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ABSTRACT. The ferredoxin fromChromatiunwinosum(CvFd) exhibits sequence and structure peculiarities.

Its two FeS4(SCys) clusters have unusually low potential transitions that have been unambiguously
assigned here through NMR, EPR, and'ddbauer spectroscopy in combination with site-directed
mutagenesis. The [4Fe-£SJ+ cluster (cluster 1) whose coordination sphere includes a two-turn loop
between cysteines 40 and 49 was reduced by dithionite witf°aaf —460 mV. ItsS= Y/, EPR signal

was fast relaxing and severely broadenedisyrain, and its Mesbauer spectra were broad and unresolved.
These spectroscopic features were sensitive to small perturbations of the coordination environment, and
they were associated with the particular structural elements of CvFd, including the two-turn loop between
two ligands and the C-terminal-helix. Bulk reduction of cluster IE* = —660 mV) was not possible

for spectroscopic studies, but the full reduction of the protein was achieved by replacing valine 13 with
glycine due to ar60 mV positive shift of the potential. At low temperatures, the EPR spectrum of the
fully reduced protein was typical of two interactiSg= 1/, [4Fe-4S}* centers, but because the electronic
relaxation of cluster I is much slower than that of cluster Il, the resolved signal of cluster | was observed
at temperatures above 20 K. Contact-shifted NMR resonanc@sGi, protons were detected in all
combinations of redox states. These results establish that electron transfer reactions involving CvFd are
guantitatively different from similar reactions in isopotential 2[4Fe-4S] ferredoxins. However, the reduced
clusters of CvFd have electronic distributions that are similar to those of clusters coordinated by the
CysxxCyd'xxCyd"---CydVP sequence motif found in other ferredoxins with different biochemical
properties. In all these cases, the electron added to the oxidized clusters is mainly accommodated in the
pair of iron ions coordinated by CYsand Cy¥’.

[4Fe-4S] clusters are used as prosthetic groups in manydepends on a complex set of interactions with their immediate
biological systems, where they serve diverse functions, suchenvironments, including the surrounding amino acids and
as electron transfer, catalysis, oxygen sensing, and regulatiorthe solvent. Thus, a complete characterization of such
of the action of nucleic acidsl). Yet, at the level of interactions is desirable for understanding the function of
resolution attained by X-ray crystallographic studies of [4Fe-4S] clusters in a given biological environment.
proteins, all structures of [4Fe-4S] cores appear to be very Recently, a new class of ferredoxins that includes the
similar (2), with the exception of mitochondrial aconitase ferredoxin from Chromatium vinosum (CvFd} has been
for which the cysteinyl ligand of one iron atom is replaced characterized4) and found to exhibit a very low reduction
by an oxygen donor3). The function of [4Fe-4S] clusters  potential, around-660 mV versus the NHEX( 6), for one
of the two [4Fe-4S]** clusters. The exact function of CvFd
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In an effort to further expand on the initial studies of the
[4Fe-4S] clusters of CvFdb(8), NMR, EPR, and Mesbhauer
spectroscopic studies have been carried out. In view of the
importance of the polypeptide chain in modulating the
properties of the irofrsulfur clusters, site-directed mutagen-
esis has been largely used to modify the environment of the
clusters. These studies unambiguously associate the unusually
low potential 660 mV) redox transition of CvFd with the
cluster coordinated by the conventional CxxCx»*CP
sequence motif. They also reveal new spectroscopic features
for the other cluster.

EXPERIMENTAL PROCEDURES

Preparation of ProteinsRecombinant CvFd and a series
of molecular variants, including the previously unpublished
C57S CvFd (Cys-57 is the single noncoordinating cysteine
of the sequence), have been produced by described proce-
dures b). Uniformly ®N-enriched recombinant CvFd was
prepared by growindgzscherichia colicells in a minimal
medium containing 0.2 g/L'NH,),SO, (99.8%, Cisotec,
Inc., Miamisburg, OH) as the sole nitrogen source.
Molecular variants of CvFd are straightforwardly desig- CYS'57
nated X1y CvFd for the single site change in which amino - pigure 1:  Schematic view of the peptide environment around
acid X at positiom is replaced by Y. In varianA1l CvFd, cluster | ofC. vinosumferredoxin. A solid ribbon is drawn through
the Ala-GlIn dipeptide replaces the eight amino acids in the the main chain of the model{). The ball-and-stick representation
two-trn 00 between Cys-40 and Cys-49. KTQVFd s 1 1o mie st dsesesd n e (e, and {1 space g
the 73-residue protein in which the codon for Lysj74 has thg solvent. Cluster Il would be located at the bottom of thepfigure
been exchanged for a stop codon, hence shortening abouj, the complete representation of the protein.
half of the terminabi-helix. These two changes are combined

in A1IK74— CvFd. Y44C and K74E CvFd were designed to  concomitantly monitored inside the anaerobic chamber with
further probe the specific structural features of CvFd occur- g Hewlett-Packard 8453 spectrophotometer connected through
ring around cluster II, for which Cys-18, Cys-37, Cys-40, fiber optics (L2).

and Cys-49 are the ligands. These changes are described in
d_etall elsgwhereso._ DlzG.’ V13G, _Y3_0F' and C57S CvFd spectrometer operating at X-band (9 GHz) or Q-band (35
display single amino acid substitutions around cluster | GHz), and equipped with an Oxford Instrument ESR 900
coordinated by Cys-8, Cys-11, Cys-14, and Cys-53 (Figure y )24y or CF 935 (Q-band) helium flow cryostat. Numer-
1). Strictly anaerobic conditions were ensured throughout ;.. cimulations of EPR spectra were based og-strain

all biochemical and spectroscopic experiments by using angsistical procedurel@) in which the distribution of the
anaerobic chamber (Jacomex, Livry-Gargan, France) and by

taini trati £l than 2 g-tensor around a mean valgg is described by a three-
maintaining an oxygen concentration ot 1€ss than 2 ppm.  gimensional tensgr. The principal elements of this tensor

NMR SpectroscopNMR spectra were recorded on 2500 are random variables which are statistically correlated
MHz Unity Plus Varian spectrometer, and protein samples (correlation coefficientsr;) and characterized by their
(0.5-2 mM) were prepared in 20 mM potassium phosphate standard deviationssi. The adjustment of the various
buffer (pH 8.2) unless otherwise stated, according t0 parameters of the model was facilitated by using the
procedures described previous8).(Reduction was carried  previously developed regression program REGRES.
out with a 10-fold excess of sodium dithionite, the reduction Mossbauer Spectroscop§Fe-enriched CvFd was pre-

?hoetggt(l:%ln%fit\ilg)rrlmlsclr@]))czgrggt?rﬁgg]:liedIZEZEEEZ % :/nvi\t/hur;]g?arllic pared by removing the clusters of recombinant protein by
' pp trichloroacetic acid precipitation and by reconstitution in the

Zn and viologens (methyl viologen or DMTQ) at concentra- presence of’Fe prepared by acid solubilization of the metal

tions that were ca. 100 times lower than that of the protein. . :
o e (15). Mossbauer spectra were recorded in the constant
Conditions for NOESY and EXSY spectra were similar to acceleration model).

those previously implemente®)( with short mixing times
of 5—10 ms. RESULTS

EPR Spectroscopyrotein samples (0-10.5 mM) in 20
mM potassium phosphate buffer (pH 8.2) were reduced by A low potential [4Fe-4S] cluster can access two redox
a 10-30-fold excess of sodium dithionite standardized levels with formal FgS, charges of 2 (oxidized) or H
against a calibrated thionin solutiong®1 methyl viologen (reduced). 2[4Fe-4S] CvFd will thus be designateylwhen
(E:° = —445 mV), TRIQUAT E:° = —550 mV), and both clusters are reduce@o) for the fully oxidized protein,
DMTQ (E;° = —680 mV) were sometimes used as media- (or) for molecules in which only cluster Il (coordinated by
tors. Potentials were measured with a combined electrodeCys-18, -37, -40, and -49) is reduced, gng) in which only
(Radiometer XM850 ET). The absorption spectrum was cluster | (coordinated by Cys-8, -11, -14, and -53) is reduced.

EPR spectra were recorded on a Bruker ESP 300E
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FIGURe 2: Maossbauer spectra of oxidized CvFd. The data were 20 18 16 14 12  ppm

recorded in a 45 mT external field applied parallel to the incident
y-radiation at 4.2 K (A) and 150 K (solid line in panel B). The
solid line in panel A is a least-squares fit of the data, assuming
four iron sites with the followingAEq (millimeters per second)
and o values (millimeters per second): 1.30 and 0.47, 1.32 and 19
0.42, 1.23 and 0.46, and 0.61 and 0.41, respectively. The dotted R C40p1

line in panel B is the 4.2 K spectrum superimposed on the 150 K C4081
data (solid line). b4 o
14 |

Ficure 3: Low-field 500 MHz'H NMR spectra of oxidized 2[4Fe-
4S] ferredoxins: (A) native, (B) D12G, (C) V13G, (N1 CvFd,
and (E)C. acidurici Fd. The spectra were recorded at 298 K.

Characterization of the Oxidized Protein

Mossbauer Studiegigure 2 shows Mssbauer spectra of
oxidized CvFd recorded at 4.2 K (A) and 150 K (B, solid
line). The average isomeric shift and the observed quadrupole
splittings are typical for [4Fe-43] clusters. The 4.2 K
spectrum can be approximated by two quadrupole doublets 4
with a 3:1 intensity ratio, namely, a majority species with a
AEg of 1.3 mm/s and a minority species withAdq of 0.6
mm/s. The solid line in Figure 2A is a least-squares fit R P S A T A S
obtained by assuming four quadrupole doublets with the 180 135 90 45 0 45 90 135 180
parameters listed in the figure caption. However, because .
as many as eight iron sites contribute to this spectrum, other Dihedralangle Fe-S-Cy-H,
spectral decompositions are possible. The superposition ofFIGURE 4: Contact shifts of cysteinyl protons in oxidized 2[4Fe-
the 150 K spectrum on the 4.2 K spectrum (Figure 2B) shows 43] ferredoxins. The hyperfine shifts, as defined in 8ebf the

o cysteinyl -protons inC. acidurici Fd, including those of Cys-40
that the quadrupole splittings are temperature-dependent,r) "were fitted (solid line) as a function of the dihedral angles
suggesting that low-lying excited states are thermally ac- obtained from the atomic resolution structure of the proté@n (
cessible at 150 K, as observed for other [4Fe24$3rre- The Cys-11 and Cys-40 protons of CvFal)(are labeled. The
doxins (L7). signals of the protons of Cys-40 in Y440), A1K74—- (@), and

. . - Al (diamon re al | . In the latter he black

NMR StudiesThe IOW_er.Id 1'.—| NMR SpeCtra of QXIdIZ.ed diarrschr?dsOC((;irsr)es{j;)gng1 Stg {)hce)ttg(rj]gle vtaI?Jegttgf t?laes%attivg l:C):\elll(;d
CvFd and of selected derivatives obtained by site-directed sirycture and the white ones (boxed and italicized labels) to those
mutagenesis are shown in Figure 3. For comparison, theof the C. acidurici Fd structure.
spectrum ofClostridium aciduriciFd is also shown. The
number of signals between 10 and 20 ppm, most of them 3-protons of cysteine-coordinating [4Fe-4Stlusters, the
arising from cysteinyl 3-protons 8), is approximately dipolar contribution is usually weak. The contact term
constant in all these spectra, but a few resonances are shiftediepends on the value of the dihedral angle formed by the
in some of them. This spectral region has been probed byFe—S—Cs—Hg bonds (resulting from orbital overlap involv-
NOESY and TOCSY experiments tailored for studying fast ing the proton 1s orbital), and this dependence is described
relaxing nuclear spins. The availability of such extensive data by a Karplus-type equationl®). The signals of Cys-40
sets has enabled us to revisit the previously proposedg-protons in CvFd occur at 21.2 and 13.8 ppm and, as
assignments and to complement them wid NMR ones previously reportedg), lie somewhat outside the predicted
(Supporting Information). dependence (Figure 4) calculated with the highest-resolution

NMR Signals of the Cys-40 Side Chairhe hyperfine structure ofC. aciduriciFd (2). The positions of these signals
contribution to the chemical shifts of protons in paramagnetic vary little for most CvFd variants studied here (less than
proteins includes contact and dipolar terms. In the case of0.6 ppm for the most shifted signal), except f&4d and

Hyperfine shift (ppm)
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Table 1: Comparison of Assignments fvCysteinyl Protons of Oxidized and Dithionite-Reduced CvFd with Thos€.acidiruci Fc?

cluster | cluster Il
Cys-8 Cys-11 Cys-14 Cys-53 Cys-37 Cys-40 Cys-49 Cys-18
Hp1 HB. HB1 HB, HP1 HB2 HP1 HB: HB: HB2 HBr HB:  HB: HB2 HB:r HA:
CvFd
(or) 0 (ppm) 359 510 608 38.1 73.0
(or) AT C C AC AC AC
(00)6 (ppm) 114 99 90 156 146 52 91 105 105 7% 212 138 176 40 57 1238
C57S CvFd
(or) o (ppm) 114 150 146 36.1 512 605 378 73.2
(00)6 (ppm) 11.3 10.0 8.9 150 146 5.1 8.5 10.7 105 7.9 212 138 175 42 6.9 12.8
Cys-8 Cys-11 Cys-14 Cys-47 Cys-37 Cys-40 Cys-43 Cys-18
HBr  HpP2 HPr HB2 HBr HP: HPr HB2 HBr HB: HBr HB:  HBr HBa HPr HB
C. aciduriciFd*
(00)d (ppm) 114 8.2 92 154 150 438 65 134 111 79 95 163 152 438 6.4 122

@ Chemical shifts§) at 298 K, given for the oxidizeo) and dithionite-reduce(br) proteins.AT indicates the dependence on temperature. C
represents curie and AC anticurfeChemical shifts at 293 KE Chemical shifts forC. acidurici Fd at 293 K and pH 7.8 were taken from (8.

A1K74— CvFd, for which upfield shifts, of up to 3 ppm for
the same signal, convert the pattern of hyperfine shifted
signals into one more similar to that &. acidurici Fd

(Figure 3). These spectroscopic features suggest that the two

variants of CvFd that lack the two-turn loop between cysteine
residues 40 and 49L() are structurally closer to proteins
exhibiting the conventional CxxCxxGCP coordinating
motif of [4Fe-4S] clusters.

The influence of the ring current of Tyr-44 at less than
5 A from the Cys-4Q3-protons to their chemical shifts has
been estimated by a simple moddl9) to be a negative
fraction of 1 ppm. In agreement with this estimate, in Y44C
CvFd the chemical shift of B Cys-40 decreases by the
modest value of 0.7 ppm compared to that of CvFd and that
of the less shifted B, by an even smaller value (Figure 4).
This shows, from both theoretical and experimental consid-
erations, that the aromatic ring of Tyr-44 is only marginally
responsible for the chemical shift discrepancies displayed
by the signals of CvFd Cys-40/H The unexpectedly large
values of the 1B Cys-40 chemical shifts in CvFd may
therefore originate from a slightly larger value of the spin

18.0

175 M —A A&

17.0 —

16.5 —

8 (ppm)

16.0 —

15.5 —

15.0 | , ]

pH

density on the iron coordinated by this cysteine, perhaps asFiGURES: pH dependence of the Cys-1Bithemical shift. NMR

a result of the unusual conformation of this ligarid)(
NMR Signals of the Cys-11 Side Chain anddence for
a pH Effect.The Cys-11 protons in D12G and V13G CvFd

spectra were recorded f@. acidurici Fd @), D12G CvFd @),
and CvFd @). In the latter case, the curve is a fit of the experimental
data with a K, value of 6.3.

are close to the substituted amino acids (Figure 1), and theirsjmilar X-band EPR spectrum recorded without interference
chemical shifts differ from those of CvFd (F|gure 3 and Table from radicals is shown in Figure BA. Compared to Spectra

1). The plot of Figure 4 indicates that the chemical shift of of magnetically isolateds = ¥/, [4Fe-4S}* clusters, this
Hp. is expected to be more sensitive to a given angular rhombic spectrum had an unusual line shape with two major

variation of the Fe-S—Cs—Hj dihedral angle than that of
Hp1. The resonance of Cys-115klin CvFd was also found
to shift with pH; from the pH dependence of this signal, a
pK, of 6.3 was calculated (Figure 5). In contrast, the Cys-
11 HB, proton ofC. aciduriciFd, which resides in a similar
structural environmen®( 11), and that of D12G CvFd both
exhibit pH-insensitive chemical shifts (Figure 5). The latter
proteins lack the carboxylic group of Asp-12, and the
combined data show that Cys-1B4tenses the electrostatic
potential contributed by this residue in CvFd.

One-Electron Reduction with Dithionite

EPR StudiesDithionite-reduced CvFd has already been
shown to display EPR spectra with unusual sha@sA

features ag = 2.07 and 1.89, broad wings at the high- and
low-field ends, and an almost collapsed derivative-like
feature ag = 1.94. This signal was also comparatively fast
relaxing; for instance, at 10 K, saturation did not occur below
40 mW, and the signal disappeared by relaxation broadening
at temperatures above 20 K. Below 20 K, no heterogeneous
changes of the line shape were observed over a<200

mW range of microwave power, ruling out the possibility
that more than one species contributes to the observed
spectrum. No additional signals were detected in sweeps
covering a 700 mT field range, indicating the absence of
S > 1/, species. In addition, the same EPR features were
observed for samples at different protein concentrations or
at different ionic strengths or prepared during a reductive
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Ficure 6: X-band and Q-band EPR spectra of dithionite-reduced
CvFd: (A and B) CvFd and (C and DA1 CvFd. Solid lines are
experimental spectra recorded under the following conditions:
temperature, 10 K; microwave frequency, 9.430 GHz (A and C)
or 33.90 GHz (B and D); microwave power, 10 mW; and
modulation amplitude, 1 mT (A and C) or 2 mT (B and D) at 100
kHz. Dotted lines are numerical simulations obtained with the
following parameters: (A and B)xyz = 1.894, 1.994, 2.09Gx vz

= 0.043, 0.207, 0.0016, Euler angles between tengoasidp of

23, 43, and —31°, correlation coefficients of 0.085, 0.935, and
—0.264; (C and DXJX,Y,Z = 1.787, 1.890, 2.07&)('{2 = 0.135,
0.027, 0.0027, Euler angles between tenggemndp of —50°, 42°,

and 30, correlation coefficients of 1, 1, and 1.

titration of the protein with dithionite. The number of

Biochemistry, Vol. 38, No. 19, 199%339

was found to be approximately 1 spin/CvFd, a smaller value
than the one estimated previouslg).( This observation
suggests that only one cluster is reduced by dithionite, in
agreement with the Mesbauer and NMR data presented
below.

The same peculiar EPR line shape was also observed in
the Q-band spectra (Figure 6B). The invariance of the
spectral shape with the microwave frequency indicates the
absence of magnetic coupling between two nearby [4Fe-
4ST]* paramagnets. The similarity of the spectra of parts A
and B of Figure 6 further indicates that the broadening of
these EPR spectra is mainly duedgetrain. Usually, good
simulations of EPR spectra arising from magnetically isolated
[4Fe-4S}T clusters in proteins can be obtained by a statistical
description ofg-strain (L3) in which the mean tensay and
the fluctuation tensop are colinear, the random variables
pi being positively fully correlated, i.ery = 1 (20—23). For
dithionite-reduced CvFd, the best simulations obtained with
such constraints correctly reproduced the central region of
both the X-band and Q-band EPR speatsa ¢ = 1.89, 1.96,
2.065;0x%yz = 0.03, 0.09, 0.016), but not the broadening of
the signal wings (not shown). Satisfactory simulations could
only be achieved by rotating thetensor with respect tgo
and by allowing partial correlations of random variabpgs
(Figure 6A,B). Moreover, the standard deviations deduced
from these simulations are significantly larger (especiajly
than those usually found {515 x 10°3) for S= Y/, [4Fe-
4STt clusters 21—-23).

The EPR spectra of most CvFd variants were quite similar
(not shown); significant changes were only found fot
(Figure 6C,D), K74E, andA1K74— CvFd (nhot shown),
which display spectra more similar to those observed for
typical protein-bound [4Fe-485] clusters. For example, the
X- and Q-band spectra @1 CvFd have nearly axial shapes
(Figure 6C,D), with fully developed peaks gt= 2.07 and
1.917, but they also display strongly broadened wings, like
most of the CvFd variants. These EPR spectra were simulated
as described above, with relatively largevalues, but fully
correlatedy variables (; = 1) could be used (Figure 6C,D).
The significance of these observations is discussed below.

Mossbauer Studiedhe EPR results of Figure 6 have been
complemented by N&sbauer spectroscopy o¥’&e-enriched
CvFd sample. The 4.2 K Mgsbauer spectrum of dithionite-
reduced CvFd, shown in Figure 7A, consists of a superposi-
tion of a diamagnetic (see below) component exhibiting the
same 3:1 quadrupolar pattern, like the spectrum of Figure
2A, and a paramagnetic component with broad, unresolved
features. The two components are roughly in a 1:1 ratio,
suggesting that one of the two clusters has been reduced by
dithionite, while the other has remained oxidized. The
paramagnetic species must be associated with the cluster that
gives rise to theS = %, EPR signal of parts A and B of
Figure 6. For comparison, Figure 7A also shows a theoretical
spectrum that fits the well-resolved spectrum of the [4Fe-
4S}* ferredoxin from Bacillus stearothermophilusThe
paramagnetic component of CvFd is much less resolved,
suggesting that it is heterogeneously broadened, much like

electrons transferred upon reducing the protein by dithionite the g-strain-broadened EPR spectra (Figure 6).

is difficult to determine reliably because of the long time
(ca. 30 min) that is required for attaining the equilibrium
between these reactan).(Nevertheless, using dithionite

In Figure 7B is shown an 8.0 T spectrum of dithionite-
reduced CvFd. The solid line is a spectral simulation for a
[4Fe-4S}' cluster, assuming a diamagnetic ground state. The

as the reductant, the spin concentration of several samplegood match of the theoretical spectrum to the triplet structure
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X 2 | Ficure 8: Low-field 500 MHz *H NMR spectra of dithionite-
reduced 2[4Fe-4S] ferredoxins: (A) native, (B) V13G, (C) K74
(D) A1K74—, (E) A1 CvFd, and (FXC. acidurici Fd. The spectra
were recorded at 298 K. Assignments for native and V13G CvFd
0 are given in Tables 1 and 2, respectively.
F2
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l | (pp )_: C4OHB2°° - | 8. 3
3 < C e .
20 4 - | o O o
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FIGURE 7. 4.2 K Mssbauer spectra of the dithionite-reduced CvFd El - CA40HB,” ° ) °
recorded in (A) 45 mT and (B) 8.0 T fields. For comparison, the 40 4 2
solid line in panel A is a theoretical spectrum obtained with the 3
parameters that fit the reduced [4Fe-4Sjluster ofB. stearother- 50 E
mophilusferredoxin @4). The solid line through the data in panel E . g__—C37H[32°' — % TN
B is a simulation for oxidized cluster | of CvFd, assuming that the E
cluster has a diamagnetic ground state (the parameters listed inthe gg 3 < — C40HB,” ’
caption of Figure 2 were used). Spectrum C is the contribution of E !
cluster Il, obtained by subtracting the spectral simulation for the 3
oxidized cluster | from the data in panel B. The solid line in panel 70 . C18HB.”
C is a theoretical spectrum obtained with the parameters of the E B, L )
reduced [4Fe-4S7 of B. stearothermophiluerredoxin @4) [AEq LA L AU T
(mm/s),0 (mm/s),n, Axyz (MHZz)]: (1.32, 0.5, 0.78;-31.7,—32.5, 70 60 50 40 30 20 10 0
—27.9), (1.89, 0.58, 0.32, 26.5, 13.5, 8.6). Above the data in panel
C, the contribution of the ferrous pair of this cluster has been drawn F1 (ppm)
for comparison. FiGurRe 9: Low-field EXSY spectrum of dithionite-reduced C57S

) ) ) ) ) CvFd. The spectrum was recorded ipat 293 K with a mixing
of the data confirms this assumption. In Figure 7C is shown time of 5 ms and a repetition time of 60 ms. Two hundred fifty-six

the 8.0 T spectrum of the paramagnetic component of this complext; increments were implemented with 288 transients per
sample, obtained by subtracting the theoretical spectrum ofincrement for a total gr():quisition time of 3 h. The signals at 34
the diamagnetic cluster (50%) from the data of Figure 7B. Epr;;;\&%c()go)(]l);észglViSif?)tle?»(;.tltﬁigr?m[\évrl]t:itgsle(;rglss-correlatlon
ConventionalS = 1/, [4Fe-4S}" clusters exhibit two pairs y . '

of antiferromagnetically coupled iron sites corresponding (see same (Figure 8). The spectra of reduced CvFd could not be
Discussion) to one pair of ferrous ions and one with mixed- assigned through EXSY experiments in a mixture of oxidized
valence character (F&—Fe>5"). The line drawn above the  and reduced protein8), most probably because the electron
data in Figure 7C is a theoretical spectrum generated with transfer between these molecules was too slow on the NMR
the parameters that fit the ferrous pair of the [4Fel4S] time scale. This limitation has now been overcome with
cluster of B. stearothermophilugerredoxin @4). The line C57S (Figure 9) and V13G CvFd, for which EXSY correla-
drawn through the data in Figure 7C is a theoretical spectrumtions in mixtures of as-isolated and dithionite-reduced
obtained by adding the contribution of the diferrous and samples have been detected. Consequently, for these dithion-
mixed-valence pairs of the cluster Bf stearothermophilus  ite-reduced samples, > 22 ppm signals could be assigned
ferredoxin which differs, mainly in resolution, from the to protons belonging to ligands Cys-40, Cys-37, and Cys-
spectral shape of the reduced cluster of CvFd. While the 18 of cluster Il (Figure 9 and Table 1). This result agrees

resolution of the Mesbauer spectra associated with &ve with the number of hyperfine-shifted signals in spectra of
1/, species is quite poor, there is no evidence that this speciesCvFd and derivativesi(> 22 ppm in Figure 8A-E) which
represents a structure other than a [4Fe-48luster. is approximately half of that detected in spectra of reduced

NMR StudiesTo further explore the unusual properties isopotential 2[4Fe-4S] Fd (Figure 8B) since only low-
of CvFd and to assign them to the structurally characterized field shifted 5-protons close to cluster Il are observed in
clusters of the protein, NMR investigations have been carried CvFd. Moreover, the low-fieldH NMR spectra of V13G
out. In the 22-85 ppm region of altH NMR spectra of (Figure 8B), C57S (Figure 9), and of D12G and Y30F CvFd
dithionite-reduced CvFd and derivatives the number of peaks, (not shown), all variants with amino acid substitutions close
their widths and temperature dependencies are nearly theo cluster |, are nearly identical to that of CvFd, indicating
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FiGurE 10: Comparlson of théH NMR spectra of C57S CvFd:
(A) oxidized protein, (B) same spectral range for the dithionite-

reduced protein, and (C) very low-field part of the spectrum shown 320 340 360 380
in panel B. The spectra were recorded at 298 K. Assignments are MAGNETIC FIELD (mT)

from Table 1.
Ficure 11: X-band EPR spectra of V13G CvFd. (A) Reduced
that the assignments obtained for dithionite-reduced C57Sprotein at 7.5 K. (B) Reduced protein at 30 K. (C) Numerical

simulation of the spectrum in panel B obtained with the following
?‘Padb\l/eli)e CvFd apply with only minor adjustments to CvFd parameters:gyy, — 1.891, 1.944, 2.0635y2 — 0.024. 0.010,

. 0.011, Euler angles between tensggsand p of 87°, —50°, and
In contrast, the low-field NMR patterns of the Y44C, 67, correlation coefficients of 1, 1, and 1. (D) Spectrum at 7.5 K
K74E, K74—, A1, andA1K74— CvFd variants, all of them  of the ca. 10% reduced protein.

with substitutions around cluster Il, differ from that of CvFd
(Figure 8). The resonances in the K74E (not shown) and CvFd derivatives (1 spin/molecule; see above), suggesting
K74— spectra are more shifted than in the spectrum of CvFd. that cluster | in this variant can be reduced by dithionite at
On the contrary, the signals of Y44C and CvFd are less  pH 8.2. Therefore, the complex features observed in the EPR
shifted than those of CvFd. Oxidized and dithionite-reduced spectrum of V13G CvFd (Figure 11A) must be attributed to
A1K74— CvFd exhibit'H NMR patterns that are between magnetic interactions between the t8e= %, clusters, as
those of Al and K74~ CvFd (Figure 8C-E). Because of  observed with fully reduced isopotential 2[4Fe-4S] proteins
the lack of EXSY correlations in mixtures containing (23, 25). At higher temperatures, the EPR spectra exhibit an
oxidized and dithionite-reduced molecules, direct assign- interesting behavior; above ca. 20 K, the complex signal of
ments have not been obtained either AdrK74— CvFd or the interactingS= %/, clusters changes into a rhombic, slow
for other variants with substitutions close to cluster II. relaxing signal ag = 2.064, 1.943, and 1.893 (Figure 11B).
At this stage, the NMR, Mssbauer, and EPR data are This spectral change is due to the shortening of the cluster
consistent with the previous conclusion that cluster Il can Il relaxation time which singles out the signal contributed
be reduced by dithionite and that the potential of cluster | is by cluster | above 20 K. This slowly relaxing rhombic signal
too low to accept electrons from this reductaBj; (i.e., accounts for ca. 0.8 spin/molecule, and its shape (Figure 11B)
dithionite only generate®r) from (00) CvFd. This statement  is quite different from that of the cluster Il signal detected
is sustained by the quantitative conversion of the spectrumin partly reduced V13G CvFd (Figure 11D).

of (00) C57S CvFd into a completely new set of resonances  Tne |ow-field part of the NMR spectrum of dithionite-
upon dithionite reduction (Figure 10 and Table 1). reduced V13G CvFd at pH 8.2 with 0.4 M NaCl showed a
Esidence for Reduction of Cluster | in V13G/Ed Ignlque pattern _of hyperfir_le-shif_t_ed signals (Figure 1_20). The
ines with relatively low intensities have been assigned by
The reduction potential of cluster | in V13G CvFd has EXSY experiments carried out with samples containing
been measured at600 mV in the presence of 0.4 M NaCl, V13G CvFd molecules at different redox levels (Figure 12
i.e., the least negative value found so far for this family of and Table 2). The smaller intensity of the newly detected
proteins B). A 1:10 molar ratio of dithionite to V13G CvFd  signals implies that they originated from a subpopulation,
generated a rapidly relaxing EPR signal (Figure 11D), similar comprising ca. 30%, of V13G CvFd molecules in Figure 12.
to that exhibited by dithionite-reduced cluster Il of CvFd Upon slow reoxidation of the sample in the NMR tube, these
(Figure 6). Further reduction of V13G CvFd in the presence signals disappeared and only a pattern very similar to that
of DMTQ and 0.4 M NacCl resulted in a complex EPR exhibited by the other CvFd derivatives remained (Figure
spectrum, notably different from those of other CvFd 12B). In this experiment, the variations of the intensities of
derivatives (Figure 11A). Double integration of the signal the NMR peaks correlated with the initial extensive reduction
of Figure 11A yielded 1.7 spins/molecule for V13G CvFd, of the protein by dithionite that generated a mixturerof
a value substantially larger than those obtained for other (giving the low-intensity signals) and semireduced states. All

$¥$
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Table 2: Assignments g8-Cysteinyl Protons of V13G CvFd at All Accessible Redox Le¥els
cluster | cluster Il
Cys-8 Cys-11 Cys-14 Cys-53 Cys-37 Cys-40 Cys-49 Cys-18

V13G H3:  HB: HBr HB HBr HB HBr HB HBr HB: HB: HB:  HBr  HB: HBL  HBo
(rm) 6 (ppm) 358 512 211 216 43.0 16.6 51.3 634 404 74.8
(rr) AT C C AC AC C AC C AC AC AC
(*)o (ppm) 122 102 102 128 144 55 90 11.0 346 488 595 37.8 70.7
(*) AT - - - - - - - - C C AC AC AC
(00)d (ppm) 11.8 97 100 130 137 54 92 107 105 80 211 137 175 43 59 127

@ Chemical shifts¢) were measured at 298 K. The abbreviations have

the same meaning as in Table 1 and the legend of Figure 12. No correlations

could be observed with two signals detected at 31.5 ppm forthkeyel, which shifts only slightly, if any, at ther) level, and at 24.5 ppm for

the (rr) level.

40,7

e e R e A EEaas T T T T rrTT

|
25 20 15 ppm

Ficure 12: Low-field IH NMR spectra of V13G CvFd. Cys
[-protons spectra, with subscripts referring to stereospecific as-
signments, were recorded in 20 mM potassium phosphate (pH 8.2)
and 0.4 M NaCl for (A) the fully oxidizedoo) protein and (B and

C) mixtures of different redox levels with different reducing
potentials. Signals are labeled according to the redox level of the
protein,(oo) or (rr), with asterisks referring to signals specific for
partially reduced samples. Part D is a selected cross section at th
position of the Cys-40 B (37.8 ppm, arrow) of the EXSY
spectrum recorded over an extended period during the reoxidation
of the sample whose spectrum is shown in panel C. Except for the
EXSY cross section, the intensity scale between 78 and 22 ppm is
expanded 3-fold compared to that of the high-field region.

NMR signals observed upon reoxidation were related to the
corresponding redox levels through cross-correlations (Figure
12 and Table 2).

DISCUSSION

Direct Assignment of the Two Redox Transitions @€

e

plasticity and chemical reactivity of [4Fe-4S] in several other
biological systemsl).

Influence of lonizable Residues in the Vicinity of [4Fe-4S]
Clusters

The chemical shifts of thg-protons belonging to Cys-11
(coordinating low potential cluster I) are pH-dependent in
CvFd. This is not an unprecedented observation for&e
proteins. For instance, the chemical shifts of the cysteinyl
protons, including those of the Cys-43 ligand@fvinosum
high potential ferredoxin are sensitive to the protonation state
of His-42 @6). In several [3Fe-4S][4Fe-4S] ferredoxins, the
resonances of the cysteinyl protons close to the [3Fe-4S]
cluster are pH-dependent, with Kof around 5.527, 28).

The involvement of the Asp-15 carboxylate has been
demonstrated in the caseAtotobactewinelandii FdI (29).
Since the sensitivity of the NMR signals to pH disappears
in D12G CvFd (Figure 5), the carboxylate group of Asp-12
is responsible for the effect. It is noteworthy that the
measured I§, of 6.3 is ca. 2 pH units higher than that of a
typical solvent-exposed carboxylate (Figure 1).

The presence of carboxylate groups appears to downshift
the reduction potentials of the [3Fe-48]center inA.
vinelandii Fdl (29) and of cluster | in CvFd5g), albeit by
only 20—30 mV. Furthermore, ir\. vinelandii FdI, Asp-15

has been suggested to enhance proton transfer to the [3Fe-
48] cluster and to “gate” electron transfeBQO{ and
references cited therein). A similar effect is not likely to occur
in CvFd because a [4Fe-£#S* cluster bearing onlyus-
sulfides is less amenable to protonation than a [3Fe/%S]
cluster containing«,- and us-sulfides. Moreover, the elec-
trode kinetics of CvFd cluster | above pH 7 is not affected
by removal of the carboxylate group of Asp-12).(

The work presented here provides new insights, as revealedElectron Transfer in GFd

by NMR, EPR, and Msesbauer spectroscopy, into the
properties of the two [4Fe-4S] clusters in CvFd. Two redox
transitions occur in CvFd, with midpoint potentials-a460
mV (cluster 1) and —660 mV (cluster 1), which were

EXSY correlations were obtained for mixture of oxidized
and dithionite-reduced C57S CvFd (Figure 9) and V13G
CvFd (Figure 12D). Under identical conditions, no such

previously assigned on the basis of site-directed mutagenesigorrelations were detected for CvFd and most of its other
and electrochemical data5)( The NMR studies, in  variants. The exchange process giving rise to cross-correla-
particular those of V13G and C57S CvFd, unambiguously tions in these experiments probably involves the viologens
show that cluster Il is more readily reduced than cluster I. used as redox mediators, because no EXSY spectra have been
The conclusion that only one of the clusters of native CvFd obtained in their absence. Accordingly, the EXSY cross-

is reduced by dithionite is supported by EPR andsstmauer correlations must build up through intermolecular exchange,
data. Moreover, signatures of +8 clusters other than [4Fe- as they relate resonances of molecules with a one-electron
4SF* have not been observed in these spectroscopiccharge difference. Since steady-state NMR spectra of dithion-
studies. This agrees with the involvement of genuine [4Fe- ite-reduced samples (Figures-80) demonstrate reduction
4SP1* clusters at all redox levels of CvFd, despite the of cluster Il (Table 1), it would seem reasonable to look for
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an interacting site in its vicinity. No exchange spectra were is sometimes observed for other [4Fe-4Sjlusters, includ-
obtained forAl, K74E, K74-, andA1K74— CvFd, whereas,  ing some coordinated by unconventional sequence motifs for
after modification of the environment of cluster | (as in C57S ferredoxins 83—35, and references cited therein) as found
and V13G CvFd, Figure 1), EXSY cross-correlations did for cluster Il of CvFd.
build up. This indicates that structural changes around cluster However,S = ¥, excited states are likely low-lying in
| are required to increase the overall rate of electron transfer,energy as indicated by the fast relaxation properties of this
involving the electron originating from cluster Il, between cluster in CvFd and derivatives. Moreover, the broad features
the clusters of CvFd and the redox mediators. observed by EPR most likely reflect a cluster whose
The occurrence of two redox transitions differing by ca. €xchange-coupling constants are distributed or for which low-
200 mV in CvFd readily explains why the NMR spectra of lying spin multiplets are mixed by (distributed) zero-field
the protein (reB and this work) differ from those of several ~ splittings into the ground doublet. Either effect will give rise
isopotential 2[4Fe-4S] ferredoxing)( In the latter, the rate  to distributed spin projection coefficients and thus to a
of fast electron exchange between the two clusters that haglispersion ofj values and magnetic hyperfine fields sensed
been estimated to be6 10° s~* on averageq) contributes by Mossbauer spectroscopy. In EPR spectra of [2Fé+2S]
to the widths of the Cyg-proton signals specifically assigned (36) and [3Fe-4S} (37) clusters, such effects enhanced the
to the partially reduced§r) and(ro)] proteins. The signals  spin—lattice relaxation rates and led to an increase of the
arising from all partially reduced CvFd proteins do not g-tensor anisotropy and gstrain broadening. Although no
exhibit the same broadening effect (Figuresl® and 12).  quantitative model has yet been developed for [4Fé#4S]
The time resolution of the NMR measurements at 500 MHz clusters, the correlation between the efficiency of the spin
is thus not suitable for estimating any electron transfer rateslattice relaxationg-tensor anisotropy, angtstrain remains
which may occur in CvFd and derivatives. qualitatively valid, as experimentally observed for center F

No resonances corrresponding to fully reduced proteins ©f Photosystem 138) and for the [4Fe-4S] cluster of
were detected in the studied samples, except for V13G CvFd,Pyrococcus furiosugerredoxin 89). .
Moreover, the spectra of the partially reduced proteins show FOr cluster Il of CvFd, the partial correlation between
evidence for strongly shifted resonances associated with@hdom variables describing tigestrain broadening might
protons close to cluster Il and weakly, positively or nega- reveal several independent structural contributions to the
tively, shifted resonances associated with protons close tod-Strain effect. Indeed, a full correlation between the elements
cluster | compared to their locations in spectra of oxidized ©f the p-tensor has been interpreted as indicating a unique
proteins (Figures 9 and 10). These results agree with thePhysical origin forg-strain, such as a uniform stress on the
selective reduction of cluster Il in all these samples in Protein €0). Conversely, the partial correlation pf vari-
generating(or). ables, as observed here for CvFd, may indicate several

For V13G CvFd, a subset of signals, labe(dl in Figure independent causes for thestrain perhaps related to peculiar

12, is readily associated with the fully (two electrons) reduced tstrucltural S I?mentscof thfoprotglg. Théllzsu%gehst_s that the ;WP'
protein. These resonances display EXSYcorrelations with urn joop between Lys-4U and Lys-29, Which IS removed in

signals of the partially reduced sample, labeled with an A1l CvFd, and the long C-terminal helix may be regarded as

asterisk in Figure 12, which give a pattern very similar to thiitfii;u(;tgratljitﬁi)unsitees-ré)(;ui;r:e?j cslzzfg?ltram properties
those of spectra of other dithionite-reduced CvFd derivatives y .

(Figures 8-10). The labeled lines of Figure 12B may thus Cluster L In contrast to the EPR signal of cluster I, the

be interpreted as having the same origin as the most shiftedsrarfer;."gnal fltté'blfrtﬁd to clustertl It?1 Vfl.S? %VFd rf.'a’“?s
signals of Figures 810, namely, as being the spectral slowly (Figure )- This represents the first observation in

i . .
signature of proteins in which the added electron is exclu- 2_[4Fe| 48.}. fet_rredfoxms of th?. c_or;verstl_on 0;; ziwcompllex

sively on cluster Il {or)]. However, the almost uniform t3|gna_1 torlglna 'n? r%m 'T;)"?‘gn? Ic Iln erac '.O?Sd e_theen (.:UT'
chemical shift increments for protons close to cluster Il in ers Into a simplé rhomoic signal associated with a single

passing from one-electron- to two-electron-reduced V13G cIuster: Simila_r _changes With temperature of .the qomplex
CvFd (Figure 12) challenge this view and suggest that the EPR s!gnal arising from interacting groups with different
pattern of Figure 12B may result from very fast electron relaxation properties have been observed in other systems
exchange betweefor), estimated to be about 95% of the (4%412' Distribution in [4Fe-4SF Tvpically. the M
molecules 9, 31), and(ro), about 5%. The lines are therefore ectron Distribution in [4Fe-4S]". Typically, the Mtss-

Qj: 1 _ + i
expected to be exchange-narrowed as the relevant rate is thgauer spectra of reduc I [4Fe-4S} clustgrs consist
sum of the rate corresponding to the thermodynamically of two spectral components, each representing two nearly

favorable electron jump from cluster | to cluster Il and of equwe_ﬂent ron S.'t_eSJ(G’. 24, 4.2)' One component belongs_
the rate for the uphill back transfeBZ). With the present toa dlferrous pair; the Iron sites of this pair hz_‘;we magnetic
set of samples, we have not found fully conclusive experi- hyperf!ne tfansors with posm\(e cor_nponents, implying that
mental evidence allowing us to decide between these twothe pair spinS;, = 4 or 3 {3) is antiparallel to the cluster

S 9 . inS = 1/,. The second spectral component observed for
| h Il be th f furth k. SPNS="/o. T P P :
possibilities, and the topic will be the subject of further wor [4Fe-4S} clusters represents a valence-delocaliz@dF

Electronic Structure of [4Fe-48} Clusters in Fe**" pair, with negative magnetic hyperfine tensor com-
Ferredoxins ponents, implying that its pair spis = %, or 7/,) is parallel
to the cluster spin. The Msbauer spectrum of reduced
Cluster Il. Reduced cluster Il of CvFd is &= Y/, [4Fe- cluster Il is compatible with a [4Fe-48] cluster, but it is

4ST* cluster; no EPR signals originating from molecules less resolved than that & stearothermophiluterredoxin,
with S= %/, ground states were detected, in contrast to what which was taken as an example of a protein-bound
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[4Fe-4S] reduced cluster with &= 1/, ground state. The  of both CvFd clusters (Tables 1 and 2) is strikingly similar
possible reasons for the differences have been discussedo that observed for other all-cysteine coordinated [4Fé#4S]
above. clusters in proteinsi@, 44, 45). The observed location of
The spin of the delocalized pair is parallel to the total spin the mixed-valence pair in such clusters seems to be insensi-
of the ground state, and the contact shift of the bound tive to many geometrical differences around the clusters,
cysteinyl 8-CH, protons should follow a Curie-type tem- including the conformation of cysteine ligands as seen here
perature dependence. On the other hand, anti-Curie behaviofor cluster Il of CvFd. This conclusion is in contrast with
is anticipated for the corresponding resonances associatedne behavior of [4Fe-48] clusters of high potential ferre-
with cysteinyl residues bound to the ferrous pair. Indeed, doxins for which the geometric distribution of the mixed-
such temperature dependencies were predicted by calculatingyalence pair varies between different proteié (Moreover,
the thermally corrected terms accounting for the involvement the detailed and potentially predictive correlations between
of excited states of high potential [4Fe-4SElusters 43). the electronic structure of [4Fe-4S]+ clusters and their
This rationale has been used to interpret the NMR data macroscopic properties in proteins, such as the value of the
obtained from the [4Fe-48] ferredoxin ofP. furiosus(44). reduction potential, the conformation of the ligands, or the
Therefore, as long as the spin coupling scheme of each clusteglectron transfer rates, remain elusive despite promising
in CvFd is similar, the temperature dependencies of the NMR theoretical attemptsi{, 48). Further work along these lines
resonances directly reflect the proximity of the corresponding is clearly needed for a full appreciation of the functional

protons to either the ferrous or the mixed-valence pair of consequences of the mutual interactions between [4Fe-4S]
irons. clusters and their protein environment.

Cluster-bound cysteines of [4Fe-4S] ferredoxins can be
labeled IV according to their location in the'&xC"xxC"'«
--CVP coordinating sequence motif. For reduced cluster |
of all forms of CvFd studied here, tHél NMR signals of

SUPPORTING INFORMATION AVAILABLE

A table with IH and backboné3C and N resonance

assignments of oxidized CvFd. This material is available free

Cys-37 exhibit a Curie-type behavior, while the resonances of charge via the Internet at http://pubs.acs.org.

of Cyd'-40 and Cy¥-18 protons exhibit an anti-Curie

temperature dependence (no resonances belonging o Cys REFERENCES

49 have been assigned). The same pattern was observed for

other 2[4Fe-4S] ferredoxinsl®), for which the signals of
Cys and Cy¢' follow a Curie law and those of Cysand
CysV exhibit an anti-Curie behavior. This suggests that the
insertion of the two-turn loop between Cys-40 and Cys-49
of CvFd does not lead to a migration of the?fe-Fe?>"

pair as compared to clusters of ferredoxins that have only
two residues between the equivalent ligands. A similar
distribution of Curie and anti-Curie signals can be deduced
for cluster | of V13G CvFd (Table 2). Interestingly, this
distribution has been observed for all low potential protein-
bound clusters with cysteine-only coordination examined so
far (18, 44, 45). Since these proteins, in particular the ones
investigated here, exhibit different properties, the differences
cannot be related to different electronic distributions over
the centers, as once suggest@d To date, only [4Fe-43}
clusters with at least one noncysteinyl (Ser or Asp) ligand
have provided different sequence-related electronic distribu-
tions @4).

Concluding Remarks

The spectroscopic data reported here for CvFd confirm
that this protein and others of the same famdly-6) exhibit
two redox transitions separated by almost 200 mV. Moreover,
the NMR results provide the unambiguous assignments of
these transitions to cluster | a660 mV and to cluster Il at
—460 mV for CvFd. This conclusion is in agreement with
that obtained from shifts of the reduction potentials associated
with site specific amino acid replacementy).(The data
presented here also show that the failure of reducing cluster
| with dithionite is not due to some very slow reaction, but
rather to the low potential of this cluster.

Despite these significant differences with respect to other
low potential [4Fe-4S] clusters in ferredoxins, the temper-
ature dependence pattern of the cysteityINMR signals
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