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Abstract: X-ray absorption spectroscopy at the sulfur K-edge-a#70 eV has been applied to a series of
mononuclear irorsulfur complexes to determine the covalency and its distribution over the ligand field split
d-orbitals. A comparison is made between the S K-edges of a model and three different rubredoxin proteins
to define the changes in covalency upon incorporation of the site into the protein. It is found that the covalency
decreases in the proteins relative to the model. The thiekeélll) bond in these systems is highly covalent,

and a modulation of this covalency in the proteins can contribute to the redox properties of the active site. It
is determined that, while the hydrogen bonding effects seem to influence covalency, there is not a direct
correlation between the change in covalency, the number of hydrogen bonds, and the redox potentials of these
sites.

Introduction Spectroscopy has shown that the ligand field transitions of
Fe(SR)~ are ~1 eV lower in energy than those of FeCl
indicating significant charge-transfer mixing into the d-orbitals,
consistent with a highly covalent metal site in the Fe(SR)
Experimentally defining this covalency and its change with
hydrogen bonding in the protein is key to understanding this
site and defining electronic structure contributions to redox
properties and electron-transfer pathways.

The electric dipole-allowed transitions for K-edges are-s
np. Thus, ligand K-edge X-ray absorption spectroscopy (XAS)
provides a direct experimental probe of these ligamtal

Metalloproteins containing iroRsulfur active sites are present
in all forms of life and are very commonly involved in electron
transfer. Rubredoxins are the simplest of the-Beproteins,
and most have molecular weights that are usually in the range
of 6—7 kD. The Fe site found in rubredoxins contains a single
iron ion bound by four thiolates from cysteine residues in a
nearlyTq geometryt2 The biologically relevant redox reaction
of rubredoxins involves a one-electron Fe(ll)/Fe(lll) couple. The
reduction potentials of various rubredoxin proteins range from

—60 to +5 mV vs SHE, while th f model I S ) . :
N mv vs White [Tose Of Mode’ complexes are bonding interactions. The K-edge absorption of a ligand bound

in the region around-1 V vs SHE3# This difference can have r . hibi l-defined de f hich
contributions from the dielectric medium, charge interactions _toa copper ion exhibits a well-defined pre-edge feature whic

: s . : is assigned as a ligand *s y* transition, wherey* is the
n g:/?d\gﬁlcn;ysz;;heesztihZpdthhgdtﬁgg]@gogglr?g' is highly half-filled, highest-occupied molecular orbital (HOMO) in Cu-

9 ) . ;
covalent in these systems, and a modulation of this covalency(”)' Due to the localized nature of the ligand (L) 1s orbital,

in the protein could, therefore, contribute to redox properties ;‘kl]llsdtﬁ(g?\;ltgn (l:)?[nlhawte _absorptlo_r]l |nt(=j[n3|ty only 'I t?? haI;—
of the site. Specifically, calculations have been performed on e orbital contains a signiticant component ot figan

oxidized monomeric irorsulfur centers and indicate very 3p character as a result of covalency. A description of this L

— iti i — — 12\1/2] —
covalent bonding between the iron and the suifur. These 1s = y* transition involvesy* = (1 — a”*)**Cu 3d]

r 2 H
calculations have also shown that, upon reduction, the additional&l[l‘:cp)]l\’/l‘ghe_ﬁa Lepres%nts the dam?unt ?[f L 3ptchqrta9tetrh|n
electron density is strongly delocalized onto the ligands. er " € observed pre-ecge transition Intensity 1S then

the intensity of the pure dipole-allowed L 1s 3p transition
" Department of Chemistry, Stanford University. weighted bya'2 (eq 1).
* University of Georgia.
§ Stanford Synchrotron Radiation Laboratory, Stanford University.
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orbitals with both metal d- and ligand p-character. However, proteind®Pf, Cp, andCp15PfRd were prepared according to published
in systems with more than one d-manifold electron or hole, procedures.L-Methionine was used as purchased from Sigma Chemical
transitions to more than one partially occupied metal d-derived C©- ) ) ]

orbital are possible, and multiplet effects in tHedfinal state For the X-ray absorption experiments, the solid samples of model

can affect the observed intensity. Methodology has been complexes were ground into a fine powder which was dispersed as
) thinly as possible on Mylar tape to minimize the possibility of self-

plevelqped to an_alyze these effects for the Cl K-gdge pre'Edgeabsorption. The procedure has been verified to minimize self-absorption
intensity in a series of tetrahedral metal tetrachlorides, #Cl effects in the data by systematically testing progressively thinner

where M = Cu(ll), Ni(ll), Co(ll), and Fe(I)}° and of an samples until the observed intensity no longer varies with the thickness
analogous series for the S K-edge pre-edge intensity of of the sample. The Mylar tape contained an acrylic adhesive which
M(SR)2~, where M= Ni(ll), Co(ll), Fe(ll), and Mn(I1) 1 It is was determined to have a level of sulfur contaminants below that which
important to note that, in these tetrathiolate complexes, the is detectable under the conditions of the X-ray absorption measurements.
anisotropy of the thiolate p-orbitals in bonding to the metal has The powder on tape was mounted across the window of an aluminum
to be taken into account. Based on the MCland M(SR)2~ plate. The samples were prepared in dry, anaerobic atmospheres. A
studies, an expression has been derived for metal centers whictf-3%#m polypropylene film window protected the solid samples from
allows the ligand HOMO covalency to be quantitatively related exposure to air during transfer from a nitrogen-filled glovebox to the

. g - 2011 Thi . experimental sample chamber.
to Ilgand pre edge_ mtt_ansﬁ;_?. This expression for tetrahedral The protein samples were pre-equilibrated in a water-saturated He
ferric complexes is given in eq 2.

atmosphere for-0.5—1 h to minimize bubble formation in the sample
cell. Protein solutions were loaded via syringe into a Pt-coated Al
block sample holder sealed in front by a 6 @%+-thick polypropylene
window. The protein concentrations were 2.5, 3.5, and 3.8 mM for
Pf, Cp, andCp15Pf Rd, respectively, in 25 mM tris-HCI buffer at a
pH of 8.5. All three protein samples exhibited photoreduction after a
few scans and were then reoxidized with approximatetd 2quiv of

a 100 mM solution of K[Fe(CN)] prepared in deionized water.

Dy(Fe(llN) = (¢,” + ¢;," + 7cHREripd - (2)
D, is the total experimental intensity;2 andc,? are coefficients
which reflect the ligand 3p andsr covalency, respectively, in
the t set of orbitals,cs? is the coefficient which reflectsr
covalency in the e set of orbitalR is the ligand-metal bond B. X-ray Absorption Measurements. X-ray absorption data were
distance, andsjr |p is the intensity of a pure ligand s 3p measured at the Stanford Synchrotron Radiation Laboratory using the
transition. Thus, ligand K-edge XAS can provide a direct 54-pole wiggler beamline 6-2 in a high magnetic field mode of 10 kG
experimental probe of the ligand character in the redox-active with a Ni-coated harmonic rejection mirror and a fully tuned Si(111)
orbitals in Fe-S systems. double crystal monochromator, under ring conditions of 3.0 GeV and
We have conducted sulfur K-edge XAS studies for a series 50-100 mA. The entire path of the beam was in a He atmosphere.
of rubredoxin proteins and model complexes. S K-edge data Details of the op_tlmlzatlon_ of thls_setup for low-energy studies have
of the Fé'(SR);~ monomer define the covalency of the thiolate Peen described in an earlier publicati6n.
S—Fe(lll) bond and provide a reference for ferric tetrathiolate ¢ All'S K-edge XAS measuren;lents were made at room temperature
. . . - or the solid samples and at4 °C for the proteins. The data were
sites in proteins. The S K-edge XAS of an'FeR),~ complex

- . . . measured as fluorescence excitation spectra utilizing an ionization
has been previously investigatedand it has been observed  chamber as a fluorescence deteéfdf. To check for reproducibility,

that there is no pre-edge peak in the sulfur K-edge data that isat least 2-3 scans were measured for each solid sample, while multiple
discernible from the edge. Therefore, comparison of the ferrous scans were measured for the proteins to obtain a good signal-to-noise

and ferric monomers with analogous ligation has allowed us to level in the data and to monitor photoreduction of the samples. The
determine features in the S K-edge spectrum of the ferric final averages for the proteins were based on two, four, and three scans

monomer and rubredoxin which are assigned as pre-edgefor thePf, Cp, andCp15PfRd, respectively. The energy was calibrated

transitions. This ferric model complex, which exhibits structural
and spectroscopic characteristics very similar to those of the
proteins!? allows a detailed examination of the electronic
structure of the FeS active sites. S K-edges of three
rubredoxin (Rd) proteinsClostridium pasteurianum(Cp),
Pyrococcus furiosugPf), and a mutant of the two, which has
the first 15 amino acid residues as@p Rd and the remainder

of the protein being the same B§Rd (Cp15Pf Rd), have also
been obtained. Comparison of the S K-edges of the model
complex and the proteins allows an evaluation of whether
hydrogen bonding within the protein site affects the bonding
of the thiolate to the ferric center and whether this correlates to
redox potentials.

Experimental Section

A. Sample Preparation. The model complexes Na(p4s)[Fe(-
CsHa(CH2S))2] 3 and [E4N][Fe(o-CsHa(CH,S)),] 314 as well as the

from the S K-edge spectra of b#&0;-5H,0 which were collected at
intervals between the samples. The maximum of the first pre-edge
feature in the spectrum was assigned to 2472.02 eV. Scans ranged
from 2420 to 2740 eV and from 2440 to 2525 eV for models and
proteins, respectively, with a step size of 0.08 eV in the edge region.
The spectrometer energy resolution weB.5 eV® Calculating and
comparing first and second derivatives for model compounds measured
repeatedly during different experimental sessions results in a reproduc-
ibility in edge position of~0.1 eV for these experiments.

C. Data Reduction. Data were averaged and a smooth background
was removed from all 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
or straight line to the postedge region and normalizing the edge jump
to 1.0 at 2490 eV. A figure depicting full scans of the normalized
data is included as Supporting Information to illustrate the utility of
the normalization process.

D. Fitting Procedures. The intensities of pre-edge features of the
blue copper protein plastocyarfihthe ferric model complexes, and

(10) Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, &E.Am.
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Acad. Sci. U.S.A1975 72, 2868-2872.
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Scott, R. A.Biochemistry1997 36, 10406-10413.
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Hodgson, K. O.J. Am. Chem. Sod.988 110, 3798-3805.

(17) 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.

(18) Stern, E A.; Heald, S. MRev. Sci. Instrum1979 50, 1579-1582.

(19) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.;
Hodgson, K. O.; Solomon, E. I. Am. Chem. S0d.993 115 767—776.



Fe—S Caoalency in Rubredoxins and a Model System

the rubredoxins were quantified by fits to the data. The fitting program
EDG_FIT, which utilizes the double precision version of the public
domain MINPAK fitting library?® was used. EDGFIT was written

by Dr. Graham N. George of the Stanford Synchrotron Radiation
Laboratory. 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
convolution of the Lorentzian transition envel8pand the Gaussian
line shape imposed by the spectrometer opfié32® A fixed 1:1 ratio

of Lorentzian to Gaussian contribution for the pre-edge feature
successfully reproduced these spectral features.
functions were also pseudo-Voigt line shapes for which the Gaussian:
Lorentzian mixture was allowed to vary to give the best empirical fit.
Good fits which were used in the calculation of pre-edge peak intensity
were those which were optimized to reproduce both the data and the

second derivative of the data using a minimum number of peaks. Based

on a pre-edge peak half-width range of &6 eV, one to three peaks

were used to reasonably fit the pre-edge feature of the data, and a

number of good fits were obtained for each spectrum. It should also
be noted that a four-peak theoretical fit of the pre-edge ofNHFe-
(0-CeH4(CH,S)),] (vide infra) was performed to illustrate d-orbital
splitting but was not used in the final calculation of covalency for that
complex. Fits were performed over several energy ranges: from one
which included just the tail of the rising edge to one which included
the white line maximum of the edge. The intensity of a pre-edge feature

The rising edge
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Figure 1. S K-edge XAS spectra of Fe{CsH4(CH.S)),~ (—), and
Fe@©-CsHa(CH2S))?~ (- - -). The inset shows the pre-edge region of
the [EtN][Fe(0-CsHa(CH.S))2] S K-edge spectrum and includes a
representative four-peak fit performed based on the d-orbital splitting
diagram of Gebhard et &l(Figure 16 in that reference) with a 20%
reduction in the splitting based on the effects of a core hole in the
d-manifold in XAS. Each of the four peaks in the fit is labeled as the

2465 2470

(where peak intensity was approximated by peak area, calculated asgnt? parent state based on an electronic transition to the corresponding

the height times full-width-at-half-maximum) is the sum of the inten-
sities of all the pseudo-Voigts which successfully fit the feature for a
given fit. The final reported intensity values were calculated by
averaging all of the good pre-edge fits, which include from one to three
functions in the pre-edge region, for both the model complex and the
proteins. It should be noted that, since similar pre-edge intensities were
obtained using from one to three features in the pre-edge region and
reasonable half-widths were used for all fits, it was proper to include
all of these fits in the final intensity average.

E. Error Sources and Analysis. There are several possible sources
of systematic error in the analysis of these spectra. Normalization
procedures can introduce a3% difference in pre-edge peak heights,

orbital. The fit from the four peaks in the inset is represented with the
dashed line, while the data are represented by the solid line.

complex is assigned as the S-#sS 3p transition and reflects
the fact that the metal 3d mixes significantly with the S 3p
orbitals in these ferric complexes. The greater effective nuclear
charge of the ferric versus the ferrous site shifts the pre-edge
feature in the ferric complex to lower energy since the metal
d-orbitals are at deeper binding energy and, therefore, closer in
energy to the S 1s orbital. This difference in ferric versus
ferrous d-orbital energy results in a pre-edge feature that is

as determined by varying the parameters used to normalize a set of Cldiscernible from the edge feature in the ferric complex.

K-edge spectra such that the final fits met requirements of consistency.

The intensity of this ligand pre-edge feature can be related

For each sample, the standard deviation of the average of the pre-edgeo the metat-ligand covalency. To determine the methfjand
areas for the acceptable series of fits described in the previous 59Cti0f‘covalency in the ferric tetrathiolate complex and the proteins,

was calculated to quantitate the uncertainty of the fit. This maximum
of ~3% normalization error and the error resulting from the fitting
procedure were combined and reported along with the determined
covalency values in the following Results and Analysis section. The
uncertainty in pre-edge energies is limited by the reproducibility of
the edge spectra~0.1 eV). Thus, energies of features are reported
with an error of£0.1 eV.

Results and Analysis

The S K-edge XAS spectra of the ferric model complex
([EtsN][Fe(o-CsH4(CH,S),)2]) along with that of its ferrous
analogue (Na(Ps)[Fe-CsH4(CH,S)),]) are shown in Figure
1. Since both complexes have open d-shells, they can exhibit

pre-edge features in the S K-edge spectrum. Comparison of

the ferric complex data with the ferrous complex data, however,
shows a feature at2470 eV present only in the spectrum of
the ferric complex. As previously determinEdgerrous tetrathi-

olate model complexes do not display a pre-edge feature that

&

is lower in energy than the edge. Therefore, the feature observe
in the pre-edge region of the S K-edge spectrum of the ferric

(20) Garbow, B. S.; Hillstrom, K. E.; More, J. MIINPAK; Argonne
National Laboratory: Argonne, IL, 1980.

(21) Agarwal, B. K.X-ray Spectroscopyspringer-Verlag: Berlin, 1979.
(22) Lytle, F. W. InApplications of Synchrotron RadiatipWinick, H.,
Xian, D., Ye, M. H., Huang, T., Eds.; Gordon & Breach: New York, 1989;

p 135.
(23) Tyson, T. A,; Roe, A. L.; Frank, P.; Hodgson, K. O.; Hedman, B.
Phys. Re. B 1989 39A 6305-6315.

the intensity of the pre-edge feature of the well-understood blue
copper protein, plastocyanin, is used as the reference. For
plastocyanin, this pre-edge feature has an intensity of 1.02 units,
which corresponds to a covalency of 38%Gys in the Cu-S
bond?!® Since this intensity is normalized to one sulfur, the
intensity of the ferric tetrathiolates needs to be multiplied by a
factor of 4 for comparison to blue copper. Also, bond length
and effective nuclear charge differences between the Cu and
Fe complexes need to be taken into account when calculating
the total covalency (eq 2). While the bond length difference is
significant and has an effect on the quantification of the co-
valency, it has been previously determined that the effective
nuclear charge difference between the Cu(ll) and the Fe(lll) is
negligiblel® The inclusion of the bond length differenceR4{/
Re92in eq 2, wherdReyis 2.13 A4 andReeis 2.224A) indicates
that the [EiN][Fe(0-CsH4(CH,S))2] S K-edge pre-edge feature,
which has an intensity of 1.15, corresponds to a totat&e
ovalency of 1514+ 8% over the five half-occupied d-orbitals
as shown in Table 1.

The inset of Figure 1 contains the S K-edge spectrum of
[EtsN][Fe(o-CeH4(CH,S)),] and a representative fit to the data.
In the approximateS; symmetry of the Fe(SR) model
complex, the e and;torbitals (separated by 10q in Ty
symmetry) split further into a and b and b and e levels,
respectively. Transitions to these four levels (a, b, b, and e)

(24) Guss, J. M.; Freeman, H. @. Mol. Biol. 1983 169, 521-563.
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Table 1. S K-Edge Intensities and Covalencies 2.0

normalizedrenormalizedrescaled total I s o
pre-edge pre-edge S covalency L A0 ;
sample intensity  intensity* (9)° L AR

[ELN][Fe(0—CeHa(CH:S))]  1.15 1.15 151t 8
PfRd 0.96 0.96 1256
CpRd 0.83 1.03 13% 8
Cpl5/PfRd 0.79 0.98 1297

-
&
R
°

00 - uatf L L
2468 2460 2470

a2 Renormalized pre-edge intensity is based on the ratio of the total
number of sulfurs to the number of sulfurs bound to the Fe that con-
tribute to pre-edge intensity.Total S covalency is based on a com-
parison of intensities to that of Pc in which one-€%ihas an intensity
of 1.02 normalized absorption units and a covalency of 38%. This value
is then multiplied by 4 to account for the four thiolate groups. The
total sulfur covalency is based on differences ir-Seand Cu-S bond
lengths. Therefore, the final value is rescaled by (2.13 A/ 2.27 A)

Normalized Absorption
o
T
\

PR Y VU T [ S SO M L X

—
[3750) FUURTNT SR SN SO NP RS I T SO SN T ST SRR SN T T ST S VA S
2460 2465 2470 2475 2480 2485

correspond to transitions ¥, °B, °B, and°E d"! parent states. Energy (eV)

Therefore, it is expected that four peaks could potentially be Figure 2. S K-edge XAS spectra ¢?f Rd (—), CpRd (-++), Cp15Pf
observed in the pre-edge feature of the S K-edge spectrum ofRd (), and.-methionine ¢ -+ —). The S K-edge of-methionine is
[EtsN][Fe(o-CeHa(CHoS))2]. Such a fit was performed using  shown to illustrate differences in edge structure due to the presence of
four peaks to represent the d-orbital splittings and to investigate @ S-Metin theCpandCp15PfRd. The inset shows the renormalized
relative contributions of covalency and allow for a comparison Pré-edge data for the three proteins and also theNJEe(o-CoHa-

of o versusw covalency. This fit, shown in the inset of Figure ~(CH2Sk)2] (= + =) model complex data for comparison.

1, had peak energy splittings based on the d-orbital splitting along wi
’ i g with those oPf Rd and the [EiN][Fe(o-CsH4(CH,S),)2]
diagram of arg, Fe(SR)~ model complex observed by Gebhard model complex. The fit intensities of these renormalized

et al® from polarized single-crystal absorption and magnetic features are 0.96, 1.03, and 0.98 for f&Rd, Cp Rd, and

circular dichroism. This energy of the d-orbital splitting was c . :
. p15Pf Rd, respectively, corresponding to total-Sys—Fe
reduced by 20% to account for the fact that the d-manifold more covalencies (obtained as discussed above faNJEEe(0-CsHa-

closely resembles &aonfiguration in the final state and this (CHsS))s]) of 125 + 6%, 135+ 8%, and 129+ 7925 as shown
configuration typically has a reduced ligand field orbital splitting in Tgble 1 ' ' '

pattern for a complex with the same ligation. The intensities
of the features of this four-peak fit were designated on the basis piscussion and Conclusion

of the fact that d-orbitals higher in energy will have higher
covalency. Therefore, it is expected that the intensities of these 1 n€ total covalency of the [EN][Fe(0-CsHa(CH,S),).] model

features resulting from transitions to parent states will vary by cOmplex is 151+ 8%. SCF-X-SW calculations with spheres
5A < 5B < 5B < 5E. In addition, the intensity of the feature  adjusted to reproduce spectral démive a total covalency of
from the transition to théE parent state will have at least twice ~ 140% for a tetrathiolate monomer. Therefore, the experimental

the covalency of the transition to the highest enéi@yarent covalency is in reasonable agreement with the calculations. It
state since théE is based on a doubly degenerate d-orbital. should be noted, however, that the calculations overestimate
Shown is a representative fit designed to maximize the two Covalency. As shown in the inset of Figure 1, representing a
lowest energy peaks to determine the maximum possible It maximizing the two lowest energy peaks, the maximun
covalency in the complex. It was found that thecovalency contribution to covalency is< 30%, whereas the calculations
was a maximum of 30% of the content, which was represented give ax covalency of~45%. This overestimation is consistent
by the other two higher energy peaks of the fit. It should be With the charge-transfer analysis performed by Gebhard eétal.,
noted that four peaks are not observed in the second derivativeVN€réx — x charge-transfer intensity is very weak, laut~
of the data due to the closeness in energy of the peaks and th¢’ Charge-transfer intensity is strong.
spectral bandwidth of the experiment@.5 eV). The intensities of the S K-edge pre-edge feature of the
The S K-edge XAS spectra of the three ferric rubredoxins, Proteins are lower than that of the jRf[Fe(0-CeHa(CH2S))z]

Pf Rd, Cp Rd, andCp15Pf Rd, are shown in Figure 2. Edge Model (maximally, 26% lower). The most significant structural
and pre-edge energies are similar for the three proteins difference between the model and protein sites is that the model

indicating that the core 1s energy of the S orbitals and the ligand Sites do not contain hydrogen bonds, whereas all three protein
field splitting are very similar. In addition to the four-&ys sites have six NH---S hydrogen bonds from backbon_e residual
present in the active site of the proteins, @@Rd andCp15Pf donors to the thiolate-522" The average NH---S distance

Rd contain an additional N-terminal methionine residue. This IS 3-50, 3.63, and 3.62 A irPf, Cp, and Cp15Pf Rd,

additional sulfur accounts for the difference in the S K-edge respectively. Hydrogen bonding from the protein amino acids
spectrum observed in Figure 2. In the region just above the © the coordinated thiolates should cause a decrease in the sulfur
edge at~2474 eV, the spectra of thép Rd andCp15Pf Rd charge donation to the metal ion, and thus a decrease in
have higher intensities than thatRfRd. This 2474-eV feature  thiolate-Fe covalency, which is observed. This covalency
is comparable to a feature in this region of the S K-edge difference could be due to variations in the strength and
spectrum of pure-methionine, also shown in Figure 2. Since orientation of the specific hydrogen bonds. It could also be
the Cp Rd andCp15Pf Rd have five sulfurs that contribute to (25) Since the bond lengths of these complexes are similar based on
the edge, but only four that contribute to the pre-edge feature th;FeS_e chrystal structured?’ r;zdeXA”FSf%Bﬁg the same ratio was used for
i H _ e in the comparison withRc, for all of the proteins.

(e%nly those .Su”“rr]s bo‘énd tﬁ the oot atom Coan”bgtS to D ero; (26)Gucker, J. A Ph.D. Thesis, Stanford University, Stanford, CA, 1995.

ge intensity), these data have been renormalized by a factor (37)kang, C. H.; Eidsness, M. K.; Kurtz, D. M., Jr.; Scott, R. A.
of 5/4, and the pre-edges are shown in the inset of Figure 2 unpublished results.
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due to the fact that the number of hydrogen bonds irftsbeet This is the first example of the application of using this S K-edge
region is 9, 7, and 5 foPf, Cp, andCp15Pf Rd, respectively. methodology to understand covalency in iresulfur proteins.
pB-Sheet strands 1 and 2 form the stem of a loop that provides Our results show that the thiolat€e covalency is higher for
two of the cysteinyl ligands to Fe, suggesting a more rigid the model complex than it is for the rubredoxin sites, which is
framework with increasing number of hydrogen bonds, which consistent with the expected effects of hydrogen bonding. S
could have an effect on the F& centers. K-edge XAS produces a quantitative evaluation of these
Changes in covalency of the liganthetal bonds should  covalency and hydrogen bonding effects. There is neither a
contribute to the redox properties of an active site. A reduction strong correlation of the changes in covalency with hydrogen
in covalency of the thiolateFe bond should lead to a higher bonding nor with the redox potentials of the Fe($R$ites,
effective nuclear charge on the metal ion. The larger the indicating that other contributions from the protein environment,
effective nuclear charge, the more the potential is expected tosuch as dielectric medium and charge interactions, likely
increasé€. Indeed, the proteins are generally less covalent and dominate. This study assays the pre-edge region of the S K-edge
have higher reduction potentials than the model complexes byof an iron system and provides the basis for the future
about 1 V. However, in the rubredoxins, the protein potentials investigation of covalency in other irersulfur sites containing
follow the orderCp, Pf, andCp15Pf Rd and are-60, +5, and multiple iron centers.
+69 mV, respectively:*28 While the protein with the highest _
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