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Abstract: S K-edge X-ray absorption spectroscopy (XAS) was performed on wild type Cp rubredoxin and
its Cys — Ser mutants in both solution and lyophilized forms. For wild type rubredoxin and for the mutants
where an interior cysteine residue (C6 or C39) is substituted by serine, a normal solvent effect is observed,
that is, the S covalency increases upon lyophilization. For the mutants where a solvent accessible surface
cysteine residue is substituted by serine, the S covalency decreases upon lyophilization which is an inverse
solvent effect. Density functional theory (DFT) calculations reproduce these experimental results and show
that the normal solvent effect reflects the covalency decrease due to solvent H-bonding to the surface
thiolates and that the inverse solvent effect results from the covalency compensation from the interior
thiolates. With respect to the Cys — Ser substitution, the S covalency decreases. Calculations indicate
that the stronger bonding interaction of the alkoxide with the Fe relative to that of thiolate increases the
energy of the Fe d orbitals and reduces their bonding interaction with the remaining cysteines. The solvent
effects support a surface solvent tuning contribution to electron transfer, and the Cys — Ser result provides

an explanation for the change in properties of related iron—sulfur sites with this mutation.

Introduction

Numerous enzymes feature iron—sulfur sites that are key for
reactivity.’ > These enzymes perform awide variety of functions
including electron transfer, substrate activation and DNA repair.
The Fe—S bonds are highly covalent, and a modulation of this
covalency in the protein can contribute to the redox properties
of the site.*® Our previous studies on ferredoxin and HiPIP
indicated that solvent access can change the covalency of the
Fe,S, sites through water H-bonding to the sulfur ligands and
thus tune the reduction potential .°

Fe—Sbond covalency can be directly probed by sulfur K-edge
X-ray absorption spectroscopy (XAS).”® S K-edge XAS mea-
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sures a transition from the sulfur 1s orbital to unoccupied
valence orbitals that have sulfur p character. For acomplex with
covaent bonding between S and a transition metal ion, the S
K-edge spectrum can have a pre-edge feature corresponding to
the transition from S 1sto the unoccupied or half-occupied meta
d orbitals, which can be expressed as

W= (1 - )My — alSy) 1)

The intensity of the pre-edge transition can be used to quantify
the covalency, i.e, the S character, a2, in the predominately
metal based W* 4 orbital using®

I(Sls - Md):azl (Sls - SAp) (2)

where |(S;s — Sgp) istheintrinsic intensity of asulfur 1s— 3p
transition.

The energy of the pre-edge transition reflects the energy
difference between the metal d and sulfur 1sorbital. For thiolate
complexes, the energy of the sulfur 1s orbital can be viewed as
fairly constant over similar complexes. Therefore the pre-edge
energy reflects the energy of the unoccupied metal d orbitals
which are dependent on the effective nuclear charge (Zg) of
the metal and on the ligand field strength.®

Rubredoxin is an iron—sulfur protein involved in electron
transfer and contains a mononuclear Fe center bound by four

(9) Hedman, B.; Hodgson, K. O.; Solomon, E. |. J. Am. Chem. Soc. 1990,
112, 1643-1645.
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Figure 1. Left isaschematic structure of rubredoxin and its active site, and right is a space filling model around the active site. Cys42 and Cys9 are at the

surface and solvent accessible.

cysteine residues in a pseudo Ty geometry.*®*! The FeS, siteis
located at the surface of the protein, and the two surface thiolates
are solvent accessible'? (Figure 1). Rubredoxin is the simplest
iron—sulfur site and thus provides an appropriate system for
evaluating the effect of the solvent on the covalency of the site
and its contribution to the reduction potential.

In rubredoxin, the surface thiolate ligands C42 and C9 and
theinterior ligands C39 and C6 have been individually mutated
to serine.™® These mutations can help evaluate the solvent effect
since only the surface ligands have solvent accessibility. In
addition, mutation of a cysteine ligand to serine significantly
affects the reduction potential. Previous work™ found a reduc-
tion potential decrease of ~200 mV for the surface mutants
and ~100 mV for the interior mutants.

In our earlier study we compared the S K-edge XAS of Rd
to that of an appropriate model and found the pre-edge intensity
to significantly decrease in the protein relative to that of the
model.™® In the present study, S K-edge XAS is extended to
evaluate the contribution of the solvent to thisintensity change,
the effect of Cys— Ser substitution at all four ligand positions
and the effects of the solvent on these variants. These studies
show different solvent effects for WT Rd and the interior
mutants rel ative to the exterior mutants and through correlation
to DFT calculations support the solvent tuning model presented
in reference.®

Experimental Details

Sample Preparation. The Clostridium pasteurianum Rd protein
and all mutants were expressed and purified as described previ-
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ously.*® The WT and C42S Rd were >95% pure as judged by
SDS—PAGE and electrospray mass spectrometry. For S K-edge
XAS measurements, the protein solutions (2 mM protein solution
in 50 mM Tris-HCI buffer at pH 7.5) were pre-equilibrated in a
water-saturated He atmosphere for ~1 h to minimize bubble
formation in the sample cell. Samples were loaded via a syringe
into a Pt-plated Al block sample holder, sealed in front using a6.3
um polypropylene window and maintained at a constant temperature
of 4 °C during data collection using a controlled flow of N, gas,
precooled by liquid N, passing through an internal channel in the
Al block.

Rd Cp and its mutants were lyophilized by spinning the 2 mM
protein solution under vacuum at —44 °C. The lyophilized samples
were ground into a fine powder and dispersed as thinly as possible
on sulfur-free Mylar tape. The sample was then mounted across
the window of a1 mm thick aluminum plate for the SK-edge XAS
measurements. The reversibility of the lyophilization and grounding
process was tested by dissolving the resultant powder in the same
buffer and measuring its S K-edge XAS.

S K-Edge XAS Data Collection and Analysis. All sulfur
K-edge data were measured at the Stanford Synchrotron Radiation
Laboratory using the 54-pole wiggler beamline 6-2. Details of the
experimental configuration for low-energy studies have been
described previously.® The photon energy was calibrated to the
maximum of thefirst pre-edge feature of N&,S,05+5H,0 at 2472.02
eV. A total of 3—5 scans were measured per sample to ensure
reproducibility. Raw data were calibrated and averaged using
EXAFSPAK . Using the PySpline program,*” the background was
removed from all spectra by fitting a second-order polynomial to
the pre-edge region and subtracting it from the entire spectrum.
Normalization of the data was accomplished by fitting a flat second-
order polynomial or straight line to the post-edge region and
normalizing the edge jump to 1.0 at 2490.0 eV. The error from
background subtraction and normalization is less than 1%. Intensi-
ties of the pre-edge features were quantified by fitting the data with
pseudo-Voigt line shapes with a fixed 1:1 ratio of Lorentzian to
Gaussian contributions, using the EDG_FIT program.*® The
reported intensity values are based on the average of 10—12 good
fits. The error from the fitting procedure is less than 1%. The fitted

(16) George, G. N. EXAFSPAK and EDG_FIT; Stanford Synchrotron
Radiation Laboratory, Stanford Linear Accelerator Center, Stanford
University: Stanford, CA, 2000.
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ge.net/.
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intensities were converted to % S;, character using the pre-edge
feature of plastocyanin as areference where 1.02 units of intensity
correspond to 38% Ss, character.™® The uncertainty in pre-edge
energy is ~0.1 ev.*®

Resonance Raman Spectroscopy. Resonance Raman spectra
were obtained in a ~135° backscattering configuration using a
Coherent Innova Sabre 25/7 Art CW ion laser. The 568.2 nm |aser
line with an incident power of 45 mW was used as the excitation
source. Scattered light was dispersed through a Spex 1877 CP triple
monochromator with 1200, 1800, and 2400 grooves’mm holo-
graphic gratings and detected with an Andor Newton charge-coupled
device (CCD) detector cooled to —80 °C. Samples were contained
in a4 mm NMR tube immersed in a liquid nitrogen finger dewar
for measurements. All samples were stable under prolonged laser
irritation. Raman energies were calibrated using N&,SO, and citric
acid. Background spectra were obtained using a buffer solution at
77 K for baseline subtraction in the same type of NMR tube.
Frequencies are accurate to within 2 cm™.

DFT Calculations. All caculations were performed on dual Intel
Xeon workstations using the Gaussian 03 package.?° The geometries
of the active sites of the proteins were optimized with the
unrestricted BP86 functional®>?? using the 6-311G* basis set on
the Fe, S, and akoxide O atoms and 6-31G* on the remaining
atoms. The starting coordinates for WT Rd were obtained from
the published crystal structure with 1.2 A resolution (PDB id:
5XRN).*® The protein was truncated to 114 atoms. To model the
C42S and C39S mutants, the corresponding S atom in the WT Rd
model was changed to O. For the C6S mutant, an H atom was
added to terminate the S atom of Ser6 and a OH~ was added as
the fourth ligand. To model the solvent effect, two water molecules
were added to the surface side of the optimized structure, one water
molecule near each surface ligand. These discrete H,O molecules
interact with the lone pair on each of the solvent exposed donor
ligands. The backbone of each structure was constrained in the
optimization to maintain the conformation of the protein. Single
point calculations using a 6-311+G* basis set on Fe, S, and akoxide
O atoms and 6-311G* on the remaining atoms were performed on
optimized geometrieswiththetight convergencecriteria. Mulliken®~26
and CSPAZ” population analyses were performed using the PyMo-
lyze program?® to calculate the covalencies. TD-DFT calculations
were performed with the electronic structure program ORCA?23°
with the same basis sets and functiona as the single point
calculations.

Results

A. SK-Edge Datafor Wild Type Rubredoxin. The S K-edge
XAS data for wild type (WT) Cp Rd in solution and in
lyophilized form are presented in Figure 2 (dashed and solid
lines respectively). Previously published S K-edge data for a
model complex Fe''(S,-0-xyl),** are included for comparison
(red).
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Figure 2. SK-edge XAS datafor WT Rd with and without solvent and a
model complex.®

Table 1. Pre-Edge Transition Energy, Intensity and Covalency
Results from S K-Edge Data

sample energy (eV) intensity half-width covalency per S (%)
Fe''(Sy0-xyl),? 24704 38
WT lyo 2470.2 0.80 0.60 36
WT soln 2470.2 0.76 0.58 33
C42S lyo 2470.5 0.67 0.61 30
C42S soln 2470.5 0.82 0.54 33
C9S lyo 2470.4 0.75 0.60 33
C9S soln 2470.4 0.80 0.60 36
C6S lyo 2470.2 0.67 0.61 30
C6S soln 2470.3 0.48 0.54 19
C39S lyo 2470.4 0.52 0.57 20
C39S soln 24704 0.44 0.47 17

a published results.*®

WT Rd in solution has a well-resolved pre-edge feature
centered at 2470.2 eV. Contributions from the transitions to
the two half-occupied e orbitals and three half-occupied t,
orbitals are not resolved due to the low value of 10 Dq in
the pseudo T4 ligand field. The pre-edge intensity corresponds
to 33% Ssp, mixing into the unoccupied Fesy orbitals (i.e.,
covalency) from each thiolate (Table 1), consistent with the
previous study.*®

Lyophilized WT Rd shows a pre-edge feature at 2470.2 eV,
which is not shifted in energy from that of WT in solution,
within the resolution of S K-edge XAS (~0.1 eV). The pre-
edge intensity of lyophilized WT Rd corresponds to 36% S
covaency. Compared with WT Rd in solution, lyophilized WT
Rd shows an increase in pre-edge intensity, paraleling the
behavior of Fe,S, ferredoxin. As for ferredoxin, this increase
in S covalency when solvent is removed for Rd can be attributed
to loss of H-bonding from solvent water.®

Compared with the model complex, both WT solution and
lyophilized WT have a pre-edge transition lower in intensity
and in energy, reflecting less donation from thiolates and a
weaker ligand field.

B. S K-Edge Data for the Surface Mutants. The S K-edge
XAS data for the surface mutant C42S in solution are
presented in Figure 3. This surface mutant has a pre-edge
feature at 2470.5 eV and a pre-edge intensity corresponding
to 33% S covalency. The integrated intensity of C42S in
solution is equivalent to that of WT in solution but the peak
of C42S is narrower. The width of the peak reflects the e/t,
splitting by the ligand field. Since the lyophilized WT and
C42S have the same peak width, the narrower pre-edge for
C42Sin solution relative to WT in solution is consistent with
fact that solvent H-bonding to an alkoxide is stronger than
for athiolate (see Analysis section C) and more significantly
decreases the ligand field.

J. AM. CHEM. SOC. m VOL. 132, NO. 36, 2010 12641
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Figure 3. Comparison of S K-edge data for C42S and WT rubredoxin
with and without solvent.

Lyophilized C42S shows a pre-edge feature at 2470.5 eV
with a pre-edge intensity which corresponds to 30% S
covalency. Compared with the data for the C42S solution,
lyophilized C42S shows a decrease in pre-edge intensity.
Therefore, in contrast with WT Rd (included for comparison
as black lines in Figure 3) and Fe;S, ferredoxin, C42S has a
solvent effect in the opposite direction (i.e., an “inverse’
solvent effect) where the S K pre-edge intensity decreases
upon loss of water.

This “inverse” solvent effect can be explained by a change
in charge compensation.”3*~3* In C42S Rd in solution, water
can form H-bonds to both the surface serine and surface cysteine
ligands decreasing their donation, i.e., covalency. Lyophilization
eliminates these H-bonds and would increase the surface ligand
donor interaction with the Fe. This increase in surface ligand
covalency is compensated by a decrease in the covalency from
the interior cysteine ligands. The covalency decrease from the
two interior thiolates exceeds the covalency increase from the
one surface thiolate. Since only S covalency is measured in S
K-edge XAS, the C42S mutant shows a net decrease in pre-
edge intensity upon lyophilization.

The pre-edge feature of the other surface mutant, C9S, is
quite similar to that of C42S. C9S has the pre-edge transition
at 2470.4 eV for both the lyophilized and solution forms and
also shows an “inverse” solvent effect (Figure S1 in the
Supporting Information). Since the S K-edge spectra for C9S
parallel those for C42S and are of poorer quality, they are
not analyzed further.

C. Comparison of Lyophilized WT and C42S. Since the
solvent effect on WT and C42S Rds are in the opposite
direction, their lyophilized forms are now compared to
elucidate the effect of the Cys — Ser mutation. Comparing
the S K-edge XAS of lyophilized WT to that of lyophilized
C42S Rd (Figure 3), the pre-edge transition shifts up in
energy by 0.3 eV, indicating that the d manifold has increased
in energy. Thus the alkoxide acts as a stronger ligand than
thiolate. The pre-edge intensity of lyophilized C42Sis |lower
than that of lyophilized WT Rd. Thus the donation of the
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Figure 4. Comparison of S K-edge data for interior mutants and WT
rubredoxin with and without solvent.

alkoxide ligand causes the thiolate ligands to donate less per
thiolate. From the compensation effect mentioned above, this
indicates that alkoxide acts as a stronger donor ligand than
the thiolate it replaced.

D. SK-Edge Data for the Interior Mutants. The S K-edge
data for the interior mutants C6S and C39S are presented in
Figure 4. The interior mutants have considerably lower than
100% metal loading® due to lower stability. Therefore the
S K-edge intensities cannot be compared to WT Rd.
Alternatively their energies and the change in energy and
intensity of a specific mutant with lyophilization can be
reasonably compared.

Both interior mutants show the normal solvent effect of WT
Rd, i.e, the pre-edge intensity increases upon lyophilization.
This is consistent with the fact that both surface ligands in the
interior mutants are thiolates as in WT and the covalency from
these ligands increases upon loss of water H-bonds. However,
the difference between the lyophilized form and solution is
discontinuously largein C6S. A previous study showed that, in
contrast to the other three mutants, C6S has a hydroxide ligand
rather than the mutated serine, i.e., an F€''(S-Cys)s(OH) center.™
It is possible that lyophilization of C6S leadsto loss of the OH™
ligand and the three thiolates donate more charge to compensate
for this ligand loss.

In paradlel to the C42S and C9S mutants, the pre-edge
transition in C39S is higher in energy than in WT reflecting a
stronger ligand field when alkoxide is bound. However, while
C6S Rd in solution aso shows a pre-edge transition higher in
energy than that of WT, reflecting the stronger OH™ ligand,
the pre-edge transition energy of lyophilized C6S is about the
same as that of WT. This would also be consistent with the
loss of the OH™ ligand in lyophilized C6S Rd.

E. Resonance Raman for WT and C42S. It has been sug-
gested that S covalency can change in FeS sites due to
conformational change of the thiolate ligands.® This is best
probed by resonance Raman spectroscopy which is sensitive to
the Fe—S—C—C dihedra angle.

Spiro and co-workers have shown that the Fe—S stretching
frequency can change by as much as 43 cm™ when the dihedral
angleis changed.®” Therefore, we performed resonance Raman
studies on WT and C42S Rd in both solution and lyophilized
forms. The spectra are shown in Figure 5.

(35) Due to limited stability, the loading percentage of the metal center
for C6S and C39S could only be estimated to be ~60% in C6S and
~50% in C39S using the pre-edge intensity.

(36) Niu, S. Q.; Ichiye, T. J. Am. Chem. Soc. 2009, 131, 5724-5725.

(37) Yachandra, V. K.; Hare, J.; Moura, I.; Spiro, T. G. J. Am. Chem. Soc.
1983, 105, 6455-6461.
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Figure 5. Resonance Raman spectra for WT and C42S rubredoxin with
and without solvent.

The resonance Raman spectra for WT Rd in solution and
C42S Rd in solution are consistent with those reported in
previous studies.®=° WT has four features associated with Fe—S
stretching in the range 290—400 cm™?; the 315 cm™! intense
peak assigned to the Fe—S breathing mode v1(FeS;) and 356
cm™t, 367 cm™! and 380 cm™! are assigned to the triply
degenerate T, mode in Ty which splits due to symmetry lowering
in Rd.*® C42S exhibits three bands™* in the range 310—390 cm ™t
associated with one Fe—S breathing mode v,(FeS;) and the
doubly degenerate E mode which splits due to symmetry
lowering from Cs,.

From our resonance Raman spectrain Figure 5, for both WT
and C42S there is no observable change in any of the Fe—S
frequencies when either protein is lyophilized.*>** Therefore,
there is no significant change in the FeS—CC dihedral angles
upon lyophilization and thus the observed covalency changes
are not caused by a conformational change of the Rd site.

Analysis
A. DFT Modeling.

A.1l. Geometry Optimizations. Geometry optimizations for
the WT Rd were performed using both asmall and alarge model
of the active site. The small model is an Fe(SMe), complex in
pseudo Tyq symmetry (Figure 6A). The large model is from the
crystal structure of WT Rd (PDB id: 5XRN, Figure 6B) and
includes the backbone of the peptides which form six H-bonds
to the thiolates (a total of 114 atoms). To maintain the
conformation of the backbone in the large model, the oxygen
atoms on the backbone and the four terminal carbon atoms of
the peptide chains (capped with H atoms) were constrained in
the optimization.

(38) Czernuszewicz, R. S,; Kilpatrick, L. K.; Koch, S. A.; Spiro, T. G.
J. Am. Chem. Soc. 1994, 116, 7134-7141.

(39) Czernuszewicz, R. S; Legall, J.;; Moura, |.; Spiro, T. G. Inorg. Chem.
1986, 25, 696-700.

(40) Note the Fe-S stretching frequency does not shift up upon lyophiliza-
tion. When the donation increases upon lyophilization, the charge on
Fe decreases and thus the ionic interaction between Fe and S becomes
weaker and opposes the increase in covalent interaction.**

(41) Gorelsky, S. 1.; Basumallick, L.; Vura-Weis, J.; Sarangi, R.; Hodgson,
K. O.; Hedman, B.; Fujisawa, K.; Solomon, E. I. Inorg. Chem. 2005,
44, 4947-4960.

Figure 6. Structures of of (A) the small model and (B) the large model
used in DFT calculations.

Table 2. DFT Optimized and Experimental Fe—S and Fe—O Bond
Lengths (in A)

external internal

Fe—S(C42) Fe—S(C9) Fe—S(C6) Fe—S(C39)
WT_Exp? 2.25 2.29 2.33 2.31
WT 2.25 2.26 2.32 2.31
WT-+2water 2.26 2.26 2.31 2.30
C428_Epr 1.94 (0O) 2.29 2.29 2.31
C42S 1.84(0) 2.26 2.34 2.32
C42S+2water 1.85(0) 2.26 2.34 2.32
C39S 2.26 2.29 2.34 1.90 (O)
C6S_OH 2.26 2.26 1.87 (0) 2.35

aFrom crystallographic data in 5XRN.pdb.  From crystallographic
data in 1BE7.pdb.

The DFT optimized Fe—S bond lengths are listed in Table 2
together with the bond lengths from crystallography.®® The
optimized structure for the small model has four identical Fe—S
bond lengths while for the large model the surface Fe—S bond
lengths are shorter than the interior bond lengths, consistent with
the crystallographic results for WT. The longer interior Fe—S
bond lengths are consistent with the different number of H-bonds
from protein backbone (two H-bonds for each interior thiolate
and one for each surface thiolate).** Therefore, the protein
backbone in the large model is essential for reproducing the
differences between the surface and interior ligands in the
rubredoxin site. The large model was employed for al DFT
calculations on Rd.

Since the surface ligands C42 and C9 have about the same
Fe—S bond length and the S K-edge data for C42S and C9S
are also quite similar, only C42S is calculated to represent the
surface mutants. To model the C42S and C39S mutants, the
corresponding S atom in the large model for WT was changed
to O. The C6S mutant was modeled with a Fe'''(S-Cys);(OH)
center.

To simulate WT Rd and the mutants in solution, two water
molecules were added to the surface side of the optimized large
model, one water molecule near each surface ligand with the
O atom ~3.3 A away from the thiolate S or ~2.9 A from
the serine O and one OH bond of the H,O orientated toward
the SYO atom. This structure was then optimized with only the

(42) The Fe—S—C—C diheral angles of the interior thiolates also differ
from those of the surface thiolates (~180° vs ~90°). However a
geometry optimization of an Fe(SCH,CH3), model complex where
two Fe—S—C—C diheral angles are 90° and the other two are 180°
gives four identical Fe—S bond lengths (see Supporting Information).
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Table 3. Fe—S and Fe—O Bond Lengths (in A) from EXAFS and
DFT

Fe—S Fe—0
EXAFS DFT EXAFS DFT
WT 2.274 2.28
C42S 2.290 2.31 1.836 1.84
C39S 2.281 2.30 1.865 1.90
C6S 2.280 2.29 1.869 1.87

Table 4. DFT Calculated S Covalency and TD-DFT Calculated
Pre-Edge Intensity

SCPA covalency

av ce2 09 co c39 iltz'nzga
WT 315 347 338 275 29.5 46.5
WT_2water 295 304 29.7 278 30.1 43.8
C42S 275 188(0) 334 234 25.8 41.7
C42S 2water 29.6 186(0) 337 274 27.6 43.8
C39S_ 29.0 30.7 311 252 15.4 (O)
C6S_OH 283 320 271 120(0) 25.90
@ Normalized to intensity per one S.
4_0 '
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Figure 7. TD-DFT calculated pre-edge region of S K-edge XAS.

backbone oxygen atoms and the four termina carbon atoms
frozen. In the optimized structures, water forms H-bonds with
the surface thiolates at a distance of ~3.28 A (water O to thiolate
S atom) or with the surface akoxide at a distance of 2.74 A
(from water O to akoxide). From Table 2, adding water
molecules did not considerably change the Fe—S and Fe—O
bond lengths (<0.01 A). Thus the average bond lengths
calculated from the large model without water can be compared
with the average bond lengths determined from EXAFS™ to
evaluate the results of the optimization calculations. From Table
3, the calculated Fe—S and Fe—0 bond lengths agree well with
those from the EXAFS data.

A.2. Simulation of S K-edge Data and CSPA Population
Analysis. TD-DFT calculations and CSPA (c-squared population
analysis)®>” were performed on the optimized structures above.
Theresults are given in Table 4 and Figure 7. The rationale for
using CSPA is addressed in section D.

From WT to WT+2water, CSPA predicts a decrease in
covaency from 31.5% to 29.5%, consistent with the decrease
from 36% to 33% in S K-edge XAS datain Figure 2 and Table
1. In comparing C42S to C42S+2water, the CSPA calculated
covaency predicts an increase from 27.5% to 29.6%, again in
agreement with the increase from 30% to 33% in the S K-edge
XASdatain Figure 3. In comparing the calculated WT to C42S
models, the covalency decreases from 31.5% to 27.5%, con-
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sistent with the change from 36% to 30% in experimental S
K-edge XAS data.

TD-DFT calculation results also show a decrease in intensity
in comparing the WT to WT+2water models, an increase in
intensity in comparing the C42S to C42S+2water models, and
a decrease in intensity between WT and C42S, in good
agreement with S K-edge XAS data and CSPA calculations.
The TD-DFT calculations aso reproduce the shift-up in pre-
edge transition energy from WT to C42S, indicating that
alkoxide is a stronger donor ligand than thiolate (Figure 7).

In the DFT calculated structures, addition of 2 H,O to the
WT and to the C42S structures predicts no noticeable change
in Cys confirmation (See Table S1 in the Supporting Informa-
tion), consistent with the resonance Raman results. Therefore,
the covalency change observed in calculations and experiment
can be attributed to the H-bonding interaction with the water
molecules.

B. The Normal and Inverse Solvent Effects. The DFT
calculations reproduced the normal solvent effect for WT and
the inverse solvent effect for C42S Rd observed experimentally
in Figure 3 and Table 1. From Table 4, addition of 2 H,O to
the WT model decreases the covalency from the two surface
thiolates due to the additional H-bonding. While the covalency
of the interior thiolates increases to partially compensate, the
net effect is a decrease in covalency, i.e., the “normal” solvent
effect.

From Table 4, upon addition of 2 H,O to the surface residues
of C42S, the covalency from the surface alkoxide decreases due
to water H-bonding while the covalency from the thiolates
increases to compensate, giving the inverse solvent effect.
Compared to WT, the compensation from the interior ligands
is much larger in C42S. In addition, although the surface thiolate
(C9) forms an H-bond with water, its covalency also increases
dightly. This can be explained by the fact that the H-bonding
to alkoxide is stronger and requires increased thiolate compen-
sation. However, the O coefficient decreases by only a limited
amount (from 18.8% to 18.6% in Table 4). In the next section
we address why the limited change in alkoxide bonding can
lead to a significant compensation for the inverse solvent effect.

C. Alkoxide Relative to Thiolate Donation. In comparing the
S K-edge XAS data for C42S to those of WT Rd, the S
covalency decreases, suggesting that alkoxide O is a better
donor, resulting in less thiolate donation. The calculations in
Table 4 reproduce this effect and show that there are two
contributions to this decrease in thiolate S donation. First, C42
is a surface ligand which has a shorter Fe—S bond length and
thus increased covalency relative to the interior thiolates. So
when C42 isreplaced by a serine O, even if the covalency from
the other three thiolates were unchanged, the average S cova-
lency would decrease. Second, the alkoxide substitution also
causes the net covalency of the remaining three thiolates to
decrease.

In C39S and C6S Rd, one interior thiolate is replaced by an
alkoxide or hydroxide, respectively. The interior thiolates have
longer Fe—S bonds and lower covalencies relative to the surface
thiolates, so if the alkoxide did not change the covalencies of
the other three thiolates, the average S covalency would increase
relative to WT Rd. While differences in loading preclude an
experimental probe of this substitution, DFT cal culations show
a decrease, not increase, in the net thiolate S covaency.
Consistent with this, both the DFT calculations and EXAFS
experimental data show an increase in the average Fe—S bond
length upon alkoxide substitution. Therefore, when alkoxide (or
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OH") is substituted for an interior thiolate ligand, the spectator
thiolates donate less.

Therefore, replacing either the surface or the interior thiolate
with an alkoxide (or OH™) decreases the covalency of the other
thiolates, indicating that the alkoxide (or OH™) is a better donor.
However, the CSPA analysis in Table 4 shows that the
covalency (i.e., amount of donation) from the alkoxide (or OH™)
Oisonly 12—18.8%, much less than the ~30% covalency from
each of the thiolate S's. Thus the akoxide O contributes less
than thiolate S to the wave function but decreases the donation
from the remaining thiolate ligands.

From the experimental S K-edge XAS data and the TD-DFT
calculations, substitution of the thiolate with the alkoxide ligand
(both surface and interior) shifts the S 1s — Fe 3d transitions,
thus the 3d orbitals, up in energy. Below we evaluate the origin
of this increase in Fe 3d orbital energy and the impact of this
shift on the spectator thiolate donation.

We consider the bonding of one Fe 3d orbital |Fe) to three
thiolate S orbitals and one alkoxide O orbital. The wave function
of the Fe based orbital W*g can be expressed as a linear
combination of these orbitals:

W* = CelFE) + C4|S) + ¢g|S) + ¢cg|S) + ¢5|O)  (3)

The energy of W*r. (E*re) is obtained by solving the secular
determinant

Hrore = B Hpos = ESees Hres = ESres Hees = ESrs Hpeo = ESeo

Hees — ESws  Hes — E 0 0 0
Hes— ESs O He — E 0 0 .
Hees — ESkes 0 0 Hgs — E 0

Heeo — ESeo 0 0 0 Hoo — E

“

where the overlaps between the ligands are considered to be
zer0. Hrere, Hss and Hpo are estimated from atomic orbital
ionization energies (—7.9 eV for the Fe 3d orbital,** —11.7 eV
for S 3p and —15.9 eV for O 2p).** Hres and Heeo are the
resonance integrals which relate to the ligand—metal overlap
and are estimated by matching the coefficients of the solutions
of W*r, to the experimental S K-edge XAS covalencies, for
the FeS; WT model (where eq 4 is expressed with four S
ligands) and the FeS;0 variant. (Details are included in the
Supporting Information.)

Theresultsare given in Table 5. In going from an FeS, to an
FeS;0 site, the energy of the d orbital E*g increases by 0.2
eV, O has a smaller mixing coefficient (i.e., covalency) than S
(~7% vs ~9%) and the mixing coefficient of the three sulfurs
(i.e., their net covalency) decreases (from 9.0% to 8.5%), as
observed in the DFT calculations and in experiment.

To understand this behavior, a simplified two atom system,
ML, is considered. For this system

E*w — Huw = /IZAML ©)

where Ay, = (Huwv — Hy) and 4 is the ligand mixing
coefficient. Equation 5 indicates that in comparing the bonding
interactions of a metal with alkoxide and with thiolate, since
alkoxide O has p orbitals that are deeper in energy (i.e., H. is
more negative) relative to those of the S due to its higher

(43) Corrected from the atomic ionization energy using the NPA charge
of the WT Rd model.

(44) Ballhausen, C. J.; Gray, H. B. Molecular orbital theory: An introduc-
tory lecture note and reprint volume; W. A. Benjamin, Inc.: 1964.

Table 5. Calculated Energy (in eV) and Covalency of an Averaged
Fe 3d Orbital

FeS, FeS;0
Heere —-9.7 —-9.7
Hss —11.7 —-11.7
Hoo —15.9
HFeS - 19 _19
HFeO _30b
Sres 0.1 0.1
Sreo 0.1
Efee —8.2 —8.0
cs?? 9.0% 8.5%
co??@ 6.8%

@From the DFT calculation only 4 Fe d orbitals have significant S
character. Thus the 36% experimental covalency of lyophilized WT
corresponds to 9% S covalency in each d orbital. ® Heeo is lower in
energy since Heg o< (Heere + HL)Sre (L = O or S) and Hoo is larger
in magnitude than Hss.

electronegativity, Ay, is larger for the alkoxide and E*\ can
shift higher in energy even with a smaller ligand mixing
coefficient.

From the variational principle, the covalency in eq 3 can be
estimated from eq 6:

Hees — B FeS:eSn _ Hees N ©6)
Efpe —Hss ™ Efpe— Hss ™

Cs =

(Supporting Information.) Thus a higher d orbital energy, E* g
(due to antibonding to the alkoxide), would decrease the mixing
coefficient cs of the thiolate.

This model also suggests a mechanism for the covalency
compensation observed in the S K-edge XAS data and calcula-
tions when water is added to C42S Rd. The water H-bonds
decrease the alkoxide O mixing coefficient only from 18.8% to
18.6% (Table 4), however the H-bond to the akoxide O is strong
(—10 kcal/mol vs —4 kcal/mol for thiolate®) and is reflected
in the donation from the entire alkoxide ligand which decreases
significantly (from 26.8% to 24.5%).%° This decreases the energy
of the Fe d orbitals. DFT calculations predict a~0.3 eV decrease
in Fe 3d orbital energies and TD-DFT calculations predict a
0.07 eV decrease in pre-edge energy upon adding two H,O
molecules to C42S.*" This decrease in Feyy energy will increase
the S covalency according to eq 6.

(45) Calculated from DFT energies of the WT and C42S models with and
without water.

(46) The covaencies of the entire alkoxide and thiolate ligands for WT
and C42S with and without water are listed in the table below. The
changein thiolate ligand covalencies for WT and C42S upon solvation
parallel the changein S covalencies discussed above, i.e., for WT the
surface thiolates decrease in covalency while the interior ligands
increase in covalency, giving a net covalency decrease; for C42S the
surface thiolate decreases in covalency while the interior thiolates
increase, giving anet covalency increase. The change in whole ligand
covalencies in going from WT to C42S also parallels the change in
S/O covalencies, i.e., akoxide donates less than the thiolates but can
reduce the thiolate donation.

whole ligand CSPA covalency

av (thiolate) C42 Cc9 Cé C39
WT 63.4 76.1 76 45.9 55.7
WT_2water 58.5 66.2 62.9 479 57.3
C42s 54.7 26.8 (0) 74 41.7 48.3

CA42S 2water 56.6 24.5(0) 70.3 46.5 53.0

(47) Thisenergy shift would not be observed in the experimental S K-edge
data as the resolution is ~0.1 eV.
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D. CSPA vs Mulliken Population Analysis. It has been
reported that H-bonding from water does not significantly
decrease the covalency for an Fe,S, center using a Mulliken
population analysis (MPA) on the Fe,S, site.*® This led to the
suggestion that the decrease in S K-edge intensity in Fe,S,
clusters upon lyophilization was due to an Fe—S—C—C con-
formational change.®® However, from the resonance Raman data
in Results section E, such a conformational change does not
occur for Rd upon lyophilization. We also observe no significant
covalency decrease in the WT Rd model upon the addition of
two H,O molecules using MPA. Alternatively for the Rd site,
TD-DFT calculations predict the experimentally observed S
K-edge intensity decrease and CSPA agrees with the S K-edge
XAS data and the TD-DFT results in showing a covalency
decrease.

Although MPA is the most widely used procedure, it has
severd issues limiting its utility for these studies. First, in MPA
the overlap population (c,C,Su) is equally divided between the
two overlapping atoms. Thisis not particularly suitable for polar
bonds like Fe—S. In addition, the covalency measured by S
K-edge XAS does not reflect this division of valence electron
density.

The pre-edge intensity of S K-edge XAS is proportional to®

1(SiiMg) o= KW* ISl = [(1 — o) XMlr|Syo +
Sy lrISIF (7)

Since the overlap between aligand centered core 1s orbital and a
metal centered vaence orbita is very small, (1 — a?)YAMr|Si9
is negligible. The expression for the intensity becomes (S5 —
Mg) o< a?[(Saplr|Siof?. (See eq 2 in the Introduction.)

Thus valence electron density on the metal or in the overlap
region between the metal and the ligand does not significantly
contribute to the expectation value of (W*4|r|S;s due to the
localization of the S 1s orbital. Since CSPA only uses the
coefficient of the wave function®” and does not include the over-
lap population, it more directly correlates to S K-edge XAS
than MPA.

E. Correlation of Reduction Potential to Covalency. To
explore the solvent effect and the Cys — Ser mutation effect
on the reduction potential of Rd, we calculated the ionization
energies for WT Rd and for the mutants (Table 6). In going
from the WT Rd model to the alkoxide and OH™ mutants, the
calculated ionization energy decreases by ~200 mV, contribut-
ing to the decrease in reduction potential observed experimen-
tally.** This indicates that the alkoxide ligand stabilizes Fe'"
more than the thiolate ligand it replaces. Thisis consistent with
the results from section C indicating that in terms of bonding
energy the alkoxide O isastronger donor ligand than the thiolate
S.

(48) From our own calculations on a ferredoxin model Fe;S,;SMe, (see
the table below), CSPA reproduced the experimental covalency
decrease for both sulfide and thiolate upon solvation. MPA reproduced
the experimental covalency decrease for the sulfide, but not for thiolate,
because the Fe—S overlap increases for the sulfides but decreases for
the thiolates, upon solvation.

covalency (%)

sulfide thiolate total
expt MPA CSPA expt MPA CSPA expt MPA CSPA

4Fe Fd 468 418 416 152 132 141 617 550 557
4Fe Fd+8water 420 378 388 136 128 131 557 506 519
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Table 6. Comparison of Calculated lonization Energy and
Experimental Reduction Potential

ionization energy (eV)? reduction potential® (mV)

WT 0.66 -77
WT_2water 1.03
c428 0.41 —273
C42S 2water 0.89
C39s 0.48 ~—180
C6S 0.59 -170

@lonization energy is calculated by subtracting the energy of the
optimized reduced state from the energy of the optimized oxidized state.
b Against NHE (normal hydrogen electrode).
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Figure 8. Plot of the [FeS,]~ reduction potential as a function of total
Fe—S covaency. The difference in covalency between WT Rd (a) and
Fe(S;-0-xyl), (M, lower right) corresponds to an ~430 mV increase in
reduction potential. The remaining ~280 mV is from the asymmetric
electrostatic environment around the site. The covalency increase due to
lyophilization would correspond to @230 mV decrease in reduction potential.

Importantly, the calculated ionization energies predict a 370
mV increase in reduction potential for WT Rd when water is
included in the calculation and thus the covalency is decreased.
From our past studies,®*°*° there is an approximately linear
relationship between the covalency and reduction potential with
anegative sope, indicating that a decreased covalent interaction
between S and Fe will raise the reduction potentia by
destabilizing the oxidized state more than the reduced state. An
estimate of this effect on the reduction potential of an FeS, site
is given in Figure 8, in which the covalencies derived from S
K-edge XAS studies on Fée'(SPh), and Fe'(S,-0-xyl), are
plotted relative to their corresponding one-electron reduction
potentials (measured in DMF and scaled to NHE) and a linear
dependence is assumed.

In going from Fe'"'(S,-0-xyl), to WT Rd in agueous solution,
the reduction potential increases from —790 mV to —77 mV
while the total covalency (sum of the covalencies of the four
thiolates) decreases by 19%. From the plot in Figure 8, this
covaency decrease should result in approximately a +430 mV

(49) Dey, A.; Okamura, T.; Ueyama, N.; Hedman, B.; Hodgson, K. O,
Solomon, E. I. J. Am. Chem. Soc. 2005, 127, 12046-12053.

(50) Dey, A.; Roche, C. L.; Walters, M. A.; Hodgson, K. O.; Hedman, B.;
Solomon, E. I. Inorg. Chem. 2005, 44, 8349-8354.
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increase in the reduction potential. The remaining +280 mV
contribution to the observed reduction potential of WT Rd would
thus result from the additional stabilization of the reduced state
by the asymmetric electrostatic field around the site and the
effects of H-bonding. Based on the calculations of Warshel and
co-workers,®* this el ectrogtatic stabilization has 55% contribution
from the charge and dipole on the protein, 33% from water
dipole, and the rest from solvent dielectric. From this plot, the
change in covalency observed due lyophilization,11%, predicts
a 230 mV contribution to the potential of Rd due to the H-bonds
of local H,0 to the exterior thiolate ligands.

Discussion

Our S K-edge XAS data show that the Fe—S covalency
increases for WT Rd and decreases for the C42S variant when
the solvent isremoved. Whileiit is possible that such a covalency
change would result from a conformation change induced by
lyophilization, our resonance Raman data indicate that, in fact,
no conformational change has occurred. Therefore, the change
in covalency is attributed to the water H-bonding interaction
with the surface thiolates. DFT calculations with H-bonded H,O
molecules reproduce this covalency change with no conforma-
tional change, and this is aso observed in the TD-DFT
calculations. This supports the model in ref 6 that |oss of water
H-bonding to the exterior ligandsis the origin of the covalency
change upon lyophilization. The interior and surface mutants
also strongly support this model in that the solvent effect on
the interior mutants is in the same direction as for the WT Rd
(the covalency increases upon lyophilization) while for the
surface mutants the solvent effect is in the opposite direction
(the covalency decreases upon lyophilization). Thus the change
in SK-edge intensity in all cases correlates with desolvation of
the surface ligands upon lyophilization.

Since the reduction potential of iron—sulfur proteins is
dependent on the Fe—S covalency and the covaency can be
changed by water H-bonding to the ligands, the solvent can
tune the reduction potential of iron—sulfur proteins. This is
especialy important for biological processes where an iron—sulfur
protein binds another protein or DNA as a cosubstrate. This
binding can lead to the desolvation of the iron—sulfur active
site and shift the reduction potentia into the functional range
for electron transfer. As an example relevant to this study, in
the electron transfer chain for the oxygen reduction process in
the anaerobic sulfate reducer Desulfovibrio gigas, the flavin
center in rubredoxin-oxygen oxidoreductase (ROO) is reduced
by Rd. The reduction potential of the flavin center is 0 mV for
the quinone/semiquinone couple and —130 mV for the semi-
quinone/hydroquinone couple. The reduction potentia of resting
Rd is 0 £ 5 mV, which is not low enough for the second
reduction of the flavin.> A possible regulation mechanism for
this electron transfer is that interaction with ROO may lead to
desolvation of the Rd active site and thus decrease its reduction
potentia into the functional range.

(51) Stephens, P. J; Jollie, D. R.; Warshel, A. Chem. Rev. 1996, 96, 2491—
2513.

(52) Gomes, C. M.; Silva, G.; Oliveira, S,; LeGall, J,; Liu, M. Y.; Xavier,
A. V.; RodriguesPousada, C.; Teixeira, M. J. Biol. Chem. 1997, 272,
22502-22508.

With respect to the mutation effect of replacing a thiolate
with an alkoxide ligand, the S K-edge intensity decreases even
though the alkoxide O has a lower mixing coefficient. This
reflects the fact that O is more electronegative than S and has
its donor orbitals at deeper energy. In this bonding situation a
lower contribution to the wavefunction can still reflect a stronger
bonding interaction. Indeed the pre-edge is observed to shift
up in energy in the four mutants (Figures 3 and 4). This will
impact the compensation of the spectator ligands as higher
energy d orbitals interact more weakly with these ligands. This
increase in d orbital energy will aso lower the reduction
potential as observed experimentally for the alkoxide substituted
mutants.

In the 2Fe ferredoxins, the Fe,S; clusters are localized mixed
valent in the reduced WT protein while, in the Cys— Ser mutant
of Clostridium pasteurianum, the FeS, clusters become
delocalized.>*~%° The present study provides insight into how
this change could happen. When athiolate ligand in the Fe,S,
siteisreplaced by an alkoxide, the alkoxide O can decrease the
donation and therefore the covalency of the bridging u,-S?~ and
thus reduce the antiferromagnetic coupling which tends to keep
the site localized. Reduced antiferromagnetic coupling could
allow the double exchange to dominate, resulting in a delocal-
ized site.

In summary, this study has shown that it is the solvent
H-bonds to the surface ligands that are responsible for the
changesin S K-edge intensity upon lyophilization. This supports
the model in ref 6 that solvent can tune the reduction potential
of iron—sulfur centers. Finally the alkoxide ligand is determined
to be a stronger donor that can decrease the donor interaction
of the remaining ligands and significantly impact the properties
of an iron—sulfur site.
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