray
structures of the iron peroxide species in SOR¢lisuggests
the involvement of K48 in a specific protonationtbé proxi-
mal oxygen of the iron hydro?eroxide intermediategener-
ate the reaction product,8,2° Our data suggest that in the
absence of K48, the protonation of the proximalgexy of the
peroxide intermediate does not occur, thus favouarcleav-
age of the O-O bond of the iron peroxide intermedia gen-
erate an iron-oxo species. In cytochrome P450a& heen
shown that a hydrogen bond network induced a dopitmto-
nation of the distal oxygen of the iron peroxideeimediate,
favouring the cleavage of the O-O bound of the xidemoi-
ety and formation of the high-valent iron-oxo spsc{com-
pound 1)** That such a double protonation of the distal oxy-
gen of the peroxide might occur in the K48l SOR antitis
not known, but might be considered taking into actahe
solvent exposed active site of SOR and the presehuoater
molecule in the X-ray structure of SOR with thepede ad-
duct hydrogen bonded to its distal oxygen afdnOther fac-
tors, such as the spin state of the iron peroxpeiss, high

spin for SOR*** or low spin for cytochrome P450 were
also proposed to be important to control the evatubdf the
iron-peroxide intermediate. However, our resultsviite evi-
dence for the ability to the SOR active site tarfdron-oxo
species and that the tight control of the protamatf the per-
oxide intermediate might be the determining fadtwravoid
formation of such highly oxidizing species.

Reaction intermediates

Reaction products

T2 N
K48 - N
:u
T1 H;0" O\H P1 E47 P2
2+ H fas
SO];F.e —>[Fe05 — Fe**-0-OH ﬁ‘»m Fe**-OH,/OH L»}(} Fe**-E47/0H
+0," 1 2
not observed H202

2 intermediate
ferric
iron-hydroperoxide

1% intermediate
ferrous
iron-superoxo

K481 mutation

organic solute,
4 lefin
Fet'=0 ol
oxidized organic solute,

high valent
epoxide

iron-oxo

+ Fe**

Scheme 2. Proposed mechanism for the reaction &f Bith
0,", involving K48 in the second protonation procé&k.and
T2, formulated as ferrous iron-superoxo and femdm hy-
droperoxide species, respectively, are the twotieadnter-
mediates which lead to the formation ofQ4. T2 decays in a
non-rate limiting step involving K48, and it is naivserved by
rapid kinetic studies.

The first reaction intermediate T1 is a ferrous iron-superoxo
species. TD-DFT calculation on its absorption spectrum

Our present data showed that K48 is not involvedthia
unique protonation step observed by pulse rad®I{Bigure
2). These data suggest that K48 is involved insteond pro-
tonation step not observed in rapid kinetics. ®iep would
be a fast, non-rate limiting process, leading toftrmation of
a ferric iron hydroperoxide species, denoted T&dheme 2.
The structure of T2 could correspond to the X-faycure of
the iron peroxide intermediate trapped in monomein Bhe
crystal of SOR fronD. baarsii, where a water molecule hy-
drogen bonded to K48 was closely positioned toptioimal
oxygen of the hydroperoxide intermedi4teSuch conforma-
tion could be in agreement with a fast, non-rat@ting pro-
tonation process by this water molecule of the bdroxide
moiety to form HO,. That such an instable species was
trapped in the crystal could be associated witlstibilisation
by the local packing forcés.

The proposition of two protonation steps followitng forma-
tion of T1 has also important consequences conugrttie
chemical structure of T1 (Scheme 2). T1, which ltesufrom

the binding of @ to the sixth free coordination position of
the ferrous iron center, has to be now formulatedaanon-
protonated species. Consequently, T1 could bereitle"-O-

O or a Fé-0," species, depending on the fact that the elec-
tron transfer from the ferrous iron to the*Cadduct occurred

8



or not in this non-protonated species. Interesfingécent
theoretical studies on SOR, using a Hubbard U ctiome to
standard DFT calculations, suggested thgf ©ould not be
reduced to the peroxide species as a mere consaxjoéiits
binding to the active site of SORAccording to ref 46, the
reduction of Q" would occur in a later step, assisted by pro-
ton transfer. We thus propose T1 as a ferrous sigreroxo
species (Scheme 2).

TD-DFT calculations were undertaken in order toestigate
if a ferrous iron-superoxo species formed in thévacsite of
SOR could exhibit an absorption band centered atd@d00
nm, as observed for the T1 intermediate (Figurdhg model
systems were taken from the crystallographic stirecof the
wt SOR fromD. baarsii at 1.7 A resolutioA> To build the
systems, only the five amino-acids binding iron evéaken
into consideration, namely H49, H69, H75, H119 &idl6.

For the ferrous pentacoordinated state (Figurewi#),iron at
a formal oxidation degree of +IlI, quintet spin eté$=2) was
found to be the most stable, consistently with joes work?®

In the optimized structure of the hexacoordinatetes(Figure
7b), superoxide anion is bound to iron via one exygtom.

a
Avg.FeN:2.22A ©

Avg.Fe-N:2.25A @

Figure 7. Optimized structures for reduced SORaf&) reduced
SOR with superoxide substrate (b), geometries apddhusing
the B3LYP/doubléez level of theory.

In this second system, quartet and sextet (S aBd2S = 5/2)
structures were found to have very similar energissprevi-
ously reported irf®. We retained the sextet due to a smaller
spin contamination. In the hexacoordinated staipesoxide
moiety kept its radical characteristics with a tafain popula-
tion of 1.05, consistently with an active site @ning an
Fe"-00" electronic arrangement. No OO0 arrangement
could be characterized. Finally, twenty transitiovere com-
puted by the mean of the TD-DFT formalism (B3LYP/6-
311+G**) for both the structures presented in Fegdr

The TD-DFT computed spectra are presented in Figure
Three transitions have appreciable oscillator gfttesfor the
ferrous pentacoordinated form and four in the aasthe su-
peroxide-bound SOR. The oscillator strengths, thaitals
involved and the attribution of charge transfer eveumma-
rized in Supporting Information, Table S1. The tepectra
showed a similar band around 350 nm (330 and 370rem
spectively), attributed to a sulfur to iron chargansfer
(Supporting Information Table S1). This is in agnesait with
ref 47, where in the case of reducedPoffuriosus SOR the
bands at 31200 and 33900 tr295 and 320 nm, respec-
tively) were assigned by MCD spectroscopy to a [Bys
F&* charge transfer. Addition of the superoxide to pleata-

coordinated ferrous form led to two new bands &t &id 475
nm (Figure 8), both attributed to charge transtethe super-
oxide ligand. The 614 nm band could be assignexdfarous
iron to superoxide charge transfer, while the 475 lmand
would arise from a sulfur to superoxide charge dfan This
latter band occurred between the lone pair of thieisand the
n* orbital located on the superoxide ligand.

Relative absorbance

Figure 8. TD-DFT computed UV/Vis spectra for thé\ae site of
SOR. Dashed line, pentacoordinated ferrous formudsire a,
Figure 7). Solid line, hexacoordinated ferrous fomith a G*"
bound (structure b, Figure 7). Absorbance is gikaatively to
the highest peak (value of 1).

The experimental spectrum of T1 characterized én510-700
nm region (Figure 1), with a broad band centeredirad 600
nm fits well with the ferrous iron to © charge transfer band
described by TD-DFT. These data support the prdipasof
T1 as a ferrous iron-superoxo species, as shoBclieme 2.

Whereas iron ferric-superoxo species as reacti@mnrediates

in some non-heme iron containing oxidase-oxygenases
been spectrocopically characteriZé® to the best of our
knowledge, no spectroscopic characterization fofer@ous
iron-superoxo species has been reported to dathelmon-
heme F& containing homoprotocatechuate 2,3 dioxygenase,
one of the reaction intermediate has been proptsdik a
Fe* superoxo species, based on X-ray diffraction stiie
This intermediate has been proposed to result feowne-
electron transfer from the substrate chelatededeirous iron

to O,, hence forming substrate and oxygen radicals, lwhic
further recombine, conducing to oxygen insertioto ithe
substraté’ In the case of SOR, the ¥esuperoxo species,
which results from the binding of ,0 on the ferrous ion, is
not expected to prone such oxidation reactions.

CONCLUSIONS

In this work, we re-investigated the reaction meisa of the
SOR fromD. baarsii with O,*” and focussed on the role of the
K48 residue. We propose a new reaction schemenéocata-
lytic mechanism (Scheme 2), that redefines bothcti@mical
nature of the first reaction intermediate as anrecgdented
ferrous iron superoxo species {F©-0") and establishes an
essential role for K48 in the control of the evauatof the
iron peroxide intermediate to form the reactiondquct HO..
The presence of K48 is shown to be an essentialiriedo
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avoid the formation of iron-oxo species, which wbbk oth-
erwise formed in the SOR active site.

SOR catalysis has long been associated with thmaafiion of
a ferric iron peroxide intermediate, resulting fran inner
sphere reduction mechanism of*Toby the ferrous iron. The
only catalytic competent reaction intermediate (®bserved
by pulse radiolysis was thus proposed to corresposdch an
iron hydroperoxide species, which was further pmated to

radiolysis. These data suggest that in the absehtee K48
residue, the iron peroxide intermediate evolves atowa
cleavage of its O-O bond to form an iron-oxo specihis is
in agreement with the absence of a specific pratonaf the
proximal oxygen in the K481 SOR mutant, as illustthby the
X-ray structure of the iron peroxide intermediates.

Then, these data highlight a pivotal role of KA&I@AR cataly-
sis, which allows for a tight control of the evatut of the

form H,O,. In fact, one protonation step was observed by iron peroxide intermediate toward the formatiorHg®.,.

pulse radiolysis following the formation of T1 aagpeared to
be consistent with such a reaction schéfie.

Our present results support a reformulation of ¢hemical
nature of the T1 intermediate. We showed that afjhothe
K48l mutation had no effect on T1 and on its pration, it
dramatically modified the reaction products, with produc-
tion of H,0O, and formation of a SOR ferrous form instead of a
ferric one. In agreement with the recent X-raydtites of the
peroxide intermediates trapped in a SOR cryStaind with
the evidence that the K48] SOR mutant can form-ogo
species (see below), our data strongly suggestki#@tis in-
volved in a second protonation step, that is naeoked in
pulse radiolysis. This implies that T1 must benfolated as
an unprotonated species, possibly a ferrous ir@ersxo
species formed after the fast binding of QGon the ferrous
iron. This is in agreement with recent theoretcalculations
on SOR, which suggested that the electron trarisben the
ferrous iron to @ to form the ferric iron peroxide intermedi-
ate is dependent on a further protonation on tfe réoiety*
Our TD-DFT calculations fully supported this hypesis in
that the calculations showed that such a ferraus superoxo
intermediate would present a broad absorption ben@14
nm, which is very similar to the spectrum of T1 etved by
pulse radiolysis. This absorption band was assidoedl fer-
rous iron to @ charge transfer and, to our knowledge,
absorption band for such an iron species has rieaen de-
scribed in the literature. Characterization of ades iron-
superoxo intermediate species is unprecedentecetalloen-
zymes.

According to our new reaction scheme (Scheme B)fdtrous
iron-superoxo intermediate is protonated byfidm the bulk
to form a second reaction intermediate, the ferao hydrop-
eroxide species. This second reaction intermediats not
accumulate because, as suggested by the X-raytusguof
monomer D the hydrogen bond network involving K48 po-
sitions a water molecule in close proximity to tw@ximal
oxygen of the iron hydroperoxide, allowing a vesnstf and
pH-independent protonation process to generafa.Hrhus,
the new proposed reaction mechanism of SOR with i@
volves two reaction intermediates, a ferrous iropesoxo and
a ferric iron hydroperoxide species (Scheme 2).

In this reaction mechanism, the specificity of tiretonation
of the iron hydroperoxide intermediate appears @oabkey
step for the SOR activity. This is illustrated b tfact that the
K48l SOR mutant exhibits a new catalytic propedapnd is
able to carry out a 2exidation of olefin in the presence of
H,0, to form epoxide. These data strongly support # f
that the active site of the K48l SOR mutant forméigh
valent iron-oxo species, which is directly respbtesior the 2
e oxidation of olefin. Such formation of a high vaiaron-
0x0 species is also fully consistent with the dffefcthe K48l
mutant on the reaction of SOR with’Q as observed by pulse

an

Though it was proposed that a high-spin state waetermin-
ing factor to favour the cleavage of the iron-pé&iexFe-O
bond to generate #,,***our results show that the O-O bond
cleavage is possible despite the existence of la-$pin iron
peroxide intermediate at the non-heme [F®N center of
SOR.

This work illustrates an example of how an enzy8@R, can
use reaction intermediate typical of oxygenase mezy e.g.
iron hydroperoxide species, to carry out antioxtdactivity
and Q° detoxification.
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