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Abstract: Sulfur K-edge X-ray absorption spectroscopy (XAS) is reported for [Fe,S,]*™2"3* clusters. The
results are quantitatively and qualitatively compared with DFT calculations. The change in covalency upon
redox in both the [FesS]*?* (ferredoxin) and the [Fe,S4]?*** (HiPIP) couple are much larger than that
expected from just the change in number of 3d holes. Moreover, the change in the HiPIP couple is higher
than that of the ferredoxin couple. These changes in electronic structure are analyzed using DFT calculations
in terms of contributions from the nature of the redox active molecular orbital (RAMO) and electronic
relaxation. The results indicate that the RAMO of HiPIP has 50% ligand character, and hence, the HiPIP
redox couple involves limited electronic relaxation. Alternatively, the RAMO of the ferredoxin couple is
metal-based, and the ferredoxin redox couple involves extensive electronic relaxation. The contributions
of these RAMO differences to ET processes in the different proteins are discussed.

Introduction Scheme 1. Schematic Diagram of Fe;S4 Cluster in Bacterial
. o ) ) Ferredoxin and HiPIP Proteins
Iron—sulfur proteins are ubiquitous in nature, performing Scys

many biological functions involving electron transfer and
catalysis. The most common iresulfur proteins have mono- CysS

nuclear, binuclear, trinuclear, and tetranuclear clusters in their
active sitet? The four-iron clusters, found in bacterial ferre-
doxins and high potential proteins (HiPIPs), have f@sBsurige,
forming a cubane structure (Scheme 1), with one termigat
ligand for each Fe atom. These clusters generally perform one- CysS
electron transfer. The tetranuclear site undergoes two different
biologically functional redox couplés. SCys

The HiPIP proteins cycle between the oxidized &+ and
the resting [FgS4)2" states (the HiPIP couple), whereas the Oxidation states have been isolated in proteins and inorganic
bacterial ferredoxins cycle between the {642+ resting form model complexed The electronic structures of these states are

and the reduced [F84]* state (the ferredoxin couple). All three ~ Well-known from detailed spectroscopic and computational
studies’™’ The reduced [F£5,] " state has a valence-delocalized

lgtanfortd lér&iversit%. - <che und Analviische Chermi [FexS;]* subcluster antiferromagnetically coupled to an all-
resent acdress. nstiwiriiiorganischie und Analytische Lhemie, — farrous [FeS;]° subcluster. The spin states of these clusters are
Westfaelische Wilhelms-UniversittMuenster, Germany. : @ L p_ . . o
$ UniversiteLaval. _ predominantlyS = 1/2 in the protein active sites, while in the
U University of British Columbia. [FesSs)* model complexes higher spin stat&sz 3/2 andS=

'Harvard University. 17 . . ot
# Stanford Synchrotron Radiation Laboratory, SLAC, Menlo Park, CA, 5/2 are also foun&!” The EPR silent resting form [E8]

94025.
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shows a characteristic Mebauer spectrum, indicating that it
has two valence-delocalized [fS]* subclusters antiferromag-
netically coupled to give aB= 0 ground staté.The oxidized
[FesS4)3 state has a valence-delocalized f&4 subcluster
antiferromagnetically coupled to an all-ferric PSg]2* cluster,
resulting in a total spin state &= 1/22

Ligand K-edge X-ray absorption spectroscopy (XAS) pro-
vides a direct estimate of ligaranetal bond covalenciesThe
primary transition at the K-edge is the ligand-2s4p transition.
However, because of the covalent mixing of the ligand 3p
orbitals into the unoccupied metal 3d antibonding orbitals of
Fe, transitions to these orbitals from the filled ligand 1s orbital
obtain absorption intensity. This is derived from the electric-
dipole allowedness of the intrinsic s 3p transition. The
intensity of this transition depends on the ligand character in
the 3d antibonding orbitalo), from which the covalency of
the metat-ligand bond can be quantified according to eq 1.

(L= Msg) = oIy Jr|Lgg] (1)

In eq 1,1(L1dr|L3p) is the transition moment integral or the
intensity of a purely ligand 1s> 3p transition, which depends
on theZe of the ligand® Thus, the pre-edge intensity provides
a direct estimate of ligantémetal bond covalency.

A general methodology has been develdpdor d” systems
where there can be multiple™d final states. In these cases,

bridging to the electronic delocalization of the B¢ ™ subunit

of a [F&S4]?" cluster was analyzed. In ref 15 it was shown that
the decrease in bridgingSsurde cCOvalency in a [F£54)%" cluster
decreases the superexchange coupling, causing it to be delo-
calized because of double exchange.

In the present study, the S K-edge XAS of the model complex
[FesS4(SEty]?~, having both thiolate and sulfide ligands, are
analyzed and compared to results from DFT calculations on
the resting [FgS4)%" site. The spectrum and the electronic
structure of the resting state are then used as reference points
to study the changes upon oxidation in the HiPIP couple and
reduction in the ferredoxin couple. For the ferredoxin couple,
model complexes of the reduced and resting state are studied,
while for the HiPIP couple the study focuses on the enzyme
active site to establish covalency changes with redox. For HiPIP,
the protein and model data for the resting form are found to be
very similar, indicating that the HiPIP centers are not signifi-
cantly affected by the protein environment.

These S K-edge results are compared to DFT calculations
for these couples to decompose the observed changes in
electronic structure into contributions from the redox active
molecular orbital (RAMO) and electronic relaxation. Electronic
relaxation is the redistribution of charge density in a molecule
upon oxidation to compensate for the hole produced and can
make a significant contribution to ET processes. Recently, it
has been shown, using a combination of variable energy

the pre-edge intensity depends on the number of holes, thephotoelectron spectroscopy (VEPES) and DFT calculations, that
intensity redistribution into higher energy excited states due to in mononuclear iron tetrathiolate complexes the redox process
Cl, and the ligane-metal bond covalency. These factors have involves extensive electronic relaxation, which contributes
been considered in the analysis of ligand K-edge data of two significantly to the thermodynamics and kinetics of ET in
series of complexes, [MGF~ (M = Cu, Ni, Co, Fe, and Mn) rubredoxint® Here the possible contributions of the nature of
and [M(SR)]2~ (M = Ni, Co, Fe, and Mn}}12 A relation the RAMO and electronic relaxation to the ET properties of
between ligand metal bond covalency and the corrected (i.e., the HiPIP and the ferredoxin redox couples will be considered.
where these factors were taken into account) pre-edge intensity

(Do) has been derived from these analyses. Materials and Methods

Sample Preparation. The model complexes [BN] [FesSi(SEt)]
and [EtN]s[FesS«(SMe)] were prepared according to published
methods.’ For XAS experiments, sample preparations were performed
in a dry, nitrogen-filled anaerobic atmosphere glovebox. The samples
This method has previously been used to analyze the were ground into a fine powder and dispersed as thinly as possible on
electronic structure and bonding of models and active sites of sulfur-free Mylar tape. This procedure has been verified to minimize
mononuclear FeS proteins (rubredoxins) and binuclearEe self-absorption effects. The sample was then mounted across the
proteins (spinach ferredoxin and Rieske protéidfThe method =~ Window of an aluminum plate. A 6.3%m polypropylene film window
has also been used to understand bonding in tetranuclearotected the solid samples from exposure to air during transfer from

[FesSyJ2* sites using model complexes having a single type of the glovebox to the experimental sample chamber. _
donor ligand, i.e., sulfide only in [R8:Cls2~ or thiolate only The HiPIP protein was expressed fréscherichia colas described

. 2 15 . Lo ] in the literature’® The reduced protein solutions (in 100 mM phosphate
in [Fe;Se(SPh)]*~. ™ In particular, the contribution QfsSsuce buffer having pH 7.2-7.3) were pre-equilibrated in a water-saturated

He atmosphere for1 h to minimize bubble formation in the sample
cell. The protein sample was oxidized before experiments by using a
~3 to 4-fold excess of potassium ferricyanide. The solution was then
loaded via a syringe into a Pt-plated Al block sample holder sealed in
front using a 6.3um polypropylene window.

Data Collection and Reduction.XAS data were measured at the
Stanford Synchrotron Radiation Laboratory using the 54-pole wiggler
beam line 6-2. Details of the experimental configuration for low energy

, 3D,

of=— @)
1L, Jr|Ls,0
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studies have been described previod8iyhe energy calibration, data
reduction, and error analysis follow the same methods described in ref
20.

Fitting Procedures. Pre-edge features were fit by pseudo-Voigt line
shapes (sums of Lorentzian and Gaussian functions). This line shap
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convolution of a Lorentzian transition envel@pand a Gaussian line
shape imposed by the beam line op#a. fixed 1:1 ratio of Lorentzian

to Gaussian contribution successfully reproduced the pre-edge features

The rising edges were also fit with pseudo-Voigt line shapes. Fitting
requirements included reproducing the datalits second derivative,

using a minimum number of peaks. There are two components in the
pre-edge region (sulfide and thiolate). Fits were performed using single

peaks to simulate the pre-edge feature of each component with a half-

width of 0.6 to 0.7 eV. Fits were also performed using two peaks for
the sulfide to more accurately simulate the second derivative, which
did not significantly change the total integrated areas and their mean

energy positions. The energies of the pre-edge features of the reduce«d

model complex and protein were allowed to vary by 0.1 to 0.2 eV
from the values obtained from previous studies (2470.1 eV féfFe
UsSsurrige’® and 2470.9 eV for Pé—Siigae®), to allow for shifts due to
oxidation or reduction of the Fe centers. The intensity of a pre-edge

feature (peak area) represents the sum of the intensity of all the pseudo-g

Voigt peaks which were needed to successfully fit the feature in a given
fit. The reported intensity values for both the model complexes and

the proteins are an average of all of the accepted pre-edge fits, typically=

6—8 (which differed from each other by less than 3%).

DFT Calculations. All calculations were performed on IBM 3BT-
RS/6000 work stations and a SGI Origin 2000 computer using the
Amsterdam density functional (ADF) program, versions 2002.03 and
ADF 2000, developed by Baerends et?®4 A triple-¢ Slater-type
orbital basis set (ADF basis set TZP) with a single polarization function
at the local density approximation of Vosko, Wilk, and Nu¥aivith
nonlocal gradient corrections of Be@kand Perde#/ were employed.
The crystal structure of the model complex [&€SEty]?>~ was
optimized toC, symmetry and used for all calculations (See table S1
in the Supporting Information). The electronic structures of the clusters
were calculated in the spin unrestricted broken symmetry tdtee
density of states (DOS) is a sum of pseudo-Voigt curves having
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Figure 1. (a) S K-edge XAS spectrum of the model complex:f&ESEty]>~

and the second derivative showing sulfide and thiolate contributions. (b) S
K-edge XAS spectrum of the model complex JBgSEt)y]2-, the fitted

data, the fit components from sulfide and thiolate transitions, and the second
derivative data and its fit.

envelope of transitions from botsSsurfige 2aNd Shiolate 1S Orbitals
to the d-antibonding manifold. It has been previously deter-
mined, using sulfide-only and thiolate-only model complexes,
that the pre-edge transitions from th&Ssuiiqe 1S orbital are at
~2470.2 eV, 0.8 eV lower in energy than the transitions from

amplitudes given by the calculated orbital covalencies, centered at thethe 1s orbital of Sioae (@t ~2471.0 eV)® Fits to the

respective orbital energy (see Supporting Information for more details)
and with a peak width given by that of a single pre-edge transition
(0.45 eV). On the basis of previous results, an offset of 0.8 eV was
applied to the thiolate DOS relative to the sulfide DOS to account for
difference between the 1s orbital energies.

Results

S K-Edge XAS of [FeSy(SEt)]2". The S K-edge of the
resting form [FeS;(SEty]2~ model complex (Figure 1a) shows

experimental spectrum and its second derivative (Figure 1b) give
the relative contributions of th@s;Ssuiige and Shiclarebased
transitions to the pre-edge intensif4(in Table 1). This pre-
edge intensity is related to the total percentage ligand character
in the d antibonding manifold by eq 2. The transition moment
integrals (IL14r|L3p0) for specific ligands have been determined
by relating the pre-edge intensities of model complexes whose
percentage ligand character in the d antibonding manifold is

two distinct features. There is a broad, intense pre-edge featureknown from independent experimeritdlote that the thiolate

between 2469 and 2472 eV, involving transitions from the ligand

ligand has a higher transition moment integral (namely,

1s orbitals to the metal antibonding orbitals, and another intense! L 1dr|Lspl = 8.05 for thiolate and 6.54 for sulfide), and hence,

rising edge feature, at 2473.0 eV, corresponding to the thiolate
1s— C—S o™ transitions!2 The pre-edge feature represents an

(19) Hedman, B.; Frank, P.; Gheller, S. F.; Roe, A. L.; Newton, W. E.; Hodgson,
K. O.J. Am. Chem. S0od.988 110, 3798.

(20) Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, FBadrg. Chem.
1994 33, 4235.

(21) Agarwal, B. K.X-ray SpectroscopySpringer-Verlag: Berlin, 1979; pp
276 ff

(22) Tyson, T. A.; Roe, A. L.; Frank, P.; Hodgson, K.;®ledman, B.Phys.
Rev. B 1989 39A 6305.

(23) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41.

(24) te Velde, G.; Baerends, E. lait. J. Comput. Physl992 99, 84.

(25) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(26) Becke, A. D.J. Chem. Phys1986 84, 4524.

(27) Perdew, J. PPhys. Re. B 1986 33, 8822.

(28) Noodleman, LJ. Chem. Physl1981, 74, 5737.
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the thiolate pre-edge feature is more intense than that of the
sulfide for the same percentage ligand character in the accepting
orbital. As a result, the relative pre-edge intensitig) o not
directly reflect the relative bond covalencies of these ligands
(Figure 1b). The experimentdl, value gives the total ligand
character summed up over 18 holes, present in the resting form,
using eq 2. AD, of 1.72 for sulfide in [FgS4(SEty]%~ gives a
total hole sulfide character of 492%, an@®gof 0.70 for thiolate
gives a total hole thiolate character of 164%. This total intensity
is then divided by the number of ligantinetal bonds present

in the complex (12u3Ssurige—Fe bonds and four yojae—Fe
bonds) to get an average liganohetal bond covalency. The
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Table 1. S K-Edge XAS Results of [FesS4] Model Complexes and Proteins

sulfide thiolate
covalency per covalency per
Do energy (eV) Fe-S bond (%)? D, energy (eV) Fe—S bond (%)?
[FesSy(SEtM> 1.724+ 0.05 2470.:1 0.1 41+ 1 0.70+ 0.04 2470.9£ 0.1 41+ 1
[FesSy(SMey]3~ 1.59+ 0.08 2470.2£ 0.1 38+ 2 0.59+ 0.1 2471.1+0.1 34+ 2
[FesSy(SCys)]?~ HiPIP resting 1.55t 0.05 2470.10.1 371 0.69+ 0.06 2470.9+ 0.1 40+ 2
[FesSa(SCys)]~ HiPIP oxidized 1.83t 0.03 2470.6£ 0.1 44+ 1 0.81+ 0.06 2470.8£ 0.1 484+ 2

a Obtained by using eq 2 and dividing the total hole covalency by the number of bonds: 12 for sulfide and four for thiolate.
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Figure 2. (a) S K-edge XAS spectrum of [F&(SEty]%~ and [FeSs- ’ — Sulfide
(SMe)]®~ and the second derivative of [F(SMey]3~ showing the 09l Thiolate
components. (See Figure S2 in the Supporting Information for an expanded ) — Background

ion/2™ Derivative @y Normalized Absorption/2" Derivativ

energy region plot.) (b) S K-edge XAS spectrum of the model complex — 2" Derivative, Data

[FesSy(SMe)]3-, the fitted data, the fit components from sulfide and thiolate g 06 -~ 2™ Derivative. Fit
transitions, and the second derivative data and its fit. § 03 !
< 0.
p-]
average covalencies of F@sSsuride aNd Fe-Stiolate bONds are N 0. 72 ~
both found to be 41% (Table . £ ' \/ N/
2465 2467 2469 2471 2473
S K-Edge XAS of [Fe;S4(SMe)]3~. The S K-edge spectrum 2 531

Energy (eV)

of the reduced model complex, [Fa(SMe)]3~, (Figure 3a)
Figure 3. (a) S K-edge XAS spectrum of the model complex,fRESEt)]2~

shows two distinct broad features similar to the spectrum of e !

. o and S K-edge XAS and second derivative of the experimental spectrum of
the resting-form [F£S,(SEt)] mo‘_je| complex. The pre-edge  HipiP protein in its resting [F&]2+ form and in its oxidized form. (See
between 2469.0 and 2472.0 eV involves transitions from the Figure S1 in the Supporting Information for an expanded energy region
ligand 1s to the metal d-antibonding orbitals. The transition at Plot.) (b) S K-edge XAS spectrum of resting form of HiPIP, the fitted data,
24725 eV is the thiolate 1s to-€S o* t iti Th d the fit components from sulfide and thiolate transitions, and the second

= _e IS the thio a € lsto o™ transi |0n: .e sgcon derivative data and its fit. (c) S K-edge XAS spectrum of oxidized form of
derivative to the experimental spectrum (blue line in Figure 2a) Hipip, the fitted data, the fit components from sulfide and thiolate transitions,
shows the presence of distinct contributions to the pre-edge fromand the second derivative data and its fit.
U3Ssuriide 2Nd Shiolate The fits to the experimental spectrum and
its second derivative (Figure 2b) giv@sSsuridge and Shiolate
contributions to the pre-edge intensiti€x) as 1.59 and 0.59,
respectively. These correspond to averagekzSsuiide and Fe-

Shniolate DONd covalencies of 38% and 34%, respectively (Table
1). The intensity of the pre-edge has decreased significantly,
and it appears to be broader than the pre-edge gSjFeEL)]%.
Since the ligand environment in the reduced model complex is
(29) Note that the numbers here differ slightly from published values in ref 31 very similar to that of the resting state model complex (there is
B of S S Inolle L e pe-cdge niensiy was 1t negligible difference between donor properties of SMe and SEY),
the decrease of pre-edge intensity is in part attributed to loss of

than 2%.
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Figure 4. Difference of S K-edge XAS of HiPIP and ferredoxin couple. The difference spectra were calculated by subtracting the resting form spectrum
from the corresponding oxidized protein and by subtracting the reduced model spectrum from the resting model spectrum.

one hole in the reduced model complex relative to the resting S K-Edge of Oxidized HiPIP Protein. The S K-edge XAS
form. An estimate of this contribution to the intensity decrease spectrum of the oxidized HiPIP protein (Figure 3a) also shows
can be made based on average covalency per hole of the restinghe two broad and intense bands characteristic ghf@usters.
state [FeS,(SEty]?>~ complex. Subtracting this average ligand The pre-edge is centered around 2468871 eV, and the rising
character of one hole from the total hole covalency of the resting edge transition is centered at around 2473 eV. Fits to the
form gives an estimate of the covalencies of the reduced clusterexperimental spectrum and its second derivative (Figure 3c) give
as 39% for both the FeusSsuride and the Fe-Siiolate bONds. the contributions oftsSsuiide aNd Shiolate t0 the pre-edge intensity
However, the actual bond covalencies are less than this (38 andD,) as 1.80 and 0.81, respectively. These give average Fe
34%, respectively). Thus, the decrease in pre-edge intensity iSu3Sqsige and Fe-Swiolate bONd covalencies of 44 and 48%,
more than that expected from a decrease by one hole andrespectively. Hence, there is an increase in pre-edge intensity
provides insight into the nature of the RAMO and the presence in the oxidized relative to the resting protein site. An increase
of electronic relaxation in the redox process involving the in pre-edge intensity on oxidation is expected as the number of
[FesS4]#"* couple. Note that the sulfide and thiolate pre-edge acceptor holes has increased to 19, from 18 in the resting state.
transitions shift to a higher energy in the reduced model complex An estimate of this contribution to the increase in pre-edge
compared to those of the resting-form JBgSEty]2~ complex. intensity can be made by adding the average one-hole covalency
The sulfide feature shifts by 0.1 eV (Table 1, from 2470.1 to of the resting form of the HiPIP protein to its total hole
2470.2 eV) while the thiolate pre-edge feature shifts by 0.2 €V covalency. This gives 39 and 42% for F@;Ssurige and Fe-
(Table 1, from 2470.9 to 2471.1 eV). This is due to the g .. respectively, as the covalencies of the oxidized cluster.
decreasedZs; on the Fe with reduction, which shifts the This increase of 7 and 8% in the observed-FgSsuige and
d-manifold to higher energy. Also note that the-8 o* Fe—Stiolate COValencies provides insight into the RAMO in-
transitions shift from 2472.2 to 2472.7 eV from the reduced to yolved and nature of the electronic relaxation in the redox

the resting-form model complex. This is due to a combination process and will be addressed in the following sections. The

of lower 1s orbital energy of theuRiae and stronger €S pre-edge position of the oxidized protein shifts down by 0.1
bonding (raising €S o™ orbital energy) in the resting-form gy relative to that of the resting site. The shift in the pre-edge
model complex. energy position reflects the increaseZg: of the iron atoms

S K-Edge of Resting HiPIP Protein.The S K-edge XAS  non oxidation, which shifts the d-manifold acceptor orbitals
spectrum of the active site of the HiPIP protein (Figure 3a) from {4 |ower energy. Also note that there is a shift of the thiolate 1s
Chromatiumwinosum in its resting form, is very similar to that ~ _, C—S o* position from 2472.8 eV in the resting form to
_Of th.e resting-for_m model compl_ex [FR&y(SEt)]*~ _(blaCk line ~ 2473.2 eV in the oxidized form. The shift is not clear in the
in Figure 3a). Fits to the experimental data (Figure 3b) give gyperimental spectra of the protein (Figure 3a) because of the
#3Ssutide ANd Snolate Pre-edge intensities of 1.55 and 0.69, ygad nature of the peaks. However, the shift is clearly visible
respectively. These correspond to average covalencies of 37 anth, e second derivative of the spectra where the first minimum
40% for the Fe-usSsurice and Fe-Stiolate PONAS, respectively  ager the pre-edge region indicates the position of this transition.
(Table 1)¥*° The slight decrease in the covalencies of the protein s is due to lower energy of the 15 orbital of thecgie and

active site compar_ed to the model (4% for—%SSU'ﬁF’e a_nd the stronger €S bonding (shifting the €S o* orbital to higher
1% for Fe—Swiolate) IS due to the presence of H-bonding in the energy) upon oxidation.

in active sité* N hat this difference in covalency is ) . - .
Eirgrtwir fitr:tth(; SS _ o;es tthaets':e Ea?/eehizh(;er eleccc;r:nede)r/lsity Differential Changes on Redox in HiPIP and Ferredoxin
H32sufide Couples. In both the HiPIP and the ferredoxin redox couples

and are more affected by H-bonds. . .
y (Figure 4), the changes in metdigand bond covalency are
(30) Note that the numbers here ar8—5% higher than results published in ~ more than that expected on the basis of ground state hole

ref 31 because of higher purity of the protein sample (see ref 32). i it ; _
(31) Glaser, T.- Bertini, I: Moura. J. J. G.* Hedman. B.: Hodgson, K. O covalencies. Addltlonall_y,_the difference between the S K e_:dge
Solomon, E. 1.J. Am. Chem. So@001, 123, 4859. XAS spectrum of the oxidized and the reduced partners (Figure
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\B 30 LUMO+1-mmmeeenn 4+—18% S 3p character—# ---------
/B 2o I_UMO --------- 4— 6% S 3p character—» ---------

RAMO Fd couple

RAMO HiPiP couple E N

A2mHC®‘

781 o HOMO-1

Figure 5. Schematic molecular orbital diagram of the cluster in the restinggf%&" form. The two delocalized [R&;]" subclusters A and B are colored
blue and red. The occupied orbitals are represented by bold lines while the unoccupied orbitals are represented by dotted lines. The sjustaetsc,
and hence only the. orbitals are described below. All the orbitals delocalized over subclusters A and B are labeled accordingly. The- HO®Q) is
dee—y? + dee—y? bonding orbital, the HOMO (A2) is,el-y» — di—y2 antibonding orbital with 50% ligand character, and the LUMO (B2) is anfeantibonding
orbital with 6% ligand character.

4— Fe-Fe bonding orbital —p———

T

= LT

4) shows that the change in intensity in the HiPIP couple is + d-y2 orbital (Blo in Figure 5) from subcluster B, which is
more than that in the Fd couple. This difference is quantified believed to be the HOMO in a delocalized reduced two-iron
by the fits to the spectra (Table 1). The total ligand character ferredoxin [FeS;] ™ cluster, is the HOMO- 1 in this case. This
(12 x Fe—usSsuiide coOvalency+ 4 x Fe—Siolate COvValency) is due to strong FeFe interaction in the [F£,] clusters??33
changes by 107% for the HiPIP couple as compared to only which stabilizes this minority spin FeFe bonding orbital of
66% for the ferredoxin couple. Since both processes involve the [FeS;]* unit of the cluster. The LUMO (B& in Figure 5)
creation of one hole, the observed difference between theseis an Fe-Fe antibonding orbital having 6% ligand character.
couples is important. The calculated covalencies (percent individual ligand char-
acters summed over all metal 3d holes) are 25 and 28% for
Fe—usSsuifide @nd Fe-Spiolate bONds, respectively, which are
DFT Calculations on the Resting [FeSs|?" State. DFT quantitatively about 16 and 13%, respectively, less than the
calculations were performed on the resting form of the cluster experimentally obtained bond covalencies (from Table 1). The
to quantitatively compare to the ligand K-edge results. These calculated per hole covalencies are about 2% less than experi-
will then be used to evaluate the relative contributions of the ment. The above DFT calculations used a pure density functional
nature of RAMO and electronic relaxation to the change in (BP86) which is usually found to overestimate the covalency
metat-ligand bond covalency observed experimentally upon with respect to experiment. It is therefore important to first

Analysis

reduction/oxidation. evaluate the process of obtaining numerical estimates of bond
The ground-state wave function obtained for the resting covalencies from pre-edge intensities.
[FesSy]?* form gives twoS = 9/2 delocalized [F£5,]* sub- The experimentally obtained metdigand bond covalencies

clusters, antiferromagnetically coupled to giveSes 0 ground could have errors due to: (@) inaccurate transition moment
state, a result well-known from spectroscopic and computational integral ©,) and (b) an error in distributing intensities between
studies*® A schematic molecular orbital diagram, obtained from sulfide and thiolate as these have differéy values. The
the calculations, is given in Figure 5. EaSk= 9/2 delocalized transition moment integrals used here are those of th€\8
[FexS;] T subcluster (in blue and in red) has 10 occupiebr bond in plastocyanitt for thiolate andu,Ssurige i CsFe$42

B) spin—orbitals (in bold), one occupied (o) spin—orbital, for usSsufide Which were obtained by correlating pre-edge
and nine unoccupied orbitals (dotted lines) delocalized over the intensities of these complexes to known values of total hole
two iron atoms. Since the cluster h@ symmetry, only the
relevanto. orbitals are described, which are also labeled by the (32) NOO%%Q;” - d'\s‘)%%mf&%ﬁsosmme J.H.; Aizman, A.; Case, D. A.

subcluster on which they are localized (A or B). The HOMO (33) Mouesca, J. M.; Chen, J. L.; Noodleman, L.; Bashford, D.; Case, D. A.

_ Am. Chem Soc1994 116 11898
(AZOL in Flgure 5) is the Q‘VZ dxz_V2 antlbondmg orbital (34) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.; Hodgson,

having 50% ligand character. The minority spin bondikeg. K. O.; Solomon, E. I.J. Am. Chem. S0d.993 115 767.
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Table 2. Correlation between Theoretically Estimated and Experimentally Observed Changes in Total Covalency of Different Redox

Couples
change in total
total hole covalency* No. of ligand character ligand character
system sulfide (%) thiolate (%) holes per hole (%)° on redox (%)°
Fd couple [FeSal(SEth?~ 41 41 18 36.5 -10.2
model expt
[FesSul(SMe)~ 38 34 17 34.7
model expt
HiPIP couple [FeS4|(SCysy?~ 37 40 18 34.2 +16.0
protein expt
[FesSs)(SCys)yt~ 44 48 19 37.6
protein expt
resting [FeSs)(SMe)?~ 25 28 18 23
theory
reduced [FeS4(SMe)3~ 1/2 25 27 17 23.9 -1.9
theory unrelaxed
3/2 27 30 17 26.5 +8.7
[FesSul(SMe)~ 1/2 23 19 17 20.2 -10.1
theory relaxed
3/2 24 20 17 219 —16.9
oxidized [FaSs(SMe)t~ 29 31 19 24.8 +13.8
theory unrelaxed
[FesSil(SMe)t™ 30 35 19 26.4 +21.0

theory relaxed

a Experimental total hole covalency is derived from the intensity of transitions to the emgiaritéonding orbitals from 1s orbitals of both types of
ligands.P Observed or calculated total covalency over all holes divided by number of Ko@screase in covalency is indicated by a negative sign and

increase by a positive sign.

covalencies obtained from independent experiments. The transi-

tion moment integral is a function of tf&y of the ligand atoni®
However, theZs is not expected to change significantly in the
ligands considered here Sate and usSsuiiige) relative to their
respective calibranf®.Hence, the transition moment integrals

used above are reasonable. The second factor which could effec

the estimation of covalency from pre-edge intensities is the
incorrect distribution of the pre-edge intensity between the two

donors. This can also be ruled out because similar differences

between the DFT-calculated covalency and S K-edge results
have been observed in cases with only one type of sulfur donor.
In particular, the covalency of FeusSsuiige bONd obtained from
the pre-edge intensity of [E84Cls)> is 39%, whereas the
calculated covalency is 24%, and the covalency of Sgolate
bond obtained from the pre-edge intensity of f6&(SPh)]?~
is 38%, whereas the calculated covalency is 26%.

Thus, these results indicate that DFT at the GGA level

1.4 4 Experimental Data
1.2 1 Sulfide Component from Fit
- Thiclate component from Fit
i 104 —-eeeet Theoretical DOS
Sosd Sulfide DOS
< B EEPT PP Thiolate DOS
S 0.6
N
£ o044
S
=
0.0 e 7 :
2465 2467 2469 2471 2473
Energy (eV)

Figure 6. Experimental data and fit pre-edge components and calculated
DOS for total pre-edge and components sulfide and thiolate. (See Figures
S4 and S5 for details on DOS of sulfide and thiolate.)

pre-edge region of the S K-edge XAS of [Sg(SEt)]?". This
requires a scaling to take into account the different transition

underestimates the increased bonding in these clusters. Altermoment integrals of thiolate apdSsurice The result is in good

natively, the DFT calculations give a good description of relative
bonding interactions of the different ligands in these clusters.
A DOS is constructed by plotting the calculated orbital
covalencies against orbital energy fagSsuridze and Shiolate
(Figure 6). An offset of 0.8 eV is used for thiolate to account
for the difference in its 1s orbital energy relative to the
13Ssuiide > This DOS is then used to theoretically predict the

(35) Note that thd, has to increase by 33% for the experimentally observed
metak-ligand covalency to be comparable to the calculated covalency. An
increase inl, will require an increase e relative to theZe of the
calibrant.Ze will increase with increase in covalency. Therefore, an increase
in |, to reduce experimental estimates of covalency will require an increase
in covalency, which means increasing intensity.

(36) The model complex [FES,-0-xyl),]~ has been well-characterized using
photoelectron spectroscopy (PES), and the covalency of th&fsue bond
in this complex is known to be 45%. The F8piae boONd covalency
obtained from pre-edge intensity of the S K-edge XAS spectrum of this
complex is 43%, very close to the value obtained by PES. However, both
single-point and geometry-optimized DFT calculations (at a GGA level)
on this complex indicate that the F&nolate bONd covalency is 29 to 30%.
This parallels the difference between the calculated and experimental
metal-ligand bond covalencies observed here.
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agreement with the experimental pre-edge data. This suggests
that although the bonding description obtained from DFT
calculations at the GGA level are quantitatively too ionic for
the FqS, system, the relative bonding interactions of sulfide
and thiolate are well-described.

RAMO and Electronic Relaxation Effects on the [F@S;] 32+
and [Fe;S]2+ Redox Couplesin the following sections, the
observed changes in the S K-edge XAS on oxidation will be
decomposed into contributions from the nature of the RAMO
and from electronic relaxation, and a model for differences in
the redox processes in HiPIP and ferredoxins will be developed.
Since these clusters show only small changes in geometry
between different redox states, geometric relaxation has a small
effect and is not considered in the following analysis.

HiPIP Couple. The changes in pre-edge intensity on oxida-
tion of the HiPIP active site (Figure 3c and Table 1) are larger
than that expected from a simple increase of one hole, assuming
the covalency of this hole is equal to the average covalency of
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the holes of the resting [F84]%" state. DFT calculations on (a)
the resting form show that the RAMO for the HiPIP couple
(HOMO, A2a in Figure 5) has more than 50% ligand
characte?’ An estimate of the increase of the total ligand
character due to removal of an electron from the RAMO
(without relaxation, Table 2) shows that the total ligand character
(summed over all holes) should increase by 13.8% (Table 2) of
the total ligand character in the resting state. The experimentally
observed increase for the HiPIP protein is 16% of the total hole
covalency of the resting form, which is close to the unrelaxed
estimate. On allowing the electronic structure to relax, the
increase in total ligand character is about 21% (relaxed, Table
2) higher than the experimental result, though still reasonable.
Hence, for the HiPIP couple only one third of the total calculated
increase in the ligand character on oxidation (7% of 21%) is
from electronic relaxation. Thus, most of the increase in ligand
character is derived from the RAMO involved in the HiPIP
couple in Figure 5 (A@ HOMO). The deviation of the
calculated total changetQ1%) from the experimentally ob-
served total change16%) may be due to difference in the
geometry of the model complex [F&(SEty]%~, on which the
calculation has been performed, and protein active site contribu-
tions.

Ferredoxin Couple. The ligand S K-edge XAS of the
ferredoxin couple (investigated here using the model complexes)
also shows a larger decrease in ligand character upon reduction
than expected based on the average covalency of the resting
state. The total ligand character changes1i$).2% relative to
the resting form, upon reduction, in the ferredoxin couple. Note
that though the reduced protein sites h&we 1/2 ground states,
the reduced model complex [FR(SMe)]®~ is a physical
mixture of S = 1/2 andS = 3/2 state$. Thus, we need to
consider a mean of the changes calculated for these two diﬁerentFigure 7. (a) A spacefill model of the ferredoxin protein froBacillus
reduced states in the analysis. T 1/2 state can be achieved thermoproteolyticud® The cluster sulfide and thiolate sulfurs are visible
by adding an slecron (0 (e LUMO (B2 Figure 8 o e o 7 s e
res'tlng [FeSq*" form, which has only 6% ligand character. of protein. Note?that the cIu.sZ;er is not visible from the sJyrface.

This reduces the total hole covalencyb%.9% (reduced, theory

unrelaxedS= 1/2, Table 2). Thes= 3/2 state is achieved by .4 ple, the RAMO is rich in ligand character and electronic
a spin-forbidden transition creating a hole in the HOMO A2 o|5xation effects are small.

in Figure 5, 50% S character) and occupying the LUMQ

(B3 a in Figure 5, 18% S character) upon reduction of the Discussion

LUMO. This increases the total covalency by 8.9% (reduced,
theory unrelaxed$S= 3/2, Table 2). The mean of these changes
indicates that on reduction the covalency of the model complex
should increase by 3.5% when experimentally it is observed to

10.2%. . . - .

de;;teeaszl(t))y—.no foroelectron'c relaxation in these calculation in the ferredoxin couple (BRin Figure 5). The RAMO of HiPIP
red c:ed tr\wlgo? relaxed Talble 2 Xthtla li Iand ciaracteL: cf:ansesi,s the HOMO of the [FS;]" resting form and has 50% ligand
é Eleé and{lo 1);/ ’forS - )i/2 alr?dS — 3/2 states 9%haracter. Removal of an electron from this orbital upon
rgs ecti.vel Now .theo mean ;f these chan_es show thét onoxidation results in a limited change in electreglectron

pectively. ’ 9 I repulsion, and thus the system needs less electronic relaxation
reduction the covalency should decrease+18.5%, which is .

. . ~ . for charge compensation.

close to the experimental results. Thus, electronic relaxation is

- - Alternatively, the redox process in the ferredoxin couple is
gk?g?;c(:etroi na;:; g ijgrtr;?jg;rif C%?;Téved decrease in total IIgandquite different from that of the HiPIP couple. The RAMO,

In summary, in the ferredoxin couple (involving tBe= 1/2 leading to the biologically relevar$ = 1/2 reduced state of

reduced state) the RAMO is a metal-based orbitab(B2Figure the ferredoxin couple is the LUMO in Figure 5, which has only

. . : . % ligand character. Addin n lectron to this RAMO,
5, 6% ligand character) and adding an electron to this orbital 6% 'ga d characte dding one electron to this . o
L . . . - . localized mainly on the metal centers, leads to a large increase
will induce extensive electronic relaxation, which in the HiPIP

in metal-centered electrerelectron repulsion, and this induces
(37) Similar results were obtained bywcalculations by Noodleman and co- ?IeCtromC relaxation, redistributing the electron density onto the
workers in ref 33. ligands to compensate for the excess charge.

cluster sulfide

cluster thiolate

Electronic Relaxation in HiPIPs and Ferredoxins. The
schematic MO diagram of the resting [Sg]2* form in Figure
5 shows that the RAMO involved in the HiPIP couple (AR
Figure 5) is very different in nature from the RAMO involved
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Functional Relevance As mentioned above, the RAMO for
HiPIP and ferredoxin are different in nature. The coefficient of
the ligand character in the RAMO couples the cluster into the
protein superexchange pathways for T hus, HiPIPs with
greater ligand character in the RAMO (and low electronic

correlates with the fact that the RAMO has very little ligand
character (6%) (and significant electronic relaxation) and, hence,
only a limited coupling into the protein superexchange pathways.
Thus, efficient ET requires a direct interaction with the redox
partner as would be the case for the solvent-exposed cofactor

relaxation) will have better superexchange pathways for electron 5 the four-iron ferredoxin.
transport between the cluster and the surface of the protein. This

is required in HiPIP for efficient electron transport, as thisgze
active site is buried in the hydrophobic core of the protein
(Figure 7b)3° Also, most of the ligand character in the RAMO
of HiPIP is sulfide. There is a highly conserved H-bond to the
sulfide in the HiPIP proteins. From the crystal structures of
oxidized and resting HiPIP fronC. vinosum the [FeS;]™
subcluster containing the H-bond to the sulfide is the redox-
active subclustet? Thus, this H-bond may provide an ET
pathway into the cluster.

Alternatively, the active site of ferredoxin is at the surface
of the protein and is solvent-exposed (Figure “taJhis

(38) (a) Kennepohl, P.; Solomon, Elhorg. Chem2003 42, 696. (b) Lowery,
M. D.; Guckert, J. A.; Gebhard, M. S.; Solomon, EJI.Am. Chem. Soc.
1993 115 3012. (c) Liang, C. X.; Newton, M. DJ. Phys. Chem1992
96, 2855.

(39) Heering H. A.; Bulsink Y. B. M.; Hagen W. R.; Meyer T. Biochemistry
1995 34, 14675.

(40) (a) Bertini, |.; Dikiy, A.; Kastrau, D. H.; Luchinat, C.; Sompornpisut, P.
Biochemistryl995 34, 9851. (b) Carter, C. W., Jr.; Kraut, J.; Freer, S. T;
Xuong, N.-H.; Alden, R. A,; Bartsch, R. Q. Biol. Chem1974 249, 4212.

(41) Fukuyama, K.; Okada, T.; Kakuta, Y.; Takahashi,JYMol. Biol. 2002
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