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The [4Fe-4S] cluster core is found in two classes of electron
transfer (ET) proteins, namely the 4Fe ferredoxins and the HiPIPs
(high potential iron proteins)They are structurally very similar,
but exhibit different redox properties. Their functional reduction
potentials differ by~1 V. It is well established that these ET
proteins utilize different redox couples; [[33]>/*+ for the 4Fe
ferredoxins and [F£5,]3?* for the HiPIPS The physical origin
of these thermodynamic differences is not known, although a
number of possible factors have been propéseduding the
dielectric constant, hydrogen bonding to the sulfur ligands,
electrostatic effects from neighboring<® amide dipoles, water
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Figure 1. (A) Renormalized S K-edge spectra of Fdl frdin gigas
(solid line), HiPIP fromC. vinosum(dashed line), and [PER[FesSs-
(SEt)] (dotted line). The renormalization factors are 12/8 for Fdl, 9/8
for HiPIP, and 8/8 for [PPf,[FesSy(SEty]. (B) Normalized S K-edge
spectrum of [FgS4(SPh)]?~ (solid line) and its simulation (dotted line)
using the experimental preedges of {6&(SPh)]2~ and [FaS,Cls]%~
(dashed lines) as thiolate and sulfide contribution, respectigely.

accessibility to the cluster, and the location of the cluster in the their intensity and the amount of ligand p-character in the valence
protein. orbitals hence the covalency of the methjand bond*a¢ The

Thus far there has been no experimental estimate of the energy of the preedge is dependent on the effective nuclear charge
electronic structures of the [4Fe-4S] cluster in the protein, thus a of the metal (d-manifold binding energy) and the ligand (1s core
determination of the local vs global nature of the effects of the binding energy) and is thus a probe of the electron density at the
protein on the redox properties. Recently, we have developed different atoms. Here, S K-edge XAS is applied to the;fzE+
ligand K-edge X-ray absorption spectroscopy (XAS) as a direct cluster of HiPIP fromC. vinosuny ferredoxin I (Fdl) fromD.
experimental probe of the covalency of a metgyand bond, gigas® and the model compound [PRHFesSi(SEt)].” We find
thus the strength of the bori# The preedge features of the ligand a dramatic change in the electronic structure of the,$H&"
K-edge are assigned to transitions from the ligand 1s core level cluster between the proteins and the model compound, and also
to the unoccupied or half-occupied metal d-orbitals which are between this cluster in HiPIP and Fdl. These changes in bonding
covalently mixed with the p-orbitals of the ligand. A quantitative provide an important contribution to the observed differences in
analysis of these electric-dipole allowed transitions using the the reduction potential and correlate with differences in hydrogen
irreducible tensor method yields a direct proportionality between bonding of the protein backbone to the [5d%" cluster.

HiPIP fromC. vinosunt and FdI fromD. giga$ were prepared
according to the referenced procedures. The S K-edge spectra
were measured at the Stanford Synchrotron Radiation Laboratory
using the 54-pole wiggler beam line 6:2.

The appropriate renormalized S K-edge spéaféhe [F@Sy2"
cluster from HiPIP, Fdl, and [R&(SEty]?>~ are shown in Figure
1A. All spectra exhibit a preedge peak at nearly the same energy
(~2470.2 eV), however, the intensities of the preedge peaks differ
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Table 1. Energies, Intensities, and Covalencies Obtained from Fits [Fe,S,]2* cluster in the proteins is reduced as compared to that
of the Preedge Features of JER(SEL), >, HiPIP, and Fdl Using of the model compound, and there is also a large difference in
the Preedge Shapes of jSey(SPh)]*” and [FaS,Cli|*” as Thiolate  the electronic structure between Fdl and HiPIP. Most of the

and Sulfide References, Respectively covalency differences are due to the bridging sulfide ligands and

intensity renor- no.of dipole  covalency only a moderate change is observed for the terminal cysteine
weighted _malized metals strength per metal- ligands in Fdl.

preedge intensity bound per metat-  ligand The changes in the local electronic structure of the [4Fe-4S]
energy (dipol  tothe ligand bond?

cluster between the model and the proteins and between HiPIP

(ev) intensity strength) ligand  bond (%) and Fdl appear to be too large to be associated with more global
[FesSy(SEt)]> changes in the dielectric, dipole arrangements, or the location of
§ 24701 129 2.57 3 0.86 382 the iron—sulfur cluster in the protein. Also, slight variations in
RS™ 24708 0.47 0.94 1 0.94 b2 the orientation of the cysteine ligands should not be responsible
HiPIP for this large difference. The irersulfide covalency difference
$~ 24702  0.89 2.00 3 0.66 302 between these cluster sites does, however, correlate with the extent
RS 24707 042 0.94 1 0.94 362 of hydrogen bonding to the cluster. In HiPIP, there is one
Fdl hydrogen bond to the bridging sulfides and four to the cystéihes.
S 24699  0.50 1.49 3 0.50 282 While there is no structure available for Fdl fram gigas the
RS™ 24708  0.27 0.80 1 0.80 3682 crystal structure of ferredoxin fror@@. acidurici exhibits three

a For conversion of the experimentally obtained dipole strength into hydrogen bonds to the sulfides and five to the cystetfdsl
thiolate covalency the blue copper protein plastocyanin is used ashydrogen bonds are between 3.3 and 3.8&.The hydrogen
reference with a dipole strength of 1.02 corresponding to 38% bonds stabilize the electron density on the ligands which reduces
covalency'® Analogously, the infinite chain compound Cské&Sused their charge donation to the iron centers. This effect is also
as reference for the sulfide covalency with an intensity of 1.21 equal observed in the rubredoxihand in 2Fe ferredoxit® In the latter,
to 55.5% sulfide covalenci.For discussions on error limits see ref  the sulfides also show the major covalency decrease. The dramatic
7a. effect of hydrogen bonding on the more electron rich sulfide
ligation is attributed to its higher charge and larger spatial electron
density distribution. The importance of the different amount of
hydrogen bonds to the bridging sulfide was also suggested from
Resonance Raman studf€dhe contribution of hydrogen bond-
ing to the reduction potential of irersulfur proteins has been
mainly attributed to electrostatic effeéisHowever, S K-edge
XAS shows that differences in hydrogen bonding also change
the local electronic structure of the [4Fe-4S] cluster.

In summary, S K-edge XAS shows a large decrease in the
'covalency of the local ironsulfur bonding in the [F£5,]?" cluster
€% protein sites relative to a model compound. The covalency is

also reduced in Fdl relative to HiPIP. This reduced covalency

reflerenceg, refsp(tectlvelyf. The fﬁlin'deéstl;lbslt'ttmed gct)kr:lporlljlnq dhaﬁestabilizes the oxidized relative to the reduced cluster and makes
only preedge teatures ot a metai-bound thiolate and the chioride- important contribution to increasing the reduction potential of

substituted compound has only preedge features of a metal-boun he active site. These differences in charge donation correlate with

sulfide (Figure 1B). The renormalized sum of these separate edge ; ; ; P
nicely reproduces that of the [F&(SPh)J>~ model compound, Stshu(Tﬁ((j&();’[sent of hydrogen bonding, in particular to the bridging
which contains both metal-bound thiolate and sulfitl&he '
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significantly, with the model compound having the highest
intensity and Fdl the lowest. The intensity of the preedge feature
is proportional to the covalency of the iresulfur bond. The
different intensities thus reflect a decrease in the covalency of
the [FeS,]?" cluster in the protein environment. In addition, the
preedges, hence the electronic structures of thgSjPe cluster

in HiIPIP and Fdl, are very different. The preedge feature in all
samples is a superposition of the metal-bound sulfide and thiolate
ligand features, which are not resolved. These contributions can
however, be distinguished using the experimental preedge featur
of [Fe;Se(SPh)]?>~ and [FeS,Cl)? as thiolate and sulfide




