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Abstract: Ligand K-edge X-ray absorption spectroscopy (XAS) provides a direct experimental probe ofHigand
metal bonding. In previous studies, this method has been applied to mononucteaaiRd binuclear 2Fe

2S model compounds as well as to rubredoxins and the Rieske protein. These studies are now extended to the
oxidized and reduced forms of ferredoxin | from spinach. Because of its high instability, the mixed-valence
state was generated electrochemically in the protein matrix, and ligand K-edge absorption spectra were recorded
using an XAS spectroelectrochemical cell. The experimental setup is described. The XAS edge data are analyzed
to independently determine the covalencies of the-tsulfide and—thiolate bonds. The results are compared

with those obtained previously for the Rieske protein and for-2F& model compounds. It is found that the
sulfide covalency is significantly lower in oxidized Fdl compared to that of the oxidized model complex. This
decrease is interpreted in terms of H bonding present in the protein, and its contribution to the reduction
potentialE® is estimated. Further, a significant increase in covalency for the Fegllllfide bond and a decrease

of the Fe(ll)-sulfide bond are observed in the reduced Fe(lll)Fe(ll) mixed-valence species compared to those
of the Fe(lll)Fe(lll) homovalent site. This demonstrates that, upon reduction, the sulfide interactions with the
ferrous site decrease, allowing greater charge donation to the remaining ferric center. That is the dominant
change in electronic structure of the;BgRS, center upon reduction and can contribute to the redox properties

of this active site.

Introduction oxidized ferredoxin has aB= 0 ground state, and the reduced

. L . . ichi i i - =1
Metalloproteins containing ironsulfur active sites are present state, which is a localized mixed-valence _éFté\,as ans ="/,
in all forms of life and are most commonly involved in electron ground state. The hature o.f the e!ectro_nlc structure of these
transfer. Numerous studies on the reactivity and spectroscopy!T®n—sulfur active sites and its relationship to electron transfer
of these proteins have been performed, and these have beef€activity is not yet fully understood. However, the highly
reviewed!7 The 2Fe site found in the ferredoxins contains two Covalent nature of the me_tallgand Interactions in th? FeS
tetrahedral iron atoms, bridged by twesulfides, with each cluster clearly plays an important role in determining the

iron terminally bound by two cysteine thiolate residues. The éactivity of the sites. With the exception of HiPIP proteins,
biologically relevant redox process involves a one-electron the reduction potentials of irersulfur proteins are typically

couple between the Fe(lll)Fe(lll) and Fe(llFe(ll) oxidation quite negative vs NHE2 Molecular orbital calculations indicate

states. The iron ions are antiferromagnetically coupled through that, upon reduction, the additional electron density is strongly

i i 14 i _
a superexchange pathwa§® via the bridging sulfides. The de_Iocfahzed onto the ligands: Thus_, an experimental de_ter
mination of the ligand-metal bonding in the 2Fe2S ferredoxin
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S K-Edge XAS of 2Fe2S Ferredoxin

interactions. The electric dipole-allowed transitions for K-edges
are 1s— np. The K-edge absorption of a ligand bound toa d
copper ion exhibits a well-defined pre-edge feature which is
assigned as a ligand s W* transition, wheréP* is the half-
filled, highest-occupied molecular orbital (HOMO) in Cu(@916
Due to the localized nature of the ligand (L) 1s orbital, this
transition can have absorption intensity only if the half-filled
HOMO contains a significant component of ligand 3p character
as a result of covalencW* = (1 — 0?)¥qCu 3d] — oL 3p],
wherea? represents the amount of L 3p character in the HOMO.
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it was established that the ferric model complex had an S K-edge
pre-edge feature that was similar in shape and energy to those
of the proteins. It was, however, determined that the covalencies
of the proteins were lower than those of the model complexes.
This result was attributed to the presence of six H bonds to the
iron-bound cysteine ligands in the proteins, reducing the ability
of the sulfur to donate electron density to the metal. In the
ferrous model, the pre-edge XAS feature is shifted to higher
energy and overlaps the rising edge region due to the lower
effective nuclear charge on the ferrous site. S K-edge XAS

The observed pre-edge transition intensity is then the intensity studies were further extended to a series of binuclear-iron

of the pure dipole-allowed L 1s- L 3p transition weighted by
o? (eq 1).

I(L 1s— W*) = a?I(L 15— 3p) (1)

sulfur complexed! These studies determined that the sulfide
covalency can be distinguished from that of thiolate due to
differences in effective nuclear charge of the S 1s core orbitals.
A further comparison was made between the 2E8 model
complexes and the oxidized and reduced Rieske protein. This

Thus, the pre-edge intensity provides a quantitative estimate ofprotein has a two-iron site with two terminal thiolates on one

the ligand contribution to the HOMO due to bonding.

The ligand pre-edge XAS feature it thetal centers other
than Cu(ll) also corresponds to transitions from a ligand 1s
orbital to unoccupied or partially occupied antibonding orbitals
with both metal d and ligand p character. However, in systems
with more than one d-manifold electron or hole, transitions to
more than one partially occupied metal d-derived orbital are
possible, and multiplet effects in thé™d final state can affect
the observed intensity.

iron and two terminal histidines on the other iron. This difference
in ligation precluded a comparison between the models and the
active site to evaluate the protein effects on bonding. It was,
however, found that the covalency of the bridging sulfide bonds
directed toward the histidine-ligated iron is greater than that
directed at the thiolate-bound iron.

In the present study, S K-edge XAS has been extended to
spinach ferredoxin | in both the oxidized and reduced states.
Spinach ferredoxin | is the most abundant form of photosynthetic-

Methodology has been developed to analyze these effects fortype ferredoxin present in spinach chloroplasts and has a central

the Cl K-edge pre-edge intensity exhibited by a series of
tetrahedral metal tetrachlorides, [MfI, where M= Cu(ll),
Ni(ll), Co(ll), Fe(ll), and Fe(ll1)1” The correlation between S

role in linking the photosynthetic electron transport chain.
Ferredoxin | transfers electrons from Photosystem | to several
enzymes, including ferredoxirNADP™ reductase, ferredoxin

pre-edge XAS intensity and covalency has also been developedthioredoxin reductase, nitrite reductase, glutamate synthase, and

for an analogous [M(SR)?~ series, where M= Ni(ll), Co(ll),
Fe(ll), and Mn(ll)18 On the basis of [M(SR}?~ and [MCL]"™

sulfite reductasé? To understand the electronic structural basis
for the facile electron-transfer function of this protein, it is

studies, general expreSSionS have been derived, which allow th%ecessary to study the protein in both redox states. We report

valence orbital covalency to be quantitatively related to ligand
pre-edge XAS intensity’18The expression for tetrahedral ferric
complexes is given in eq 2,

Do(Fe(lll) = (c,” + ¢,” + (1)c)sripd  (2)
where Dy is the total experimental intensityg;? and c,? are
coefficients which reflect the ligand 3p and x covalency,
respectively, in the, set of orbitalsgs? is the coefficient which
reflectsr covalency in the e set of orbitals, afgir |p is the
intensity of a pure liganding atom s 3p transition. For
thiolate sulfur ligation, the latter value is obtained using the
blue Cu protein plastocyanin as a standard, for which Cu(ll)
thiolate covalency is known from independent methods (38%
S 3p in the HOMOY?® Thus, ligand K-edge XAS can provide
a direct experimental probe of the ligand character in the redox-
active orbitals in Fe'S systems.

Ligand K-edge XAS has been previously applied to inves-
tigate monomeric iron tetrathiolate systeffsn the study of

here the use of concomitant electrochemical control and S
K-edge XAS to obtain information about the one-electron
reduced, mixed-valence active site of chloroplast ferredoxin I.
The covalencies of both the bridging sulfide to the Fe(lll) and
the cysteine thiolate ligand were determined in the oxidized state.
For the first time, the covalency of the bridging sulfide to Fe-
(i) in a protein active site is reported which describes the
dominant change in electronic structure of the site upon
reduction. Of particular importance, these results allow a
comparison to the previous [F&(SR)}]?~ model complex
studied! to evaluate the effects of the protein on the active site
electronic structure.

Experimental Section

Sample Preparation.Recombinant spinach ferredoxin | (Fdl) was
purified from Escherichia coliin the oxidized Fe(lll)Fe(lll) form
according to published proceduf&and found to be identical to spinach
Fdl isolated from spinach leaves. For static XAS experiments, the
oxidized Fdl (2.27 mM in ammonium trifluoroacetate buffer, pH 7.3)

ferrous and ferric model complexes and a series of rubredoxins, so|ution was pre-equilibrated in a water-saturated He atmosphere for

(15) Glaser, T.; Hedman, B.; Hodgson, K. O.; Solomon, Bcic. Chem.
Res.200Q 33, 859-868.

(16) Hedman, B.; Hodgson, K. O.; Solomon, EJI.Am. Chem. &.
199Q 112 1643-1645.

(17) Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, &E.Am.
Chem. 8c. 1995 117, 2259-2272. Note that théx? term in Table 6 of

this reference is not appropriate for a core-to-valence CT transition: Neese,

F.; Hedman, B.; Hodgson, K. O.; Solomon, Eldorg. Chem.1999 38,
4854-4860.

(18) Williams K. R.; Hedman, B.; Hodgson, K. O.; Solomon, Hnbrg.
Chim. Actal997 263 315-321.

(19) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.;
Hodgson, K. O.; Solomon, E. I. Am. Chem. &. 1993 115 767-776.

~1 h to minimize bubble formation in the sample cell. The solution
was loaded via a syringe into a Pt-plated Al block sample holder sealed

(20) Rose, K.; Shadle, S. E.; Eidsness; M. K.; Kurtz, D. K., Jr.; Scott,
R. A.; Hedman, B.; Hodgson, K. O.; Solomon, EJI. Am. Chem. &.
1998 120,10743-10747.

(21) Rose, K.; Shadle, S. E.; Glaser, T.; de Vries, S.; Cherepanov A.;
Canters, G. W.; Hedman, B.; Hodgson, K. O.; Solomon, B. Am. Chem.
Soc. 1999 121, 2353-2363.

(22) Knaff, D. B.; Hirasawa, MBiochim. Biophys. Actd991 1056
93—-125.

(23) Piubelli, L.; Aliverti, A.; Bellintani, F.; Zanetti, GProtein Express.
Purif. 1995 6, 298-304.
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in front using a 6.3:m polypropylene window. The reduced form of

AnxdiatmeMallart et al.

During the entire XAS experiment, the electrochemical cell was

Fdl was electrochemically generated using an electrochemical cell for maintained within a helium-filled flow jacket. The helium flow was

in situ XAS* experiments. The description of the setup and of the
electrochemical experiment is given below.
Electrochemical MeasurementsThe electrochemical methods used

cooled to~4 °C.

Preparation of Reticulated Vitreous Carbon Electrode. RVC
sponge (100 ppi) was obtained from ERG Inc. (Oakland, CA). The

to generate and stabilize the redox states of Fdl for XAS experiments RVC as purchased is not water wettable. Chemical modification of

have been describél Other XAS spectroelectrochemical cells have
been described in the literatuie?”

Cyclic voltammetry was performed to verify the setup of the XAS
electrochemical cell, before final coulometry was pursued. Direct

the RVC to produce a wettable surface was adapted from published
procedure® in which 2 cm x 4 cm pieces of RVC were stirred for
~45 min in a solution of 0.2 M KMn® in 2 M H,SO.. The
modification was successful when the RVC pieces sank quickly in a

electrochemistry of Fdl has been previously described as a quasi-beaker of water and no trapped bubbles could be observed in the RVC

reversible response on glassy carBbhinder these conditions, the
reduction potential of Fdl was determined to-56.40 V vs NHE and
was reported previously in the literature to b®.42 V vs NHE?®

pores. Treated RVC was rinsed until the deionized water wash ran
visibly clear ¢~3 h).
UV—Visible Spectroelectrochemical Experiments A UV —vis

Attempts to electrochemically reduce Fdl directly using reticulated spectroelectrochemical cell was made (Thuet-Biechelin Ets., France),
vitreous carbon (RVC) as the working electrode were unsuccessful. It \ynich had a Teflon-capped 1 mm path length, filledhwét 1 cmx 1

was thus decided to utilize a mediator in the redox process. The cm platinum gauze. Four ports drilled in the Teflon supported the
mediating substance was chosen to have a reversible couple, with geference electrode (Ag/AgCI), a small frit containing a Pt wire used

reduction potential within 50 mV of that of Fdl. Further, based on the

as the counter electrode, the Pt wire connecting the Pt gauze, and the

results of Armstrong and co-workers, showing that the electrochemistry g5 flow. The setup allows experiments to be done on&Oef protein
of spinach ferredoxin was significantly enhanced and stabilized by the gq|ution. The cell was filled with solutions of Fdl (2.27 mM) and [Go

addition of a redox-inert positively charged speciee redox couple

(tacn)]Cl;5 (0.227 mM) in a wet dinitrogen atmosphere glovebox (Plas-

of the mediator was chosen to be as positively charged as possible.| aps, ansing, MI). UV-vis spectra were recorded on a HP 8452 diode-

Thus, the complex [Ci(tacn}]Cl3% (tach= 1,4,7-triazacyclononane)
was used, which has at23+ redox couple and a reduction potential
of —0.41 V vs NHE. Coulometric measurements allowed quantitation

of the electrochemical conversion of oxidized Fdl into the reduced Fe-

(INFe(l1) form by monitoring the amount of charge passed through

the cell during the entire time of the electrolysis. The S K-edge spectrum
was recorded while the cell was under electrochemical control. Cyclic
voltammograms recorded before and after the electrolysis indicated that
Fdl was not damaged during the experiment, and coulometry indicated
that the Fdl was 100% reduced in a one-electron/two-iron process. All
electrochemical experiments were performed using a BAS CV-27

voltammograph interfaced to a PC with locally written control
software®? The experimental charg® passed through the cell during

the experiment was obtained by extrapolating the charge vs time plot

back to the ordinate using a line fitted to the slope of the last 15% of

the charge curve. The cell consists of an auxiliary compartment and
the sample compartment, separated by a Nafion membrane. Both spac

are filled with water-wettable RVC. A thin window (polypropylene,
6.3 um) allows X-rays and fluorescence to pass in to and out of the
front of the sample cell. Pt wires provided contact with the auxiliary
and working electrodes, and an Ag/AgCI microelectrode (Microelec-
trodes Inc.) was used as the reference electrad®20 V vs NHE).

All potentials are reported hereafter with respect to the NHE. The
auxiliary compartment was filled with 250 of K,[Fe(CN)] as redox
agent, 4.54 mM in anaerobic buffer, 0.15 M tris-trifluoroacetic acid,
pH 7.3. The cell was set up and filled in an inert-atmospherg (N
drybox. The sample compartment was filled witt850 uL of an
anaerobic solution of Fdl (2.27 mM) containing the redox mediator
[Ca"(tacn}]Cl5 (0.227 mM) in 0.15 M tris-trifluoroacetic acid, pH 7.3.

(24) Schultz, F. A.; Feldman, B. J.; Gheller, S. F.; Newton, W. E.;
Hedman, B.; Frank, P.; Hodgson, K. O. Electrochemical Society 5th
International Symposiuntonolulu, HI, May 1993; Schultz, F., Taniguchi,
l., Eds.; PV 93-11, pp 108-117.

(25) Ascone, |.; Cognigni, A.; Giorgetti, M.; Berrettoni, M.; Zamponi,
S.; Marcassi, RJ. Synchrotron Radl999 6, 384—386.

(26) Bae, I. T.; Scherson, D. Al. Phys. Chem. B998 102 2519~
2522.

(27) Chamrock, J. M.; Collison, D.; Garner, C. D.; Mclnnes, E. J. L,;
Mosselmans, J. F. W.; Wilson, C. B. Phys. IV Fr. 1997, 7, C2-657
658.

(28) Aliverti A.; Hagen, W. R.; Zanetti, GFEBS Lett1995 368 220—
224.

(29) Tagawa, K.; Arnon, D. IBiochim. Biophys. Actd968 153 602—
613.

(30) Armstrong, F. A.; Cox, P. A,; Hill, H. A. O.; Lowe, V. J.; Oliver,
B. N. J. Electroanal. Chem1987, 217, 331—366.

(31) [Cd" (tacn}]Cl5 was prepared by Dr. Susan E. Shadle according to
published procedures: Wieghardt, K.; Schmidt, W.; Herrmann, \\ppiéts,

H. Inorg. Chem.1983 22, 2953-2956.

(32) Software for cyclic voltammetry and coulometry was written by

Dr. Benjamin J. Feldman.

array spectrophotometer.

X-ray Absorption Measurements. XAS data were measured at the
Stanford Synchrotron Radiation Laboratory using the 54-pole wiggler
beam line 6-2 in a high magnetic field mode of 10 kG with a Ni-
coated harmonic rejection mirror and a fully tuned Si(111) double
crystal monochromator, under ring conditions of 3.0 GeV ané 50
100 mA. The entire path of the beam was in a He atmosphere. Details
of the optimization of the setup for low-energy studies have been
described previous# All XAS measurements were done a# °C.

The data were measured as fluorescence excitation spectra utilizing an
ionization chamber as a fluorescence dete®tor.

Data Reduction.XAS data were averaged, and a smooth background
was removed from all the spectra by fitting a polynomial to the pre-
edge region and subtracting this polynomial from the entire spectrum.
Normalization of the data was accomplished by fitting a flat polynomial

oQra straight line to the post-edge region and normalizing the edge jump

to 1.0 at 2490 eV.

Fitting Procedure. The intensities of pre-edge features of oxidized
and reduced Fdl were quantified by fits to the data, using the fitting
program EDG_FIT® which utilizes the double precision version of
the public domain MINPAK fitting library?” Pre-edge features were
modeled by pseudo-Voigt line shapes (simple sums of Lorentzian and
Gaussian functions). This line shape is appropriate as the experimental
features are expected to be a convolution of the Lorentzian transition
envelopé and the Gaussian line shape imposed by the spectrometer
optics3*4° A fixed 1:1 ratio of Lorentzian to Gaussian contributions
was used for the pre-edge feature as described previuBhe rising
edge region was also modeled using a pseudo-Voigt line shape, for
which the GaussianLorentzian mixture was allowed to vary to give
the best empirical fit. As the rising edge has a non-negligible
contribution to the pre-edge intensity, particular care was taken to
minimize the variation of the rising edge intensity included in the pre-
edge intensity from one fit to the other. In practice, the fit of the

(33) Fujihira, M.; Osa, TProg. Batteries Sol. Cell&979 2, 244-248.

(34) Hedman, B.; Frank, P.; Gheller, S. F.; Roe, A. L.; Newton, W. E.;
Hodgson, K. O.J. Am. Chem. &. 1988 110, 3798-3805.

(35) Lytle, F. W.; Greegor, R. B.; Sandstrom, D. R.; Marques, E. C.;
Wong, J.; Spiro, C. L.; Huffman, G. P.; Huggins, F. Bucl. Instrum.
Methods1984 226, 542-548.

(36) EDG_FIT was written by Dr. Graham N. George of the Stanford
Synchrotron Radiation Laboratory.

(37) Garbow, B. S.; Hillstrom, K. E.; More, J. J., MINPAK, Argonne
National Laboratory.

(38) Agarwal, B. K.X-ray Spectroscopyspringer-Verlag: Berlin, 1979.

(39) Lytle, F. W. InApplication of Synchrotron RadiatipiVinick, H.,
Xian, D., Ye, M.-H., Huang, T. Eds.; Gordon & Breach: New York, 1989,
p 135.

(40) Tyson; T. A,; Roe, A. L.; Frank, P.; Hodgson, K. O.; Hedman, B.
Phys. Re. B 1989 39A 6305-6315.
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contribution of the rising edge region in the absorption spectra of the 1.8 2468 2472 2476 2480 2484
oxidized and reduced Fdl was compared to the S K-edge absorption @ ' ' ! ‘
spectra of the compound [M(SPh-2-Phjj?~ 18 and of pure thiolate
ligands which do not exhibit an edge-resolved feature. After a
reasonable estimate of this rising edge background contribution to the
pre-edge intensity was obtained, this background was fixed in the pre-
edge fits. This protocol improves the accuracy of the quantitation of
pre-edge intensity relative to previous publications, where the back-
ground contribution to the pre-edge intensity varied with eact-#f2*
Good fits, i.e., those used in the final calculation of pre-edge peak
intensity, were optimized to reproduce both the data and the second
derivative of the data using a minimum number of peaks. It was
determined! on the basis of the second derivative that the sulfide pre-
edge transition cannot be simulated by using only one Voigt line.
Therefore, the transitions were fit with two peaks for the sulfides and
one peak for the thiolates. The half-width of a ligand K-edge transition
to one final state is 0:40.5 eV?!° For Fe(lll) there are five possible
final states, which are not resolved in the spectra. The line widths of
the two peaks were therefore independently floated to describe the shape :
of the sum of these transitions. The intensity of the pre-edge feature is
the sum of the intensities of all the pseudo-Voigts lines that successfully
fit the pre-edge feature for a given fit.

Error Source and Analysis. There are several sources of systematic
error in the analysis of these spectra. Normalization procedures can
introduce a +3% difference in pre-edge peak heights. For each
measured spectrum, the error of the fitting procedure was defined as
half the difference between the maximum and the minimum intensity
values obtained from the acceptable fits, and the values given in Table
2 are the midpoint between this maximum and minimum. The errors
are the appropriately combined errors from the fitting and normalization
procedures. The uncertainty in pre-edge energies is limited by the
reproducibility of the edge spectra-Q.1 eV).

1.3

0.4

Normalized Absorption

Normalized Absorption

Second derivative

-1.5 -

I 1 1 b
2466 2468 2470 2472 2474

Results and Analysis Energy (eV)
Figure 1. (a) S K-edge spectrum of the oxidized Fdl. (b) Pre-edge

Oxidized Ferredoxin I. The S K-edge XAS spectrum of - )
region of the S K-edge spectrum of Fdl: data){ fit (---), and

oxidized Fdl is shown in Figure 1a. The pre-edge feature occurs i S )

at ~2470 eV and the rising edge feature -a2472.3 eV. A components of the fit-(-). (_c) Second derivative of data, fit (- - -), _

representative fit of the pre-edge along with the second and components of the fit-¢). Note that the energy scale of (a) is
presenta ' the p 9 9 . different from that of (b) and (c).

derivative is shown in Figure 1b,c, respectively. The energies

of these features are given in Table 1. Table 1. Sulfide and Thiolate Pre-edge Peak Energies

The total intensity of the pre-edge feature contains intensity pre-edge peak energy (eV)
from transitions originating from the four thiolates and from Fe(ll—sulfide Fe(Il)—sulfide
the two sulfides. It has been previously shéhit that the sample (avy (@av) Fe(lll)y—thiolate
contribution to the intensity from the sulfide appears at a lower Fdl oxidized 24698 2470.6
energy (2469.6 eV) than that of the thiolate-2470.7 eV). Fdl oxidized (EY 2469.9 2470.6
As explained in the Fitting Procedure section above, the fits kg reduced (E) 2469.5 2470.8 2470.6
are based on two peaks for the sulfide and one peak for the [Fe",S,(SEty]* 2469.7 2470.6

thiolate. Thus, the peaks at 2469.4 and 2470.0 eV in Figure 1™ == o = o F e i . re the intensity-
are associated with the sulfigd€e(lll) bond, and the peak at averag%deeiggizsoofttﬁe @%”E,Z‘gkgeug’eﬁ ﬁd?ﬁe%égtdgsigfatzsty
2470.6 eV corresponds to the pre-edge of the thiel&egl11) that the experiment was performed with the electrochemical cell.
bond. The complete methodology used to relate the intensity

of the ligand pre-edge feature to the covalency of the metal and one Cys not part of the F& cluster). To evaluate the
ligand bond has been developed and described previétiEhe sulfide covalency in the ironsulfur bond from the sulfide
intensity of the pre-edge feature of plastocyanin (Pc) was usedpre-edge peak intensity in Figure 1b, the procedure described
as referencé® The covalency calculation from the pre-edge in ref 21 was used. The irersulfide covalency was quantified
intensity was based on eq 2, using an intensity of 1.02 units for using XPS data of thea,-sulfide-bridged, infinite-chain com-
38% covalency for the CuS—Cys bond of Pc. This is  pound KFe% Its covalency (52.5%) corresponded to an
transferable to the Fethiolate bond since it has been determined intensity of 2.42 units in the S K-edge spectrum of the
that the effective nuclear charge difference between the Cu(ll) isostructural compound CsFeShe values obtained for the total
and Fe(lll) complexes has a negligible effect on the dipole sulfide and thiolate covalency per iron for oxidized Fdl are given
strengthl’” Because the intensity of the experimental spectrum in Table 2.

is normalized to one sulfur, the intensity of the thiolate Reduced Ferredoxin I. Prior to electrochemical reduction
contribution to the pre-edge must be renormalized to the numberof Fdl, S K-edge XAS spectra were recorded for the oxidized
of sulfurs contributing to the ironathiolate bond. This renor-  form in the electrochemical celh order to compare with the
malization factor is 7/4, which takes into account the fact that reference spectrum recorded in the standard protein XAS cell.
there are four thiolate sulfurs and seven total sulfurs present inThe S K-edge spectra of Fdl in its oxidized form recorded in
Fdl (four Cys in the [2Fe2S] cluster, two bridging sulfides, these cells are shown in Figure 2a. The spectrum measured in
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Table 2. Intensity and Covalencies of S K-Pre-edge Data

renormalized covalency of renormalized covalency of total
sulfide sulfide intensity one sulfide thiolate thiolate one thiolate covalency
sample intensity per Fe per Fe (%) intensity intensity per Fe (%) per Fe (%Y
Fdl oxidized 0.96 1.68 T4 0.36 0.63 23t 4 200
Fdl oxidized (E} 0.95 1.66 76+ 4 0.38 0.66 25t 4 202
Fdl reduced
Fe(ll) 0.51 1.78 82+1 0.19 0.67 25t 2 214
Fe(ll) 0.14 0.50 33t 2»
[FexSy(SEty]? ¢ 1.29 1.93 88t 5 0.42 0.67 25k 1 226

a“g” designates that the experiment was performed with the electrochemica! Thik value has been corrected for the factor that takes into
account the redistribution of intensity to higher energy, using the value of 1/0.70 estimated "{@HR}>.** ¢ The covalency values for the
[MesNCH;PhL[Fe;S(SEt)] compound are slightly different from those published in ref 21, due to the improved edge background e$fiiotae.
covalency is defined as the sum of the sulfide and thiolate contributions to one Fe ion.
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?1-2 r Figure 3. Plots of current vs time (full line, left ordinate) and charge
2 vs time (dotted line, right ordinate) of the coulometric reduction at
: —0.52 V of 523uL of 2.17 mM FdI in pH 7.3 buffer solution containing
208 227 uM [Co" (tacn}]Cl; as redox mediator, as carried out on the XAS
E beam line. For these conditions, the theoretical cha@efdr full
£ reduction is 110 mC. The experimental charge passgtbfal) —
z 0.4 Q(background) was 130 mC.
. . . . subtraction of the corresponding percentages of the S K-edge
2465 2470 2475 2480 2485 2490 spectra of methionine sulf_oxide, methane sulfonic acid, and
v aqueous sulfate. The resulting Fdl S K-edge XAS spectrum was
Energy (eV) subsequently renormalized to unit intensity. Thus, the S K-edge

Figure 2. S K-edge XAS spectra of{) oxidized Fdl in the standard  spectrum of Fdl corrected for 0.5% sulfate, 0.5% sulfonate, and
protein XAS cell, (- - -) oxidized Fdl in the electrochemical cell, and g 504 sulfoxide is given in Figure 2b, showing that the reference
(+++) reduced FdI in the electrochemical cell (a) before correction of S K-edge spectrum of oxidized Fdl is reproduced in the

contributions from sulfur contamination in the RVC and (b) after spectroelectrochemical cell. The values calculated for the
subtractions of 0.5% sulfate, 0.5% sulfonate, and 0.5% sulfoxide .p . - -
contributions to the spectrum of oxidized Fdl and 0.5% sulfate, 0.5% intensities of the sulfide and thiolate peaks for the spectrum of

sulfonate, and 1% sulfoxide contributions to that of reduced Fdi (see Fdl recorded in the electrochemical cell are given in Table 2.
text). The spectra were again renormalized after the subtractions. ~ 1hese values are identical within error to those obtained from
the spectrum measured using the standard XAS cell. This
the electrochemical cell exhibits extra features at 2476.3, 2481.3,indicates that the S K-edge spectra recorded with the electro-
and 2482.7 eV, which are absent in the spectrum measured inchemical cell are reliable and can be used after correction for
the standard cell. These extra features arise from sulfur specieshe sulfur in RVC.
present in the RVC. Elemental analysis of several RVC samples  After coulometric reduction a+0.52 V vs NHE, S K-edge
revealed 7061000 ppm of intrinsic sulfur. S K-edge XAS  spectra were recorded for the reduced Fdl (Figure 2a) while
examination of pure RVC indicated the presence of sulfur in maintaining the reductive potential applied to the cell. Cou-
several oxidation states, including S(ll) (sulfoxide), S(V) lometry indicated that Fdl was totally reduced in a one-electron/
(sulfonic acid) and S(VI1) (sulfate or sulfate est&)The extra two-iron process. Figure 3 shows representative coulometry data
impurity-related spectral features were eliminated by numerical recorded in the XAS cell before the XAS spectra were recorded.
(41) Glaser, T.. Rose, K.. Shadle, S. E.. Hedman, B.; Hodgson, K. O.: The Fdllwas fully reduced within 2.0 min. Superposition pf two
Solomon, E. I.J. Am. Chem. So2001, 123 442-454 Note that the ~ Successive spectra showed no variation of the pre-edge intensity,
covalency values of [R&;(SEty]?~ and of [FeS;Cls]?~ are slightly different indicating that the reduction was complete. As for oxidized Fdl
tha_m those published in ref 21 due to difference in the estimation of the in the electrochemical cell, extra peaks are observed at 2476.3,
rising edge background (see text). . . .
A, 2481.3, and 2482.7 eV (Figure 2a). After numerical subtraction

(42) Frank, P.; Hedman, B.; Carlson, R. M. K.; Tyson, T. A.; Roe, ;
L.; Hodgson, K. O Biochemistryl987, 26, 4475-4979. of 0.5% sulfate, 0.5% sulfonate, and 1% sulfoxide, followed
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Figure 4. Spectroelectrochemical experiments of Fdl. (a) S K-edge the spectra of oxidized Fdi) scaled down in intensity by a factor of
XAS spectra in the spectroelectrochemical celt-) (no potential 2, reduced FdI (- - -), and their difference-}. In both cases the rising
applied, ¢-+) following reduction atE = —0.55 V vs NHE; (---) edge background has been subtracted. (b) Dajafit (- - -), and fit
following reoxidation att = 0 V vs NHE. (b) UV—vis spectra in 1 components:-¢-).
mm optical spectroelectrochemical celt-)no potential applied,{-)
progressive reduction &= —0.55 V vs NHE, 1 min intervals between  annroximation, the intensity of the pre-edge of reduced Fdl (one
each spectrum, and (- - -) after reoxidatiorEat= 0 V vs NHE. Fe(lll) site) should have half the intensity of the oxidized form
o o (two Fe(lll) sites). Subtraction of half the intensity of the S
by a renormalization, the spectrum shown in Figure 2b was _gqge spectrum for the oxidized Fdl from that of reduced Fdl
obtained®® To check if the reduction process in the electro- provides a means of quantifying the change in Fegiilfur
chemical cell had damaged the Fdl, S K-edge spectra werecqajency of one ferric center upon reduction by the second Fe
recorded after reoxidatiort 8 V vs NHE. The data are shown (rjg e 54, dotted spectrum). The data in Figure 5a clearly show
in Figure 4a and indicate that the reversibility of the process is i reases in the pre-edge intensity-&469.2 and-2471.2 eV
almost complete (only~10% of the initial intensity of the {5 the reduced FdI. The change on the low-energy side of the
spectrum of the oxidized Fdl is not recovered after reoxidation pre-edge at~2469.2 eV is attributed to an increase in the
of the protein). _ covalency of the Fe(llf-sulfide bond due to reduction in charge
~ Upon reduction of Fdl at0.52 V' vs NHE, a dramatic change  qsnation of the bridging sulfide to the Fe(ll) site. The increase
is observed in the intensity of the pre-edge of the S K-edge of intensity at higher energy must be attributed to an additional
(Figure 2, dotted line). It is known from previous studfehat contribution of an Fe(IP-sulfide pre-edge peak (vide infra) that
the pre-edge feature of Fe(t}hiolate is not energy-resolved g energy resaled from the edge due to the lower effective
from the rising edge. The energy of this pre-edge feature is ycjear charge of sulfide vs thiolate. Thus, the pre-edge of the
gsnmqteﬂ to be at 2471.4 eV (in the rising edge) with low gy _eqge spectrum also contains information on the covalency
intensity** The higher energy of this transition is due to the ¢ Fe(ll). The S K-edge XAS spectra of the all-ferrous state of
lower Zeg of Fe(ll); thus, the S K-pre-edge spectrum of reduced e Fqs, cluster of nitrogenase also exhibits a pre-edge around
Fdl can, in an initial approximation, be considered to have 547q g\44
contributions frqm the Fe(”*)?hio'at? and Fe(lll}sqlfiqle. . Initially, the intensity of the pre-edge of the S K-edge
bonds of the mixed-valence diiron site of Fdl. In this initial spectrum of reduced Fdl was fit without including an Fell)
(43) In the case of the reduced Fdl, a correction of 1% was required for sulfide contribution in the pre-edge. After renormalization as
the sulfoxide contamination (contrasting with the 0.5% in the case of the described above for oxidized Fdl, the pre-edge was fit with three

oxidized Fdl). This may be due to the fact that, upon reduction@b2 Vv . .
vs NHE, some of the sulfonate bound to the RVC was reduced and has peaks (tWO for the Ee(lll—)su!fldg .b.ondl.ng and or_le f,or the Fe-
diffused from the RVC surface to the portion of solution that is actually (lll) —thiolate bonding). This initial fit would indicate that
seen by the X-ray beam. Thus, the amount of the sulfoxide that is probed
by the beam is larger under reductive conditions than with no potential ~ (44) Musgrave, K. B.; Angove, H. C.; Burgess, B. K.; Hedman, B.;
applied. Hodgson, K. O.J. Am. Chem. &. 1998 120, 5325-5326.
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reduction of the iron site is accompanied by a shift of both the
higher energy of the two Fe(IHsulfide peaks and the Fe(IH)
thiolate peak toward higher energies (from 2470.1 to 2470.3
eV and from 2470.6 to 2471.1 eV, respectively). This is
inconsistent with the generally observed shift to lower energy
for more charge-donating liganésAdditionally, such a large
shift (0.5 eV) for the Fe(lll)-thiolate peak is not reasonable
because the Fe(Ihthiolate bond will be less affected than the
Fe—sulfide bond by the reduction of the other iron center in

the mixed-valence state. These considerations indicate that the

fit requires an extra peak near 2471 eV associated with the Fe-
(I —sulfide bond. Indeed, extra absorption in this energy range
is clearly observed in the difference spectrum in Figure 5a
(dotted line), and an additional peak &2470.8 eV was
therefore included in subsequent fits. To reduce the number of
fitting parameters, the value of the Fe(Hithiolate intensity
was fixed to half the intensity at the same energy as the Fe-
(1IN —thiolate peak of oxidized Fdl. The energies for the two
Fe(lll)—sulfide peaks were also fixed to the values obtained
from the fit to oxidized Fdl, but their intensities were allowed
to float. The energy of the Fe(Hjsulfide transition was set 0.6
eV lower than that of the pre-edge of the model compound
[F'(SPh)]2~, which was previously found to be 2471.4 é&V.
The —0.6 eV energy shift is based on the energy difference
observed between the Fe(Hyulfide and Fe(lll)-thiolate peaks
in [FE",S,(SPh)]2~.21 The best fits (Figure 5b) were obtained
with a fifth peak added at higher energy (2471.6 eV), which
contributes under the rising edge of the spectrum and is
tentatively attributed to an Fe(Hthiolate pre-edge contribution.
To demonstrate the electrochemical viability of the system,
a UV—visible spectroelectrochemical experiment was performed
using the same conditions as those employed for the XAS
experiments. Figure 4b shows the time evolution of the-UV
vis spectrum of a 2.27 mM solution of FdI containing [Go
(tacn}]Cl; as the redox mediator (0.227 mM) during the
reduction process at-0.52 V vs NHE. The decrease in
absorption at 422 nm clearly indicates reduction of the Fdl.
Using an extinction coefficient at 422 nm of 9.68 mMcm1
for Fe(lll)Fe(lll) Fdl and of 4.55 mM?! cm™ for the reduced
form,2° the analysis of the evolution of the absorption spectrum
indicates that Fdl is reduced up to 82% in the t\sible
spectroelectrochemical céflUpon reoxidation at-0 vs NHE,
the initial absorption is almost totally recovered (90%), indicat-
ing that only a small amount of protein is damaged during the
experiment. In the XAS experiment, coulometric reductions and
reoxidations were carried out over 30 min, and coulometry
indicated that Fdl was completely reduced.

Discussion

The covalency values given for the oxidized Fdl in Table 2
show that the metal center of theF8 cluster is highly covalent
in the protein environment, with a total covalency of all four
ligands over the five d orbitals of one iron center of 200%
(2 x 23%+ 2 x 77%). Comparing the individual contributions

(45) In the XAS electrochemical cell, the Fdl was 100% reduced (from
the coulometric measurement). In the case of the-Wi¢ spectroelectro-
chemical cell, the reduction was only 82%. This inconsistency between the
two experiments results from differences in the spectroelectrochemical cells.
First, the two experiments work with different working electrode surfaces:
in the XAS cell, RVC sponge was used, which has an open-pore structure
allowing efficient electrolysis without stirring; in the UWis electrolysis
cell, the working electrode consisted of a piece of platinum gauze, which
does not have open-pore structure. Second, the geometry of the/igV
cell is different from that of the XAS cell, and it is possible that a small
amount of the Fdl solution was not in contact with the smaller surface of
the Pt electrode.
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Figure 6. Pre-edge region of the S K-edge spectrum of oxidized FdlI
in the standard protein XAS celH) and of the [FeS,(SEty]?~ model
compound {-). The intensity of the S K-edge spectrum of Fdl was
renormalized by a factor of 7/6 in order to take into account the
additional sulfur present in the protein.

to covalency, it is found that the total sulfide covalency (154%)
is more than 3 times as large as the total thiolate covalency
(46%). This reflects the dominant charge donor capacity of a
bridging sulfide ligand compared to that of the terminal thiolate
ligands. As has been previously discus3ethe difference in
sulfide vs thiolate covalency is mainly due to the higher electron
density of an inorganic sulfide, which leads to enhanced e(
donation to the sulfideFe(lll) bond.

Comparison of Fdl with the [Fe,S,(SEt)4]>~ Model. Figure
6 shows the S K-edge spectrum of the JE£SEt)]2~ model
compound® together with the pre-edge spectrum of Fdl. It is
observed that the pre-edge intensity is higher for the model
compound compared to that for Fdl. From the fit values in Table
2, the sulfide covalency per F& bond of oxidized Fdl is 11%
lower than that of the [F&,(SEty]?>~ model compound. The
thiolate covalency remains essentially the same. The most
significant difference between the protein and the model
compound is that [&,(SEty]?~ does not contain any hydrogen
bonds to sulfur, whereas Fdl has1N- -+ Sguiige hydrogen bonds.
In the absence of crystallographic structural data for the wild-
type Fdl, structural data from the mutant E92K are considéred.
There are three hydrogen bonds within-326 A of each of
the sulfide bridges. Hydrogen bonding from the protein amino
acid to the coordinated sulfides reduces the electron density of
the sulfide ligand. This reduces its charge donation to the iron,
and thus decreases the iresulfide covalency, as experimentally
observed by S K-edge XAS. There are also hydrogen bonds to
the thiolates that are coordinated to the iron {828 A), but
in this case no significant change in covalency is experimentally
observed. This suggests that, for similar bond lengths, the
strength of the hydrogen bond is larger for the sulfide than for
the thiolate. Indeed, calculations have shown the bridging sulfur
to be slightly more negative in total charge than the terminal

(46) Data for the [MeNCHyPhb[Fe;S,(SEt)] model compound are those
published in ref 21, in which details for preparation and data collection
can be found.

(47) The E92K mutant was produced to investigate the role of the acidic
cluster E92-E93—-E94 in the interaction between Fdl and ferredexin
NADP*. The mutation is located far from the [2F2S] core and the four
cysteines (Cys39, Cys44, Cys77, Cys47) of the Eeenter. Thus, although
the mutation is expected to cause the loss of the H bond presumably present
in the wild-type Fdl between the Glu92 and Ser45, it is reasonable to assume
that the structure of the [2Fe&2S] center remains unchanged with respect
to the wild-type protein.
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. T . . x ' was then referenced to DMF, using a correction from the
0.4 +  FdI Oxidized g literature®? It is observed that an increase of the total covalency
[Fe S CIJ* is accompanied by a decrease of the reduction potential. This
2z trend is expected due to the increased energy of the redox-active
1 orbital. On the basis of this correlation, it is predicted that a
decrease of about 25% of the total covalency (from 225% to
200%) results in a positive shift e#210 mV in the reduction
[Fe S Ph ]~ potential. This should lead to a value ©0.86 V vs NHE for
224 the reduction potential of Fdl, based on the decrease2i%
5. in total covalency from [F£5,(SEty]?~ to Fdl. [FeS,(SEty]?~
[Fe S (SEO 1" is used as a reference since the ethyl complex is electronically
the closest donor to the cysteine resi@@i@hus, the decrease
7 in sulfide covalency due to H bonding in the protein contributes
~210 mV of the total 670 mV observed difference &t
between Fdl and [R&,(SEty]2~. The remaining~460 mV must
then derive from other environmental effects in the protein
pocket (i.e, effective dielectric constant of the medium, carbonyl
Total Covalency per Iron (%) dipoles!? specific charged residues, etc.).
Figure 7. Correlation between reduction potential and total covalency ~ Reduced Fdl: Comparison with Oxidized Fdl. Table 2
per iron for a series of [2Fe2S] model compounds with variation in  reports covalency values obtained for the Fe(lll) and the Fe(ll)
terminal ligation. The variation of solvent used for the different model jons in reduced Edl. Despite the extensive work done to model
compounds’ studies was taken into account. Dimethylformamide was the 2Fe-2S active site, formation of a stable mixed-valence
ct:osen as the referenc_e_splvent and qorrec_ted for the variation of themodel complex has been elusive. Such a complex has been
E° of the ferrocene/ferricinium couple in various solvetits. generated in solution, but not in high purity and with a lifetime
of only ~1072% s at room temperatuf®.This is the first time
that S K-edge XAS information has been obtained on the mixed-
valence form of any [F£5,(SR)]® site. As described in the
Results section, electrochemical experiments were required in

E (V vs. NHE)

10 b ~210 mV

-1.2

2.
[FeZSZ(Sz-o-Xyl)Z]
1

-1.4 ! ; :
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ones for a [FES,(SH)]?~ cluster!* Moreover, because the
sulfide covalency decreases, the thiolate covalency should
increase somewhat to compensate for the reduced sulfide charg

donation and therefore counteract the possible effect of the H order to optimize the coulometric conditions for the XAS data.

bonds to the thiolates. A S|m|Ia_r effect _of hydrogen bo_ndlng_on The main problem that was encountered during the XAS
covalency has been observed in a series of rubredoxins using S

i 0 - i X : . spectroelectrochemical experiments was the presence of a small
.K edge XAS: The rybredoxm Iron site contains a single iron amount of sulfur-containing impurities in the RVC working
ion bound by four thiolates from cysteine residues. In that study

it was determined that the hydrogen bonding results in a 26% electrode. However, using the correctiqn procedure described
decrease in the thiolatee covalency compared to that of above, the dotted spectrum shown in Figure 2b could be used

[Fe(SR)]- models to calculate covalency values for reduced Fdl.

. ) ) It is clear from Table 2 that there is a quantitative increase
Changes in the ligandmetal bonds should contribute to the ot the Fe(lil)-sulfide covalency in the mixed-valence site

redox properties of an active site. A reduced charge donation comnared to that in the homovalent Fe(lll) dimer. This is
of the ligands results in a higher effective nuclear charge on opyioys in Figure 5a, where there is an extra contribution to
the metal ion. The larger the effective nuclear charge, the easiefipe apsorption intensity in the low-energy part of the difference
the metal ion is to reduce, leading to an increase of the reduc“"”spectrum. The Fe(lIysulfide covalency is increased by 6% in
potential. The proteins are generally less covalent and haveyeqced Fdi compared to that in oxidized Fdl, thus leading to
higher reduction potentials than model complexes by about 1 5 asymmetric distribution of the bridging sulfide bonding over
V. Indeed, the reduction potential of Fdi10.40 V vs NHE,  he two iron sites. This Fe(lll) covalency increase is due to the
and that of [FES,(SEty]*” is —1.07 V vs NHE® The  yeqyced charge donation of the bridging sulfide to the Fe(l)
correlation between the total covalency of model compRxes jte This can be directly observed from Table 2, where the Fe-
and reduction potentials has been investigated. The total cova-(j)y —sulfide contribution at 2470.8 eV has a covalency of 33%,
lency of [FeSx(Sz-0-xyl)2*", [Fe&:SSEW?" [F&:SASPMI*",  yhich corresponds to only 44% of that of ferrisulfide in the
and of [FeS,Cla]*" is 266, 223, 204, and 166% respectivély.  iferric state of Fdl. This lower covalency is expected, as the
Their corresponding reduction potentials are.25;° —1.07> ferrous site requires less sulfide charge donation for charge
—0.85%9and—0.58 \A1vs NHE. Figure 7 shows the correlation compensation.

of the reduction potentials with the total covalency per iron for  Rpajative to the protein site, one might expect the irsalfide

this series of 2Fe2S models with different terminal ligands. covalency to be higher in a hypothetical [feg! Sy(SEty]3
To reference the different values to one solvent, dimethylform- ,14e| compound in which no H bonding is present. Moreover

amide, and eliminate the variation arising from the junction yqq5y jinked conformational changes may induce variation in
potential between the solvent and the reference electrode, thepq hydrogen bonding in the protein. Indeed, the recently

valueg pf the potential were first referenced to the ferrocene/ published X-ray crystallographic data for the oxidized and
ferrocinium (F¢/Fc) couple. The value of the (Ffc) couple reduced forms of the [2F€2S] ferredoxin from the cyanobac-

(48) Mascharak, P. K.; Papaefthymiou, G. C.; Frankel, R. B.; Holm, R. (52) Lever, A. B. P.; Dodsworth, E. S. Inorganic Electronic Structure

H. J. Am. Chem. S0d.981 103 6110-6116. and SpectroscopySolomon, E. I, Lever, A. B. P., Eds.; Wiley Inter-
(49) Mayerle, J. J.; Denmark, S. E.; DePamphilis, B. V.; Ibers, J. A.; science: New York, 1999; Vol. I, Chapter 4, p 230. Note that the variations
Holm, R. H.J. Am. Chem. Sod 975 97, 1032-1045. of the potential value of the (Fé~c) couple in various solvents are small
(50) Hagen, K. S.; Watson, A. D.; Holm, R. B. Am. Chem. So4983 (50 mV from dichloromethane to dimethylformamide and 25 mV from
105 3905-3913. acetonitrile to dimethylformamide).
(51) Wong, G. B.; Bobrick, M. A.; Holm, R. Hnorg. Chem1978 17, (53) Differences in electronic structures between aliphatic, aromatic, and

578-584. benzylic thiolates have been studied in detail in ref 41.
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teriumAnabaené indicated that a redox-linked conformational (ll) state. The results are compared to the S K-edge results of
change induced an additional N5 bond with one of the  the model complex [F&:S,(SEty]2". It is found that the sulfide
bridging sulfides upon reduction to the Fe(lll)Fe(ll) state. In covalency is significantly lower in oxidized Fdl compared to
such a case, one can predict that the difference in covalencythat in the oxidized model complex. This decrease is analyzed
between the oxidized and the reduced states will be greater tharin terms of H bonding present in the protein and its contribution
that described above for Fdl. to E°. Further, a significant increase in covalency for the Fe-
Comparison with the Rieske Protein.When comparing the  (lIl) —S bond and a decrease for the Feff)bond are observed
oxidized Rieske protefd with oxidized Fdl, it is found that in the reduced mixed-valence Fe(lll)Fe(ll) species as compared
the sulfide covalency to the ferric site with two terminal thiolate to those for the homovalent Fe(lll)Fe(lll) species. Thus, upon
ligands is lower in the Rieske cluster (62%, ref 21 vs 76%, reduction, the sulfide interaction with the ferrous site decreases,
Table 2). The two terminal histidine ligands to the other Fe- allowing greater charge donation to the remaining ferric site.
(1) site in the Rieske protein are poorer donors than the terminal This asymmetry in charge donation in the reduced site leads to
thiolate ligands of Fdl; thus, the sulfide bridge becomes a |ocalization of the electronic structutéwhich should make a
stronger donor to charge-compensate the histidine-ligated Fe-significant contribution to the redox properties of the site (i.e.,
(|||) site. This sulfide is thus less Charge-donating to the thiolate- the reduction potentia] and reorganization energy)_ These new
ligated Fe(lll) site. In the Fdl protein, there is no such data help to quantitatively define the electronic structures of
asymmetry. The same trend is observed in the reduced proteins{2re—2S] iron—sulfur proteins in both the oxidized and the
The covalency of the Fe(lll) site is lower in the Rieske cluster requced states. They provide, together with previous studies,

than in FdI (67%, Table 3 in ref 21 vs 82%, Table 2). The lower the pasis for future investigations of covalency in other on

compared to that of the cysteine in Fdl results in a higher
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