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We have used *"Fe nuclear resonance vibrational spectroscopy (NRVS) to study oxidized and reduced forms of the [4Fe-4S] cluster in
the D14C variant ferredoxin from Pyrococcus furiosus (PfD14C Fd). To assist the normal-mode assignments, we conducted NRVS with
D14C ferredoxin samples with *°S substituted into the [4Fe-4S] cluster bridging sulfide positions, and a model compound without
ligand side chains, (Ph,P),[Fe,S,Cl,]. Several distinct regions of NRVS intensity are identified, ranging from “protein” and torsional
modes below 100 cm ™, through bending and breathing modes near 150 cm ™, to strong bands from Fe—S$ stretching modes between
250 and ~400 cm . The oxidized ferredoxin samples were also investigated by resonance Raman (RR) spectroscopy. We found good
agreement between NRVS and RR frequencies, but because of different selection rules, the intensities vary dramatically between the
two types of spectra. The *’Fe partial vibrational densities of states for the oxidized samples were interpreted by normal-mode analysis
with optimization of Urey—Bradley force fields for local models of the [4Fe-4S] clusters. Full protein model calculations were also
conducted using a supplemented CHARMM force field, and these calculations revealed low-frequency modes that may be relevant to
electron transfer with Pf Fd partners. Density functional theory (DFT) calculations complemented these empirical analyses, and DFT
was used to estimate the reorganization energy associated with the [Fe,S,] 2H/% redox cycle. Overall, the NRVS technique
demonstrates great promise for the observation and quantitative interpretation of the dynamical properties of Fe—S proteins.
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initially discovered as electron transfer agents, have since been
shown to function in catalysis, cofactor biosynthesis, Fe storage,
regulation of gene expression and enzyme activity, DNA repair
and as structural components of proteins.* ¢ A recent survey of
Fe—S proteins found at least 35 distinct protein folds containing
[4Fe-4S] clusters, with a relatively constant rate of discovery of
new folds since 1995.”

The hyperthermophilic Archaeon Pyrococcus furiosus (Pf)*
contains an ~7.5 kDa ferredoxin (Fd) with a single [4Fe-4S]
cluster that is coordinated by three cysteine ligands (C11, C17,
and C56) and one aspartate ligand (D14).” This protein plays a
central role in Pf metabolism, serving as an electron acceptor in
fermentation and as an electron donor in hydrogen evolution
pathways. Because of its small size and high stability even at
95 °C, as well as the ready interconversion between [4Fe-4S] and
[3Fe-4S] clusters, Pf Fd has been extensively investigated by site-
directed mutagenesis,mf12 along with electrochemical, EPR,
and resonance Raman (RR) studies'? and theoretical calcula-
tions."> "> An X-ray diffraction crystal structure for the PfD14C
Fd variant in the oxidized [Fe,S,]*" form has been deter-
mined.'® The structure has been described as the same fold
observed for other monocluster ferredoxins, with two double-
stranded antiparallel 3-sheets and two @--helices, depicted using
VMD'7 (Chart 1). In the PfD14C variant, the exchangeable Fe is
also coordinated by cysteine and is within 13 A of solvent water
molecules. The rest of the [4Fe-4S] cluster is blocked from direct
contact with solvent and coordinated by NH—S hydrogen
bonds.

In model compounds and in proteins, [4Fe-4S] clusters
usually exhibit distortions from tetrahedral symmetry.'®”>°
High-resolution crystal structures of [4Fe-4S] model complexes
frequently reveal tetragonally compressed clusters, with four
short and eight long Fe—S bonds and approximate D,,
symmetry."®'” An alternate description is that the bridging
S tetrahedron is elongated along a z-axis, while the Fe tetrahe-
dron is compressed along the same axis.>' This lowering of
symmetry is commonly assigned to a multicenter Jahn—Teller
distortion,* but it has also been argued that the distortion
comes from packing effects on the cluster side chains, which in
turn affect the availability of sulfur lone pairs for interac-
tion with Fe d orbitals.>" The synthesis of strictly tetrahedral
[4Fe-4S] clusters tends to support the notion that these
distortions are not intrinsic to the cubane structure but arise
from external forces.****

Resonance Raman spectroscopy has been an important tool
for the elucidation of the structure and dynamics of [4Fe-4S]
clusters, including differences between [4Fe-4S] clusters in
low-potential ferredoxins and high-potential iron proteins
(HiPIPs).>>~*” RR spectroscopy has also been used to probe
[4Fe-4S] — [3Fe-4S] interconversion,”® >° reductive couplin%
of [2Fe-4S] to [4Fe-4S] clusters on the IscU scaffold protein,’
partial [4Fe-4S] — [2Fe-4S] transformation in the nitrogenase
Fe protein,32 and chan%es in electron localization in ferredoxin:
thioredoxin reductase.’

As with other vibrational spectroscopies, the symmetry of a
cluster can be revealed by the number of nondegenerate normal
modes.** For [4Fe-4S] clusters, descent from T to D,y sym-
metry by a tetragonal distortion is predicted to split the RR-active
normal modes, accordingto E—A; + B, T, —~ A, + E,and T,
— B, + E transitions.”**" The solid state spectrum for the model
(Et4N),[Fe,S,(SCH,Ph),] exhibits such apparent E/B, split-
ting features at 359/367 and 243/249 cm ', respectively.”®
These features coalesce into single peaks at 360 and 244 cm ™'
in the solution spectrum, and this change has been used to argue
for a tetrahedral structure in this state.”® Similar E/B, splittings
were assigned early on for Clostridium pasteurianum (Cp) Fd>>%¢
and later for Clostridium acidi-urici (Ca) ferredoxins.”” Initially,
the absence of such splitting in the HiPIP RR spectrum was
interpreted as evidence of a more tetrahedral geometry.26 How-
ever, subsequent higher-resolution HiPIP spectra revealed that
such features were indeed split,27 confirming that, in accord with
their crystal structures, HiPIP clusters also possess a distorted
nontetrahedral geometry.

The previously reported RR spectrum for Pf D14C Fd is very
similar to those of other all-cysteinyl-ligated ferredoxins.'* An
apparent E/B, splitting of features at 354/363 cm™ ' has been
assigned, on the basis of analogy with previous Cp Fd work.
Although a tetragonal distortion similar to those seen in high-
resolution structures for Bacillus thermoproteolyticus*® and Ca®’
ferredoxins might have been expected, the crystal structure of
oxidized Pf D14C Fd at 1.70 A resolution'® reveals an only
slightly distorted [Fe,S,]>" core with approximate D, ; symme-
try for the Fe,S",S', (where S° and S stand for bridging and
terminal sulfurs, respectively) portion of the Fe,S,Cys, site
(Chart 1). Individual Fe—Fe distances range from 2.71 to 2.75 A,
while the Fe—S® bond lengths range from 229 to 2.34 A.
The variety of orientations of the cysteine side chain carbons
and Fe—S—C—C dihedral angles lowers the true site symmetry to

Chart 1. (a) VMD'’ Cartoon Representation of the [Fe;S,]>" Form of Oxidized PfD14C Ferredoxin (PDB entry 2Z8Q) and (b)
Close-Up of the Crystallographically Observed Cluster Site (color) Compared to a Hypothetical Fe,S,(SCCC), Model with C,

Symmetry (gray)

()

(b)
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Cy, but as illustrated in Chart 1, C, symmetry remains a useful
approximation. As for hydrogen bonding to the cluster, in oxidized
Pf D14C Fd there are eight NH- - -S interactions, the same
number observed for other well-studied ferredoxins.***’

Several groups have developed empirical force fields to model
the dynamlcs of [4Fe-4S] clusters. Spiro and co-workers used a
D5, Fe,S°,S', model, with a Urey—DBradley force field (UBFF)
and Badger’s rule adjustment of Fe—S stretching force constants,
to successfully reproduce most of the Fe—S stretching
frequencies.”® As with rubredoxin,**"* the significance of
Fe—S—C—C dihedral angles in the coupling between Fe—S§
stretching and S—C—C bending®™ was emphasized.'**” The
conformational differences between proteins and models were
also proposed to account for differences in mode ordering and
mode frequenc1es In an analysis of (BuyN),[Fe,S4(SCH;),4]
usinga D, Fe,S " ,(5'C), model, Kern and co-workers augmented
the Spiro force field with S—C stretching, Fe—C nonbonding
interactions, and bend and torsion force constants involving the
terminal ligands.>" Although the importance of coupling between
Fe—S stretch and S—C—C bend motions was noted in both
studies, extended side chains were not included in either set of
calculations. Later, thiolate ligand orientation effects were expli-
citly included in simulations of aconitase spectra.”” In our NRVS
analysis of (BuyN),[Fe,S,(SPh),], we employed an empirical
force field and idealized structures from T;to C; symmetry,44 and
the results were compared with results from DFT calculations.**
Somewhat different force fields have been employed in molecular
dynamics calculat1ons for [4Fe-4S] clusters in HiPIPs* and
ferredoxins.*® These force fields, for example, CHARMM and
AMBER, employ long-distance Coulomb and Lennard-Jones
terms that are absent from the Urey—Bradley force fields.

Compared to those of their oxidized partners, the dynamic
properties of reduced [4Fe-4S] sites in proteins remain un-
explored, because neither RR nor FT-IR has succeeded in
probing the [Fe,S,]™ redox level. The few structures available
for [Fe,S,]™ clusters indicate only modest structural changes,
but we know nothing about changes in force constants. An
improved understanding of the dynamics of all redox levels
would be useful for predictions about structure and function in
Fe—S§ proteins. For this reason, we have examined Pf D14C Fd
by a combination of resonance Raman (RR) spectroscopy and
nuclear resonance vibrational spectroscopy (NRVS).

NRVS has become a popular technique for probing the
dynamics of Fe in metalloproteins,*** and the essential physics
of this technique have been reviewed.*”*® The measurement
involves scanning an extremely monochromatic X-ray beam
through a nuclear resonance. As with an IR or RR spectrum,
NRVS reveals vibrational normal modes, but with different
selection rules. Specifically, the NRVS intensity for a given
normal mode is related to the motion of the resonant nucleus
(in this case *’Fe) along the direction of the incident X-ray
beam.***! For a randomly oriented sample, the normalized
excitation probability S(¥) for a transition involving normal
mode @ at frequency 7, is d1rectly proportional to Fe-mode
composition factor €Fe, azz S2

2
— MEelFe,00

S e = o 1
(1/(1) < CRe,a Zm‘riuz ( )

2 ) .
where m; and r;,~ are the mass of atom i and its mean square
motion in mode @, respectively, and 7 is the difference between

the photon energy and the recoil-free nuclear resonance energy.
The results are typically reported as an *’Fe-centered partial
vibrational density of states (PVDOS), Dg.(7), using a line shape
function /(v — ¥,) to account for instrumental and lifetime
broadening:>"**

Dre(v ZeFea (7= a) (2)

Here e report the *’Fe NRVS spectra for oxidized and
reduced *’Fe-enriched PfD14C Fd, both with natural abundance
S and with *°S in the bridging sulfide positions. RR spectra for
both oxidized isotopomers are also presented. By combmmg
constraints from NRVS and RR spectra and their *°S isotope
shifts, we were able to refine a Urey—Bradley force field for the
oxidized site. The results are compared with previous RR and
molecular mechanics analyses of [4Fe-4S] ferredoxins and model
compounds. The new force field reproduces the high-frequency
stretching modes, which has been done before, as well as the
lower-frequency bending and torsional modes, which have not
been quantitatively included in previous studies.

Furthermore, because the protein environment of the [4Fe-
48] cluster is key to its biological function, we extended the
dynamical simulations to include the entire protein by means of a
supplemented CHARMM force field. Finally, to complement
these empirically based approaches, we also interpreted the
spectra using DFT calculations. Overall, the results improve
our understanding of the dynamics of [4Fe-4S] clusters, their
coupling to the protein matrix, and the force constant changes
and reorganization energies associated with redox activity.

B METHODS

Model Compound Preparation. (Ph,P),(*"Fe,S,Cl,) was
prepared by literature methods.>* Briefly, S’FeCl, was first
prepared from reaction of metallic >"Fe (100 m: g) with HCl in
methanol, concentrated, and cooled to —20 °C.>> White crystals
of [Fe(MeOH), ]Cl, were obtained. The crystals were heated at
180 °C in vacuo for several hours to a constant we1ght A Schlenk
flask was prepared with a mixture of anhydrous *’FeCl, (65 mg,
0.51 mmol), KSPh (112 mg, 0.76 mmol), (PPh,)CI (95 mg, 0.25
mmol), and elemental sulfur (20 mg, 0.63 mmol). Acetonitrile
(5 mL) was then added with continuous stirring. After 45 min,
the solution was filtered to remove KClI and unreacted sulfur and
crystallized from ether. After several days, the solution exhibited
deposition of a black crystalline solid. The product, 55 mg of
(PPh,),(*"Fe,S4Cly), was isolated by filtration, washed twice
with ether, and dried in vacuo.

Protein Purification and Sample Preparation. Recombi-
nant Pf D14C Fd was expressed in Escherichia coli and purified
using the same expression vector and cond1t1ons described
previously."" For preparation of protein with *°S- and "Fe-
substituted [4Fe-4S] clusters, the protein was reconstituted in a
manner similar to that described previously.*® The protein (116
mg) was first denatured by addition of cHCl (¢ = 1.2 M), EDTA
(¢g=0.5 M), and 2-mercaptoethanol (2-ME) (c¢¢ = 0.2 M). The
sample was incubated while being slowly swirled at 37 °C for 4 h,
resulting in precipitation and loss of the brown color. The protein
was pelleted by centrifugation at 18000g and resuspended in
0.5 M Tris (pH 8.5) and 0.5 M 2-ME. This precipitation was
repeated twice. The final (white) pellet was washed first by
resuspension in 10 mL of ice-cold 100% acetone and centrifuga-
tion again, and then briefly with HPLC grade water, and dried.
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The pellet was dissolved in 0.5 M Tris (pH 8.0) and 100 mM
2-ME to a concentration of ~6 mg of protein/mL and diluted to
a concentration of ~2 mg of protein/mL in 0.5 M Tris (pH 8.0)
and 100 mM dithiothreitol.

To prepare the iron used in reconstitution, we dissolved 11.2
mg of elemental >"Fe (95%) in 90 uL of aqua regia (3:1 HCl/
HNO; mixture), resulting in a completely dissolved, bright
yellow solution. This solution (20-fold molar excess over the
protein) was injected into an anaerobic vial containing the
solubilized protein (~2 mg/mL) while being stirred under Ar.
For reconstitution with natural abundance S, Na,S was added
(20-fold molar excess over protein).

For reconstitution with *°S, the *°S sulfide was prepared
essentially as described in refs 57 and 58, in which elemental
S was reduced to the S>~ oxidation level by being heated in a
hydrogen atmosphere. In brief, 2.4 mg (~67 umol) of *°S was
extensively degassed in each of four sealed 12 mL vials and then
flushed with pure H,. The vial was heated over a low flame until
all visible sulfur, which had sublimed onto the sides of the vial
upon heating, had disappeared. After the sample had cooled to
room temperature, some sulfur reappeared on the glass, and the
vials were heated again, which was enough to reduce all the sulfur
to sulfide. When the *°S sulfide was prepared, 400 4L of 50 mM
Tris (pH 8.5) with SO mM DTT was injected and used to
carefully rinse the entire inside of the vial. Ap};roximately 1 pmol
of ferredoxin (~8 mg of protein mixed with >’Fe, 20-fold excess
of 3°S over protein) was then injected into each vial, the contents
of which began turning brown immediately. The contents of the
four vials were combined into one, and the solution was stirred
overnight at room temperature under Ar.

The next day, the reconstituted proteins were diluted into
200 mL of degassed water and loaded onto a DEAE-FF anion
exchange column (GE Healthcare, Piscataway, NJ) equilibrated
in buffer A [SO mM Tris (pH 8.0)], block eluted with S00 mM
NaCl in buffer A, and concentrated by ultrafiltration. For all
protein samples described below, we produced the air-oxidized
form of the protein by washing it extensively in 100 mM Tris (pH
8.0) followed by ultracentrifugation with Amicon Ultra-4 S kDa
NMWL filters (Millipore, Billerica, MA). For the reduced
samples, the protein was extensively degassed and flushed with
Ar and then reduced by being washed several times in an
anaerobic chamber with a Microcon YM3 kDa NMWL
(Millipore) with 20 mM sodium dithionite in 100 mM Tris
(pH 8.0).

Mossbauer Spectroscopy. As Pf Fd can undergo intercon-
version between [4Fe-4S] and [3Fe-4S] forms, the cluster
nuclearity and redox status for all samples were monitored by
conventional Mossbauer spectroscopy. The spectra were re-
corded at 78 K under zero magnetic field using a sine-wave-
acceleration spectrometer with an Oxford OptistatDN cryostat.
The spectrometer consists of a Wissel 1200 Mossbauer velocity
drive unit, a LND-45431 proportional counter, and a room-
temperature >’ Co/Rh source. Isomer shifts are quoted relative
to 25 um o-Fe foil at 298 K. Mossbauer spectral simulations
were conducted using the NORMOS-90 software package
(Wissenschaftliche Elektronik GmbH). The Mdssbauer spectra
and simulations are given in Figure S1 of the Supporting
Information.

Nuclear Resonance Vibrational Spectroscopy. For NRVS
measurements, samples were loaded into 3mm X 7mm x 1 mm
(interior dimensions) Lucite cuvettes. °’Fe NRVS spectra were
recorded using published procedures*® on multiple occasions at

beamline 3-ID at the Advanced Photon Source (APS)’
and beamline BLO9XU at SPring-8.°° Fluxes were on the order
of 3 x 10° photons/s in a 1.1 eV bandpass. During NRVS
measurements, samples were kept at low temperatures using
liquid He cryostats. Temperatures were calculated from the ratio
of anti-Stokes to Stokes intensity via S(—E) = S(E) exp(—E/kT).
Although the temperature reading at the sensor was ~6 K, the
real sample temperature obtained from the spectral imbalance
analysis was ~100—120 K. Nuclear fluorescence and delayed
Fe K fluorescence were recorded with a single 1 cm”® square
avalanche photodiode (APD) at the APS and with an APD array
at SPring-8. Each scan took ~40 min, and all scans were added
and normalized to the intensity of the incident beam. Each final
protein spectrum represents ~12—24 h of measurement. The
(Ph,4P),[Fe,S,Cly] model data represent the average of three
scans from each facility.

Resonance Raman Spectroscopy. RR spectra were recorded
in a backscattering geometry from frozen drops of Pf D14C Fd
solutions on a Au-plated Cu coldfinger inside an Oxford Opti-
stat-DN liquid nitrogen cryostat at 77 K. The excitation source
was a Coherent Innova-2 Ar' /Kr" laser, using a power of ~35
mW and operating at 488 nm. The spectra were recorded with a
Spex model 1877 triple Raman spectrograph, using a cooled
Spectrum One 594 CCD detector. The spectra were calibrated
using peaks at 218 and 314 cm ™' in a room-temperature CCl,
sample, as well as 85.1, 153.8, and 219.1 cm ! peaks in elemental
sulfur. To improve the accuracy of the Raman calibration, the
entire stretching region spectrum (180—480 cmfl) was re-
corded simultaneously as one region. The slits were set to 0.15
mm to achieve ~6 cm ™" resolution. Each spectrum represents
~45—60 h of measurement.

Empirical Force Field Normal-Mode Calculations. Empiri-
cal normal-mode calculations were conducted with a UBFF using
VIBRATZ.®' The crystal structure for oxidized Pf D14C Fd was
obtained from the Protein Data Bank.'® Because there was no
crystal structure for the reduced Fd, a plausible structure was
generated by mimicking the core bond lengths of the reduced
model compound, (EtyN);[Fe,S,;(SCH,Ph),]."® The four
shorter Fe—S® bond lengths and the eight longer Fe—S" bond
lengths were fixed at 2.302 and 2.33 A, respectively, while Fe—S§"
bond distance were kept at 2.297 A, using the MOLSTART Java
application program.

For the “full protein” calculations, H atom coordinates were
built using the HBUILD facility of CHARMM 33.°> The systems
contain 968 protein atoms and 55 crystal water molecules. The
force field garameters consisted of the CHARMM?22 all-atom
parameters®” and additional parameters for the [4Fe-4S] cluster
as initially obtained from the “local site” optimization. To obtain
a structure for the normal-mode calculation, it was necessary to
refine the X-ray crystal structures (PDB entry 2Z8Q)** >’ to a
minimum energy conformation. Constraints were introduced
during the minimizations that led to a minimum energy structure
close to the crystal structure, and a mass-weighted atomic
harmonic potential was applied to each heavy atom. The systems
were energy-minimized by 1000 steps of the steepest descent
method followed by successive sets of Adopted Basis Newton—
Raphson (ABNR) minimizations (500 steps each) with the
constraints reduced and the reference structure updated each
set; the final constraint constant was 0.05 kcal mol " A™* per
atomic mass. The normal-mode calculations were then per-
formed without constraints using the VIBRan module in
CHARMM 33.°* For comparison with the experimental spectra,
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Gaussian functions were calculated centered around each w, the
frequency of mode 0, using an 8 cm™ ' full width at half-
maximum (fwhm) and amplitude proportional to e]—az. The
>"Fe PVDOS was then obtained by summing these Gaussian
functions over all modes.

“Degree of Collectivity” Calculations. The degree of collec-
tivity “c”, first proposed by Bruschweiler,”® was calculated by the
equation given by Tama and Sanejouand,** except that the Fe
and S atoms of the cluster were included in the summation along

with all non-hydrogen protein atoms:

1 N
K= g exp (—Z a AR/ log ARiz> (3)

where o is a normalization factor chosen so that SNaAR? = 1.

DFT Calculations. The molecular model for the density
functional theory (DFT) calculations was based on the 1.7 A
resolution crystal structure of Pf D14C Fd,'° with initial co-
ordinates extracted from PDB entry 2Z8Q. The four cysteinyl
ligands to the [4Fe-4S] core were modeled using ethyl thiolates,
CH;CH,S ™, taken exactly as in the X-ray structure (- and
[-carbons and the y-sulfur of Cys).

The four Fe sites of the [4Fe-4S] cluster were treated as two
pairs of high-spin Fe centers, coupled antiferromagnetically to
produce a low-spin [2Fel:2Fel] broken symmetry (BS) S = 0
spin state®” for the diamagnetic oxidized form, [Fe,S,] 2+ and an
S = 1 spin state for the reduced form, [Fe,S,]™. The BS electronic
structures were constructed using an option to assign a number
of unpaired o/[3-electrons to Fe atomic fragments, as implemen-
ted in JAGUAR 7.5.% These starting BS densities were further
used to proceed with the geometry optimizations and analytic
Hessian calculations using GAUSSIAN 03.% For all the calcula-
tions, the PW91%” density functional was used with the
LACV3P** basis set, as implemented in JAGUAR. For the first-
and second-row elements, LACV3P** implies a 6-311G** triple-
{ basis set, including the polarization function. For the Fe atom,
LACV3P** uses the Los Alamos effective core potential (ECP),
and the valence part is essentially of triple-{ quality.

Three approaches to the geometry optimization of [Fe,S,-
(SCH,CH,),]”>” oxidized form model and its subsequent spectros-
copy interpretation by DFT were considered: (i) all atoms relaxed,
(i) o-carbons of Cys ligands fixed to their X-ray positions, and
(iii) both o- and B-carbons of Cys fixed. The intermediate fixation
scheme (i) is implied in the text, if not otherwise mentioned.

The *'Fe isotope mass was used for the normal-mode analysis
following Hessian calculations. On the basis of normal-mode
analysis, NRVS and kinetic energy distribution (KED) spectra
were generated using Q-SPECTOR, an in-house Python tool for
analysis of the vibrational normal modes calculated by various
computational chemistry software (here, GAUSSIAN). To
match the width of the experimental spectra, the simulated
spectra were broadened by convolution with a 7 cm™" (fwhm)
Gaussian line shape.

The calculation of the self-exchange inner-sphere contribution
A; to the reorganization energy of the [4Fe-4S] cluster was
conducted in a manner following others:*%°

Ai = on + Ared
Aox = E(Ox%*) — E(Red®™) (4)

Ared = E(Red®?) — E(Ox"*)

Energy (meV)
0 10 20 30 40 50 60

NRVS PVDO

Urey-Bradley simulation

NRVS Raman

DFT

0 100 200 300 400 500
Energy (cm™)

Figure 1. Data and simulations for (Ph,P),[*"Fe,S,Cl,]. From top to
bottom: experimental *’Fe PVDOS (black line) and Urey—Bradley
simulation (red line), experimental *"Fe PVDOS (black line) compared
with the resonance Raman spectrum (red line), and DFT calculations for
[*"Fe,S,Cl,]*~ (blue line). The asterisk indicates the low-frequency
region of acoustic modes not included in the calculations. Sticks show
frequencies and relative intensities of calculated normal modes before
linewidth broadening.

where A, the reorganization energy during oxidation, is the
difference between the energies of the oxidized complex
[Fe,S4(SCH,CH;),]* ™ in its equilibrium geometry (0x%)
and the oxidized complex in the equilibrium geometry of the
reduced complex (Red”™). Similarly, A,.q the reorganization
energy during reduction, is the difference between the energies of
the reduced complex {[Fe,S,(SCH,CHj3),] } in its equilibrium
geometry (Red®*®) and the reduced comglex in the equilibrium
).

geometry of the oxidized complex (%

B RESULTS

[Fe,S4Cl,]1%~, a Simple Case. Before addressing the relatively
complex spectra of [4Fe-4S] clusters in proteins, we compare RR
and NRVS spectra and analysis methods on a sim];ler system with
fewer atoms and higher symmetry ([Fe,S,Cly]° ). The vibra-
tional modes for this cluster have been analyzed in T,; symmetry
using IR and RR data;** here we compare the resonance Raman
and NRVS data for the *’Fe-substituted complex.

As shown in Figure 1, one often observes very different relative
intensities for the same modes in RR and NRVS spectra. In the
resonance Raman spectrum, modes are strong when the molec-
ular geometry changes significantly in the electronic excited state,
whereas in the NRVS spectrum, normal modes are strong when
there is a significant amount of Fe motion in the vibrational
ground state. Another major difference in the two spectra is that
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Table 1. Mode Assignments and Calculated and Observed Frequencies and **S Isotope Shifts for Oxidized Pf D14C Fd

symmetry and mode label Cp, RR*® Pf *’Fe D14C Fd, RR Pf *’Fe D14C Fd, NRVS calculated Pf D14C Fd values in D, (C,) symmetry
v Ay, ¥S v Av, 3°s v Av, 3°s v Av, 3%s
Ty Dsy G (m) (m ) (m)) (em™Y) (em ™) (em™?) (em™) (em™) ere”
Af Af A 395 39 391 9 390 6 389.0 (382.3) 6.2 (0.8) 0.424 (0.413)
T, B, B 380 56 381 12 382 14 379.0 (376.7) 6.2 (11.2) 0.435 (0.36)
i B 375 9 383 11 375.3 (384.0) 7.5 (12.8) 0.422 (0.657)
T, E B 363 20 359 10 356 22 347.0 (350.3) 7.5 (2.7) 0.324 (0.837)
B, A 351 07 349 7 353 10 357.0 (354.7) 12 (3.1) 0.45 (0.465)
At A A 338 7.0 336 15 3355 8 335.5 (336.6) 11.8 (13) 0.102 (0.127)
) A’ B 298 49 297 8 297 7 296.0 (284.1) 9.6 (6.8) 0.190 (0.55)
B, B 276 45 281 7 285 7 292.7 (279.0) 107 (7.5) 0.192 (0.504)
T,’ EY A 276 45 281 7 281 12 282.7 (276.7) 72 (7.3) 0.278 (0.972)
A A (266) 4.0 267.5 9.0 267.0 8 267.0 (269.8) 6.3 (6.8) 0.516 (0.533)
T, B, A 251 62 250.5 115 251 10 248.9 (250.0) 3.6 (89) 0.033 (0.076)
E’ B - - 250.5 11.5 248 9 244.9 (245.6) 9.2 (9.3) 0.196 (0.289)
T, B, A 145 — 151 0.8 1503 1.0 149.0 (150.0) 0.4 (1.9) 0.116 (0.292)
B’ B - - 146 1.0 147.0 2.0 147.5 (146.7) 1.8 (2.2) 0.473 (0.626)
the RR data have a resolution on the order of 6 cm ' or features at 165 cm ™ 1n a model compound and Cp ferredoxin

0.75 meV, while our NRVS data are currently broader by almost
a factor of 2. This is not an intrinsic difference but merely the
current resolution available at most synchrotron sources. Finally,
the NRVS data have their strongest features in the bending
region around 150 cm ™' and exhibit distinct features down to
~50 cm ', whereas in the Fe—S cluster RR data, the Fe—S$
stretching modes are usually the strongest features.

Empirical Force Field Analysis of [FesS4Cl1% . In Ty
symmetry, there should be five primarily Fe—S° stretching
modes, involving A;, T;, T, and E symmetries, as well as A,
and T, stretching modes from the terminal ligands.”® All except
the terminal ligand A, mode have been identified in the
resonance Raman or IR data.>® Because of the lower resolution,
several of these modes are unresolved in the NRVS data. To
simulate the NRVS, we employed the force field used by Kern and
co-workers** with slight variations (Table 1). The best simulation
for this complex in T,; shows good correspondence with the
experimental spectrum (Flgure 1).

The assignments in the bending region of the [Fe,S4Cl,]*~

"NRVS spectrum in the low-frequency region are relevant to the
subsequent Pf Fd analysis. The width of the 150 cm ™' feature is
~20 cm™ ', approximately half of that seen for the ferredoxin
via NRVS. The Ty s1mulat10n has only two peaks in this region, a
T, mode at 148 cm ™' and an E symmetry Fe breathing mode at
154 cm ™ The RR and IR data in the previous report support this
assignment.>> Although Kern and co-workers proposed that the
main peak corresponded to the A; Fe breathing mode, this lower-
energy feature is seen in both the IR and RR spectra, consistent
with a T, assignment. The higher-energy feature disappears in
the IR spectrum, consistent with an E assignment for this
mode.’® We shall see below how addition of more side chain
atoms further splits this region.

The only significant discrepancies between the T, Urey—
Bradley calculatlon and NRVS are the observed low-energy peak at
128 cm ™" and the predicted (but not observed) peak at 177 cm™ .
The predicted band is the A; Fe breathing mode derived from the
T, force field. Previous work by Kern and co-workers predicted
breathing-mode frequencies between 153 and 177 cm™ ' for
[Fe,S4Cl,]>,*° while Czernuszewicz and co-workers assigned
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spectra to this A; mode.”® However, the PVDOS for [Fe,S,Cl,]*~
does not show the expected intensity in this region.

DFT Analysis of [Fe,S4Cl,]*". Although empirical force fields
can successfully reproduce the observed Raman frequencies and
PVDOS, they come with the standard baggage of model depen-
dence, parameter correlation, and limited transferability. For
complicated cases such as enzyme intermediates, it would also
be valuable to have a procedure for computing spectra of
hypothetical structures for comparison with experimental data.
We therefore investigated how well the spectra could be calcu-
lated from first pr1nc1ples using DFT, and the calculation result
from [Fe,S4Cl,]>~ NRVS is also shown in Figure 1.

Overall, the agreement between theory and experiment is
good. DFT generally captured the major peak intensities. The
calculated peak positions were generally low by 4—89%, which is
common for such predictions. Representative values are calcu-
lated and observed peaks at 143 and 150 cm™ ', 326 and
353 cm™ ', and 368 and 383 cm ™', respectively. The only serious
disagreement was the relative intensity of peaks in the
250—280 cm ™ region.

Apart from the known frequency shifts, the only significant
difference between the DFT and UB predictions is the location of
the A; Fe breathing mode. The DFT calculation predicts a
symmetric mode at 124 cm™ ', close to an observed peak at
128 cm ™, but 53 cm ™' lower than the Urey—Bradley value. It is
perhaps surprising that an issue as simple as the assignment of the
A, Fe breathing mode remains unresolved.

Pf D14C Fd Spectra. The NRVS-derived PVDOS for all
protein samples, along with the resonance Raman spectra for
the oxidized samples, are compared in Figure 2. We discuss
the resonance Raman data first,”® because there is a wealth of
similar spectra available for [4Fe4S] model compounds,®"**”*
ferredoxins,”® and HiPIPs.”**” The resonance Raman spectrum
for D14C has also been reported previously, but in the context of
a survey of five dlfferent Pf Fd mutants and only for the Fe—S§
stretching region.'” By concentrating solely on the D14C variant,
we were able to obtain better statlstlcs in the Fe—S stretch region
as well as data below 200 cm ™, in the region where cluster bend-
ing and torsional modes occur.

dx.doi.org/10.1021/bi200046p |Biochemistry 2011, 50, 5220-56235



Biochemistry

Energy (meV)
0 10 20 30 40 50 60

Oxidized

Resonace Raman vs. PVYDOS

0 100 200 300 400 500
Energy (cm™)

Figure 2. NRVS-derived *’Fe PVDOS spectra and resonance Raman
spectra for *"Fe-enriched D14C Fd: (top) reduced natural abundance S
(blue line) vs reduced with **S in bridging positions (red line), (middle)
oxidized natural abundance S PVDOS (blue line) vs Raman (black line),
and (bottom) oxidized, with *°S in bridging positions, PVDOS (red line)
vs Raman (black line). The resonance Raman spectra were recorded
using excitation at 488 nm. A frozen buffer background spectrum has
been subtracted. Vertical lines emphasize >°S isotope shifts (or lack
thereof) for some significant features.

With excitation at 488 nm, the resonance Raman spectrum of
Pf *"Fe D14C Fd exhibits at least nine distinct peaks in the Fe—S
stretching region below 400 cm ™" (Figure 2) and above the ice
feature at ~228 cm ™. The same number of features was observed
more than two decades ago with Cp Fd*® The strongest band comes
from a mode at 336 cm ™', compared to that at 338 cm ™' reported
for both Cp Fd* and PfD14C Fd with natural abundance Fe.'* In
D, symmetry, this mode has been labeled as a totally symmetnc A,
breathing mode, primarily Fe—S” stretch in character.'* Consistent
with that a551gnment we see 2 substantlal 15 cm ') shift to
321 cm™ ' with substitution of *°S into the S” positions. In pre-
vious work Cp ferredoxin as well as model compounds exhibited
7—8 cm™ ! shifts with **S subst1tut10n, 2671 5o the magnitude of
the effect that we observe with *°S is as expected.

Additional significant RR features include a pair of peaks at
348.5 and 358.5 cm™', previously taken as evidence of the
descent from T to D,y symmetry and attributed to a T,-derived
B,/E pair that is mainly Fe—S" in character.'>*® Other candldate
unresolved B,/E palrs include a broad band at 381 cm 'and a
peakat ~250.5 em "with an 11.5 em ™" *°S isotope shift. Finally,
a band at 298 cm™ has been reported in [Fe,S,(SCH,Ph),]*~
and Cp Fd spectra,”® and we see a comparable weak peak at
297 am Overall the correspondence of features in the
250—400 cm ™' region between Cp Fd and PfD14C Fd is quite
remarkable, as summarized in Table 1.

Additional weak RR features can be seen above 400 cm ™', with
local maxima at 418 and 448 cm™'. These can be assigned to

modes involving the cysteine side chains. For comparison, with
[(n-Bu)4N],[Fe,S,(SPh),], we attributed most of the motion in
a 430 cm ' mode to the thiophenolate ligand.** We also
observed high-frequency cysteine ligand modes in the resonance
Raman spectrum of Pf rubredoxin, including a band at
443 cm™".”> For aconitase, Kilpatrick and co-workers a551gned
features in this region to peptide C—C—N bending modes.*”

At low energies, additional Raman features can be discerned
between (Figure 2) the ice lines at ~228 and 108 cm~ ', An
overall low-frequency peak is seen at 146 cm ™', with several
apparent shoulders on the high-energy side and a lower-energy
band at ~121 cm ™~ '. We note that nearly 25 years ago, Moulis
and co-workers observed a RR band at ~145 cm ™" for Cp Fd.*®
The much simpler [Fe,S,Cl,]> complex exhibits only two
peaks in this regron, a strong band at 152 cm ™' and a weaker
feature at 160 cm Kern et al. assigned the 152 cm ™' band to
the A, breathing mode.>® We have found that assignment of
these features is not trivial, and they are discussed following the
NRVS and normal-mode analyses.

Oxidized NRVS. The *’Fe PVDOS spectra of PfD14C Fd are
presented in Figure 2 (for ease of comparison, the reduced vs
oxidized NRVS spectra are overlaid directly in Figure S2 of the
Supporting Information). The general pattern extends a trend we
have seen in Fe—S protein NRVS: as the cluster nuclearity
increases, the spectra become sharper and more similar to small
molecule data. This is presumably because the contribution from
coupling with protein modes steadlly decreases. For example, in
previous rubredoxin NRVS data,” individual stretching modes
were not well-resolved,”” while in the Rc FAVI [2Fe-2S] s ectra,
number of sharp Fe—S stretching modes were observed.” In the
current [4Fe-4S] case, the Fe—S stretching regions, as well as the
bending and torsional region, all exhibit well-resolved bands that
return almost to baseline.

The strongest peak in the NRVS spectrum is at 148 cm ™" for
>’Fe D14C Fd, with additional shoulders to both sides and even a
clear maximum at 84 cm ™ ". In this low-energy region, there is
reasonable conformity between the NRVS spectrum and the RR
spectrum, although the RR intensity is ~1 order of magnitude
weaker than in the stretching region (Figure 2). Thus, some of
the most difficult to observe RR features are the easiest to observe
NRVS features (and vice versa). In other ferredoxin RR
spectra,”>*® and in model compound RR studies,>"** low-
frequency bands have been attributed to a totally symmetric A,
Fe breathing mode. The PVDOS intensity is con51stent with a
large amount of Fe motion for modes in the ~148 cm™ reglon,
and the small *°S shift suggests that the bridging sulfides move
less than they do in the higher-frequency modes. More detailed
interpretation of these features is deferred to the normal-mode
analysis (NMA) section.

In the Fe—S stretch region, the strongest NRVS features are
a broad envelope peaking near 281 cm ™' and twin peaks at
354 and 382 cm . The RR features from 250 to 298 cm™ ' align
well with the NRVS envelope peaking near 281 cm™ ', and they
point toward the rich structure that should be available with future
NRVS resolution upgrades. Another cluster of RR modes over-
laps nicely with the pair of high-energy NRVS peaks, although in
both cases the relative intensities, as expected, vary enormously.
Among the greatest contrasts between the NRVS and RR spectra
is the A,” band at ~336 cm ™!, where there is little (but not zero)
NRVS intensity. This is consistent with a mode in which most of
the breathing motion is due to the bridging S, while at the same
time there is very little Fe motion. Similar mismatches between

5226 dx.doi.org/10.1021/bi200046p |Biochemistry 2011, 50, 5220-5235



Biochemistry

Energy (meV)

0 10 20

40 50 60

Relative Spectral Intensity

0 100 200
Wavenumber (cm 1)

300 400 500

Figure 3. Urey—Bradley force field simulations (red lines) vs experimental Pf D14C PVDOS (O). From top to bottom: oxidized protein vs the
Fe,S4(S)4 modelin T, symmetry, the Fe,S,(S'CCC), model in D, symmetry, the Fe,S,(S'CCC), model in C, symmetry, and (d) the reduced protein
vs Fe,S4(S'CCC), model in C, symmetry. Sticks correspond to individual normal-mode frequencies and relative intensities before broadening.

NRVS and RR intensities have been observed for the FeS,
breathing mode in rubredoxin’* and the out-of-phase Fe,Sg
breathin% mode in 2Fe ferredoxins.”

The *’Fe PVDOS spectra of Pf D14C Fd with *°S in the
bridging sulfide positions are also presented in Figure 2. These
data show that even with its currently limited resolution, NRVS
can distinguish **S—**S isotope shifts, and these can be used for
qualitative and quantitative mode assignments. In the oxidized
39S sample spectrum, there are ~13 cm ' downshifts in the 281
and 382 cm ' peaks to ~268.5 and 369 cm ', respectively.
Clearly, these features correspond to modes with significant
bridging S motion. Again, more detailed assignments are de-
ferred to the quantitative simulation section. In the near future,
with expected resolution improvements, the less expensive >*S
isotope could be used for such analyses.

Reduced PfD14C Fd NRVS. The *’Fe PVDOS for reduced Pf
D14C Fd with natural abundance sulfur or *°S in the bridgin:
positions are also presented in Figure 2. Because reduced [Fe,S,]
forms of ferredoxins have not yielded useful resonance Raman
spectra to date, the current NRVS data provide the first informa-
tion about the dynamics of an [Fe,S,]" cluster in a protein. As
expected, the overall trend in the spectra for the reduced protein is
for features to move to lower energies. Upon reduction, the high-
frequency maximum for oxidized Pf D14C Fd at 382 cm '
downshifts to 362 cm™ ', and the middle band at 281 cm ™' moves
to 268.5 cm ™. We note that band shifts that are comparable in
magnitude have been observed for electronic changes in the
opposite direction. For example, oxidation of HiPIP proteins from
the [Fe,S4]°" to the [Fe,S4]*" redox level upshifts many of the

Fe—S§ stretching modes by ~20 cm™ ">’ In both cases, the ~5%
shifts are much smaller than the ~17% shift seen in rubredoxin
stretching frequencies upon reduction.”” This is qualitatively what
one would expect if the additional electron in the ferredoxin case
were relatively delocalized over the [Fe,S,]" cluster. Because
redox changes in either direction are accompanied by changes in
structure and symmetry, there is not necessarily a 1:1 correspon-
dence between normal modes in different redox levels, and a more
detailed analysis of redox shifts (and *°S isotope shifts) requires
quantitative normal-mode analysis.

Empirical Force Field Normal-Mode Analysis. Comparisons
between the experimentally derived PVDOS [Dg.(v)] for oxi-
dized and reduced PfD14C Fd and a sequence of Dg.(V) curves
calculated from an empirical Urey—Bradley force field are shown
in Figure 3. A more extensive set of simulations, as well as those
for the *°S isotopomers, which were part of the refinement, is
included as Supporting Information.

As with previous rubredoxin’> and [2Fe-2S] ferredoxin”
NRVS studies, we began with small, high-symmetry models,
and we then progressively both increased the model size and
lowered the symmetry until reasonable agreement was obtained.
Resonance Raman spectra of [Fe,S,] ferredoxins,>>%¢
aconitase,” and [Fe,S4(SR),]"™ model comple}(es21’25’26’44 have
been interpreted with such empirical force fields, and our analysis
again relies on much of this body of work. For the high-symmetry
models in which RR modes could be unambiguously assigned,
these data were also included in the optimization procedure. The
calculated frequencies and *°S isotope shifts for the high-
frequency normal modes of these simple models are compared

3
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(a) (b) (©) (d)

Figure 4. A symmetry normal modes calculated from the C, UBFF (calculated frequencies): (a) 87, (b) 177, (c) 336, and (d) 389 cm™'. The
conventional atomic coloring scheme has been modified for the sake of clarity: black for C, blue for Fe, and red for S.

with the experimental data for oxidized Fd in Table 1, while the
resulting parameters are summarized in the Supporting Information.

Ta FesS4(S')s and D,4 FesS4(S'CCC)4 Models. The simplest
model that has been used to explain the dynamics of ferredoxin
redox sites is an Fe,S4(S"), model in T,; symmetry, analogous to
the [Fe,S4Cl,]*" simulation (Figure 1). We started with this
model and adjusted the Urey—Bradley force field parameters to
match the main peaks in the experimental Dg.(7) spectrum. As
shown in Figure 3, such a tetrahedral model correctly reproduces
all of the major features of the PVDOS. However, in the case of
the protein, the predicted PVDOS features from the simple
model are too sharp and consequently too intense (because the
total area must be constant). Broadening can be achieved by
having more bands, either by splitting degeneracies at lower
symmetries or through a larger model with more atoms. We thus
lowered the symmetry to D, to allow for the well-known
distortion of the [4Fe-4S] core, and also added one, two, or
three carbons to each side chain in the model, to allow for the
often discussed coupling of Fe—S motion with S—C—C
bending.”® We also added major RR-mode frequencies as addi-
tional constraints. As illustrated for the D,; Fe,S,(S'CCC),
simulation in Figure 3, this extra freedom produced significant
improvement in the bending region near 150 cm ™, but it yielded
only modest improvement in the stretching region above
200 cm™ . We thus explored a different symmetry.

C, Fe,S4(S'CCC), Model. Although model compound [4Fe-
48] cores often have exact or approximate D, symmetry,4 in
proteins the additional cysteine side chains are often better
described by C, symmetry. In fact, in the structure of the
nitrogenase Fe protein, the cluster lies on the protein dimer
2-fold axis.”* C, symmetry was also used to describe the cluster in
the low-temperature form of (BuyN),[Fe,S4(SPh),].”* Because
the importance of coupling with cysteine side chain motion is
well-documented, we proceeded to refine an Fe,S,(SCCC),
model with a D, 4 core and with the side chains in C, symmetry.
As shown in Figure 3, the calculated normal modes for this model
are in much better agreement with the stretching region of the
NRVS PVDOS, and this model also provides a better fit to the
features between 50 and 100 cm ™. For the sake of completeness,
we also examined models that used the exact crystal structure and
complete cysteine residues. There was additional modest im-
provement, which is included in the Supporting Information.

Reduced Pf D14C Fd Simulations. We obtained similar
results when simulating the NRVS spectrum of the reduced
D14C ferredoxin, except that many bands were downshifted by
~5% (Figure 3 and the Supporting Information). With the
simplest comparison, using T; symmetry and an unchanged

cluster structure, we obtained a 10% reduction in K(Fe—Sb) , the
stretching force constant for the distance from Fe to the bridging
sulfides changing from 0.93 to 0.84 mdyn/A (Supporting
Information). A larger 22% reduction, from 1.28 to 1.0 mdyn/A,
was observed for K(Fe—S'), the stretching force constant for
the distance from Fe to the terminal thiolate sulfurs. However, in
the more exact C, model with the D, core, K(Fe—S") is reduced
by 5 and 7% in the hypothetical reduced cluster model and
unaltered structure, respectively. We observed a 13% reduction
in longer Fe—S" bonds while keeping the shorter Fe—S" force
constant unchanged in the reduced cluster. However, K(Fe—S")
for long and short Fe—S" bonds experiences 4 and 5% reductions,
respectively, when the same cluster is retained.

lllustration of Normal Modes. We close the Urey—Bradley
assignments by illustrating modes that are significant in either
the resonance Raman or NRVS PVDOS. In particular, we illustrate
(all modes are “A” symmetry) (a) an ~87 cm™ " shearing mode
that contributes intensity in the low-energy region, (b) the
~177 cm™ ' breathing mode that skews the intensity of the
strongest NRVS peak, (c) the ~336 cm™ ' mode responsible for
the strongest resonance Raman feature, and (d) the ~389 cm ™'
Fe—S' mode responsible for the highest-frequency (main
spectrum) resonance Raman feature. The eigenvectors derived
from the UBFF model are illustrated in Figure 4.

Full Protein CHARMM Calculations. The degree of coupling
between the local motions of Fe—S centers and the protein
matrix has been the subject of considerable discussion and
investigation.*>**7*"7® It is also an issue with relevance for
electron transfer, conformational switching, and even
“magnetostructural”’” properties of these sites. We investigated
this coupling via full protein normal-mode calculations, using a
supplemented CHARMM force field*> guided by the previous
Urey—Bradley calculations and the Fe PVDOS. The results are
compared with the experimental data in Figure S. As shown in
Figure 5, the PVDOS for Pf D14C Fd retains relatively sharp
structure down to ~80 cm ™', whereas the PVDOS for the Rc6
[2Fe-2S] Fd has relatively broad features commencing around
300 cm ™ ".”* With the full protein calculation, we see that the
sharp structure arises from a small number of relatively intense
modes. The degree of localization of these modes can be
quantified using a collectivity calculation, in which a lower
collectivity indicates a smaller number of atoms contributing to
the mode.**** In the Fe—S stretching region, the mode that
presumably corresponds to the RR band at 336 cm™ " has a low
collectivity of 0.05, implying 0.0S x 430 (~21) atoms, or
effectively the [4Fe-4S] core cluster and not much more than
the SCC ligands. Many of the strong NRVS modes have
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Figure S. Full protein calculation analysis of oxidized PfD14C Fd. Experimental PVDOS (black lines) of oxidized Rc6 Fd and oxidized PfD14C Fd (top
left). Experimental PVDOS (black lines) vs calculated spectra (red lines) for reduced Rc6 Fd and oxidized PfD14C Fd (middle left). Sticks represent the
mode composition factors of individual modes. Degree of collectivity for normal modes with largest mode composition factors highlighted in red
(bottom) and mode composition factor divided by the degree of collectivity to emphasize cluster-centered normal modes (top) (two top right panels).

The bottom panels are illustrations of calculated normal modes at (left) 157 cm™ " and (right) 16 em ™

collectivity on the order of 0.07—0.10 atom, implying that turn would represent each of the cysteine residues and perhaps
30—43 atoms contribute most of the mode’s motion. This in one additional amino acid.
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Figure 6. DFT simulations and experimental data (left) for natural abundance (red lines) and 36S-substituted Fd (blue lines), comparing predicted and
observed isotope shifts for substitution of *°S into bridging positions for the oxidized (top) and reduced (bottom) samples. DET using GAUSSIAN and
different geometry optimization approaches (top right). From top to bottom: D14C oxidized DFT without side chain relaxation (0.- and f3-carbons of
Cys fixed), DFT with both o.- and f-carbons relaxed, DFT with 0t-carbons fixed to their X-ray positions and f3-carbons relaxed, and experiment. DFT-
calculated kinetic energy distributions (KED) (bottom right) for Pf D14C Fd models, showing relative contributions from Fe—S° (green line), Fe—S*

(blue line), and Fe—Fe (red line) stretching.

The Fe-centered modes can be accentuated by plotting Ry,
the ratio of “mode composition factor” eg.” to collectivity k. To
put these values in context, we compare the peak values of this
ratio for D14C with previous results for the Rc6 [2Fe-2S]
ferredoxin, over the range from 100 to 400 cm ™", This allows
us to quantify the qualitative impression from the PVDOS that
the localized modes extend to lower frequencies in the [4Fe-4S]
cluster. In the 100—300 cm region, values of R, as high as 0.01
are observed, whereas for Rc6 ferredoxin, the highest values are
more than 3-fold lower. Thus, compared to the [2Fe-2S] cluster,
over most of the spectrum the [4Fe-4S] cluster is a more
dynamically isolated unit. This can be seen for the CHARMM
calculation of a mode at 157 cm ™", which exhibits breathing of
the cluster with relatively little protein motion (Figure S).

The CHARMM calculations are also useful for characterizing
the very low-frequency modes, where the protein movements are
highly collective, containing a large amount of coherent [4Fe-4S]
cluster motion. An example is the lowest-frequency mode at
16 cm ™ (Figure S), which exhibits concerted motion of the
[4Fe-4S] cluster and nearby polypeptide in one direction, while
the far end of the protein moves in the opposite direction. Again,
we postpone discussion of potential consequences of such modes
to the final part of this paper.

PfD14C Fd DFT Analysis. The power of DFT calculations for
interpretation of [4Fe-4S] cluster dynamics has already been
illustrated with the [Fe,S,Cl,]* calculations in Figure 1, as well
as our previous analysis of the [*"Fe;S,(SC¢Hs),4]* ion.* For a
theoretical simulation of the DI14C spectra, we used a
[*"Fe4S4(SCH,CH;),]*>~ model, and a comparison of the
DFT-calculated PVDOS with the experimental data is given in
Figure 6. Throughout the following discussion, we refer to peak
positions of experimental and DFT values for the oxidized form.
The best agreement was found for the bending- and breathing-
mode region from 100 to 200 cm ™', where the DFT matches the
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shape and intensity of the major PVDOS feature at ~147/
150 cm ™" (Experimental/DFT values here and below), while at
lower frequencies, there is a minor discrepancy in the low-energy
83/92 cm ™' peak. As with the [Fe,S,Cly]* ™ analysis (Figure 1),
the predicted frequencies in the Fe—S stretch region are gen-
erally underestimated by 2—7%. Overall, the relative intensities
and shape of the experimental peaks are reasonably well repro-
duced by DFT.

The accuracy of the *S isotope shifts by DFT reflects how well
the calculations estimate the amount of motion of the four
labeled bridging S atoms in a particular mode. As illustrated in
Figure 6, the DFT predictions for the shifts in the PVDOS with
398" substitution agree quite well with the observed data. In
particular, a strong band at 383/371 cm ! shifts to 370/
359 cm™ ! with *°S, allowing a less-shifted high-frequency peak
at 391/380 cm™ ' to be resolved. The DFT-predicted 12 cm ™'
(from 371 to 359 cm ') shift is in accordance with the observed
13 cm™ ' (from 383 to 370 cm ') value.

To better illustrate the nature of the normal modes predicted
by DFT calculations, in Figure 6, we also display results from a
kinetic energy decomposition (KED) approach, where the
composition of the forces involved has been decomposed into
Fe—Sb, Fe—S', and Fe—Fe contributions. (The Fe—Fe contri-
bution is redundant with bending of internal cube angles.26) For
the most part, the DFT analysis confirms what has been surmised
from years of empirical simulations. (1) Modes below 200 cm "
are almost all Fe—S" stretch (the major peak at 147/150 cm ™).
(2) Modes between 200 and 300 cm ™' are mostly bending, or
Fe—Fe stretch (with the major peak at 281/262 cm™ ). (3)
Modes between 300 and 400 cm ™' are highly mixed (with the
major peak at 383/371 cm ™). Notably, the integral intensities of
the KED profiles are normalized to the number of stretching
bonds, namely, to 12 for Fe—S° bonds, 4 for Fe—S' bonds, and
six for Fe—Fe contributions.
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Role of the Protein Matrix Restraint and Size of the
Cysteinyl Ligand Model. The role of the protein matrix in
restraining the Fe—S cluster motion and thereby influencing
NRVS spectra can be estimated, in the first approximation, via
different schemes for fixing the cgrstelnyl side chain conforma-
tions of our [Fe,S,(SCH,CHj3)4]°™ model (see Methods). This
type of examination is also useful for finding an appropriate DFT
modeling approach for NRVS spectra. Notably, the results
reported in the left panel of Figure 6 were obtained using an
“intermediate” fixation level where only the four terminal ethyl
thiolate carbons modeling a-carbons of the cysteinyls were
restrained to their initial crystallographic positions (0.- and S-
carbon positions are labeled as ~SCgH,CyHj in our cysteinyl
model). When completely releasing constraints or restraining
both f3- and oO-carbons to their initial positions, we obtained
somewhat different NRVS spectra, as shown in the right panel of
Figure 6. Examination of simulated NRVS spectra resulting from
the three fixation approaches suggests that the intermediate
fixation scheme provides the best correspondence with the
experiment.

Inner-Sphere Reorganization Energy of the [4Fe-45] Clus-
ter. Given the function of the Pf Fd [4Fe-4S] cluster in electron
transport, we examined this functionality using our DFT models.
The reorganization energy 4, which is the energy of the structural
relaxation following electron transfer, can be predicted from the
DFT calculatlons Once A is known, then according to Marcus
theory,™® the activation barrier for electron transfer (AG') is
predicted to depend on A and the driving force AG® by the
relationship AG* = = (A + AG®°)*/44, and the rate of electron
transfer is then given by

K 27 Toa —AG‘JF
TR VamdksT T\ 4k T
where Tp, is the term for electronic coupling between the
two sites.

Previous theoretical assessments of Fe—S cluster reorganiza-
tion energies focused on A, the contribution from the inner-
sphere structural features, Wthh consist of the Fe sites and their
first coordination spheres The other component, the outer-
sphere reorganization energy 4., reflects the contribution from
the surrounding protein and the solvent. For our analysis, the
complete system of the calculation (the four Fe sites and their
first-shell ligands, namely, four bridging S and four Cys ligands)
represents the inner-sphere structure. Using procedures de-
scribed in Methods, we obtained a value of 18.8 kJ/mol for ;.

Our value for the inner-sphere reorganization energy of the
oxidized Pf D14C Fd [4Fe-4S] cluster is smaller than the values
previously reported for [4Fe-4S] models, which to the best of
our knowledge range between ~30 and ~50 kJ/mol.®”*!
Our modeling is different from the preceding studies in two struc-
tural aspects. First, we used larger ethyl thiolate (CH;CH,S )
models for Cys side chains, as compared to methyl thiolates in
previous studies. Second, we fixed the positions applied at the
O.-carbons, as compared to completely relaxed geometry opti-
mizations. Our relatively small values can be compared to early
experimental estimates of a combined value of 32 kJ/mol for the
1nner—sphere part of A in self-exchange for the [4Fe-4S] model
complexes,®* as well as a recent CHARMM calculation that
gave a total A of 18 kJ/mol for electron transfer in Clostridium
acidurici ferredoxin.®

B DISCUSSION

In this work, we have extracted the ’Fe PVDOS of the [4Fe-
4S] cluster in Pf D14C Fd through the NRVS technique. The
results have been compared with resonance Raman data and
simulated using CHARMM and DFT calculations. In addition,
for the first time, we have examined the PVDOS for a reduced
[4Fe-4S] cluster. In both cases, additional information was
obtained from *°S substitution of the bridging sulfide positions.

One strength of the NRVS method is the facile computation of
the resulting PVDOS spectra. This is illustrated in the results for
the simple model cluster, [Fe,S,CL,]> . Whereas in the past
force fields for this molecule have been derived from RR
frequencies above 230 cm ™', our empirical force field has the
additional constraint of NRVS amplitudes, as well as a range of
additional modes extending to less than 100 cm™'. With a
modest adjustment of previous empirical force fields, we were
able to almost exactly model the Fe—S and Fe—Cl stretching-
mode spectrum from 400 to ~240 cm !, However, in the
bending and torsion range from 200 to 50 cm !, the DFT
calculations were better at reproducing the strength and order of
these “softer” motions.

Turning to the Pf D14C Fd spectrum, we observed the same
basic pattern, but complicated by the coupling with cysteine side
chains and the protein matrix. Correct modeling of the PVDOS
spectrum required inclusion of correct Fe—S—C—C dihedral
angles. As shown years ago by Spiro and co-workers,*” the degree
of coupling between Fe—S stretch and S—C—C bend motions is
dependent on the Fe—S—C—C dihedral angle, with maximal
coupling when the atoms are coplanar and the angle is 0° or 180°.
In the case of PfD14C Ed, crystallography shows that the average
dihedral angle is within 19° of 90°; hence, the Fe—S motion is
relatively independent of S—C—C bending. The specific effects
on [4Fe-4S] clusters were discussed by Backes et al.,,>” who noted
that Fe—S—C—C dihedral angles near 90° were conserved
across a number of [4Fe-4S] ferredoxins, whereas rubredoxins,
[2Fe-2S] ferredoxins, and HiPIPs tended to have at least one
Fe—S—C—C angle near 180°. Another factor that presumably
contributes to this isolation is simple connectivity; only one of
four Fe ligands is directly coupled to the protein, compared to
two of four in the [2Fe-2S] ferredoxins and four of four in
rubredoxins. Overall, compared to those of the [2Fe-2S] ferre-
doxins, the normal modes of the [4Fe-4S] cluster were more
dynamically isolated from the protein. This isolation can be
quantified by full protein normal-mode calculations using a
supplemented CHARMM force field.

Because the normal modes constitute a complete basis set, one
implication of Fe-centered modes is that changes in the [4Fe-4S]
cluster geometry are relatively decoupled from the protein
matrix. Thus, the inevitable structural rearrangements during
redox have little effect on the protein. In Marcus theory, the
energetics of these distortions are usually broken into inner- and
outer-sphere reorganization energies. As a complement to the
Urey—Bradley and CHARMM calculations, we have used DFT
calculations to simulate the PVDOS spectra and also to estimate
the reorganization energy (4;) of the [4Fe-4S8]*" to [4Fe-4S]"
transition. The estimated 4; of 19 kJ/mol is significantly lower
than the values of ~27—37 kJ/mol previously estimated for a
[2Fe-2S] Fd model system or the value of ~29 kJ/mol obtained
for reduction of a [4Fe-4S]*" Fd model system. These results
would suggest that, for transport between nearly equivalent
clusters, where the driving force AG® ~ 0, electron transfer will
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proceed more quickly between [4Fe-4S] clusters than between
[2Fe-2S] clusters.

Having now examined both [2Fe-2S] and [4Fe-4S] systems
by NRVS and calculations, we may address a long-standing
question of why nature “chooses” one cluster over another for
electron transport functions. As noted by Meyer, it is “difficult to
rationalize on biochemical grounds why the [4Fe-4S] folds
should outnumber the [2Fe-2S] ones by more than a factor of
4”7 For some, “the choice of the type of iron—sulfur cluster (i.e.,
the number of iron ions and the type of ligands) seems to be
mainly a question of stability and oxidation potential®®”. Never-
theless, there is considerable overlap in the range of available
redox potentials for [2Fe-2S] clusters (from —230
to —460 mV) and [4Fe-4S] clusters (from 0 to —645 mV).

The dynamical isolation and low reorganization energies of
[4Fe-4S] clusters might be a factor in nature’s “choice” of which
clusters to use in electron transfer processes. If other factors are
equal, for transport over long distances, [4Fe-4S] clusters would
seem to yield the most rapid electron transport. This may explain
their use in long electron transport chains such as the E. coli
nitrate reductase NarH subunit, where four [4Fe-4S] clusters are
arranged at 12—14 A intervals,* or in complex I, which possesses
a chain of five [4Fe 48] clusters (along with four other Fe—S$
clusters) at 12—17 A intervals.®®

In other cases, an enzyme might need to couple electron
transfer with a conformational change to favor dissociation of
redox partners. For example, the [2Fe-2S] ferredoxin known as
putidaredoxin (Pdx) shows a redox-dependent affinity for its
physiological partner, cytochrome P-450.,, with a 100-fold
decrease in the binding constant upon transfer of an electron
from the reduced [2Fe-2S]" cluster to the P-450 heme site.®
This helps avoid product inhibition in the electron transfer
process. In the other redox direction, for the [2Fe-2S] adreno-
doxin (Adx) interacting with adrenodoxin reductase (AdR), the
binding constant for the AJR—Adx complex decreases by a factor
of 20 upon reduction of the Fe—S center, thus promoting the
dissociation of the reduced Adx from AdR. Similarly, in photo-
synthesis, redox-linked conformational changes of a [2Fe-2S]
ferredoxin are implicated in the disassembly of the Fd—FNR
complex after cluster oxidation®” and presumably occur in the
opposite direction upon reduction of Fd by photosystem I. One
could thus argue that when a process benefits from a conforma-
tional change with redox activity, the greater bond length changes
and the tighter coupling of a [2Fe-2S] cluster with the protein
matrix become a benefit instead of a liability. Of course, the
driving force for these conformational changes will be a mix of
factors, including electrostatics, van der Waals interactions, and
hydrogen bonding as well as these quasi-mechanical factors. On
occasion, the need for conformational control might outweigh
the benefits of fast electron transfer. In the particular case of Pf
Fd, we note that the native protein has an aspartate ligand to the
[4Fe-4S] cluster. NMR work by Calzolai et al.®® indicated a
>5000-fold slower self-exchange rate for native versus D14C at
10 °C; as expected for 4, the reorganization energy increased by
19 kcal/mol. In this case, a localized “carboxylate shift” at Asp
during cluster redox was proposed to play a role in gating
electron transfer.®®

B SUMMARY AND CONCLUSIONS

In this study, the combined application of *’Fe NRVS and
resonance Raman spectroscopy with empirical and DFT

modeling has provided a broader view of [4Fe-4S] cluster
dynamics in oxidized and reduced forms of an electron transfer
protein. In the 100—200 cm ™' bending and breathing region, we
found surprisingly good correspondence between the NRVS and
RR spectra, while in the Fe—S stretching region from 250 to
400 cm ™', the two approaches agreed on frequencies but
contrasted sharply in intensity. Despite the relatively localized
nature of [4Fe-4S] cluster normal modes, we found that the
quantitative reproduction of the NRVS spectrum depended on
the correct description of cysteine side chain conformations.

Unambiguous 81gnals were seen in the NRVS spectrum from
~50to >400 cm ™ '. An ~84 cm ' mode was found to involve a
shearing motion of the cluster combined with a large amount of
concerted side chain motion. Such low-frequency modes, have
not previously been seen in [4Fe-4S] ferredoxins, and spectra
in this region might serve as diagnostics of conformational
change. Overall, the strongest features in the ferredoxm NRVS
spectrum were asymmetric peaks at ~148 cm™ ', with higher-
energy shoulders at ~161 cm™ . This region was found to
include symmetric and asymmetric Fe, breathing modes for
the cluster, and the detailed structure was profoundly sensitive to
local conformation via coupling with the cysteine side chains. At
higher frequencies, in the Fe—S stretching region, NRVS pro-
vided the first information about the vibrational dynamics of a
reduced [Fe,S;]" cluster, which has not been accessible by
resonance Raman spectroscopy. Reduction caused downshifts
of band centroids of ~4.7—7.3%. In empirical simulations, we
found that the Fe—S stretching force constant for terminal
thiolates and bridging sulfides decreased by ~16 and ~9%,
respectively. The reduction is 5—7% for Fe-terminal thiolate
stretches and 0—13% for Fe-bridging sulfide stretches, depend-
ing on whether we retained same cluster or used reduced
hypothetical cluster structures.

NRVS provides an 1nf0rmat10n rich spectroscopy for biologi-
cal systems containing >’Fe and dozens of other 1sotopes
Although the current data were taken at ~9—10 cm™ ' resolu-
tion, monochromators with resolution down to ~1 cm ™" can be
and have been made.*”°° Of course, resolution without flux does
not yield a viable experiment, but future synchrotron radiation
sources could 2provide spectral brightness greater by orders of
magnitude.”™”* With better sources, a variety of imaging and
time-dependent NRVS experiments would become feasible, and
nuclear spectroscopy could serve a much broader community of
chemical and biological scientists.
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