Biochemistry1999, 38, 10585-10593 10585

Effects of Mutations in Aspartate 14 on the Spectroscopic Properties of the
[FesSy] ™0 Clusters inPyrococcus furiosugerredoxir

Randall E. Duderstadt, Christopher R. Staples, Phillip S. Brereton, Michael W. W. Adams, and
Michael K. Johnson*

Departments of Chemistry and Biochemistry & Molecular Biology and Center for Metalloenzyme Studies,
University of Georgia, Athens, Georgia 30602

Receied March 23, 1999; Resed Manuscript Receéd June 2, 1999

ABSTRACT. The properties of [F£5,] ™0 clusters in wild-type and mutant forms of Pf Fd with Asp, Ser,

Cys, Val, His, Asn, and Tyr residues occupying position 14, i.e., proximal to the ghr8eatoms of the

cluster, have been investigated by the combination of EPR, variable-temperature magnetic circular dichroism
(VTMCD), and resonance Raman (RR) spectroscopies. Two distinct types:8i][Elesters are identified

on the basis of the breadth of ti&e= 1/, [FesS4)]" EPR resonances and the marked differences in the
VTMCD spectra of theS = 2 [FesS4]° clusters. On the basis of the available NMR data forge°

clusters in ferredoxins, the distinctive properties of these two types e®JFelusters are interpreted in

terms of different locations of the more strongly coupled pair of irons in the oxidized clusters and the
valence-delocalized pair in the reduced clusters. Near-IR VTMCD measurements indicate the presence of
S= 9, valence-delocalized pairs in both types of {&4° clusters, and the spin-dependent delocalization
energies associated with the-Hee interactions were determined to 84300 cnT?! in both cases. We
conclude that the nature of the residue at position 1RByirococcus furiosugerredoxin is an important
determinant of the location of the reducible pair of irons in & ° cluster, and the redox properties

of the wild-type and mutant ferredoxins are discussed in light of these new results.

Since their discovery in 19801), iron—sulfur clusters [Azotobactewinelandii Fdl (5—7), Desulfasibrio gigasFdll
containing cubane-type [E&]*° cores have emerged as (8, 9), aconitase10, 11), NiFe hydrogenases frol. gigas
intrinsic redox components of proteins in Eucarya, Bacteria, (12) andDesulfaibrio vulgaris Miyazaki (13), andSulfolo-
and Archaea. They occur indigenously in several mono- andbussp. strain 7 Fd14)] and for one proteinA. vinelandii
dicluster ferredoxins (Fds) as well as in succinate dehydro- Fdl (15)] and one model complexL6) containing reduced
genase, fumarate reductase, glutamate synthase, NiFe hyfFe;S,]° cores. In both oxidation states, the structure is best
drogenase, and nitrate reductase and have been the subjeglescribed as a cubane-type J§¢ cluster minus one of the
of a recent reviewZ). However, in many FeS proteins, Fe atoms.

[FesSt clusters have been shown to be the initial products
of oxidative degradation of [R&] clusters 8), and both
types of cluster are frequently ligated by similar arrangements
of cysteine residuest). For [FaS,] clusters, the first three
cysteines commonly occur in a C-X-X-C-X-X-C arrangement
(positions HIII) with the fourth being more remote and
occurring in a C-P arrangement (position V). Indigenous
[FesSy] clusters frequently have a noncoordinating residue
such as V, L, A, or | in place of C at position II, and it is
the Fe ligated by the residue occupying position Il that is
lost in oxidative [FgS, — [FesSs cluster conversions.
Consequently, sequence and/or structural data or alternativel
in vivo spectroscopic studies are essential for demonstrating
that [FeS,] clusters are not artifacts of aerobic isolation or
chemical oxidation. X-ray crystal structures have been
reported for six proteins containing oxidized f5g ™ cores

The available evidence indicates that cuboidakfge°
clusters function exclusively in an electron transfer or redox
sensing role under physiological conditions and exhibit
midpoint potentials for the one-electron redox couple in the
range of 90 to—460 mV ). The S = Y/, ground state of
the oxidized [FeSs]* cluster and the&s = 2 ground state of
the reduced [F£54]° cluster have both been rationalized on
the basis of the spin coupling models and valence delocal-
ization schemes originally developed by Mk and co-
workers (L7—19). In the oxidized state, a simple Heisenberg

irac—van Vleck (HDvV) exchange Hamiltonian of the form
H = J1,SS + 1SS + J13SSs involving three high-spin
Fetions (5 = S = & = %,) predicts anS = 1/, ground
state provided all the coupling constants are greater than zero
(J > 0), i.e., antiferromagnetic interaction, withs/J3
between 0.5 and 1]1,/J,3 between 0.6 and 1, andy, —

" This work was supported by a grant from the NIH (GM45597 to Jigl/di2 Of <0.2, i.e., asymmetric coupling with, ~ Ji3 <

M.W.W.A. and M.K.J.) and a NSF Research Training Group Award J23, but with comparable values for all three coupling
to the Center for Metalloenzyme Studies (DBI-9413236). constants. Such a model predicts that the first excited state

*To whom correspondence should be addressed: Department of,, -1 i i
Chemistry, University of Georgia, Athens, GA 30602. Telephone: (706) will also haveS f2 provided thathz/Jps is between 0.8

542-9378. Fax: (706) 542-2353. E-mail: johnson@sunchem.chem. @nd 1, with the ground state corresponding to the more
uga.edu. strongly coupled pair havin§s = 2 (S35 =S + ) and

10.1021/bi9906701 CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/14/1999




10586 Biochemistry, Vol. 38, No. 32, 1999 Duderstadt et al.

the first excited state corresponding$g = 3. Population (35), in which Asp14 at position Il has been replaced with
of the low-lying S = ¥/, excited state has been invoked to Cys, Ser, Val, His, Asn, and Ty86). The combination of
explain the EPR relaxation properties and the anomalousEPR, VTMCD, and resonance Raman (RR) spectroscopies
temperature dependence of the EPR line shape exhibited byis used to show that a [E®&]™° is either assembled in the
[FesSy] ™ clusters in some bacterial Fds, e.D.,gigasFdll protein expressed iBscherichia col(D14V, D14H, D14N,

(20). However, this analysis leads to an estimate] aff and D14Y) or generated from the assembled,$é"*
around 40 cm?, which is much lower than the lower limit  clusters via ferricyanide oxidation (wild type, D14C, and
of 200 cnm? for J determined in subsequent saturation D14S). Near-IR VTMCD studies are shown to be particularly
magnetization studies with oxidizdal gigasFdll (21) and effective for locating and assigning the transitions associated
the value estimated on the basis of NMR studies ofsti@H, with the S= 9/, valence-delocalized pair of a [§=]° cluster
cysteinate protons of the [F®&] ™ cluster in the same protein  and thereby providing a direct assessment of the resonance
(J =300 cnm}; 22). Strong support for the values based on delocalization energy. Analysis of the EPR and VTMCD data
the saturation magnetization and NMR analyses comes fromfor these mutants suggests that these techniques are sensitive
the recent determination of the exchange coupling constantto the location of the unique Fe site in oxidized and reduced

of an Fé*—Fe&*" pair in a cubane-type [R84] cluster § ~
300 cntl; 23). NMR is the only technique capable of

[FesSq ™0 clusters, respectively. This leads to the conclusion
that the nature of the residue at position Il is an important

assigning the cysteines ligating specific Fe atoms, since thedeterminant of both the redox properties and the specific

asymmetric coupling of the three #dons results in different

pairwise intracluster Fe interactions in jSg*° clusters.

temperature dependencies for the contact shifts of coordinat-
ing cysteine protons. This approach has thus far been appliedEXPERIMENTAL PROCEDURES

to three monocluster 3Fe Fds, and two distinct types of
sequence specific assignments have been observed. The

unigue Fe site in the above schen%) (was found to be
ligated by Cysl inPyrococcus furiosu&d (24) which has
Asp in place of Cysll, and by CyslV iD. gigasFdll (22)
andThermococcus litoraligd (25) which both have Cys at
position 1.

For reduced [F$54]° clusters, Maesbauer studies revealed

Wild-Type and Mutant Forms of P. furiosus Filhe
construction, expression, and purification of the recombinant
wild-type (WT) and mutant 3Fe Fd samples used in this work
has been described previousBgy. All samples were in 100
mM Tris-HCI buffer (pH 7.8) unless otherwise stated. The
wild type and D14C and D14S mutants were purified
anaerobically in the 4Fe form and were treated with a 5-fold

that the additional electron is equally shared by two Fe sites, (Wild type and D14S) or 15-fold (D14C) excess of ferricya-

resulting in a valence-delocalized pair fFeFe>5t] and a
high-spin Fé" site (1, 19, 26). The S = 2 ground state,
identified initially via variable-temperature magnetic circular
dichroism (VTMCD) studiesq7), was rationalized in terms
of antiferromagnetic exchange interaction betweerSan

9/, valence-delocalized pair and t1$e= %/, high-spin Fé"
site (19). Spin-dependent delocalization (SDD) (also known
as double exchange) in addition to the conventional HDvV

exchange interaction was introduced to explain the electron
n(<1 ppm Q) under argon.

delocalization and the ferromagnetic nature of the interactio
within the valence-delocalized paitd, 28). The interplay

nide at room temperature for 15 min to generate the 3Fe
forms. Excess oxidant was removed by ultrafiltration, and
the resulting sample was washed with 25 mL of 100 mM
Tris-HCI buffer (pH 7.8) containing a 15-fold excess of
EDTA prior to spectroscopic measurements. Samples were
reduced anaerobically using a 10-fold excess of sodium
dithionite taken from a freshly prepared stock solution in
100 mM Tris-HCI buffer (pH 7.8). All anaerobic sample
handling was carried out in a Vacuum Atmospheres glovebox

Spectroscopic Method&®koom-temperature UVVvisible

of double exchange, HDvV exchange, and vibronic trapping @bsorption measurements were recorded over a range of
has since proven to be essential for understanding intracluste200—800 nm using a Shimadzu UV-3101PC BVis—NIR

spin coupling and valence delocalization in—F= clusters
in general 29, 30). However, direct measurement of the spin-

scanning spectrophotometer. VTMCD spectra were collected
for samples containing 50% (v/v) glycerol (native) or 55%

dependent resonance delocalization energy has recently beefy/v) Aldrich poly(ethylene glycol) using a Jasco J715 (380

possible 81), as a result of the discovery of valence-
delocalizedS = 9, [F&S,]" clusters in mutant forms of
Clostridium pasteurianun2Fe Fd 82, 33). The recent

1000 nm) or J-730 (7662000 nm) spectropolarimeter mated
to an Oxford Instruments SM-3{(b T) or Spectromag 4000
(0—7 T) split-coil superconducting magnet. Magnetic fields

success of Holm and co-workers in preparing and character-Of either 4.5 or 6.0 T were used for the MCD experiments.

izing synthetic clusters with a cuboidal §2]° core has

The MCD intensities are expressed®s(e cp — €rcp) Where

demonstrated unequivocally that the valence delocalization€Lcr @nd erce are the molar extinction coefficients for the

scheme an& = 2 ground state is an intrinsic property of a

absorption of left and right circularly polarized light,

[FesSy)° cluster as opposed to being a consequence of therespectively. X-band+9.5 GHz) EPR spectra were obtained

protein environmentl(6). Unfortunately, it has not yet been
possible to identify NMR resonances from {h«€H, protons

using a Bruker ESP-300E EPR spectrometer equipped with
Oxford Instruments ESR-9 flow cryostat.

and thereby provide sequence specific assignments of the Resonance Raman spectra were recorded with an Instru-

cysteines ligating the valence-delocalized and valence-

localized Fe sites of a protein-bound §5g° center via
temperature dependence studigd)(

In this work, we report on spectroscopic characterization
of the [FeS,]*° clusters in mutant forms of the 4Fe Rud(
~ 7500) from the hyperthermophilic archaeBn furiosus

ments SA U1000 spectrometer fitted with a cooled RCA
31034 photomultiplier tube, using lines from a Coherent
Innova 100 10 W Ar laser or a Coherent Innova 200-K2
Kr* laser. Scattering was collected at’9om the surface

of a frozen 1QuL droplet of protein solution in a microcup
of a gold-plated copper sample holder on the coldfinger of
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DIdY mutants mirrors the variability reported for biological
[FesSy " clusters in general. All [F&] ™ clusters exhibit fast-
2.007 relaxing resonances centered arogre 2.01 in the oxidized
protein that are only observed at temperatures below 30 K.
However, these resonances can vary significantly in terms
(b) 2.028 DI4C of both line shape and apparegtvalue anisotropy in
different proteinsZ). They invariably exhibit a well-defined
low-field g-value atg ~ 2.02, but frequently have poorly
resolved high-field components due to conformational mi-
(c) 2.030 D14V croheterogeneity3{7), which leads to a distribution in the
single F&" ion zero-field splitting D) and exchange coupling
1.989 parameters J) in frozen samples38—40). This can be
viewed as a type ofg-strain” (41) that can qualitatively alter
@ 2.029 D14H the observed spectrum rather than being apparent solely in
terms of line width contributions. Hence, thgvalues
1.964 obtained for spectral simulations do not necessarily cor-
- respond to the principal components of tpensor.
© 5032 WT The EPR line shapes of tli& furiosus3Fe mutants were
invariant to microwave power and temperature over the
ranges +100 mW and 4.225 K, respectively, and can be
divided into two types. Type 1 corresponds to D14Y, D14C,
and D14V and has narrower resonan@gsx~ 2.03,Jcrossover
~ 2.00). Type 2 corresponds to the wild type, D14N, D14S,
and D14H and has much broader resonanggs ¢~ 2.03,
Oerossover™ 1.95), indicative of more severe conformational
distribution. Recent analysis of tliée hyperfine coupling
constants of the [R&,] " cluster in wild-typeP. furiosuskd,
as deduced b¥Fe-ENDOR, indicated that the ground state
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1938 corresponds to the more strongly coupled pair havingan
: K ‘ of 2, as in other Fds4Q). However, the ground state has
300 325 350 375 400 more mixing of the low-lyingS = Y/, state with arS; of 3
Magnetic Field (miT) than other 3Fe Fds, as a result of less symmetrical coupling,

Ficure 1. X-band EPR spectra of [B&]" clusters in wild-type and this presumably accounts for the extremely brgad
and mutant forms oP. furiosusFd. All spectra were recorded at  distribution associated with this conformation. Thus far,

fn-ﬁ: r*évb‘g\?:rfrtgc?u‘:’r'llgyg%gogﬂiﬁ_ogﬁa mg’ég‘l’;‘i}‘éﬁ g‘r)n";‘l"i[h éem(\)’vé3 sequence specific NMR assignments are only available for
mT. All samples were in 100 mM Tris-HCI buffer (pH 7.8): (a) e Oxidized [FeS]™ clusters inP. furiosusFd (Asp at

178uM D14Y mutant, (b) 27M D14C mutant, (c) 37%M D14V position 11) which has Cysl ligating the uniqug= °/, Fe

mutant, (d) 16Q:M D14H mutant, (e) 22%M wild type, (f) 275 site and Asp at position 1124), and inD. gigasFdll (22)

#M D14S mutant, and (g) 308M D14N mutant. Marked)-values  andT. litoralis Fd (25) which both have CyslV ligating the

correspond to the positive maximum and crossover. unique S = %, Fe site and Cys at position II. Since the
. . [FesSy]t clusters inD. gigasFdll and T. litoralis Fd have

an .A'r Products D|S|<_)I_ex model C.SA'ZOZE _closed cyc_le EPR spectra identical to that of the D14C mutant of Pf Fd

refrigerator. Band positions were calibrated using the excita- (26, 43), we tentatively attribute type 1 and type 2 behavior

i 1
tion wavelength, and are accurate :@5 cnT”. Raman to the more strongly coupled pair of Fe atoms being ligated
spectra of the same sample obtained at different Wavelength§Jy Cysl/Cyslil and CyslIl/CysIV, respectively.

were normalized to the intensity of the ice band at 230%¢m The difference between the two types of {E&* clusters

which serves as an internal standard. T_he spectrum OT thethat is apparent in the ground state properties, as deduced
frozen buffer solution, normalized to the intensity of the ice from EPR, is not readily apparent in the excited state

band at 231 e, and a linear ramp fluorescent bapkgro_und_ electronic structure as revealed by the VTMCD spectra
have been subtracted from all the spectra described in th'S(Figure 2). Indeed, the spectra of all sevensBzpclusters

work. are remarkably invariant to the nature of the residue at
position 1l with only minor differences in the weak bands in
RESULTS AND DISCUSSION the 606-800 nm region. While the VTMCD spectrum
Oxidized [F@S]* Clusters X-band EPR, VTMCD, and  reveals the complexity of the excited state structure and is a
RR (excitation at 457.9 nm) spectra for 8¢ ™ clusters in useful fingerprint of cluster type4d), there are as yet no
P. furiosusFd with Asp, Cys, Ser, Val, His, Asn, and Tyr detailed assignments for the 268 S — Fe(lll) charge
residues in the pocket proximal to the thregeS atoms transitions that are observed in the region of 2800 nm.
(position 1l) are compared in Figures—3B, respectively. The close correspondence in the RR spectra of these seven
While relatively minor variations are apparent in the VTMCD  [FesSq]* clusters in the FeS stretching region (Figure 3)
and RR spectra, the EPR spectra exhibit marked differencesattests to very similar structures and cysteine-5eC—C
in the line width of theS = ¥/, resonance (see Figure 1). dihedral angles in each variar, @5, 46). The vibrational
Moreover, the range of EPR spectra observed for thesemodes of the cuboidal E8,°S:' unit (S being bridging or
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FiGure 2: VTMCD spectra of [Fg5,]" clusters in wild-type and
mutant forms oP. furiosuskd. All samples were in 100 mM Tris-
HCI buffer (pH 7.8) with 55% (v/v) poly(ethylene glycol), and the
MCD intensity at all wavelengths increases in intensity with
decreasing temperature. (a) D14Y mutant, aubR2 MCD spectra
recorded with a magnetic field of 4.5 T at 1.63, 4.22, 9.8, and 32.1
K. (b) D14C mutant, at 8uM. MCD spectra recorded with a
magnetic field of 6.0 T at 1.66, 4.22, 9.7, and 32.5 K. (c) D14V
mutant, at 193«:M. MCD spectra recorded with a magnetic field
of 45T at 1.67, 4.22, 10.5, and 33.9 K. (d) D14H mutant, at 128
uM. MCD spectra recorded with a magnetic field of 4.5 T at 1.51,
4.22, 11.5, and 35.4 K. (e) Wild type, at 2a01. MCD spectra
recorded with a magnetic field of 4.5 T at 1.59, 4.22, 9.9, 17.6,
and 53 K. (f) D14S mutant, at 169M. MCD spectra recorded
with a magnetic field of 6.0 T at 1.64, 4.22, 9.7, and 32.6 K. ()
D14N mutant, at 22&M. MCD spectra recorded with a magnetic
field of 4.5 T at 1.69, 4.22, 10.5, and 33.5 K.

inorganic S and 'Seing terminal or cysteinyl S) have been
assigned under effectiv@;, symmetry on the basis of normal
mode calculations an#/3“s* and>¥>%e isotope shifts4s,

47, 48). The frequencies of the F& stretching modes are

Duderstadt et al.
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FicURE 3: Resonance Raman spectra ofj&¢+ clusters in wild-
type and mutant forms oP. furiosus Fd. All samples were
approximately 2 mM in Fd and were in 100 mM Tris-HCI buffer
(pH 7.8). Conditions of measurement were as follows: excitation
wavelength, 457.9 nm; laser power at sample, 75 mW; sample
temperature, 20 K; photon counting fbs every 0.4 cmt for each
scan; and spectral resolution, 6 tn(a) D14Y mutant, with 36
scans. (b) D14C mutant, with 39 scans. (c) D14V mutant, with 40
scans. (d) D14H mutant, with 20 scans. (e) Wild type, with 18
scans. (f) D14S mutant, with 33 scans. (g) D14N mutant, with 37
scans.

essentially unperturbed in the mutant proteins, and the bandsand Tyr at position 1l are compared in Figures 4 and 5,

at 386 and 367 cnt are assigned primarily to the symmetric
and asymmetric FeS' stretching modes, respectively 2

cm! 393 downshifts), whereas the bands at 405, 397, 347,

290, and 265 crt are assigned primarily to FeS? stretching
modes £4 cm ! 3*3* downshifts). The most intense band
at 347 cmt is assigned to the symmetric stretch of thg-Fe
(u3-S°) unit, and the unresolved splitting in the asymmetric
Fe—-S stretching at 367 cnt reflects the lowering of
symmetry from idealizes,. Close inspection of the spectra

respectively. Each sample exhibits a broad low-field reso-
nance in the EPR spectrum that increases in intensity and
sharpens in parallel mode compared to perpendicular mode
(Figure 4). Such characteristics are the hallmark of an integer
spin system, and by analogy with §Sg]° clusters in other
ferredoxins 19, 49), this resonance is assigned to the
transition within theMs = +2 doublet of anS = 2 ground
state with the axial zero-field splitting paramet& € 0).

In a purely axial system, the effective principlalues for

reveals that the two types of clusters distinguished by EPR this doublet are 8, 0, and 0. However, the observed low-
are also differentiated in the RR spectra by the relative field resonance is expected to increase abgwe 8 with
enhancements of the mainly terminal and bridging stretching increasing rhombic distortion, since the zero-field splitting

modes at 386 and 397 cty respectively; type 2 generally
has greater relative intensity at 386 ¢However, the effect

within the formalMs = +2 doublet corresponds tdE3D,
whereE is the rhombic zero-field splitting parameterd(

is subtle and suggests perturbation of the excited state50). As shown in Figure 4, the effectivggvalue and breadth
properties rather than significant changes in the core of this resonance for the [E®]° clusters inP. furiosusFd

structure.

Reduced [F&5]° Clusters Parallel-mode X-band EPR and
VTMCD spectra for the [Fs54]° clusters in dithionite-
reducedP. furiosusFd with Asp, Cys, Ser, Val, His, Asn,

are sensitive to the residue at position II, varying between
18.7 for D14Y and 11.9 for D14S (as estimated by the
crossover point of the derivative). These differences reflect
the magnitude and heterogeneitylJD, but there does not
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FicURE 5: VTMCD spectra of [Fe5,]° clusters in wild-type and
FiGURe 4: Parallel-mode X-band EPR spectra of {&4° clusters  mutant forms of dithionite-reduce®l furiosusFd. All samples were
in wild-type and mutant forms of dithionite-reduc&l furiosus in 100 mM Tris-HCI buffer (pH 7.8) with 55% (v/v) poly(ethylene
Fd. The samples are the same as those used in Figure 1 and werglycol), and were reduced anaerobically with a 10-fold excess of
anaerobically reduced with a 10-fold excess of dithionite. All spectra. dithionite. The MCD intensity at all wavelengths increases with
were recorded at 8.0 K under the following conditions: microwave decreasing temperature. (a) D14N mutant, atA0MCD spectra
power, 50 mW; microwave frequency, 9.37 GHz; and modulation recorded with a magnetic field of 6.0 T at 1.54, 4.22, 11.6, 26.0,
amplitude, 0.63 mT. (a) D14Y mutant. (b) D14N mutant. (c) D14V and 42.0 K. (b) D14S mutant, at 2681. MCD spectra recorded
mutant. (d) D14C mutant. (€) Wild type. (f) D14H mutant. (g) D14S  with a magnetic field of 4.5 T at 1.82, 4.22, 10.0, 23.5, and 44.4
mutant. K. (c) Wild type, at 25Q:M. MCD spectra recorded with a magnetic

field of 4.5 T at 1.64, 4.22, 10.0, and 18.5 K. (d) D14C mutant, at
appear to be any obvious correlation between the trends in132 uM. MCD spectra recorded with a magnetic field of 4.5 T at

this parameter and the two distinct types of §&4° centers ~ 1.69, 4.22, 9.30, and 43.5 K. (e) D14H mutant, atui8. MCD
spectra recorded with a magnetic field of 4.5 T at 1.78, 4.22, 9.9,

e e o b G iy 254 a2 () DALY o . 1CD sy
) ‘ > recorded with a magnetic field of 6.0 T at 1.51, 4.22, 13.0, 26.0,
pronounced influence on the excited state electronic structureand 45.3 K. (g) D14Y mutant, at &M. MCD spectra recorded
of the [FeS4]° cluster inP. furiosusFd as evidenced by the  with a magnetic field of 4.5 T at 1.65, 4.22, 9.6, 23.6, and 42.8 K.
VTMCD spectra in the UV-visible region (Figure 5). On
the basis of the VTMCD data for th& = 9, valence-
delocalized [F&5;]* clusters inC. pasteurianun2Fe Fd 81,

examples of type 1 and type 2, respectively. This is illustrated
in Figure 6 which shows that the spectra observed in the
32), the visible and near-IR VTMCD spectra for fSg]° D14H and D14C mutants are well simulated by adding

clusters are dominated by charge transfer and-Hee different proportions of the D14Y and D14N spectra. This

transitions associated with the valence-delocalized pair. analysis suggests a direct correlation with the oxidized EPR
Hence, the observed differences are attributed to changes irdata, with predominantly type 1 behavior being observed for
the properties and/or location of the valence-delocalized pair. D14Y, D14V, and D14C and predominantly type 2 behavior
Moreover, more detailed analyses of the spectra indicate thatbeing observed for the wild type, D14N, and D14S. Hence,
each can be viewed as the sum of two distinct types with by analogy with the EPR analysis, we attribute the two
D14Y and D14N corresponding to almost homogeneous distinct types of VTMCD spectra to different locations of
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FIGURE 6: VTMCD spectra of the [F£54]° clusters in D14H and Wavelength (nm)

D14CP. furiosusFd simulated as the sum of the D14Y and D14N

spectra: (top) 1.78 K MCD spectrum of the D14H mutant (solid FiIGURe 7: Comparison of the near-IR VTMCD spectrum of tBe
line) (taken from Figure 5) and the sum of 0.82the D14Y 1.65 = 9/, valence-delocalized [R8;]" cluster in the C60S mutant of
K MCD spectrum and 0.1& the D14N 1.54 K MCD spectrum C. pasteurianun2Fe Fd (a) with those of the [E®4]° clusters in
(broken line) and (bottom) 1.69 K MCD spectrum of the D14C wild-type (b), D14S (c), and D14V (d}. furiosusFd. The spectra
mutant (solid line) (taken from Figure 5) and the sum of 0:65 were recorded at1.7 K with a magnetic field of 6 T. The samples
the D14Y 1.65 K MCD spectrum and 0.45 the D14N 1.54 K were all approximately 300M in deuterated Tris-DCI buffer (pD

spectrum (broken line). 7.8) with 55% (v/v) deuterated ethylene glycol and were reduced
anaerobically with a 10-fold excess of sodium dithionite.
the valence-delocalized pair. It is tempting to speculate that
the pairwise intracluster Fe interactions are preserved onmuch less for?H signals than for'H signals (due to the
reduction; i.e., the more strongly coupled pair in the oxidized smaller magnetic moment éff), the most recent attempt to
cluster accepts the electron to become the valence-delocalizedise NMR to make sequence specific assignments of coor-
pair on reduction. The only major discrepancy between the dinating cysteine residues utilized the 7Fe Fd fiBacillus
EPR and VTMCD categorizations is for the D14H variant schlegeliin which the protein cysteines had been deuterated
which is predominantly type 2 in the reduced state as at thep position @4). While sharpH NMR signals were
characterized by VTMCD, and type 1 in the oxidized state observed for the cysteines ligating the {E&* cluster, none
as characterized by EPR. This would require a change inwere detected for the [E&]° cluster. Since theoretical
the pairwise Fe interactions on reduction, and such a changeconsiderations predict that these signals should be observable,
also appears to occur to a smaller extent in the D14C mutantit was concluded that the resonances coalesce due to the Fe
(55% type 1 and 45% type 2 on the basis of the VTMCD sites exchanging valencies faster than the NMR time scale.
spectral simulation). This is consistent with the VTMCD data since in many cases
When the published VTMCD spectra for [f5]° clusters two different pairwise arrangements appear to be “frozen-
in different proteins are surveyed, it is particularly striking in” at low temperatures. Hence, at room temperature, it is
that each can be classified as predominantly type 1, e.g.likely that these conformations interchange faster than the
Desulfaibrio africanusFdlll (51), Solfolobus acidocaldarius ~ NMR time scale.

7Fe Fd (high-pH, unprotonated formd2), and spinach The properties of the valence-delocalized pair in each of
glutamate synthasé&3g), or predominantly type 2, e.gD. these two types of [R&]° clusters can be directly assessed
gigasFdll (27), P. furiosus3Fe Fd 85), A. vinelandii FdI by investigating the electronic transitions associated with the

(high-pH, unprotonated formb(), Azotobacter chroococcum  Fe—Fe interaction in the near-IR region. Near-IR VTMCD
7Fe Fd (high-pH form)%4), Thermus thermophilugFe Fd spectra of the wild type and D14S (representatives of type
(50), and aconitas&sp). In other [FgSy]-containing enzymes,  2) and D14V (representative of type 1) are compared with
it is difficult to classify the spectral type due to interference that of theS = 9, valence-delocalized [R8;]" cluster in
from other paramagnetic clusters. the C60S mutant o€. pasteurianun2Fe Fd in Figure 7.

It is important to reemphasize that sequence specific The close correspondence in the spectra shows the presence
assignments for the cysteine residues ligating a3Hfe of anS= 9/, valence-delocalized pair in each type of {&4°
cluster are not currently available in any protein. Despite cluster, and the transitions can be analyzed as described for
numerous NMR studies of Fds containing §&64° clusters the [FeS;]t cluster B1). A schematic molecular orbital
(22, 24, 25, 56—61), resonances from th&CH, protons of diagram of the FeFe interaction based on effectig,
the coordinating cysteines have yet to be assigned. The NMRsymmetry at the Fe sites is shown in Figure 8. The dominant
line widths are considered to be too broad as a result of aninteraction (responsible for tt&= %, ground state) is the
abnormally long electronic relaxation time or exchange overlap between the pair ofzdbrbitals, with progressively
broadening. Since the extent of dipolar line broadening is weakers interactions, between pairs of,@dnd g, orbitals,
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FiGure 8: Schematic MO diagram for the F&e interaction in a
valence-delocalize® = %/, [F&S;]* unit. Modified from ref31.

and o interactions, between pairs ofy,chnd gz orbitals.
The three highest-energy transitions are predicted to be
— o* (electric dipole-allowed, bug-polarized resulting in
weak VTMCD intensity),0c — & (Xy-polarized, but electric
dipole-forbidden resulting in weak VTMCD intensity), and
o — m* (xy-polarized and electric dipole-allowed resulting
in strong VTMCD intensity). The latter two transitions are
expected to be derivative-shaped (pseAderms) and are
likely to be split in low-symmetry biological environments.
The assignments of these three transitions forShe %,
valence-delocalized [8;] " cluster in the C60S mutant of
C. pasteurianun2Fe Fd are shown in Figure 8. The energy
of thez-polarizeds — ¢* transition is particularly important
since it corresponds tQ3or 10B), whereg is the resonance
energy and is the double exchange parameter.

To confirm analogous assignments for {64° clusters
and hence quantify the resonance energy for3he 9/,
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FicurRE 9: MCD magnetization data for the [E®]° cluster in the
D14S mutant of dithionite-reducd®. furiosusFd. The sample is
described in the legend of Figure 7. (Top) Magnetization data
collected at 713 nm, with magnetic fields between 0 and 6.0 T at
(©) 1.68, @) 4.22, and 4) 9.7 K. The solid line depicts the
theoretical magnetization data constructed for »afpolarized
transition originating from th&ls = 2 doublet of an axiaB= 2
ground state, with &, of 8.0 and agpy of 0.0 (62). (Bottom)
Magnetization data collected at 1148 nm, with magnetic fields
between 0 and 6.0 T atX) 1.75, () 4.22, and ) 9.62 K. The
solid line depicts the theoretical magnetization data constructed for
a predominantlyz-polarized transition originating from thes =

+2 doublet of arS= 2 ground state, with g, of 8.0 and &y of

0.1, and afmy/my of 55 (62).

tion (m/m,, = 55) with ag, of 8.0 and ag; of 0.1. The
lowest-energy near-IR VTMCD band in each of the&#
spectra, therefore, corresponds to the uniaxial> o*
transition of Fe-Fe interaction, and the resonance delocal-
ization energyp, is determined to be 4298 25 cnt? for
type 1 clusters and 4358 25 cmt for type 2 clusters. We

valence-delocalized pairs in each of the two distinct types, conclude that the Fefe interactions within the valence-
MCD magnetization data for the D14S sample were collected delocalized pair are very similar in both locations.

at 713 and 1148 nm (Figure 9). Uniaxial transitions such as

the o — o* transition of an Fe-Fe interaction are predicted

Rationalizing the Redox Potentials of =] *° Clusters
The redox potential of the [E84]™° couple inP. furiosus

to have anomalous MCD magnetization properties for Fd was found to be very dependent on the nature on the

transitions originating from a highly anisotropic doubled,(
62). This situation pertains to reduced Bg° clusters, since
the transitions arise from thds = +2 doublet of thes= 2
manifold, which has &, of 8.0 and ag; of 0.0 in the limit

of a completely axial zero-field splitting. Completely different

residue at position IlE, (pH 7 vs NHE)= —203, —188,
—148,—129,—125, and—89 mV for the wild type, D14V,
D14Y, D14H, D14N, and D14S, respectivel§g). On the
basis of the data presented herein, it is tempting to conclude
that the location of the reducible pair is a major factor in

MCD magnetization data are observed for the bands centeredietermining the redox potential, since the mutants with type
at 713 and 1148 nm. The lowest temperature data at 7132 arrangements (D14N and D14S) generally have signifi-
nm are well fit by theoretical data constructed for a cantly higher reduction potentials than type 1 arrangements
Xy-polarized transition arising from a doublet withga of (D14V and D14Y). However, the observation that the wild
8.0 and agn of 0.0 62). In contrast, the anomalous type (type 2) has the lowest potential is clearly contrary to
magnetization behavior at 1148 nm, i.e., increasing to a this argument and demonstrates that other factors such as
maximum and then decreasing as a functiorfBf2kT, is solvent exposure and changes in hydrogen bonding interac-

predicted only for a predominantlgpolarized transition,
when both the-polarized andy-polarized transition dipole
moments i, andm, respectively) have the same si@®).

tions that contribute to the electrostatic potential at the cluster
are likely to be equally important. Molecular mechanics and
dynamics calculations studies are planned to address the

For example, the lowest temperature data at 1148 nm is fit dependence of the redox potential on the nature of the residue

by a theoretical curve constructed fronz-polarized transi-

at position II.
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CONCLUSIONS

The three major conclusions of this work are summarized
below.

(1) The results presented herein provide the first evidence
that EPR and VTMCD are capable of assessing the pairwise
Fe interactions of the oxidized and reduced 3fzE°
clusters, respectively. Although the specific assignments for
these mutants oP. furiosusFd require confirmation via
NMR studies, the available NMR data for 3Fe Fds suggest
two distinct arrangements: type 1 with CyslV ligating the
unigue Fe site and Cysl and Cyslll ligating the reducible
pair and type 2 with Cysl ligating the unique Fe site and
Cyslll and CyslV ligating the reducible pair.

(2) The nature of the residue at position Il is a key
determinant of the specific pairwise Fe interactions within
[FesSy) H0 clusters in Fds with the type 1 arrangement favored
by Tyr, Val, and Cys and the type 2 arrangement favored
by Asp, Asn, and Ser. With His at position Il, the pairwise
arrangement changes from type 2 to predominantly type 1
on reduction. Partial type 1 to type 2 conversion occurs with
Cys in position Il on reduction. The D14Y and D14N
mutants are almost exclusively type 1 and type 2, respec-
tively, in the reduced form at cryogenic temperatures.

Consequently, these mutants are the best candidates for NMR 2g.

studies for assigning the cysteines ligating the specific Fe
sites of a [FeS,]° cluster.

(3) Near-IR VTMCD provides a method for determining
the resonance delocalization energy associated with the Fe
Fe interaction of theS = 9, valence-delocalized pair in
[FesS4)° clusters. The results for type 1 and type 25§
clusters indicate that the resonance energy4800 cnr?
and relatively independent of the specific location of the
valence-delocalized pair.
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