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Abstract: The combination of UV/visible/NIR absorption, CD and variable-temperature magnetic circular
dichroism (VTMCD), EPR, and X-ray absorption (XAS) spectroscopies has been used to investigate the
electronic and structural properties of the oxidized and reduced forms of Pyrococcus furiosus superoxide
reductase (SOR) as a function of pH and exogenous ligand binding. XAS shows that the mononuclear
ferric center in the oxidized enzyme is very susceptible to photoreduction in the X-ray beam. This observation
facilitates interpretation of ground- and excited-state electronic properties and the EXAFS results for the
oxidized enzyme in terms of the published X-ray crystallographic data (Yeh, A. P.; Hu, Y.; Jenney, F. E.;
Adams, M. W. W.; Rees, D. C. Biochemistry 2000, 39, 2499—2508). In the oxidized state, the mononuclear
ferric active site has octahedral coordination with four equatorial histidyl ligands and axial cysteinate and
monodentate glutamate ligands. Fe EXAFS are best fit by one Fe—S at 2.36 A and five Fe—N/O at an
average distance of 2.12 A. The EPR-determined spin Hamiltonian parameters for the high-spin (S = 5/»)
ferric site in the resting enzyme, D = —0.50 + 0.05 cm~* and E/D = 0.06, are consistent with tetragonally
compressed octahedral coordination geometry. UV/visible absorption and VTMCD studies facilitate resolution
and assignment of zHis — Fe®'(tyg) and (Cys)S(p) — Fe®'(ty) charge-transfer transitions, and the
polarizations deduced from MCD saturation magnetization studies indicate that the zero-field splitting
(compression) axis corresponds to one of the axes with trans-histidyl ligands. EPR and VTMCD studies
provide evidence of azide, ferrocyanide, hydroxide, and cyanide binding via displacement of the glutamate
ligand. For azide, ferrocyanide, and hydroxide, ligand binding occurs with retention of the high-spin (S =
5/,) ground state (E/D = 0.27 and D < 0 for azide and ferrocyanide; E/D = 0.25and D= +1.1 + 0.2 cm™
for hydroxide), whereas cyanide binding results in a low-spin (S = /;) species (g = 2.29, 2.25, 1.94). The
ground-state and charge-transfer/ligand-field excited-state properties of the low-spin cyanide-bound derivative
are shown to be consistent with a tetragonally elongated octahedral coordination with the elongation axis
corresponding to an axis with trans-histidyl ligands. In the reduced state, the ferrous site of SOR is shown
to have square-pyramidal coordination geometry in frozen solution with four equatorial histidines and one
axial cysteine on the basis of XAS and UV and NIR VTMCD studies. Fe EXAFS are best fit by one Fe—S
at 2.37 A and four Fe—N/O at an average distance of 2.15 A. VTMCD reveals a high-spin (S = 2) ferrous
site with (Cys)S(p) — Fe?* charge-transfer transitions in the UV region and 5T,q — 5E4 ligand-field transitions
in the NIR region at 12400 and <5000 cm™. The ligand-field bands indicate square-pyramidal coordination
geometry with 10Dg < 8700 cm™* and a large excited-state splitting, ASEq > 7400 cm~?. Analysis of MCD
saturation magnetization data leads to ground-state zero-field splitting parameters for the S = 2 ground
state, D ~+10 cm™! and E/D ~ 0.1, and complete assessment of ferrous d-orbital splitting. Azide binds
weakly at the vacant coordination site of reduced SOR to give a coordination geometry intermediate between
octahedral and square pyramidal with 10Dg = 9700 cm~* and ASE4 = 4800 cm™!. Cyanide binding results
in an octahedral ferrous site with 10Dg = 10 900 cm~* and ASEg = 1750 cm™. The ability to bind exogenous
ligands to both the ferrous and ferric sites of SOR is consistent with an inner-sphere catalytic mechanism
involving superoxide binding at the ferrous site to yield a ferric—(hydro)peroxo intermediate. The structural
and electronic properties of the SOR active site are discussed in relation to the role and bonding of the
axial cysteine residue and the recent proposals for the catalytic mechanism.

Introduction croaerophilic microorganisms involving an enzyme that pref-
|erentlally catalyzes superoxide reduction rather than superoxide

Over the last three years, evidence has emerged for a nove
y g dismutationt™> Superoxide reductase (SOR) is proposed to

mechanism of oxygen detoxification in anaerobic and mi-
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catalyze the reduction of superoxide to hydrogen peroxide (threeeN and oneN) in a planar arrangement, with a cysteinyl

utilizing electrons from NADPH, by way of NADPH: rubre-
doxin oxidoreductase and rubredoXiin anaerobic or mi-

sulfur occupying one axial positidi?. There is currently no clear
consensus concerning a sixth ligand in the oxidized state. In

croaerophilic organisms, SOR may offer a selective advantagetwo of the four subunits ofP. furiosus SOR, a conserved
over superoxide dismutase (SOD) for removing superoxide, by glutamate carboxylate serves as an axial ligand to form a six-

eliminating the concomitant generation 05.0

coordinate, octahedral environmérin the other two subunits

Thus far, three distinct types of enzymes with superoxide of P. furiosusSOR? and inD. desulfuricansDfx,® the sixth
reductase activity have been characterized. The initial evidencecoordination site is either vacant or occupied by a solvent
for an enzyme with superoxide reductase activity came from molecule. A similar five-coordinate square-pyramidal iron site

the hyperthermophilic anaerobyrococcus furiosus. The

is present in reduceRB. furiosusSOR® Hence, the possibility

superoxide reductase activity was associated with a heterotet-0f partial or complete reduction during crystallization or
ramer composed of 14.3-kDa subunits, each containing a singlephotoreduction in the X-ray beam may provide an explanation
non-heme iron. This protein was shown to be homologous (50% of the apparent variability in the oxidized active-site structure.

identity) with neelaredoxin fronDesulfaibrio gigas a spec-
troscopically characterized non-heme iron prdidimat had
previously been reported to have significant SOD actiVithe
structures of oxidized and reduced formsRaffuriosusSOR

P. furiosusSOR is anomalous among metalloenzymes in that
X-ray structure determination has preceded detailed spectro-
scopic analysis. To address the active-site geometric and
electronic structure in solution and the origin of the heteroge-

have been determined at 1.7- and 2.0-A resolution, respecfively, neity apparent in the oxidized crystal structure, we report here
and the protein fold and iron center were found to be very similar the results of EPR, UV/visible/near-IR absorption, CD, and

to a homologous domain iBesulfaibrio desulfuricansdes-
ulfoferrodoxin (Dfx)? Desulfoferrodoxins have been purified

variable-field/variable-temperature magnetic circular dichroism
(VHVT MCD), and X-ray absorption (XAS) studies of the

and characterized from many sulfate-reducing bacteria and areoxidized and reduced forms of native and recombinant forms
known to be modular non-heme iron proteins comprising a of P. furiosusSOR, as a function of pH and the binding of
rubredoxin-like desulforedoxin domain and a neelaredoxin-like e€xogenous ligands. The results provide the first detailed

domain®12 While initial studies ofD. desulfuricansDfx
indicated SOD activity2 more recent studies @fesulfoarculus
baarsii and Desulfaibrio vulgaris Dfx have provide strong

assessment of the ground- and excited-state properties of the
mononuclear Fe active site of SOR in both the oxidized and
reduced states and provide evidence for binding of cyanide and

evidence that this protein also functions as a superoxide azide at the active site in both oxidation states. In addition, the

reductasé:'* Most recently, an enzyme with superoxide reduc-
tase activity has been purified and characterized fibre-
ponema palliduma microaerophilic bacterium responsible for

spectroscopic results address the origin of the conflicting reports
concerning the ground-state properties of the high-spitt Fe
center in oxidized SOR and Dfx sample%10-1215and provide

venereal syphilis that lacks the classical antioxidant enzymesassessment of metrical data for-Aggand distances in solution.

found in aerobic organisnf® T. pallidum SOR has strong

The exogenous ligand binding properties and the spectroscopi-

sequence homology to Dfx but lacks three of the cysteine cally determined F& and Fé" coordination geometries and

residues that ligate the rubredoxin-like iron center in the
desulforedoxin domain.

The X-ray structure®. furiosusSOR andD. desulfuricans
Dfx reveal a novel SOR active site involving a mononuclear
iron coordinated by the imidazole nitrogens of four histidines
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excited-state properties are discussed in relation to the role and
bonding of the axial cysteine residue and the recent proposals
for the catalytic mechanispt:16.17

Experimental Section

Cloning of the P. furiosus sorGene.All standard molecular biology
techniques were performed using the published protdéétsfuriosus
cells (DSM 3638) were grown and cell-free extracts were prepared as
previously describetf The gene encodinB. furiosusSOR &or) was
cloned into the expression vector pET3a (Novagen, Madison, WI) and
designated pPfNdIEscherichia colistrain BL21(DE3) was used for
expression of recombinaft furiosusSOR and was grown in a 100-L
fermenter at 37C stirred at 170 rpm under aerobic conditions in M9
minimal mediuni® supplemented with 0.4% glycerol as carbon source,
100 uM FeSQ, 0.05% thiamine, & vitamins?° and 200ug/mL
ampicillin in a 100-L fermenter. Cultures were then grownAtgo ~
0.7 and induced with 1 mM IPTG for 4 h.

Purification of Recombinant P. furiosusSOR. FrozenE. coli cells
(116 g) were thawed (1 g/3 mL) in 50 mM Tris-HCI buffer (pH 8.5)

(15) Verhagen, M. F. J. M.; Voorhorst, W. G. B.; Kolkman, J. A.; Wolbert, R.
B. G.; Hagen, W. RFEBS Lett.1993 336, 13—18.

(16) Lombard, M.; HolGe-Levin, C.; Touati, D.; Fontecave, M.; Nivig V.
Biochemistry2001, 40, 5032-5040.

(17) Niviére, V.; Lombard, M.; Fontecave, M.; Hoedevin, C.FEBS Lett.
2001, 497, 171-173.

(18) Sambrook, J.; Fritsch, E. F.; Maniatis,Molecular Cloning: A Laboratory
Manual, 2nd ed.; Cold Spring Harbor Laboratory Press: Cold Spring
Harbor, NY, 1998.

(19) Bryant, F. O.; Adams, M. W. WJ. Biol. Chem.1989 264, 5070-5079.

(20) Venters, R. A.; Calderone, T. L.; Spicer, L. D.; Fierke, CBfochemistry
1991 30, 4491-4494.
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containing 1 mM EDTA, 0.5 mg/mL lysozyme, 100 mM NaCl, and 1 tively analyzed by curve-fitting the weightddspace data using the
mM phenylmethanesulfonyl fluoride. The cells were broken &C4 EXAFSPAK suite of computer program$,employing ab initio

by sonication, and the extract was heated until the solution temperaturetheoretical phase and amplitude functions generated with the program
reached 70°C and then chilled on ice for 2 h. After centrifugation FEFF version 8.2 No smoothing, Fourier filtering, or related
(2500@, 45 min, 4°C), the supernatant (460 mL, 920 mg of protein) manipulations were performed upon the data.

was applied, diluted by 75% with buffer, to a column of Q Sepharose  Absorption spectra were recorded on Shimadzu UV301PC spectro-
FastFlow equilibrated with 50 mM Tris-HCI (pH 8.5). A linear gradient  photometer. VHVT MCD measurements were recorded on samples
from 0 to 75 mM NaCl was applied followed by a linear gradient from Containing 55% (V/V) g|ycero| or g|ycerqﬂ3 using a Jasco J-715 (]_-80
75 to 500 mM NaCl. Fractions containing SOR eluted as—1Z&0 1000 nm) or J-730 (7062000 nm) spectropolarimeter mated to an
mM NaCl was applied. These were concentrated by ultrafiltration, Oxford Instruments Spectromag 40060 T) split-coil superconduct-
ammonium sulfate was added to a final concentration of 1 M, and this ing magnet. The experimental protocols for measuring MCD spectra
sample was applied to a column of Phenyl Sepharose equilibrated inof oxygen-sensitive samples over the temperature range306 K
20 mM MOPS (pH 7.0) containgi1 M (NH4)>SOs. SOR was block  with magnetic fields upat 7 T have been described elsewh&réHVT
eluted with 20 mM MOPS (pH 7.0), concentrated, and desalted by MCD saturation magnetization data for the high-sp=( 5,) Fe*
ultrafiltration. The final yield was 131 mg of SOR from 116 g bBf and high-spin $ = 2) Fe&t species were analyzed according to the
coli cells wet weight. published procedure®27 using software kindly supplied by Professor
Biochemical Techniques and Sample PreparationProtein con- Edward I. Solomon and Dr. Frank Neese. X-bar® (6 GHz) EPR
centrations were measured using the Biuret method after trichloroaceticspectra were recorded on a Bruker ESP-300E EPR spectrometer with
acid (TCA) precipitatiorf} except that samples were heated at60 a dual-mode ER-4116 cavity and equipped with an Oxford Instruments
for 30 min after TCA addition. The superoxide reductase activity of ESR-9 flow cryostat (4.2300 K). Frequencies were measured with a
SOR and its apparent SOD activity were measured as previously Hewlett-Packard 5350B frequency counter, and the field was calibrated
described.Superoxide reductase activity was measured as the differencewith a Bruker ER 035M gaussmeter. EPR spin quantitations based on
in the rate of cytochrome reduction with and without SOR. One unit  the total area under the absorption envelope or the area under the low-
of activity catalyzes the reduction ofidnol of superoxide/min, which field “absorption-shaped” feature in the first-derivative spectrum were
is equivalent to Jumol of cytochrome oxidized/min. Calculations of  carried out using the procedures developed by Aasa ammyéad?®
the superoxide reductase activity of SOR assume negligible SOD Simulations ofS = %/, signals were carried out using the Simfonia
activity.? Iron reconstitution of nativ®. furiosusSOR was performed software package (Bruker Instruments).

in sealed vials under argon. The conditions were as follows: 50 MM EPR redox titrations were performed at ambient temperature (25
Tris-HCI (pH 8.0), 0.5 mM protein, 100 mM dithiothreitol, and 10 27°C) in the glovebox under anaerobic conditions using @U0SOR

mM Fe(NH,)2SQ,, for 30 min at 25°C followed by 30 min at 80C.  in a 100 mM HEPES buffer (pH 7.5). Mediator dyes were added, each
The samples were then desalted using a Sephadex G25 column in 5Qo a concentration of-60 1M, to cover the desired range of redox
mM Tris-HCI (pH 8) and concentrated by ultrafiltration. potentials: i.e., 1,4-benzoquinone, 1,2-naphthoquinone, thionine, me-

Buffer exchange prior to spectroscopic measurements was carriedthylene blue, duroquinone, and 1,2-naphthoquinone-4-sulfonate. Samples
out by ultrafiltration, and the buffering media used for individual were first oxidized with a minimal excess of potassium ferricyanide
samples are indicated in the figure legends. Stock solutions of potassiumfollowed by reductive titration with ascorbate. After equilibration at
cyanide or sodium azide were freshly prepared in the same buffers asthe desired potential, a 0.2-mL aliquot was transferred to a calibrated
the samples. Reduction of SOR was carried out under anaerobicEPR tube and immediately frozen in liquid nitrogen. Potentials were
conditions by addition of a 10-fold stoichiometric excess of dithionite measured using a platinum working electrode and a saturated Ag/AgCl
or ascorbate. Excess reductant was removed by ultrafiltration prior to reference electrode. All redox potentials are reported relative to NHE.
addition of azide or cyanide and subsequent spectroscopic studies. All
reduced samples were handled in a Vacuum Atmospheres gloveboxResults and Analysis
(<1 ppm Q). - -

Spectroscopic MethodsXAS measurements were carried out at EPR. X'bar_]d EPR was not eﬁec“_ve in probing the ground-
the Stanford Synchrotron Radiation Laboratory with the SPEAR storage State properties of the Fe center in ascorbate-reduce
ring containing 66-100 mA at 3.0 GeV. Data were collected on beam furiosus SOR. No resonances indicative of an integer spin
line 7-3 using a Si(220) double-crystal monochromator, with an species were observed over the temperature rangeld@ K
upstream vertical aperture of 1 mm, and a wiggler field of 1.8 T. in either parallel or perpendicular mode. The ground-state
Harmonic rejection was accomplished by detuning one monochromator properties of the F& center in oxidizedP. furiosusSOR were
crystal to~50% off peak, and no specular optics were present in the investigated by EPR as a function of pH and the addition of
peam_ling.T_he incident X-ray intensity was monitored using a nitrogen- excess cyanide and azide (Figure 1). As prepared in pH 7.5
filled ionization chamber and )_(-re_ly absorption was measured as the HEPES buffer, the EPR spectrum Bf furiosusSOR (Figure
X-ray Fe Ko fluorescence excitation spectrum using an array of 13 . .

1A) is composed of two overlapping = %, resonances and

germanium intrinsic detectof$ During data collection, samples were he effecti | f h dil ionalized usi
maintained at a temperature ofLl0 K, using an Oxford Instruments the effectiveg-values of each are readily rationalized using an

liquid helium flow cryostat. For each sample 80 35-min scans were ~ 1SOtropic S = /2 spin Hamiltonian of the form
accumulated, and the absorption of an iron metal foil was measured
simultaneously by transmittance. For the oxidized enzyme, the sample(23) (a) http://ssrl.slac.stanford.edu/exafspak.html. (b) George, G. N.; Garrett,
position was adjusted after each scan in order to illuminate a fresh ~ Rzge- 200ce: R- C.; Rajagopalan, K. V. Am. Chem. S0d996 118

part of the sample and to prevent photoreduction. The X-ray energy (24) (a) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, Rl. @m.

was calibrated with reference to the lowest energy inflection point of Chem. Soc1991, 113 5135-5140. (b) Mustre de Leon, J.. Rehr, J. J.;

. . Zabinsky, S. I.; Albers, R. CPhys. Re. 1991, B44, 4146-4156.
the foil, which was assumed to be 7111.3 eV. The extended X-ray (25) (a) Johnson, M. K. IMetal Clusters in ProteinQue, L., Jr., Ed.; American

absorption fine structure (EXAFS) oscillationgk) were quantita- Chemical Society: Washington, DC, 1988; pp 328I2. (b) Thomson, A.
J.; Cheesman, M. R.; George, S.Methods Enzymoll993 226, 199—
232.
(21) (a) Goa, JScand. J. Clin. Lab. lmest.1953 5, 218-222. (b) Bensadoun, (26) Neese, F.; Solomon, E.lhorg. Chem.1999 38, 1847-1865.
A.; Weinstein, D.Anal. Biochem1976 70, 241—250. (27) Solomon, E. I.; Pavel, E. G.; Loeb, K. E.; CampochiaroCGord. Chem.
(22) Cramer, S. P.; Tench, O.; Yocum, M.; George, GNNcl. Instrum. Methods Rev. 1995 144, 369-460.
Phys. Res1998 A266 586-591. (28) Aasa, R.; Vangéard, T.J. Magn. Reson200Q 19, 308-315.
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Figure 1. X-band EPR spectra of recombinddt furiosusSOR: (A) 50

mM HEPES buffer (pH 7.5); (B) 100 mM CHES buffer (pH 10.0); (C)
sample A after oxidation with a 5-fold excess of ferricyanide and removal
of ferricyanide by ultrafiltration; (D) sample A after addition of a 45-fold
stoichiometric excess of sodium azide at room temperature; (E) 50 mM
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Figure 2. Temperature dependence of the EPR spectrum of recombinant
P. furiosusSOR in 50 mM HEPES buffer (pH 7.5). The sample and

Taps buffer (pH 8.5), after addition of a 30-fold stoichiometric excess of conditions of measurement are as described in Figure 1 except for the
sodium cyanide at room temperature. All samples webes mM in SOR temperatures, which are indicated on the spectra. Selestedues are

and all spectra were recorded at 9.60 GHz, using a modulation amplitude shown on thhe_ ﬁOKI spectrum.hT?e insfetlshows a plot dilgf/le-7)
of 0.63 mT. The microwave power and temperature were 40 mw and 4.2 Versus I which yields a straight line of slope 1.62 0.10 K.

K for (A—D) and 1 mW and 15 K for (E). Selected g-values are shown on
each spectrum.

He=gyBH-S+D(S? — S+ 1B+ ES - S (1)

whereD andE are the axial and rhombic zero-field splitting
parameters, respectively. The mafpr= 5, species gives rise
to the broad absorption-shaped features centergeat.3 and

—0.50+ 0.05 cnTl. The breadth of thg = 7.3 and 5.8 features
indicates significan&/D strain resulting from conformational
heterogeneity in the frozen solution. In accord with the published
EPR studies ob. gigasneelaredoxirt,the line shapes indicate
that the heterogeneity primarily involves two species Vit
values close to 0.05 and 0.08. Spin quantitations based on the
total integrated area under the absorption-shaped featuges at
= 7.3 and 5.8, using the method developed by Aasa and

5.8. On the basis of their temperature-dependence behavior (se&anngard?8 and allowing for the Boltzmann populations of the

Figure 2), theg = 7.3 and 5.8 features are attributed to the

upper and middle doublets, respectively, indicate that the axial

low-field components of resonances from the upper and middle S = 5/, species accounts for80% of the Fe in the sample.

doublets, respectively, of an axidl= 5, spin system wittD

< 0. For example, foD < 0,E/D=0.06 and ago = 2, eq 1
predictsgyy, = (9.99, 0.02, 0.03), (5.88, 1.35, 1.43), and (1.89,
7.33, 4.55) for the lower {1s = £5/,"), middle (“Ms = £3/,"),

and upper (Ms = £1/,") doublets, respectively. A resonance
from the lowest doublet is predicted to have very low transition

The minor S = 5, species is responsible for the sharp
derivative-shaped feature centeredgat= 4.3 and a weak
absorption-shaped featuregat 9.7 that is only clearly apparent
at temperatures of6 K (see Figures 1 and 2). These resonances
are indicative of a rhombi& = %/, ground stateE/D = 0.33,
which is predicted to haveyy,, = (0.86, 0.61, 9.68), (4.29, 4.29,

probability and is observable as a weak absorption-shaped bandi.29), and (0.86, 9.68, 0.61) for the lower, middle, and upper

atg = 10.0 in the spectrum recorded at 3.5 K (see Figure 2).
For the upper and middle doublets, the components gvith2

doublets, respectively, fago = 2. Such resonances are com-
monly associated with adventitiously bound3Fdon. Ap-

are too broad to observe, and a broad derivative centered neaproximate spin quantitation of the rhomlc= 5/, species by

g = 4.5 from theMs = £/, doublet is obscured by tre= 4.3

double integration of thg = 4.3 component and correcting for

resonance of the minor species. The energy separation betweethe Boltzmann population of the middle doublet using maximal
the middle and upper zero-field doublets can be estimated fromassessments of the zero-field splitting (assuniibjg< 2 cnr1),

the slope of a plot of the logarithm of the ratio of the intensity
of the two field resonances, Ig(s olg=7.3) versus 1T, which
yields a straight line of slope 1.62 0.10 K. This indicates an
energy separation of 14 0.1 cnt?, which translates t® =

indicates that this species accounts f0t0% of the Fe in
samples of recombinam. furiosusSOR. The low-spin quan-
titation, coupled with both the variation in the relative intensities
of the axial and rhombi& = 5/, species inP. furiosusSOR
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andD. gigasneelaredoxir,and the much lower redox potential
of the species responsible for the rhomBie %/, species (see
below), are consistent with assignment of this species to
adventitious F& ion. However, it has not been possible to
decrease the intensity of the rhom&e= %/, species relative to
the axialS= ®/, species in recombinant SOR by treatment with
Fe** chelators such as EDTA, indicating that this adventitious
Fe** ion is tightly bound or not solvent accessible.

Direct evidence that the axiaE(D = 0.06) S = %/, species,
rather than the rhombicE(D = 0.33) S = %, species, is
associated with active enzyme from EPR studies of na®ive 0 +—EhE~—T——T
furiosusSOR. As purified, nativ®. furiosusSOR was deficient 0 100 200 300 400
in Fe (0.4 Fe atoms/subunit) and has very low SOR activity Potential vs NHE (mV)

(48 units/mg)° compared to the recombinant enzyme (1.0 Fe Figure 3. Dye-mediated EPR redox titration of recombin&htfuriosus
atoms/subunit and specific activity of 2700 units/mg). However, SOR in 50 mM HEPES buffer (pH 7.5). Intensitiesgat= 7.3 () andg =

. . . . 4.5 (O) are plotted as a function of redox potential (versus NHE). Samples
reconstitution of the native enzyme with excess ferrous ion and for EPR were taken at selected poised potentials during ascorbate reduction
repurification yielded samples with increased Fe content (0.7 of the ferricyanide-oxidized enzyme. The solid line is a one-electron Nernst
Fe atoms/subunit) and activity (300 units/mg). The EPR spectra plot with En = +250 mV.
of both the as-prepared and reconstituted samples of native
furiosusSOR (data not shown) were completely dominated by
the rhombic E/D = 0.33) S = %/, species. The axial§/D =
0.06) S = 5, species was only clearly apparent in the fu
reconstituted sample, but the ratio of the axial and rhombic an alkaline transition with al, = 9.6. This transition is also

resonances in this sample was 10-fold less than in _the evident by the appearance of a n&= 5/, resonance in EPR
recombinant enzyme. Hence, there appears to be a dlrectSpectra recorded at pH 10 (Figure 1B). At pH 10, the EPR
correlation between the axi#£(D = 0.06)S= /> species and spectrum has contributions from both & = 0.06 and 0.33
SOR activity. species that are present at neutral pH, but samples at higher pH
Dye-mediated EPR redox titrations of recombirnfuriosus  exhibited poorer quality spectra due to progressive loss of Fe
SOR using ascorbate as the reductant and ferricyanide as theyt pH values above 10.5. Temperature-dependence studies show
oxidant revealed an unexpected complication. OxidatioR.of  that the alkaline form ofP. furiosus SOR exhibits a broad
furiosusSOR with ferricyanide results in the appearance of a resonance with a positive feature gt= 4.8 and derivative
third type of S= 5/, resonance, in addition to tH&'D = 0.06 centered neag = 4.1 from the middle doublet and a low-field
and 0.33 species that are also present in the as-prepared samplegsorption-shaped feature git= 9.4 from the lower doublet
(Figure 1C). This resonance dominates the EPR spectrum andsee Figure 4). These effectigevalues are readily rationalized
has a broad derivative centered arogryd 4.3 with a maximum by the spin Hamiltonian in eq 1, with/D = 0.25,D > 0, and
atg=4.5 and a minimum & = 4.2. In addition, it is associated go = 2, which predictsy, = (0.92, 9.40, 1.45), (4.76, 3.76,
with a weak absorption feature gt= 9.8 which increases in  4.08), and (9.83, 0.36, 0.47) for the lower, middle, and upper
relative intensity with decreasing temperature. These featuresdoublets of theS = 5/, zero-field-split manifold, respectively.
are readily interpreted in terms of the spin Hamiltonian in eq 1 The energy separation between the middle and lower zero-field
with E/D = 0.27 andD < 0. This resonance persists even after doublets was estimated from a plot of i ¢/lg—9.4) Versus
excess ferricyanide is removed by ultrafiltration but is not 1/T, which yields a straight line of slope4.8 4+ 0.4 K (inset
observed in samples oxidized with either hexachloroiridate or in Figure 4), and leads to an estimate of axial zero-field splitting
hydrogen peroxide. Hence, it appears to be an artifact of parameterD = +1.1+ 0.2 cnTL.
ferricyanide oxidation. On the basis of the close similarity to EPR evidence for azide and cyanide binding to the& Betive
the azide-bound form (see below), this resonance is tentativelysite is shown in Figure 1D and E, respectively. Addition of a
attributed to a species with ferrocyanide bound at ti#& Betive 45-fold excess of sodium azide results in the emergence of an
site via an FeN—C—Fe linkage. EPR-monitored redox titra- S = 5/, resonance indistinguishable from the ferricyanide-
tions facilitated discrimination between the adventitious and induced species, i.e., a broad derivative centered at 4.3
active-site F&" species. Th&/D = 0.33 species, corresponding  with a maximum atg = 4.5 and a minimum agy = 4.2 and
to adventitiously bound Fé ion, is not reduced at potentials  low-field absorption-shaped feature git= 9.8. Temperature-
down to 0 mV, whereas thie/D = 0.06 and 0.27 species both dependence studies indicate analogous zero-field splitting
exhibit one-electron redox potentials #2250 &+ 20 mV (see parameters; i.eE/D = 0.27 andD < 0. Addition of a 30-fold
Figure 3). The EPR-determined redox potential for BB = excess of sodium cyanide results in quantitative conversion to
0.06 species in frozen solution is in good agreement with the a low-spinS= %/, Fe** species with near-axial line shag, 3
optically determined redox potential obtained at room temper- = 2.289, 2.251, 1.935 and line widths, 3= 7.5, 5.1, 3.7 mT
ature,E, = +2384+ 10 mV (see Supporting Information, Figure (based on spectral simulation). The resonance is observable at
S1). However, the ferricyanide-induced species cannot betemperatures up to 50 K and corresponds to 90% of the Fe in
distinguished from the as-prepared enzyme based on redoxthe sample based on spin quantitations under nonsaturating
conditions. A similar species was reported for cyanide-treated
(29) Jenney, F. E., Jr.; Adams, M. W. W. A., unpublished results. D. desulfuricanDfx, gn = 2.27 andg, = 1.9613

EPR Intensity (Arbitrary Units)

potential and, therefore, is easily misinterpreted as arising from
the active site of the oxidized resting enzyme.

Optical absorption studies @. gigasneelaredoxifandP.
riosusSOR (see Supporting Information, Figure S2) reveal
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Figure 5. UV/visible absorption spectra of recombindhtfuriosusSOR:

(A) 100 mM MES buffer (pH 6.0); (B) 50 mM HEPES buffer (pH 7.5);
(C) 100 mM CHES buffer (pH 10.0); (D) sample B after addition of a
45-fold stoichiometric excess of sodium azide; (E) 50 mM TAPS buffer
(pH 8.5), after addition of a 30-fold stoichiometric excess of sodium cyanide.

Figure 4. Temperature dependence of the EPR spectrum of recombinant ) samples were~0.3 mM in SOR and spectra were recorded in 1-mm

P. furiosusSOR exchanged into 50 mM CHES buffer (pH 10.0). The sample

cuvettes.

and conditions of measurement are as described in Figure 1 except for the

temperatures, which are indicated on the spectra. Selegtedues are
shown on the 4.0 K spectrum. The inset shows a plot d§dng/lg=9.4)
versus 1T which yields a straight line of slope4.8 + 0.4 K.

Absorption, CD, and VHVT MCD. (a) Oxidized P.
furiosus SOR. The electronic excited-state properties of oxi-
dized recombinar®. furiosusSOR were investigated using the
combination of absorption, CD, and VHVT MCD. UV/visible

required to form a low-temperature glass for VHVT MCD
studies. Negligible, room-temperature CD was observed in the
visible region for the high-spin Eé forms, i.e., pH 7.5, pH 10,
and Ny~ -bound (data not shown). However, VTMCD studies
of the high-spin F&" derivatives facilitate greater resolution of
electronic transitions from the paramagnetic Fe chromophore
and therefore more detailed assignments of ligand-to-metal CT
bands (see Figure 6 and Table 1). Moreover, the analysis of

absorption spectra recorded at pH 6.0, 7.5, and 10, and afte’vHVT MCD saturation magnetization data for transitions
addition of excess azide and cyanide, are shown in Figure 5. Inoriginating from the highly anisotropic ground-state Kramers
each case the spectrum comprises an intense broad band centerefbublets of a high-spin Fé center provides polarization

near 30 000 cmt and a well-defined low-energy band centered
between 14 000 and 17 500 ctnThe latter has been assigned
to (Cys)S — Fe*™ charge transfer (CT) based on resonance
Raman studies of the equivalent centeDirdesulfuricanfx.1!

In accord with previous studies &f. gigasneelaredoxirf, the
absorption spectru. furiosusSOR is pH dependent. The low-
energy band centered at 15 150 ¢nis invariant to pH over
the range 6.68.5, but undergoes a blue shift to 17 000¢m

at pH 10.5 with a K4 = 9.6 (see Supporting Information, Figure
S2). Above pH 10.5, the site is readily and irreversibly lost, as

information that places additional constraints on electronic
assignments (see Figure 7 and Table 1). Comparison of the
spectra shown in Figures 5 and 6 demonstrates that the relative
intensities of discrete transitions are quite different in the
absorption and VTMCD spectra of the same sample. In this
connection, it is important to emphasize that absorption intensity
of symmetry-allowed ligand-to-metal CT bands is directly
related to the extent of orbital overlap and thereby mdighnd
covalency. Hence, the symmetry-allowed— o*, (Cys)S(p)

— Fe¥*(d), andr — z*, (Cys)S(p) — Fe**(d) transitions

evidenced by the progressive decrease in the absorption intensityassociated with an FES(Cys) unit would be expected to have

at ~17 000 cmrl. The addition of a 45-fold stoichiometric

intense S— Fe CT bands in the absorption spectrum. However,

excess of sodium azide has no significant affect on the to a first approximation these are uniaxial transitions, polarized
absorption spectrum. In contrast, cyanide binding, which induces parallel to the Fe'S bond, and consequently are expected to

a high-spin to low-spin transition as a result of increased
d-orbital ligand-field splitting, is readily monitored by a red shift
of the lower energy band to 14 600 cin

UV/visible CD and VHVT MCD studies were carried out
on the samples ofP. furiosus SOR used for absorption

exhibit weak VTMCD intensity. This is because the low-
temperature MCD spectra of half-integer-spin transition metal
centers are invariably dominated B¢terms that requiréwo
perpendicular, nonzero transition dipole moments for intedity.

measurements. The absorption and EPR spectra were nof3°) Johnson, M. K. IfPhysical Methods in Bioinorganic Chemistry. Spectros-

perturbed by the addition of 55% (v/v) glycerol, which is

copy and MagnetispnQue, L., Jr., Ed.; University Science Books: Sausalito,
CA, 2000; pp 233-286.
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Figure 6. UV/visible VTMCD spectra of recombinar. furiosusSOR.

Samples are the same as those used in Figure 5 except for the addition o

55% (v/v) glycerol. Spectra were recorded with a magnetic fi€¢lél © at

(see Figure 7) to assess the transition polarizations with respect
to the unique %) axis of the predominantly axial zero-field
splitting (E/D = 0.06). Because the axial zero-field splitting of
the S = %, ground stateP = —0.50 cnt?, is comparable to

the Zeeman interaction at fields up to 6 T, it is not appropriate
to analyze only the lowest temperature data (isotherm at 1.7 K)
under the assumption that the magnetization data are determined
solely by the effective-values of the lowest doublé?.Rather,

as the Zeeman splitting increases, the electron spin changes from
being quantized along the molecular zero-field splitting axis to
being quantized along the applied field direction. Neese and
Solomon developed a comprehensive methodology for analyzing
VHVT MCD magnetization data in this regindéSince the zero-
field splitting parameters are determined by ERR= —0.50
cm, E/D = 0.06), the only variable parameters involved in
the fitting procedure are a scaling factor and the effectiye

yz, and xz transition dipole momentsiMyy, My, and My,
respectively, which approximate to the product of the two linear
transition dipole moment®. The MCD magnetization data
collected at 15150 cmi (corresponding to the absorption
maximum) and at 18 980 cmh are quite different (see Figure

7), and the differences can be rationalized exclusively in terms
of transition polarization. The VTMCD intensity at the 15 150-
cm~! band originates from a predominangipolarized transi-
tion, whereas the 18 980-cthband is predominantly polar-

ized. Since the 15 150-cmh band corresponds to the— z*

1.68, 4.22, 10.0, 25.0, and 50.0 K. MCD intensity for all bands increases (Cys)S(p)— Fé*(d) transition, the MCD magnetization data

with decreasing temperature.

The VTMCD spectrum ofP. furiosusSOR at pH 6.0 and
7.5 in the 13 00622 000-cn?! region is dominated by two
positiveC-terms centered at 15 150 and 18 980 ¢éigsee Figure

indicate that the FeS bond is along thg-axis with respect to
the zero-field splitting axis system.

The visible region (Cys)S— Fe** CT transitions that are
observed in the absorption and VTMCD spectraRofuriosus
SOR at pH 6.0 and 7.5 can now be assigned on the basis of the

6), with the former corresponding to the intense absorption band EPR-determined ground-state properties and transition polariza-
centered at 15 150 cth. These bands are in the region expected tions deduced from MCD magnetization measurements. An axial

for S — Fe" CT transitions involving the filled S p-orbitals
and the half-filled 1y set of Fe d-orbitals (gy.x,) that are
available forsz bonding, and the lower energy transition is
assigned to ther — s* transition with optimalsx interaction.

ground stateH/D = 0.06) with negative axial zero-field splitting
(D = —0.5 cn1l) is consistent with tetragonally compressed
octahedral coordination, i.e., octahedral with a strong ligand field
along thez-axis 33 Since the Fe'S bond is along thg-axis, the

By analogy with the detailed assignments that are available for z-axis must correspond to one of the two pairs of trans (His)N

blue copper protein%, the three S p-orbitals of the cysteinate
are expected to split with one being primaribybonding to
carbon and therefore not significantly involved in bonding to

ligands. Hence, the half-fillegg set of Fe d-orbitals will split,
with a near-degenerate pair,@nd g, higher in energy than
dxy (see Figure 8). For the moleculaaxis parallel to the Fe

the metal. The other two S p-orbitals are perpendicular to the S—C plane, an appropriate orbital energy level diagram for the
S—C bond and will be degenerate for free cysteinate. For an S 3p- and Fe 3d-orbitals is shown in Figure 8. Two (Cys)S
Fe-ligated cysteine, these two S p-orbitals will split into a higher Fe*" CT transitions are predicted in the visible region. The lower

energy p-orbital that is perpendicular to the £&—C plane
and available for direct overlap with the Feyf d-orbital that
is perpendicular to the Fe&5—C plane and a lower energyspudo
s~orbital that is in the FeS—C plane with the extent of
interaction being determined by theF8—C angle (maximal
for a 9C¢ angle) (see Figure 8). Since the average of the Fe
S—C angles in the crystal structure of oxidizedfuriosusSOR
is close to 1208 the pseudoo-0rbital will have o overlap with
the Fe d-orbital oriented along the +8 bond andr overlap
with the Fe 14 d-orbital that lies within the FeS—C plane.
VHVT MCD saturation magnetization studies were carried
out for the MCD bands centered at 15 150 and 18 980'cm

(31) (a) Gewirth, A. A.; Solomon, E. 0. Am. Chem. S0d.988 110, 3811~
3819. (b) LaCroix, L. B.; Randall, D. W.; Nersissian, A. M.; Hoitink, C.
W. G.; Canters, G. W.; Valentine, J. S.; Solomon, El..l1Am. Chem. Soc.
1998 120,9621-9631.
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energy transition is thg-polarized S(p) — Fe(d,) transition
that is predicted to be strong in absorption due to optimal
interaction, but weak in the VTMCD spectrum, since it is a
uniaxial transition polarized almost exclusively along the-Be
bond. Hence the Sgp— Fe(d,) transition is assigned to the
absorption and VTMCD bands centered at 15 150 tfsee
Table 1). The higher energy transition is the predominantly
z-polarized S(pseudos) — Fe(d;) transition that is expected to
be weak in absorption due to weakoverlap, but strong in the
VTMCD spectrum due to equal and opposite mixing<eéind
y-polarized components. Hence, the Qégio,) — Fe(d,)

(32) Uniaxial polarization percentages have been estimated ¥gyrM,,, and
My using the cyclic permutations of the following expressib@b x =
100MM)2[(MyM)? + (MgMy)2 + (MM,

(33) Solomon, E. I.; Brunold, T. C.; Davis, M. I.; Kemsley, J. N.; Lee, S.-K;
Lehnert, N.; Neese F.; Skulan A J; Yang Y.-S,; ZhOLCﬂem Re.
200Q 100, 235-349.



Suuperoxide Reductase ARTICLES
Table 1. Excited-State Electronic Assignments for Derivatives of Oxidized Recombinant P. furiosus SOR?2
absorption MCD CD
energy, €, predicted energy, observed energy,
assignments cm~t (nm) mM~tcm! polarization cm~ (nm) sign polarization cm~t (nm) sign
oxidized SOR pH 7.5
CysS — Fe* CT
S(p.) — Fe(dy) 15 150 (660) 25 y 15 150 (660) + y
S(seudar) — Fe(dz2) z 18 980 (527) + z
23430 (427) + z
. 27 040 (370)? -
— Fe3t ~
His — Fe’* CT 30000 (333) 7.2 Xorz 29 480 (339) T 7
32130 (311)? -
oxidized SOR pH 10.0
CysS — Fe" CT
S(pr) — Fe(dy) 16 940 (590) 1.8 y 16 500 (606) + y
S(seudar) — Fe(dz2) z 19 720 (507) + z
. 24 200 (405) + z
— + ~
His— Fe** CT 31000 (333) 6.2 Xorz { 31 060 (322) T Z
oxidized SOR+ N3~
CysS — Fe" CT
S(p:) — Fe(dy) 15 150 (660) 2.3 y 15 150 (660) + y
S(seudar) — Fe(d) z 18 980 (527) + z
. 23430 (427) + z
— Fe3t ~
His — Fe** CT 30000 (333) 6.5 Xxorz { 33700 (296)? +
N3~ — Fe* CT 28520 (351) - y
oxidized SOR+ CN~
CysS — Fe" CT
S(pr) — Fe(dy) 14 600 (685) 2.7 y 14 680 (681) +
17 000 (588) -
19 000 (526) +
20 610 (485) +
low-spin Fé* d—d 23000 (435) - 22 710 (440) +
26 650 (375) -
30 120 (332)? -
32620 (307)? -
His— Fe* CT ~31 000 (322) 5.8 Xorz 30 800 (325)? +
CN-—Fe'" CT y 30800 (325)? +

a Assignments marked with a question mark are tentative, since polarization data are not currently available; see Figure 8 for the axis systémas used in t

assignments of the high-spin (pH 7.5, pH 1@, Nand low-spin (CN) forms of oxidized SOR.

MCD Intensity (a.u.)

527 nm
18,980 cm! 15,150 cm!
0.4 —
Myy = +1.550 Myy = +1.787
Myz = +16.160 Myz = -0.055
1 v% Myz = -15.489 Myz = -0.316
z-polarized y-polarized
0 T | T I T [ T | T | T

BB/2kT =010 1.2

Figure 7. VHVT MCD saturation magnetization data for recombin&nt
furiosusSOR at pH 7.5. The sample corresponds to Figure 6B, and the
data were collected at fixed temperatures of 1.68, 4.22, and 10.0 K for
magnetic fields in the range-® T. The solid lines are best fits using the
EPR-determined zero-field splitting parameters witly, My, and My as
variable parameters. Uniaxial polarizations are estimated to bez208%

X, and 1%y at 23 430 and 18 980 cmh and 98%y and 2%x at 15 151
cm‘1.32

the broad envelop of the absorption band centered3 000
cm™1, positive MCD bands centered at 23 430 and 29 480'cm
and two negative bands centered at 27 040 and 32 138.cm
On the basis of the active-site structure, several LMCT
transitions are expected in this regioxk or z-polarizeds His

— Fe*" CT bands involving the threed\and one N equatorial

His ligands, ay-polarizedo — 0*, S(Ppseudos) — FE T (dkz—y2)

CT band, and g-polarized glutamate-to-F& CT band. VHVT
MCD saturation magnetization data collected at 23 430 and
29 480 cnt! (data not shown) are very similar to that obtained
at 18 980 cm? (see Figure 7) and are readily analyzed in terms
of predominantlyz-polarized transitions. This demonstrates that
7 His — Fe** CT transitions contribute to the broad absorption
band at 30 000 cnt but does not rule out contributions from

0 — 0%, S(Ppseudos) — FE¥(d2—y2) CT or glutamate-to-Fe

CT transitions. Additional VHVT MCD saturation studies,
coupled with resonance Raman excitation profiles, electronic
structure calculations, and mutagenesis studies, will be required
to effect detailed electronic assignments in this region.

The above assignments are readily transferred to the other
two high-spinP. furiosusSOR derivatives investigated in this

transition is assigned to the VTMCD band centered at 18 980 work (see Table 1). The high-pH form exhibits the same pattern
cm 1 that is not resolved in the absorption spectrum (see Table of S — Fe CT bands in the visible VTMCD spectrum with

1).
The VTMCD spectra oP. furiosusSOR at pH 6.0 and 7.5
resolve four transitions in the 22 0683 000-cnT! region under

equivalent transitions blue shifted by750 cnt!. The VTMCD
spectrum is broader and less well resolved than that of the low-
pH form, due to contributions from the low-pH form at pH 10
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Figure 9. Comparison of the UV/visible absorption, CD, and VTMCD

spectra of cyanide-bound recombin&ntfuriosusSOR. The sample is the

same as that described in Figure 5E, except for the addition of 55% (v/v)

glycerol for the samples used for CD and VTMCD. The absorption spectrum
as recorded at room temperature. The MCD spectrum was recorded at
.68 K and 6 T, and the CD spectrum was recorded at 4.22 K. None of the

observed CD bands results from strain in the frozen glass, since an

equivalent, albeit less well-resolved, spectrum was observed at room

(pKa = 9.6). This heterogeneity complicates the higher energy temperature.

CT region of the MCD spectrum (22 0633 000 cnt?), but ) ) o

high-pH minus low-pH difference spectra reveal the same (whereV andA and the rhombic and axial splitting parameters

pattern of VTMCD bands with equivalent bands blue shifted OF the kg set of d-orbitals -and is the one-electron spirorbit
by ~1500 cnr. This indicates that the cysteinyl and histidyl OUPling constant for Fe):
Fe ligation are preserved in the high-pH form and suggests that

Figure 8. Schematic orbital energy level diagram and depiction of the
(Cys)S(p)— Fe**(d) charge-transfer transitions associated with the as-
prepared (high-spin) and CNoound (low-spin) octahedral Fecenters in
SOR. Uniaxial polarizations corresponding to the axis systems shown are
indicated to the right of each transition. The relative orbital energies are
based on the electronic assignments and the EPR properties, as discuss:
in the text.

high-pH transition involves hydroxyl ligation trans to cysteine. VIE =gd(g+9) +9/(9,— 9
Azide binding does not perturb the VTMCD bands in the>S _ _ _
Fe CT region but is evident by the appearance of an intense AlE=gd(g, gy) +o/ (gy gJ) — VI2§ )

negative band centered at 28 520 ¢énhat dominates the higher ) ) .
energy CT region. This band is attributed tg N— Fe&** CT Using th_e EPR-determinagvalues for CN-bqundP. furiosus
on the basis of VHVT MCD saturation magnetization data (not SOR, with g,, gy,_and O as t_he highest, middle and lowest
shown). The magnetization data are analogous to that observed)Values, respectively, eq 2 y'e.'wé - 6'82'A/§, =4.26, and
at 15 150 cm* in Figure 7, indicating g-polarized transition, ~ V/A = 1.60. A reasonable estimate dffor Fe in a complex
which is consistent with & binding trans to the cysteinyl 5.  With significant covalent bonding s 400 cm, which leads
Cyanide binding induces a high-spin to low-spin transition 0 V ~ 2700 cnt* and A ~ 1700 cm?, and the 4 orbital
and is manifest by small changes in the absorption spectrumSPitting pattern shown in Figure 8 withdand d. separated
(Figure 5), marked changes in the VTMCD spectrum (Figure by ~2700 cm* and d, and dy n.ear. degenerate and separated
6), and the appearance of pronounced CD bands above 17 ooy ~350 e, Hgncg, the EPR |nd|gates tetragon.ally elqngated
cmt (Figure 9). VHVT MCD saturation data for each of the octahe_dral coordination _geometry with the weak-field axis along
major bands in the VTMCD spectrum are well fit at all % @S dictated by the axis system adopted forgitensor. The
temperatures by simulated data constructed for an isofted !mpllcatlon is that plndlng cyanide trans to the cystem_ate _re_sults
Y, doublet using the EPR determingdaluesg = 2.289, 2.251, ina strong-fleld aX|s.comparabIe to the strong-field b|§-h|st|dyl
1.935 (data not shown). The rangege¥alues is not sufficient axis th"’,‘t IS re.qun5|ble.for the tetragonal compression ,Of, the
to permit meaningful assessment of transition polarizations by Nigh-spin derivatives discussed above. A d-orbital splitting
fitting of the saturation magnetization data. However, analysis diagram for thecaxis along the weak-field bis-histidyl axis and
of the visible S— Feé** CT bands for a low-spin system is the Fe-S bond along th@:ams is shown in Figure 8.
greatly simplified, since there is only one hole in thgset of ) Only .o.ne (Cys)S —FerCT trgnsmon 1S pre@cted to occur
Fe d-orbitals. Moreover, the splitting of thg set of d-orbitals in the visible region, qqrrespondlqg to thepolan;ed, S(?),_’ )
can be assessed from the EPR spectrum using the relationship§€(d2 7 — z* transition (see Figure 8). This transition is

between principad-values\V, A, andé developed by TaylG# expected to have strong absorption intensity as a result of
optimal orbital overlap and weak VTMCD intensity since it is
(34) Taylor, C. P. SBiochim. Biophys. Actd977, 491, 137—149. primarily a uniaxial transition. Some VTMCD intensity is

796 J. AM. CHEM. SOC. = VOL. 124, NO. 5, 2002



Suuperoxide Reductase ARTICLES

expected since the hole in thg set of Fe d-orbitals is best 25
considered as a linear combination of all three one-electron . Absorption
d-orbitals, with coefficients that are defined by the EPR 20
g-values®#35 Hence, the intense absorption band centered at
14 600 cn1! and the positive VTMCD band centered at 14 680
cm ! are assigned to the S{p— Fe(d,) = — =* transition
(see Table 1). ]
In the low-spin cyanide adduct, multiple spin-allowed Feid 5 —
bands are expected with energies-df7 000 cn1l. Such bands 1
are expected to be weak and difficult to see in absorption, 0 120
particularly in the presence of intense LMCT bands. However, Mco |
since they are magnetic dipole-allowed transitions, they are L s0
expected to be more clearly apparent in the CD and VTMCD
spectra. Indeed, cyanide addition results in the appearance of 4
broad positive CD bands centered at 20 610 and 22 710 cm
and broad negative CD bands centered at 26 650, 30 120, and A
32 620 cntl. These CD bands appear to correlate with positive
VTMCD bands centered at 19 000 and 31 000 énand V/
negative VTMCD bands centered at 17 000-érand in the — T T T T T —-40
22 000-27 000-cnT? region (see Figure 9). These bands are 40000 36000 32000 28000
all excellent candidates for the complex pattern of ligand field Energy (cm™)
2Ty — 2A, 2Ty, 2T, %E, 2Ty, ?Ay, ?To transitions (under idealized  Figure 10. UV absorption and VTMCD spectra of ascorbate-reduced
Oy, symmetry) that are expected with increasing energy in the recombinan®. furiosusSOR. The sample was 0.9 mM in SOR and was in
17 000-35 000-cn1? region. On the basis of the lowest energy 100 MM DO MOPS buffer (pD 7.5), with 55% (v/v) glycerak. Upper
ligand-field transitions, the ligand-field parameters are estimated Ei\r/]vilf roon;,'tf/?&‘ggture at'OSOfptlog sgectrulrjw ina 1t-r:n|m p;ar:h I?Ingtt?. %"'
panel: Spectra recoraed in a L-mm path lengtn cell at 1./0,
to be 1@q ~ 22 000 cnt andB ~ 750 cntl. Analysis of the 4.22,10.2, 24.3, and 52.0 K with an applied field of 6 T. All MCD bands
high-energy region of the UVlvisible absorption, CD and increase in intensity with decreasing temperature.

VTMCD spectra (22 00835 000 cnm1?) is a complex problem h itivelv sianed band d
due to overlapping contributions for ligand field His — Fe** Hence, the positively signed VTMCD bands at 31 200 an

CT and CN — Fe** CT transitions. More detailed ligand-field 33900 cn! are tentatively assigned to an analogous set of
: o o : :
analyses and DFT calculations are in progress to effect assign-(cys)s q Fbezl CT ';ra|1|n5|t.|ons. More detalleo:c ai5|gnmednts g'rel
ments of the ligand-field and CT transitions and more accurate pre_s‘?”te oelow, Tollowing _assess_ment 0 .t.e Fe d-orbita
assessment of the ligand-field parameters. splittings via analysis of the ligand-field transitions.
(b) ReducedP. furiosusSOR. Reduction o furiosusSOR The seminal work of Solomon and co-workers on reduced

. o . . mononuclear Fe proteins and model complexes has laid a firm
with ascorbate or dithionite occurs with complete bleaching of . . . . ) i
- . L foundation for interpreting the ligand-field transitions that are
the blue color and results in samples with no absorption in the

. - o . observable in near-IR absorption, CD, and VTMCD spectra, in

visible region. However, the combination of absorption, CD, o . . 3
S . ! terms of coordination geometry and d-orbital splittii§ENear-
and VTMCD studies in the UV and near-IR regions facilitates .
. . . ) . IR absorption, CD, and VTMCD spectra for ascorbate-reduced
investigation of CT and ligand-field transitions, and the results - . A
. . L ; . P. furiosusSOR in ;O buffer are shown in Figure 11, and

provide unique insight into the structural, electronic, and corresponding VTMCD spectra after the addition of a 45-fold
magnetic properties of the high-spifi £ 2) F&" active site. P g P

S . . . excess of azide and a 30-fold excess of cyanide are shown in
The UV absorption is dominated by the intense absorption Figures12 and 13, respectively. Absorption spectra are of limited
centered at 36 000 cr that arises from aromatic amino acid g » €SP y: P P

residues, and the only feature attributable to CT transitions utility in this region, since GH stretching overtones f_rom

. . . o unexchanged water and protein groups andDOstretching
associated with the Pe active site is the shoulder at 31 200 overtones obscure the redion below 9000-EnED spectra are
cm ! (see Figure 10). In contrast, VTMCD provides a means 9 P

A . S . o . not reliable below 6000 cmt due to the intense ©D overtone
of selectively investigating the electronic transitions associated . - o .
. . . . " - absorption and the possibility of contributions from protein
with the paramagnetic Fé active site. The positively signed S . I
vibrational CD. VTMCD spectra provide the most definitive
temperature-dependent MCD band at 31 200 trorrelates . . o . 1
. . I . assessment of ligand field transitions in the 14-68000-cnt
with the observable absorption band, and additional CT transi- region. since temperature-dependent bands must originate from
tions are identified by a positive MCD bands centered at 33 900 glon, emp P 9
1 : a paramagnetic Pé center.
and 38 900 cm® (see Figure 10). The correspondence to the The near-IR absorption spectrum of redu&duriosusSOR
visible VTMCD bands assigned to (Cys)S— Fe** CT P P

P
transitions in oxidized high-spin derivatives®f furiosusSOR zsrsrez g\:%?rlf’ b;zig/ebggdb;r?gtsg?erztd iuz llg gognlg:f;
(see Table 1 and Figure 6) is particularly striking. The signs P gp

and relative intensity of individual transitions are the same, and negative, temperature-dependent MCD band centered at 12 400

the only difference is that the corresponding transitions are cm * (see Figure 11). Although it is not possible to record
shifted to higher energy by-15500 cn? in reduced SOR. VTMCD spectra at energies below 5000 ¢hwith the currently

available instrumentation, the high-frequency tail of a positive,
- 1
(35) McKnight, J.; Cheesman, M. R.; Thomson, A. J.; Miles, J. S.; Munro, A. temperature dependent MCD _band Cem?redmoo cm I_S_
W. Eur. J. Biochem1993 683-687. readily apparent. The observation of two ligand-field transitions,

(,-wo, ) 3v
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Figure 12. Near-IR VTMCD spectra of ascorbate-reduced recombinant

P. furiosusSOR in the presence of a 45-fold stoichiometric excess of azide.
The sample is as described in Figure 11 except for the addition of a 45-
fold stoichiometric excess of sodium azide. Upper panel: VTMCD spectra
recorded in a 1-mm path length cell at 1.70, 4.22, 10.2, 24.6, and 51.0 K
with an applied field of 6 T. Al MCD bands increase in intensity with
decreasing temperature. Lower panel: MCD difference spectrum corre-
sponding to the azide-treated ascorbate-reduced spectrum at 1.70 K minus
85% of the ascorbate-reduced spectrum recorded under the same conditions.

Figure 11. Near-IR absorption, CD and VTMCD spectra of ascorbate-
reduced recombinar®. furiosusSOR. The sample was 4.5 mM in SOR
and was in 100 mM BO MOPS buffer (pD 7.5), with 55% (v/v) glycerol-

ds. Upper panel: room-temperature absorption spectrum. Middle panel:
room-temperature CD spectrum. Lower panel: VTMCD spectra. All MCD
bands increase in intensity with decreasing temperature.

one>10 000 cnt! and one~5000 cntl, is characteristic of a
five-coordinate, square-pyramidal#esite 2733 This is readily

understood in terms of a large splitting in tP&, excited state centered at 10 100 and 11 900 chrespectively (Figure 13).

of the parentT,y— 5E4 octahedral erd band ASEg), as a result Once again the VTMCD data show evidence for the presence
of removal of one ligand along theaxis, i.e., large splitting of ~ of some of the unbound, square-pyramidal form. Subtraction
the de-y2 and @z orbitals (see Figure 14). Hence, the VTMCD  of 20% of the reduced SOR spectrum is required to obtain the
data indicate square-pyramidal coordination geometry wilhgl0 ~ VTMCD characteristics of the cyanide-bound?Fepecies in

< 8700 cnt! and ASEg > 7400 cnt? (see Table 2). isolation (Figure 13). Hencey80% of the reduced SOR has
Definitive evidence for azide and cyanide binding at the cyanide bound in samples treated with a 30-fold stoichiometric
vacant coordination site of the square-pyramidadtFsite is excess of cyanide.

provided by near-IR VTMCD studies. The addition of a 45- The ligand-field transitions for cyanide-bound reduced SOR,
fold excess of azide did not significantly perturb the NIR i.e., two components 63— °Egat 10 000 and 11 800 crh,
absorption and CD spectra, but results in the appearance ofcorresponding to 10g = 10 900 cni! andASEy = 1800 cnt?
positive VTMCD band centered at 7300 thand weak (Table 2), are characteristic of a six-coordinate octahedral Fe
negative band at 12 100 cth(Figure 12). The latter band is  site2”-33 However, the ligand-field transitions for azide-bound
superimposed on the intense negative VTMCD band centeredreduced SOR, i.e., two components®®fy — 5Eg4 at 7300 and

at the 12 400-cmt band from the square-pyramidal reduced 12 100 cm?, corresponding to IDg = 9700 cnm! and ASE,

form (Figure 11). The VTMCD bands associated with the = 4800 cnt! (Table 2), indicate a coordination geometry
reduced azide-bound form are readily apparent after subtractionintermediate between square pyramidal and octahedral. The
of 85% of the reduced SOR VTMCD spectrum (Figure 12). implication is that azide is only weakly bound at the vacant
Hence, only 15% of the reduced SOR has azide-bound in coordination site. With respect to the d-orbital energy diagram
samples treated with a 45-fold stoichiometric excess of azide, shown in Figure 14, the major consequence of azide or cyanide
and the weak binding presumably accounts for the absence ofbinding at the vacant coordination site is to increase the energy
significant changes in the NIR absorption and CD spectra. The of the dz orbital. The small changes in the energy of the @
addition of a 30-fold excess of cyanide is marked by a shift in orbital as a function of exogenous ligand binding suggest that
the near-IR absorption from 12 100 chto a broad band movement of the Fe into the equatorial plane is compensated
centered at 11 500 cmh (not shown). Both the CD and VTMCD by weaker Fe-N bonding in the six-coordinate species.
spectra facilitate resolution of this band into two transitions:  Analysis of VHVT MCD saturation magnetization data using
positive and negative CD bands centered at 9900 and 11 600the protocols developed by Solomon and co-workers for
cm™1, respectively, and positive and negative VTMCD bands mononuclearS = 2 F&' site€7:33 provides information on
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Figure 13. Near-IR CD and VTMCD spectra of ascorbate-reduced v P
recombinantP. furiosusSOR in the presence of a 30-fold stoichiometric S p
excess of cyanide. The sample is as described in Figure 11 except for the
addition of a 30-fold stoichiometric excess of potassium cyanide. Upper N Ppseudo o

panel: CD spectrum recorded at 4.22 K. Middle panel: VTMCD spectra

recorded in a 1-mm path length cell at 1.70, 4.22, 10.0, 25.2, and 52.0 K Figure 14. Schematic orbital energy level diagram for the square-pyramidal
with an applied field of 6 T. All MCD bands increase in intensity with ~Fe** center in reduced SOR and depiction of the Feddand proposed
decreasing temperature. Lower panel: MCD difference spectrum corre- (Cys)S — Fe?™ CT transitions. The relative orbital energies are based on
sponding to the cyanide-treated ascorbate-reduced spectrum at 1.70 K minughe electronic assignments and VTVH MCD saturation data discussed in
20% of the ascorbate-reduced spectrum recorded under the same conditionghe text.

Table 2. NIR Excited-State Transition Energies and Ligand-Field

Splittings for High-Spin Fe2+ Center in Reduced Recombinant P. 156K 104K 422K o g 170K
furiosus SOR %
observed d—d 10Dq, ASE,,
sample method? transitions,” cm~! cm~t cm~!
as-prepared Abs 12100

CD 12200 ()

MCD 12400¢) <5000 ¢) <8700 >7400
azide-bounél MCD 12100 () 7300 () 9700 4800
cyanide-bountl  Abs 11500

Cb 11600 €) 9900 (+) 10800 1700

MCD 11900¢) 10100¢) 11000 1800

a Absorption at room temperature, CD at room temperature and 1.6 K,
and MCD at 1.6 KP Signs of CD and MCD bands are given in parentheses.
¢The azide- and cyanide-bound forms are both mixtures of exogenous
ligand-bound forms and as-prepared square-pyramidal forms. The parameters
shown are only for the ligand-bound forms.

Magnetization Intensity (Arb. units)

! T T T T T T
0 0.4 0.8 1.2

ground-state zero-field splitting and thereby the splitting of the BBI2KT

tog (Oxy, Oxz y7) set of orbitals. MCD saturation magnetization . 15 VHVT MCD saturati ivation data f bat
- . gure . saturation magnetization data tor ascorbate-

d?ta for reduced_ SOR collected a_t 12 400"¢rare shown in reduced recombinan®. furiosus SOR collected at 12 400 crh Data
Figure 15. The high degree of nesting for data collected at 1.70, collected at 1.70, 4.22, 10.4, 15.6, 25.3, and 34.6 K with magnetic fields
4.22, and 10.4 K is characteristic of a ground state with between 0 and 6 T. Solid lines are theoretical data computed according to

d ’I hombi lti in the | t Vind Me = +2 ref 27 for anxy-polarized transition from a three-leveélD model with a
and large rhombic spli 'n(ﬁ'_'n € O_Wes ying Ms = zero-field energy level spacing of 0, 7, and 15@nbetween the lowest
doublet” or a ground state wittrD, which leaves théls = 0 three components of th®= 2 ground state.
singlet lowest in energy. However, attempts to fit the data to
the —D model, and allowing for a substantBiterm component  is unprecedented for high-spin#especied’ and suggests that
(up to 4% ofC-term), gave values of = 7 &+ 1 cnt* andg; a +D fit is more appropriate. The data are readily fit with a
= 9+ 2, which corresponds to spin Hamiltonian parameters of three-leveH-D model (i.e., ignoring contributions from higher
D = —21+ 3 cnr!andE/D = 0.33. Such a large value &f lying Mg = £2 levels), with an energy level spacing of 0, 7,
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Figure 16. Upper panel: Iron K near-edge spectra of recombirfant
furiosusSOR in air-oxidized, dithionite-reduced, and 4.5-h photoreduced
forms. The samples of SOR (4 mM) were in 50 mM Tris-HCI buffer (pH
7.8) with 55% (v/v) glycerol and were reduced with a 5-fold excess of
sodium dithionite. Lower panel: Kinetics of X-ray-induced photoreduction
estimated by curve fitting of individual scans to linear combination of
oxidized (5-min beam exposure) and dithionite-reduced spectra. The ordinate
scale is logarithmic. The beam current varied from 80 to 82 mA during the
experiment.

oxidized

Transform Magnitude

0.5
and 15 cm?, corresponding t® ~ +10 cnt!andE/D ~ 0.1. I
This translates to ligand-field parametérs= +7004 200 cn1t
and |V/2A| = 0.19+ 0.05 and the splitting pattern shown in 4 >
Figure 14 with ¢, and d, split by ~170 cm* and d, ~ 700 T R+3A (A)4 >0
om " lower i-n ene_rg_y than the averag_e szdr_]d C}z- Figure 17. EXAFS oscillations (upper panel) and EXAFS Fourier
The d-orbital splitting deduced from ligand-field spectroscopy transforms (lower panel) of air-oxidized and dithionite-redueélrisous

suggests plausible assignments the UV VTMCD bands as sor. samples are described in Figure 16. The Fourier transforms are phase-
(Cys)S — Fe&Z™ CT transitions (see Figure 14). The positively corrected for Fe'N backscattering. The solid lines show experimental data

signed bands at 31200 and 33 900 én{Figure 10) are while the broken lines show the results of curve-fitting analysis (Table 3).
assigned ta-polarized S(p) — Fe*"(dx,) and they-polarized,

S(hseudos) — Fe(d) m — r* transition, respectively. The S{p dithionite-reduced near-edge spectra reproduced the photore-
— Fe¥™(dy) @ — x* transition is expected to be strong in  duced data sets exactly (not illustrated). This indicates that
absorption due to optimal overlap and weak in the VTMCD photoreduced and dithionite-reduced SOR are essentially identi-
spectrum since it is a uniaxial transition. In contrast, the cal with respect to the iron site, and analysis indicated first-
S(seudos) — Fe(d) @ — z* transition is expected to be weak order kinetics for the photoreduction with= 2.17 x 1072

in absorption due to poor overlap but strong in the VTMCD min~! (Figure 16). For the near-edge spectra, single scans
spectrum due to significant mixing with orthogonally polarized provide adequate signal-to-noise ratios for our purposes, but
components. Since thezdorbital is ~5000 cnt? higher in for EXAFS spectra, averaging is required. The oxidized EXAFS
energy than the near-degeneratgathd d, orbitals, the positive data set was collected by moving the sample in the X-ray beam
VTMCD band at 38 900 cm' is assigned to the-polarized, to interrogate a fresh spot with each scan. The near-edge and
S(fbseudos) — Fe(d2) o — o* transition. These assignments EXAFS spectra of all individual scans were compared and were
are tentative at present and require further assessment using DFTound to be identical within the noise. In this way, an average
calculations, coupled detailed VHVT MCD saturation magne- XAS data set for oxidized SOR containing no more than 10%
tization studies to assess transition polarizations. photoreduced enzyme was accumulated.

XAS. Figure 16 shows the iron K near-edge spectra of The EXAFS spectra of air-oxidized and dithionite-reduced
recombinan®. furiosusSOR in air-oxidized, dithionite-reduced, SOR, together with the EXAFS Fourier transforms, are shown
and (incompletely) photoreduced forms. Oxidized SOR is in Figure 17. The results of curve-fitting analysis are also shown
unusually sensitive to photoreduction, showing detectable in Figure 17, and the parameters for the best fits given in Table
changes in the near-edge spectrum after only one 37-min scan3. Based on the crystal structure, the first shell was modeled
the spectrum in Figure 16 is the result of exposure to the X-ray with four nitrogen (histidine) ligands and one oxygen, plus a
beam for 4.5 h. In contrast, the spectrum of dithionite-reduced single sulfur. We note that EXAFS analysis cannot readily
SOR did not change on exposure to the X-ray beam (not distinguish between backscatterers of similar atomic number,
illustrated). Fitting a linear combination of the air-oxidized and such nitrogen and oxygen. The outer-shell Fourier transform

reduced
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Table 3. EXAFS Curve-Fitting Results for Air-Oxidized and Dithionite-Reduced P. furiosus SOR?2

Fe-N/O Fe-S
N R (A) o? (R N R(A) (%) AE, F
oxidized Fe-N/O 5 2.124(3) 0.0094(4) 1 2.361(5) 0.0065(5)  —9.8(1) 0.334
oxidized Fe-N 2 2.072(9) 0.0067(3Y 1 2.361(5) 0.0066(8) —9.8(1) 0.335
Fe—N 2 2172 0.0070
Fe-O 1 2.150(11) 0.0069
reduced FeN/O 4 2.146(2) 0.0045(2) 1 2.368(2) 0.0026(2)  —9.8(1) 0.239

aN are the coordination numberR, the interatomic distances (in A), and the mean-square deviations R(the Debye-Waller factor) (in 2). The
values in parentheses are the estimated standard deviations (precisions) obtained from the diagonal elements of the covariance matrix. ¥e note that
accuracies will always be larger than and related to the precisRisexpected to be better thar0.02 A.° The fit error F is defined asy [K(yexpn —
caled Y Koyexpt?] 2. ¢ Bond lengths were constrained to differ by at least 0.1 A and at most 0.95He Fe-N and Fe-O 02 values were constrained to
be proportional to the individual bond lengths.

peaks between 3 d¥ A are due to backscattering from the coordinate sulfur) revealed only six entries, all of which were

outer-shell carbons and nitrogen of the histidine ligands, and ferrous species. Thus, while the crystallograhic-Bebond

these were modeled using the approach of Poiarkova and®Rehr. lengths for sites B and D are unexpected, they are not without
Curve-fitting analysis of the EXAFS of the oxidized sample chemical precedence.

thus indicated five nitrogen and oxygen ligands at 2.12 A and  The reduced EXAFS data fit best to a first-shell coordination
one sulfur at 2.36 A. Attempts to resolve F and Fe-O of Fe(N/O)S; with Fe—N and Fe-S bond lengths of 2.15 and
ligands did not converge to significantly different bqnd Iengths. 2.37 A, respectively. This is in agreement with the crystal-
However, the DebyeWaIIeeractor for the FeN/O ligand is lographic analysis, which indicated a five-coordinate species
unusually large at 0.0094 A_The_ Debye-Waller factor is with four histidines and one cysteine coordinated to the nietal.
composed of both static and vibrational components= o%at For the reduced data set, the-?¢ Debye-Waller factor is
2 . i 1 !
+ o%p. Assuming an FeN stretch of 220 cm’, we can smaller that for the oxidized at 0.004% And is close to the

Y — 2,36 - i . ! . .. . .
3\7 nrlpu'[feo ,E’b th0.0943. A't and .the.f!EXAtFj ??t?vf d Debye vibrational value discussed above. This indicates much less static
aller factor thus indicates a significant distribution in-He disorder in individual FeN distances in the reduced site than

and Fe-O bond lengths. The low-temperature high-resolution - . L
. . the oxidized site. As for the oxidized enzyme, the crystal-
crystal structure shows two sites that resemble the oxidized loaraphic analvses of sites A and C are in reasonable adreement
EXAFS data (sites A and €pnd using the FeN and Fe-O grap Y . 9
bond lengths of these we computdys = 0.0031, which with the EXAFS, while B and D appear anomalous. Thus, for
> ' A and C, the average crystallographicH¢ and Fe-S distances

combine to give a? value of 0.008 & which is reasonably . .
close to the EXAFS-derived value of 0.00240.004 2 (Table are 2.12 and 2.42 A, respectively, while for B and D, the-Re

3). Modeling the FeN/O EXAFS using three different and Fe-S bond lengths are 2.4 and 2.7 A, respectively.

components was attempted, using two different sets of two However, the crystallographically determined metiand
Fe—N interactions, plus an FeO interaction. The two different distances for sites B and D were not considered reliable due to

Fe—N components were constrained to differ by at least 0.1 A the partial Fe occupancies20%) and will not be considered
and at most 0.15 A. and the? values were linked to the further. Loss of up to 50% of the active-site Fe on exposure to

individual bond lengths. This resulted in a fit that was not high concentrations of dithionite>00-fold stoichiometric
significantly better or worse than using a single—f&/O excess for 30 min) has since been confirmed by VTMCD studies
component (fit errors of 0.335 and 0.334, respectively), indicat- 0f reduced samples and absorption studies of reoxidized samples
ing that the data are at least consistent with a model of the active(data not shown).
site that shows axial compression along oneR¢—N axis, We conclude that the EXAFS of both oxidized and reduced
although direct support from EXAFS is not available. enzyme confirms the crystal structures for sites A and C but
As noted above, the low-temperature, high-resolution crystal that the crystal structures determined for sites B and D are not
structure of oxidized SOR shows four sites, two of which (sites representative of the active-site structure in frozen solution.
A and C) are six coordinate, while the other two (B and D) are Crystallographic data collection from the oxidized sample was
five coordinate® The EXAFS-derived FeN/O bond length is conducted on SSRL'’s beam line 9-1 and involved5 min of
very close to the crystallographic average bond length for sites exposure to the X-ray beam. Beam line 9-1 ha200-fold
A and C of 2.10 A, but the FeS bond length of 2.36 Alis  greater photon flux at the sample than beam line 7-3 (where
significantly shorter than the crystallographically derived value the XAS data were collected), although a photon energy with
of 2.46 A (for sites A and C). A search of the Cambridge ~6-fold lower absorption cross section was used for the
Structure Databaséfor compounds with Fe(N/Q$ coordina-  crystallography. The effective radiation dose rate in the crystal-
tion, and excluding entries where the sulfur bridges between |ography experiment was thus30 times that of the XAS, but
metals, gave an averageF& bond length of 2.34 Ain excellent  for 4 fifth of the time. Furthermore, the crystallography was
agrgement with thg EXAFS-derived value. The crystal structure .qnqucted at the relatively high temperature of 90 K. All of
of sites B and D give an FeS bond length of 2.67 A A search  these factors will contribute toward X-ray photoreduction of
of the Cambridge Structure Datab&éor compounds with the metal site. The observation that sites B and D are more

Fe-S bond lengths greater than 2.6 A (restricted to two- sensitive to both photoreduction and reductive degradation than
(36) Poiarkova, A. V.: Rehr, J. Phys. Re. 1999 B59, 948-957, sites A a_nd C suggest_s heterogeneity in the active-site structures
(37) Allen, F. H.; Kennard, OChem. Des. Autom. New993 1, 31—37. at least in the crystalline state.
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Discussion axial species = —0.5 cnt!, E/D ~ 0.06) has been shown to
account for~80% of the Fe and to exhibit a redox potential
(Em = +250 £ 20 mV) in accord with that determined by
optical redox titrations at room temperatukg,(= +238+ 10

Homologues ofP. furiosusSOR are found in the genomes
of all strict anaerobe$Hence, theP. furiosusSOR active site
is likely to represent a common strategy for oxygen detoxifi- s - )
cation in anaerobic microorganisms. The spectroscopic studiesmV)' .Moreover, by comparing naju\'/e, reconstituted, and re-
reported herein have provided detailed assessment of the groundgomblnant enzymes, enzymatic activity has been correlated with

i . _ " S ;
and excited-state electronic properties and ground-state structurajh's_ aX|a_IdS h_ /tz) Fe3f EZR resngnce :md px;;jatlon .W'th
information for oxidized and reduced forms of this new type erricyanide has been found to resuitin a rho 2 Species

of mononuclear Fe active site in solution. The results permit Iitetzrjrbu'[_zd to afe”o?yf?'d?'bouf&d fi?rml.n Due to t;e h|gPi*l’:%I
rationalization of apparent differences in spectroscopic proper-, Iml pOITIt pr:)tentlgl,' ﬁrrg:yélgke aj, eerg:use as an|OX'. gnt
ties, facilitate reconciliation of X-ray crystal structures with In almost all the publishe studies. Consequently, It is

) s . .
solution structures, and provide evidence for exogenous ligand possible that the rhomb_E— I2 Species observ_ed ih_pallldl_Jm )
binding at the Fe center in both the oxidized and reduced states.soR and the Dix proteins are artifacts of ferricyanide oxidation

Each of these aspects, together with their implications for the an%.dodnot gorrespond to the functiodqal confcl)lr:jnation of the
catalytic mechanism and the role of the axial cysteine ligand, oxidize resting enzyme. Recent. st 'eSTOfp?‘ idum SOR
is discussed separately below. provide support for this hypothesis. EPR studies of hexachlor-

Three subclasses of enzymes containing the SOR active Siteoiridate-oxidizedT. pallidumSOR revealed that 90% of Fe was

P 1 ~ -5 +
have been characterized thus far. In each case, the residuegres’ent as thed( = —0.5 cnt?, E/D ~ 0.06) S /> F€

ligating the mononuclear Fe active site are rigorously conserved.zp:C'.es’ ‘lN'th FSe rglmalnmg 10 /° conltrlk;utln%ei rhorrpm;
The simplest are the low molecular weight proteins (subunit _ signal attributable to adventitiously bound”Fspecies.

i i ~ =5 -+ ive-
M; ~ 14.5 kDa), initially termed neelaredoxins due to their T'he eX|st'enc.e of an ax@/D' 0,'0,65 /> F&*" SOR active
intense blue color, which have been purified to homogeneity site species in Dfx proteins is difficult to assess_by EPR, due to
from D. gigas® P. furiosus? and Archaeoglobus fulgidu®® overlap with resonance from the desulforedoSin= 5/, Fe**

While neelaredoxin fronD. gigaswas originally reported to center D g 0, E/D = 0.08). Howe_ver, Mesbauer studies of

contain two Fe atoms per mononfeihe crystallographic and D. desulfurican®fx argue strongly in favor of a homogeneous,
. _ 5 _ — 1

analytical studies of the highly homologoBsfuriosusprotein rhombic S = */ ground state&/D = 0.28,D = —1.4 cnt’)

have shown it to contain one active-site Fe center per mono-for the oxidi_zed SOR si_te (cent_er Il), even in _the absen_ce of

mer28 Compared to these proteins, Desulfoferrodoxins (subunit €X09enous ligands or oxidartsThis suggests a different active-

M, ~ 14 kDa) have an-30-residue N-terminal extension with site conformation for the oxidized SOR center in Dfx. It remains
r

high sequence homology to desulforedoxin and containing four';o bff deltermlfned ":[_ this r.r;ombl((j:.t.spemes (E)OI’I}ESDC()jnldS[;[;) a
cysteine residues which ligate a rubredoxin-type Fe center. The unctional conformation or 1 conditions can be found in DIx
neelaredoxin-type domain is highly conserved with a truncated to effect conversion to the axu’_al species that is associated with
C-terminus as well as 7-residue and 20-residue deletionsthtfl_rr;nc’;t active forrr of monowog SfORS R idized
compared to neelaredoxins. In addition to the crystallographi- e X-ray crysta structurgs : ur|o§u§SO (oxidize

cally defined protein fronD. desulfurican$; 1! Dfxs have been and reducedjandD. de'sulfu.ncanstx (o?<|d|zed)9 have both
purified and characterized from two other sulfate-reducing revea!ed an SOR aqtlye site comprising a mononuclear_Fe
bacteriaD. vulgarisi®121415ndDs. baarsii®6and are known coordinated by the imidazole nitrogens of four equatorial
to be present in at least two archada,fulgidusand Metha- histidines (threeN and onedN) and one apical cysteinyl sulfur.

nobacterium thermoautotrophicyrbased on sequence consid- However, the ligation and coordination number of the oxidized
erations. The third subclass corresponds to the enzymeTrom Fe center was not fully resolved py the crystal structures. In
pallidum#5 which has high sequence homology to Dfxs, but two of the four subunits ofP. fur|osu§SOR, a cons_erv_ed

lacks the rubredoxin-type Fe center and three of the four glutamate carboxylate serves as the sixth ligand, while in the

conserved cysteine residues in the N-terminal desulforedoxin other_twc_) S”'F’””_'ts and i. desu_lfuncanstx, the S'Xt.h
domain. coordination site is vacant or occupied by a weakly coordinated

On the basis of the UV/visible absorption and redox proper- solvent molecule. After reduction of crystallife furiosusSOR

ties, the oxidized SOR active sites appear to be very similar in with a Iar_ge excess of d'th'?n'te' two of the Fe sites _sh_owed
all three subclasses. However, marked differences in EPRONY Partial occupancy~+20%) and the other two exhibited
square-pyramidal Fe sites with no indication of a solvent

properties have been reported. Axi8l = 5, resonances o .
molecule at the vacant coordination site.

analogous to that reported herein forfuriosusSOR E/D ~ . : . .
0.06) have been observedh gigasandA. fulgidusneelare- I_n_Ilght of thg photoreduct_lon observed in _XAS studies of
oxidized P. furiosus SOR, it seems very likely that the

doxins®38 although ag = 4.3 feature from a rhombid(D ~ ’ - >

0.33) S = %, component dominates the spectrum in the latter dls_crepanmes in oxidized crystal strgctures reflect parfal (

case. InT. pallidumSOR*> and the Dfx proteins from sulfate- fgrlosusSOR) or complete[p. @sulfu_ncanstx) photoreduc- .
tion by the synchrotron radiation to yield a reduced SOR active

reducing bacteri&11215a rhombic componen&{D = 0.27— Dby ' Y
0.33) has been attributed to the oxidized resting SOR active site with square-pyramidal coordination geometry. Furthermore,
he electronic properties of the oxidized high-spirfiFeenter

site. These apparent inconsistencies can be at least partiall)} ) '
reconciled by the EPR studies ©f furiosusSOR reported " @ctiveP. furiosusSOR, as deduced by EPR and VTMCD,

herein. In the most active preparationsPoffuriosusSOR, the are consistent with the glutamate-bound structure. The ground-
' state zero-field splitting parametei®,= —0.5 cnT! andE/D

(38) Abreu, I. A.; Saraiva, L. M.; Carita, J.; Huber, H.; Stetter, K. O.; Cabelli,
D. E.; Teixeira, M.Mol. Microbiol. 200Q 38, 322-334. (39) Clay, M. D.; Rusnak, F. M.; Johnson, M. K., unpublished results.
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~ 0.06, indicate an octahedrally ligated3Fecenter with a EXAFS of the reduced enzyme also agrees well with the reduced
predominantly axial compressidAThe transition polarizations  crystal structure with 4 FeN at 2.15 A and one FeS at 2.37

for the S-to-Fé& CT bands deduced from VHVT MCD A. The Fe-S distance is significantly shorter than the average
saturation magnetization studies dictate that the compressionof the two crystallographically defined distances, 2.42 A, but
(zero-field-splitting) axis is perpendicular to the F& axis. is consistent with thesp—dz Fe—S interaction that is required
Hence, the strong field axis is along one of the Re—N axes, to rationalize the ground-state and excited-state electronic
which is in accord with imidazole generally being a stronger properties.

field ligand than thiolate or carboxylate. In addition, the low- The opposite signs of the near-IR VTMCD ligand field bands
temperature crystallographic data frfuriosusSOR indicate of reduced SOR provide information on the nature of the active-
that the two N-Fe—N axes are not equivalent; the average site distortion from idealized square-pyramidal coordination
Fe—N distances for one pair of trans His ligands (2.09 A for geometry. In the majority of square-pyramidaPEénorganic
His16€N) and His47éN)) ~0.1 A shorter than the other pair  complexes investigated thus far, both near-IR ligand field
(2.19 A for His41¢€N) and His1144N)).8 The strong-field axis VTMCD bands are positively signéd.Opposite signs require

is, therefore, defined by His16 and His47, and the crystal- alow-symmetry point group in which thezd,? and dz orbitals

lographic data indicate that this axis lies within the3-C transform as different irreducible representations. This can occur
plane, in accord with the axis system used in making electronic underCs symmetry for the SOR active site, provided the mirror
assignments (see Figure 8). plane bisects rather than contains the-Rebonds. In agreement
The EXAFS data for oxidize®. furiosusSOR, one Fe'S with this prediction, inspection of the active-site crystal structure,
at 2.33 A and an FeN/O shell that can be fit equally well to  including the imidazole rings of the coordinated histidines, does
five Fe—N/O at 2.12 A or two FeN at 2.07 A, two Fe-N at reveal an approximate mirror plane bisecting the His114 and

2.17 A, and one FeO at 2.15 A, are also in good agreement His47 Fe-N bonds.
with crystallographic data for the six-coordinate glutamate-  The spectroscopic studies reported in this work demonstrate
bound form. The major difference lies in a shorter-BSedistance that theP. furiosusSOR active site is accessible for exogenous
(2.36 A from the EXAFES data compared to 2.46 A for the two ligand binding in both the oxidized and reduced states. Evidence
glutamate-ligated sites in the crystal strucBird long Fe-S has been presented for azide, hydroxide, ferrocyanide, and
distance of 2.46 A is also incompatible with the stromg-ulz cyanide binding to the P& site in place of the glutamate
S—Fe interaction that is evident from analysis of the excited- carboxylate. Cyanide binding induces a high-spin to low-spin
state properties. While both the EXAFS and electronic properties transition and has afforded detailed insight into the ground- and
are consistent with a distorted octahedral‘Fsite in oxidized ~ excited-state electronic properties of a low-spif‘Feerivative
SOR, neither can specifically address the identity of the sixth of SOR. Azide, hydroxide, and ferricyanide binding occur with
ligand. However, the crystallographic data RarfuriosusSOR® retention of the high-spin electronic configuration and are
coupled with the recent mutagenesis result<forulgaris and manifest by a change from a predominantly axial to a near-
Ds. baarsii Dfx,416 which reported an~60-nm blue shift in rhombicS= %, ground state. More work is required to establish
the visible absorption S-to-Fe CT band in variants in which definite evidence for hydroxide and ferrocyanide binding. The
the conserved glutamate residue was replaced by alanine2lkaline transition, Ka = 9.6, which has been observedin
strongly support the monodentate glutamate carboxylate as theigas neelaredoxihiand P. furiosusSOR, has been attributed
sixth ligand to the oxidized Fe site in all three subclasses of t0 hydroxide displacing the glutamate ligand, on the basis of
SOR. the VTMCD studies that indicate that the same pattern of
Near-IR VTMCD studies of reduced. furiosusSOR have ~ (CYS)S — Fe™ andw His — Fe’" CT bands each blue-shifted

~ 1 e - .
confirmed that the square-pyramidal Fe coordination evident by ~1500 cn1®. This implies that the histidyl and cysteinyl

in the reduced crystal structure persists in solution. The large I|gat|pr; 'St r?:ﬁ'ﬂeg aqg ttge dplue Szlﬁ in the (.iT i:)gnds 'S
splitting in the near-IR ligand field transition&°Ey; > 7400 consistent with hydroxide binding and a concomitant increase

cmL, dictates a large separation in the g and d orbitals in electron density at the Fe site. Ferrocyanide binding appears
sugg’esting a weak axial ligand with the Fe not far rem(,)ve d to be the most reasonable explanation of the “azide-like” changes
from the equatorial plar®.This is in good agreement with the in the ground-state properties that are induced on ferricyanide

crystallographic data, which positions the Fe at an angteld® ox!dat|on. NearjIR VTMCD S.tUd'e.S have provided compellmg
. . evidence for azide and cyanide binding at the vacant coordina-
above the plane of the four ligated N atoms. On the basis of

. . . . . . tion site of the square-pyramidal ferrous active site of reduced
purely geometric considerations, this square-pyramidal ligand P furiosus SOR. Azide binds weakly with a coordination
field would be expected to result iD < O, i.e., the iy set of ' ' y

orbitals split with ¢, and g, nearly degenerate and lower in geometry intermediate between octahedral and square pyramidal,

energy than g. The observed inversion of this splitting pattern, \éw}ﬁrfeeaﬁoﬁia;:ﬁa?ilcss to give an octahedrally ligated high-
as evidenced by > 0, could be rationalized in terms of a P ’

strong axial ligand such that the Fe is extensively pulled out of ¢ The abll!ty to_tbln_d exoge ?outs I_|tghand§ to bothhthe ferncr:] an_d
the equatorial plane or covalency effects suctr asteraction errous active sites is consistent with an inner-sphere mechanism

between the S_pand pseudoo Orbitals and the Feydand g, for srL]Jpe.roxu.de rleductlon. Th.edmg.stdplausibtlhe, albeit tjnpro(\j/.en,
orbitals. The large splitting in theyset of orbitals coupled with mechanism INVolves superoxide binding at tne vacant coordina-

the crystallographic data and the UV VTMCD/absorption tion site of reduced SOR coupled with electron transfer from
evidence fotr — 7* (Cys)S- — Fe* CT transitions therefore iron to superoxide to yield ferrieperoxo, ferrie-hydroperoxo,

indicates that Fhe positive a>_<|al_ gero-fleld spllttlr!g obse_rved N 40) Pavel, E. G Kitajima, H.: Solomon, E.J. Am. Chem. Sod998 120,
reduced SOR is a result of significantpdz Fe—S interaction. 3949-3962.
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or both intermediates. Under this scenario, the cysteine, which assignment of this species as catalytic intermediate must be
is trans to the superoxide binding site, would play a crucial role viewed as questionable at this stage. The visible absorption
in pushing electron density on to the iron in order to promote properties deduced for this intermediate are very similar to those
ferrous-to-superoxide electron transfer, product dissociation from of the oxidized SOR center in this enzyme (absorption maximum
the ferric-(hydro)peroxo intermediate, or both. Hence, the at 644 nm, 15500 cmi), and the absorption spectrum of the
strong pr—dx Fe—S bonding interactions that have been final species was not determined. Even if it does correspond to
identified in this study in both the oxidized and reduced forms an intermediate, we conclude that the 630-nm absorption band
of SOR are likely to provide an important electronic contribution is more likely to be result from cysteinyl-S-to-ferric CT than
to active-site reactivity. In addition, by analogy with blue copper peroxo-to-ferric CT.

proteins}! the pr—dz Fe—S bonding interaction in SOR may Optical absorption changes during pulse radiolysis studies

provide a superexchange pathway to facilitate electron transferof T. pallidumSOR are easier to assess than in Dfx due to the

from rubredoxin. absence of the additional rubredoxin-type iron center. Two
Recent pulse radiolysis kinetic studies of Dfx frob intermediates were identified. The first was formed at near

vulgaris* and D. baarsi® and SOR fromT. pallidun?” have diffusion-controlled rates, & 10° M~1s71, and is characterized
facilitated characterization of the visible absorption spectra of by a visible absorption band centered near 610 nm (16 400
transient intermediates in the catalytic mechanism of superoxidecm™1). This decays in a slower step, 4800,g0 yield a second
reduction. While the results of these studies are not in good intermediate exhibiting an absorption band at 670 nm (14 900
agreement, it is appropriate to evaluate the published interpreta-<cm™1). The first and second intermediates were assigned to
tions in light of the detailed assessment of the electronic ferric—peroxo and ferriehydroperoxo species, respectively,
properties presented herein. The study f vulgaris Dfx with the visible absorption bands attributed to peroxo-to-ferric
reported a transient intermediate, characterized by a visible and hydroperoxo-to-ferric CT transitions, respectively. However,
absorption band at 600 nm (16 700 ¢l that appears as a this assignment is not consistent with the energies of the
result of a bimolecular reaction occurring at a nearly diffusion- observed CT bands. Peroxo-to-ferric CT is predicted to occur
controlled rate, 1.5< 10° M~1 s71, and disappears in a slower atlower energy than hydroperoxo-to-ferric CT in the absence
unimolecular reaction with a rate of 40%s By analogy with of other changes in iron coordination geometry or ligation. This
the optical properties of ferrie(hydro)peroxo complexe8 this prediction has been verified experimentally in the only model
absorption band was attributed to the (hydro)peroxo-to-ferric complex for which both ferrie peroxo and ferrie-hydroperoxo

CT band of a putative ferric (hydro)peroxo intermediate. forms have been characterized. Protonation of the side-on peroxo
However, since the hydroxide-bound form of oxidiz&d ligand ¢;2-O,27) in [(trispicMeen)Fe(®)] ™ to yield the end-on
furiosusSOR and the E47A variant d@. vulgaris Dfx'4 both hydroperoxo complex [(trispicMeen)Fe(OOH)jis marked by
exhibit intense absorption bands at 600 nm that arise exclusivelya dramatic blue shift in the visible CT band from 740 (13 500
from cysteinyl-S-to-ferric CT transitions, assignment to a cm™) to 540 nm (18 500 cmt).** Ironically, the published
(hydro)peroxo-to-ferric CT band may be premature at this stage. assignment for the two intermediate species identified .in

It is also important to note that the hydroperoxo-to-ferric CT pallidumSOR is quite reasonable provided the observed visible
band in activated bleomyci#;*2 as well as a wide range of CT bands are assigned to cysteinyl-S-to-ferric CT rather than
related end-on, low-spin ferric hydroperoxy complekebas (hydro)peroxo-to-ferric CT. Protonation of the ligand trans to
weak absorption intensity compared to that of the intense cysteine would be expected to shift the cysteinyl S-to-ferric CT

cysteinyl-S-to-ferric CT transitions seen in SOR. to lower energy as observed. Hence, the published interpretation
The results and interpretation of the kinetic studyD. may be correct, albeit for the wrong reasons.
baarsiil® are more perplexing. Two intermediates were identi-  In summary, the three kinetic studies of the SOR mechanism

fied. The first forms rapidly as a result of a bimolecular reaction reported thus far do not concur and none has provided
at near diffusion-controlled rates, 14 10° M1 s71, and is compelling spectroscopic evidence for a putative ferperoxy
characterized by intense visible absorption bands at 550 nmor ferric—hydroperoxy intermediate. The observed changes in
(18 200 cn1l) and 610 nm (16 400 cnd). Without explanation, the energy of visible charge-transfer band are best interpreted
this intermediate was tentatively attributed to a ferreus in terms of changes in the energy of the cysteinyl-S-to-ferric
superoxide species. Although the possibility that one or both CT transition that are induced by changes in the trans ligand
of these bands arises from an unprecedented ferrous-to-rather than the appearance of intense (hydro)peroxo-to-ferric
superoxide CT transition cannot be completely discounted, CT bands. We conclude that there is still much to be learned
assigning these transitions to a ferrous species is consideredabout the catalytic mechanism of SOR and that understanding
extremely unlikely in light of the visible absorption properties the electronic transitions associated with the cysteine ligand will
of the ferrous and ferric SOR derivatives investigated in this be crucial in this endeavor. The present study has provided a
work. The initial intermediate is reported to decay to a second detailed understanding of the structural, electronic, magnetic,
intermediate in a unimolecular reaction with a rate of 500 s and ligand binding properties of the mononuclear iron active
This intermediate is characterized by an intense absorption bandsite in wild-type SOR. In addition to providing insight into the

at 630 nm (15 900 cm¥) that was attributed to the peroxo-to- electronic properties and bonding of a unique non-heme iron
ferric CT band of a ferrie (hydro)peroxo species. However, active site with a single cysteine ligand, the results set the stage
for future kinetic, mutagenesis, and spectroscopic studies

(41) Lowery, M. D.; Guckert, J. A.; Gebhard, M. S.; Solomon, EJ.LAm. designed to elucidate the catalytic mechanism and the role of
Chem. Soc1993 115 3012-3013.

(42) Neese, F.; Zaleski, J. M.; Loeb Zaleski, K.; Solomon, B. lAm. Chem.
S0c.200Q 122, 11703-11724. (44) Simaan, A. J.; Banse, F.; Mialan, P.; Bousac, A.; Un, S.; Kargar-Grisel,

(43) Girerd, J.-J.; Banse, F.; Simaan, AS#ruct. Bondin?00Q 97, 145-177. T.; Bouchoux, G.; Girerd, J.-Eur. J. Inorg. Chem1999 993-996.
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key residues in optimizing the active site for superoxide Frank Neese for supplying the programs used in analyzing
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