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NMR of Chromatium vinosum Ferredoxin: Evidence for Structural Inequivalence 
and Impeded Electron Transfer between the Two [4Fe-4S] Clusters 
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ABSTRACT: The 2[4Fe-4S] ferredoxin from Chromatium vinosum has been investigated by 'H and I3C 
nuclear magnetic resonance. 'H NMR sequence-specific assignments have been obtained for a large 
majority of the residues. They indicate that the protein folds along a pattern similar to that previously 
evidenced for shorter 2[4Fe-4S] ferredoxins. However, C. vinosum ferredoxin differs from other ferredoxins 
by the occurrence of a turn in an eight amino acid region separating two successive cysteines, Cys-40 and 
Cys-49, liganding one cluster. Also, the unique C-terminal end of C. vinosum ferredoxin contains a 10 
amino acid a-helix which interacts with one side of the above turn. The only cysteine of the sequence 
not involved in the ligation of the [4Fe-4S] clusters is Cys-57. Specific NMR experiments helped 
characterizing the signals arising from the ligands of these clusters: most of them display properties 
reminiscent of those of homologous ferredoxins, except for the signals associated with Cys-40. Despite 
the general similarity between C. vinosum ferredoxin and other 2[4Fe-4S] ferredoxins, the electron 
paramagnetic resonance and NMR spectra of the former reduced protein are significantly different from 
those previously observed for S = '/2 [4Fe-4S]+ clusters. In addition, the intramolecular electron transfer 
rate in C. vinosum is far slower than in other similar cases. This is the first report of impeded electron 
exchange between two [4Fe-4S] clusters expected to be less than 12 8, apart. 

The ferredoxins (Fd)' containing two [4Fe-4S] clusters are 
iron-sulfur proteins occurring in numerous organisms 
(Cammack, 1992). These short proteins of as few as 55 
amino acids are supposed to have arisen from the duplication 
of an ancestral gene encoding half of the primary structure 
(Eck & Dayhoff, 1966). As a result, most 2[4Fe-4S] 
ferredoxins display a molecular 2-fold axis relating one of 
its clusters and the nearby residues to the other cluster and 
corresponding residues (Adman et al., 1973, 1976; Backes 
et al., 1991; Duke et al., 1994). These proteins cycle between 
the [4Fe-4S]+ and [4Fe-4SI2+ levels and function as low- 
potential electron carriers in a variety of reactions (Cammack, 
1992). 

Among such ferredoxins, some isolated from photosyn- 
thetic purple bacteria form a group characterized by the 
presence of a 6-8 amino acid insertion between the second 
and third cysteines of the CxxCxxC-binding motif associated 
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Abbreviations: COSY, 2D correlation spectroscopy; DIPSI, de- 
coupling in the presence of scalar interactions; EXSY, exchange 
spectroscopy; MCOSY, magnitude COSY; HMQC, heteronuclear 
multiple-quantum coherence; NOE, nuclear Overhauser effect; NOESY, 
2D nuclear Overhauser enhancement spectroscopy; TOCSY, total 
correlation spectroscopy; WER, water eliminated Fourier transform; 
Cau, Clostridium acidurici; Cp, Clostridium pasteurianum; Cv, Chro- 
matium vinosum; Pas, Peptostreptococcus asaccharolyticus; Fd, ferre- 
doxin; NHE, normal hydrogen electrode; DSS, 2,2-dimethyl-2-silapentane- 
5-sulfonate; 

with the second [4Fe-4S] cluster (Otaka & Ooi, 1987). Less 
characteristically, these proteins have nine cysteines as 
potential ligands to the centers, although sequence alignments 
suggest that the cysteine closest to the C-terminus is not 
involved in the binding of the clusters (Matsubara & Saeki, 
1992). The function(s) of these proteins has not been 
unambiguously established, but some clues about the in- 
volvement of the product of fdxN in the nitrogen fixation 
system of Rhodobacter capsulatus have been obtained (Saeki 
et al., 1991; Schmehl et al., 1993). In the so far unique case 
of Cv Fd, a 22 amino acid extension at the C-terminus sets 
the protein apart from the other 2[4Fe-4S] ferredoxins (Hase 
et al., 1977; Figure 1). The measured reduction potential of 
the latter protein is somewhat lower than the average -400 
mV vs NHE usually found for 2[4Fe-4S] ferredoxins: values 
lower than -480 mV (Stombaugh et al., 1976) and of -460 
mV (Smith & Feinberg, 1990) have been reported. 

Since relatively little information is available for ferre- 
doxins from photosynthetic bacteria, 'H and 13C NMR studies 
of 2[4Fe-4S] Cv Fd are presented herein. The proteins 
containing [4Fe-4S] clusters have recently proved amenable 
to almost complete sequence-specific assignments through 
'H NMR, despite the strong perturbation introduced by the 
electronic spin of the clusters (Nettesheim et al., 1992; 
Gaillard et al., 1992; Bertini et al., 1994). These data provide 
some indication about the main structural elements of such 
proteins in solution. Moreover, the study of the hyperfine- 
shifted protons in a ferredoxin like that of Cv, which differs 
considerably from the more common clostridial-type, may 
help validate the recently established model for the para- 
magnetic shifts in [4Fe-4S] proteins (Busse et al., 1991; 
Mouesca et al., 1993; Bertini et al., 1994) and should be 
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instrumental in revealing the detailed redox properties of 
these ferredoxins. 
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MATERIALS AND METHODS 

( a )  Growth of Bacteria and Protein Purification. Cv 
(DSM 180) was grown and crude extracts were prepared as 
previously described (Gaillard et al., 1992). Ferredoxin was 
separated from most other redox proteins on a DEAE- 
cellulose column equilibrated in 0.2 M Tris-HC1, pH 7.4. 
The ferredoxin fractions were eluted with the same buffer 
containing 0.4 M NaCl and further purified by ammonium 
sulfate precipitation between 40 and 75% saturation at 4 OC. 
The 75% pellet was suspended in a minimal volume of 0.2 
M Tris-HC1, pH 7.4 and dialyzed overnight against 10 mM 
Tris-HC1, pH 7.4. The desalted solution was concentrated 
on an Amicon YM5 membrane and filtrated through a 
Sephadex G-50 column equilibrated with 20 mM Tris-HCI, 
pH 7.4, and 50 mM NaC1. The last eluted gold-brown 
fraction was loaded on a hydroxylapatite column equilibrated 
in the same buffer, washed with 5 mM, and eluted with 50 
mM sodium phosphate, pH 7.5. A last purification step was 
carried out on a PL-SAX HPLC column developed with a 
NaCl gradient in 20 mM sodium phosphate buffer at pH 7.5. 
The resulting material was at least as pure as formely 
reported (Bachofen & Amon, 1966) according to its UV- 
visible spectrum. 

For NMR experiments, ferredoxin samples, at a final 
concentration of ca. 1 mM, in 20 mM sodium phosphate 
buffer at pH 7.5 were brought to the desired pH in an Amicon 
cell fitted with a YM5 membrane. TOCSY and NOESY 
spectra were recorded in 15 mM potassium phosphate buffer 
at pH 6.0 containing 40 mM NaCl with 15% (v/v) D20 for 
the lock. One of these samples was exchanged with 20 mM 
potassium phosphate at the uncorrected pH of 7.4 prepared 
in 99.95% D20 (CEA-Oris, Gif-sur-Yvette, France). 

Cv Fd was reduced by the addition of a 3-fold excess of 
sodium dithionite. To maintain a low ambiant potential, 20 
pM methyl viologen and elemental Zn were also added to 
these samples. 

(b) NMR Spectroscopy. 1D and 2D experiments were 
performed on a Varian Unity plus spectrometer operating at 
500 MHz and using a reverse detection probe as described 
previously (Gaillard et al., 1993a). ‘H NMR chemical shifts 
were referenced relative to the water signal resonance, set 
at 4.72 ppm at 20 “C. 13C NMR chemical shifts were 
referenced relative to external DSS in D20. 

The water signal was suppressed by a low-power selective 
irradiation before the first pulse of each transient, and, for 
nontotally deuterated samples, a jump-return “reading” pulse 
(Plateau & Gutron, 1982) replaced the last pulse of the 
sequence. Spectra were recorded with a spectral width of 
13 000 Hz (60 000 Hz for the reduced samples), restricted 
to 5700 Hz for the study of non-hyperfine-shifted signals. 

1D NMR experiments in D20 were recorded with 96 
scans. TI  values of the most shifted signals were measured 
at 293 K using the standard nonselective inversion-recovery 
pulse sequence. The T2 values were evaluated from the line 
widths. 

1D steady-state NOE experiments have also been carried 
out with irradiation times ranging between 60 and 100 ms 
with radio frequency power corresponding to about 30% of 
reduction in intensity of the irradiated peak. The sequence 

1 0  2 0  

Cv Fd A L M I T D Q C I N C N V C E P E C P N G A I S O G D E  

0 1 .11  0010 0000.0 0.0 0.1 
CauFd A Y V  I N E A C  I S C G A C E P E C P V N A  I S S G D D  

3 0  4 0  5 0  6 0  

C v F d  T Y V  I E P S L C T E C V G H Y E T S Q C V E V C P V D C I  I K D  

00.l 0 I O  0 000.0 1 1  
CauFd R Y V  I D A D T C I  D C -  . . . . - G A C A G V C P V D A P V Q A  

7 0  8 0  

Cv Fd P S H E E T  E D  E L  R A  K Y E R I T 0 E G  

FIGURE 1: Amino acid sequences of Cv Fd (Hase et al., 1977) and 
Cau Fd (Meyer et al., 1993): filled circles represent identical 
residues and vertical lines represent residues with a score bl in 
the BLOSUM 62 substitution matrix (Henikoff & Henikoff, 1992). 

was preceded by a WEFT-type pulse and delay (Patt & 
Sykes, 1972) to enhance the signal intensity of the fast 
relaxing signals. 

Phase-sensitive TOCSY (Bax & Davis, 1985) and NOESY 
(Macura et al., 1981) were performed at different tempera- 
tures between 289 and 298 K, in the pure absorption mode 
(States et al., 1982). TOCSY experiments were recorded 
using a MLEV- 17 pulse train of 40 ms typical duration with 
an effective spin-lock field of 12.5 kHz and surrounded by 
two 1-ms trim pulses (Bax, 1989). In the case of the 
detections of downfield-shifted protons, a DIPS1 experiment 
(Shaka et al., 1988) was implemented. In H20 solvent 
experiments, a flip-back preceded a jump-return (Gutron 
et al., 1992) in order to bring back the spins along the z 
axis. NOESY experiments were performed with mixing 
times in the 30- 150 ms range. The size of the data matrix 
of 2D experiments was set to 1024 complex points in t2 and 
700 real points in t l  and 96 transients for each increment, 
transformed in a 2048 x 1024 data matrix after zero-filling. 

For the detection of the downfield-shifted protons in 
NOESY and TOCSY, a shorter mixing time (10 ms) was 
used and the recycling delay was made as short as possible, 
of the order of 250 ms. The number of scans per transient 
was increased to 800. A WEFT sequence (Patt & Sykes, 
1972) with a delay of 32 ms was also used to enhance the 
paramagnetic shifted signals with respect to the diamagnetic 
ones. MCOSY (Bax et al., 1981) experiments were per- 
formed at 293 K in D20. A total of 1024 complex points 
were recorded with 250 tl increments and 3000 transients 
per increment. 

The lH-I3C correlations were obtained with the sequence 
HMQC (Bax et al., 1983). The emphasis was put on the 
recycling delay and 2800 transients were added for each t l  
increment. 

NMR data were processed on a SUN Sparc station with 
the Varian software. A low-frequency filter (50 Hz) around 
the water signal was used as well as optimized sine-bell 
squared shifted functions. 

( c )  EPR Spectroscopy. EPR spectra were recorded with 
a Varian E-109 spectrometer as already described (Moulis 
et al., 1984). 

RESULTS 

Sequence-Specijk Assignments. A total of 8 1 spin systems 
of the expected 82 amino acids composing the Cv Fd 
sequence (Figure 1) have been observed. In the fingerprint 
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FIGURE 2: Part of the 500-MHz TOCSY spectrum recorded at 293 K showing the fingerprint region of Cv Fd. The experimental conditions 
are those described under Materials and Methods. The assignments refer to Table 1, 

region (Figure 2), the signatures of 55 spin systems were 
evidenced. The amidic protons of 17 other spin systems have 
not been detected, while the NH proton only of yet another 
amino acid appeared in the NOESY spectra. The signals of 
the eight ligating cysteines were found in specific positions 
described below. 

The sequential assignments were based on the CaHi- 
NHi+l and NHi-NHi+l NOE connectivities and on those 
between the side chain protons of residue i with the NH of 
residue i+l (Wuthrich, 1986). They have been obtained for 
the amino acids 1-3, 16-17, 23-29, 31-32,34-36,41- 
47, 51-52, and 57-82. Ala-1, the tripeptide 4-6, Ile-9, 
Gly-21, Tyr-30, and Val-50 were also assigned but by an 
indirect way (Table 1). 

Only nonsequential assignments will be presented. The 
strong CaH-NH autocorrelation peak of Leu-2 could overlap 
a sequential CaH-NH cross-correlation between Ala- 1 and 
Leu-2. The characteristic CaH-CpH correlation of an Ala- 
type spin system in TOCSY and COSY spectra confirmed 
the assignment of the three N-terminal residues as the unique 
suitable tripeptide Ala-Leu-Met. Thr-5 and Asp-6 were 
tentatively attributed, in spite of the lack of sequential 
correlations, on the basis of C,H(Leu-2)-CaH(Thr-5), CbH- 
(2) - CaH( 5), and CpH( 3) -NH( 6) connectivities. 

All of the main chain protons in the 23-36 segment were 
also assigned, except for Tyr-30. Connectivities between 
CaH(29) and the aromatic protons of Tyr-30 allowed us to 
partially assign the latter residue, including the p protons 
on the basis of strong autocorrelations. The 3 1-32 dipeptide 

was assigned as described in the discussion and Glu-33 was 
identified by NOE connectivities between its CaH, CpH, and 
C,H on one hand and the NH of Ser-35 on the other hand. 

A correlation between C,H(41) and NH(42) helped 
recognizing Val-4 1, whereas the cross-correlations CaH(4 1)- 
NH(42) and CpH(4 1)-NH(42) were hidden by autocorrela- 
tions. The only detected proton of Ser-47 was identified by 
its interactions with CaH, CpH, and C,H of Thr-46. A NOE 
cross peak between amidic protons of Val-50 and Val-52 
ensured the assignment of Val-50. 

The stretch encompassing residues 58-6 1 has three 
residues with incomplete spin systems. It was assigned by 
comparison, being the only possible motif constituted by four 
sequentially related spin systems ended by an AMX (Asp- 
61) coupling scheme. Cys-57 was assigned on the basis of 
a connectivity between the CaH of Cys-57 and the NH of 
Ile-58. The chemical shifts exhibited by the signals of Cys- 
57 indicate that this residue is not strongly influenced by 
the electronic spin of the clusters and point out this Cys as 
the only nonligating one in the sequence. This is consistent 
with the sequence alignment (Figure 1). 

Conventional sequential assignments revealed the C- 
terminal end starting from Pro-62. The two final residues, 
Glu-81 and Gly-82, have resonances with very narrow line 
widths due to the mobility of this part of the protein. Gly- 
21 was identified as the last remaining glycine in the 
sequence. 

Fourteen residues, namely, Gln-7, Asn-10, -12 and -20, 
Val-13 and -55, Glu-15 and -39, Pro-19 and -54, Ala-22, 
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Table 1: 'H Resonance Assignments of Oxidized Cv Fd and Unassigned Spin Systems" 

residue NH CaH CsH others 
Ala- 1 
Leu-2 
Met-3 
Ile-4b 
Thr-5b 
A ~ p - 6 ~  
Ile-9 
Pro-16 
Glu-17 
Gly-21 
Ile-23 
Ser-24 
Gln-25 
Gly-26 
ASP-27 
Glu-28 
Thr-29 
Tyr-30 

Ile-32 
Val-31 

Glu-33 
Pro-34 
Ser-35 
Leu-36 
Val-41 
Gly-42 
His-43 
Tyr-44 
Glu-45 
Thr-46 
Ser-47 
Val-50 

Val-52 

Ile-58 
Ile-59 

Glu-5 1 

cys-57 

LYS-60 
ASP-61 
Pro-62 
Ser-63 
His-64 
Glu-65 
Glu-66 
Thr-67 
Glu-68 
ASP-69 
Glu-70 

Arg-72 
Leu-7 1 

Ala-73 

Tyr-75 

Ile-78 
Thr-79 
Gly-80 
Glu-8 1 
Gly-82 
Val-x 
Val-y v 
11 
IIV 
IV 
V 
VI 
VII 
VI11 
Ix 
X 
XI 
XII 

Lys-74 

Arg-77 
Glu-76 

8.79 
8.35 
7.62 

8.02 

6.96 
7.28 
7.96 
8.78 
8.67 
7.87 
8.47 
8.44 
7.48 

9.17 
8.71 
9.20 

8.41 
7.35 
1.40 
8.45 
7.62 
8.39 
9.14 
7.04 
7.96 
7.23 
6.74 
6.70 

9.60 
8.70 
9.02 
8.21 

8.56 
7.88 
8.28 
8.89 
8.97 
8.94 
8.16 
7.68 
8.59 
8.56 
7.85 
8.44 
8.32 
8.45 
1.83 
8.31 
7.75 
7.52 
7.99 
7.91 

7.84 
7.83 
7.75 
7.27 

4.88 
4.88 
3.98 
4.16 
5.68 
4.96 

4.35 
4.08 
4.18, 3.70 
5.25 
4.63 
2.92 
4.41, 3.60 
4.26 
4.35 
5.07 

4.51 
4.68 
4.81 
4.13 
4.09 
4.62 
3.41 
2.72,2.52 
4.33 
5.06 
4.01 
4.40 

4.87 
3.85 
4.28 
5.28 
4.95 
5.02 
4.59 
4.32 
4.43 
4.33 
4.60 
4.51 
4.81 
4.28 
3.82 
4.29 
3.95 
3.82 
3.83 
4.11 
3.40 
3.97 
4.35 
3.99 
3.70 
4.16 
3.98, 3.85 
4.24 
3.68 
3.99 
3.48 
2.69 
3.85 
2.92 
4.36 
5.34 
5.16 
5.00 
4.97 
4.87 
4.14 
3.65 
3.55 

1.23 
2.00 
1.95, 1.65 
1.45 
4.99 
2.95, 2.12 

2.15, 1.75' 
1.32 

1.90, 1.63b 
3.72, 3.67 
1.30 

2.63, 2.53 
2.18, 1.91 
4.17 
3.10, 3.05 
1.89 
2.18 
2.14, 1.92 
1.77, 1.66 
3.84 
1.38 
1.95 

2.64 
3.46, 2.84 
2.08, 1.92 
3.94 

1.30 
1.86 
1.98 
2.67 
2.16 
2.17 
1.26 
2.84, 2.72 
2.31 
3.75, 3.63 
3.17.2.50 
1.90, 2.04c 
1.85, 1.61 
4.66 
2.06,' 1.93' 
2.55, 2.45 
2.35, 2.22' 
1.78 
1.87, 1.82 
1.42 
2.05 
3.38, 3.25 
2.18, 1.91 
1.89, 1.74 
1.72 
4.00 

2.04, 1.83 

2.92 
1.96 
1 S O  
1.91 
1.60 
2.86 
3.12 
2.64 
2.05 
2.35 
2.44 
3.81 
1.62 
2.23 

C,H 0.79; CsH 1.28 
2.08b 
C,H 2.16,2.05 
1.88b 

C,Hd 1.19, 0.98 
C,H 1.84 
C,H 1.87 

C,H 1.29, 1.09; CdH 0.36 

C,H 1.69, 1.52; N,H 7.12, 6.62 

C,H 2.11b 
C,H 1.14 

C,H 0.79, 0.73 
C,H 1.37b 
C,H 2.41 
C,H 1.18; C,jH 3.84 

C,H 1.30; CaH 0.80, 0.72 

C2.6H 7.25; C3.5H 6.77 

C,H 0.88.0.72 

C;?H 8.07; C4H 7.08 
C2 .a  7.44; C35H 6.94 
C,H 2.27, 2.21 
C,H 0.89 

C,H 0.70 

C,H 0.62,0.37 

C,H 2.00 
C,H 1.37b 
C,H 0.81b 

C,H 2.08, 1.98; CbH 4.30,4.04 

C2H 8.40; C4H 7.33 
C,H 2.19, 1.82' 
C,H 2.01, 1.92 
C,H 1.26 
C,H 2.22,'2.18' 

C,H 1.98' 
C,H 0.59: 0.53d 
C,H 1.60, 1.55; CsH 3.12, 3.06; NdH 7.43; N,H 6.48 

CdH 2.22;' C,H 2.58' 
C2 .a  7.03; C35H 5.98 
2.1 lb 
C,H 1.50; CdH 3.16; NdH 7.23 
C,H 0.83; CdH 1.06 
C,H 1.01 

C,H 2.23, 2.15 

1.61, 1.30 
1.21.0.93 

1.16 

1.08 
2.10 

1.98. 1.64.0.63 . ,  

Cysteines residues chemical shifts (Cys-57 excepted) are listed in Table 3. Chemical shifts are in ppm at 293 K and pH 6 with an accuracy 
of 0.02 ppm. Tentative assignments. CBH or C,H. C,H or CsH. C,H, CnH. or C,H. f Verv broad correlations. 
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The region between Ile-59 and Glu-65 is folded in such a 
way that it gives CaH(59)-CaH(62) and CaH(62)-NH(65) 
NOEs (Table 2). No other NOE between residues i and i+3 
concerning residues 59-65 has been detected, excluding an 
a-helix. 

The main secondary structural element involving the 
stretch 41-47 is a turn, as shown by correlations between 
each proton of Tyr-44 and NH(46) as well as a NOE between 
C,H(41) and NH(44). 

A number of NOEs, relating various protons of residues 
24-27 to protons of residues 29-31 (Table 2), indicate that 
these two strands run nearly antiparallel. Connectivities 
between the N-terminal part (namely, Leu-2, Met-3, Ile-4, 
and Asp-6) and the segment Cys-57-His-64 suggest a rather 
close spatial contact which will be discussed below. The 
main detected long-range NOEs are summarized in Table 
2. 

Cysteinyl Protons: (a )  Oxidized Level. The 500-MHz 'H- 
NMR spectrum of Cv Fd, recorded in D20 at 20 OC, is shown 
in Figure 5 (upper trace). Signals to the low-field side of 
6.0 ppm originate from three classes of resonances: para- 
magnetically shifted protons, the ring protons of the Tyr 
residues 30, 44, and 75 and of the His residues 43 and 64, 
and the slowly exchanging NH. The shifted resonances are 
labeled with lowercase letters starting from the most shifted 
one. The fast relaxing signals can be emphasized by WEFT- 
type experiments devised to invert or suppress those which 
have a TI larger than 50 ms (Figure 5, lower trace). Every 
integrated signal corresponds to one proton with the excep- 
tion of the signal at 10.24 ppm (g, h) which amounts to two. 
The relaxation times of the most shifted protons are reported 
on Table 3: they are short but comparable with those 
measured in other 2[4Fe-4S] Fd (Busse et al., 1991). 

The temperature dependence of the shifted signals is anti- 
Curie. This has been observed for all [4Fe-4SIZ+ proteins 
studied so far (Phillips & Poe, 1973) and can be associated 
with a significant contribution of the excited spin states with 
S > 0 (Gaillard et al., 1987), whereas the ground level is 
diamagnetic (S = 0). 

All the experimental results (see also below) on the most 
shifted signals point to a very close resemblance with those 
observed in other similar ferredoxins: they are assigned to 
the CpH of cysteines liganding the clusters. 

For the well resolved shifted and fast relaxing protons, 
through-bond connectivities were evidenced by MCOSY or 
TOCSY experiments (not shown). Ten signals were con- 
nected in pairs: (a, a'), (c, c'), (d, d'), (e, e'), and (f, f'), with 
the prime attributed to the second, less shifted, proton of a 
geminal CpH pair. 

NOESY experiments using short mixing times (10 ms) 
confirm and extend the above established spin systems and 
reveal new ones (Figure 6). The single signal, noted (g, h), 
which corresponds to two protons, gives correlations with 
two other signals at 9.06 and 7.69 ppm which were associated 
with the corresponding g' and h'. The distinction between 
CpH protons (those with prime indices) and CaH protons 
will be assessed on more definitive grounds when the 
sequence-specific assignments are discussed. Additional 
NOE peaks with surrounding residues have also been 
detected and will be used below for the assignments. Steady- 
state NOEs were also collected by selectively saturating 
resonances a through h with irradiation times of 100 ms. 

5 1 0  1 5  2 0  2 5  3 0  3 5  4 0  
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IlllOl I I .  

NHi-NHj t i  v O.IOI I I 

s.c.i -NHi+i  I I I  0 1  I .. 
CaHi -CaHi+i 

Ai:! 11, 11, ', - 11,1,11 111,,1 
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4 5  5 0  5 5  6 0  6 5  7 0  7 5  8 0  
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FIGURE 3: Summary of the sequential assignments. (NH) Amidic 
protons. Empty circles represent the slowly exchangeable protons 
in both Cau and Cv Fd. Filled circles show exchangeable protons 
in only Cv Fd. (CaHi-NH,+l, NHi-NHi+l, s.c.i-NHi+l, and C,Hi- 
CaHi+l) Sequential NOEs involving the NH, C,H, and side chain 
protons. Empty bars correspond to overlapped correlations. The 
bar height discriminates between strong and weak NOEs. (Al) is 
the difference between the C,H chemical shifts of Cv Fd (this work) 
and those of a random coil (Wishart et al., 1991): f l  and -1  
stand for 20.1 ppm and 5-0.1 ppm chemical shift differences, 
respectively. (Az) Chemical shift differences between the NHs of 
Cv Fd and Cau Fd after calibration of the shifts against the average 
chemical shifts of the involved residues (Wishart et al., 1991). f 2 ,  
f l ,  and 0 stand for shifts differing by more than 1 ppm, by 0.5-1 
ppm, and by less than 0.5 ppm, respectively. 

Thr-38, Gln-48, and Asp-56, have not been assigned at all. 
Fourteen remaining spin systems were observed but could 
not be identified (Table 1). Two of them are characteristic 
Val-type spin systems, named Val-x and Val-y, which 
correspond to the remaining valines 13 and 55. In 10 of 
these 14 spin systems, the amidic protons were not detected. 
The results are summarized in Table 1. 

Labile Proton Exchange. Among the assigned residues, 
the slowly exchanging amidic protons are those of Leu-2, 
Glu-17, Ser-24, Val-31, Glu-33, Leu-36, Val-41, Thr-46, Val- 
50, Val-52, Ile-58, Ile-59, and Lys-60 (Figure 3). The 
intensities of their signals were stable over 3 weeks at 20 
OC. For comparison, the slowly exchanging amidic protons 
in Cau Fd are those of residues 3, 31, 33, 36, 44, 46, and 
53. 

Secondary Structure. Most of the secondary structure of 
Cv Fd in solution can be defined by the preceding results. 
In the C-terminal part, an a-helix involves 10 residues, 
namely, from Asp-68 to Arg-77, as identified by the 
characteristic NHi-NHi+l, CaHi-NHi+3, CpHi-NHi+3 NOE 
and the values of the chemical shifts (Figures 3 and 4). 
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FIGURE 4: Part of the NOESY spectrum recorded at 293 K. A few cross peak assignments have been indicated. 

Table 2: Long-Range NOES 

residues 2-6 and 57-64 residues 24-3 1 other residues 

NH(2)-NH(58) 
NH(2)-PH( 5 8) 
CyH and CdH(2)-NH(58) 
CyH and CdH(2)-CaH(5) 

NH, CaH, CPH and CyH(4)-NH(61) 

CaH(3)-NH(58) 
CPH(3)-NH(6) 

NH(6)-CaH(57) 
NH(6)-NH(58) 
CaH and CPH(6)-NH(63) 
CaH( 6) - NH( 64) 
CPH(6)-C4H(64) 

NH(24)-NH(3 1) CaH and CPH(33)-NH(35) 
NH( 24) - C y H( 3 1) CyH(41)-NH(72) 
aH(25)-NH(3 1) CyH(41)-NH(75) 
NH(26)-NH(29) C Z H ( ~ ~ ) - C Z , ~ H ( ~ ~ )  
NH(26)-NH(3 1) CzH(43)-C3,sH(75) 
NH(26)-CyH(3 1) C4H(43)-Cz,&(75) 
NH(29)-CyH(3 1) C ~ H ( ~ ~ ) - C ~ , S H O ' ~ )  

NH, CaH, CPH and CzH(44)-NH(46) 
CaH(59)-CaH(62) 
CaH(62)-NH(65) 
NH(66)-CdH(7 1) 

The results were in agreement with those evidenced by 
NOESY experiments and will not be commented on further. 

Through lH-I3C correlations obtained by HMQC experi- 
ments, some of the side chain carbons of the cysteinyl 
residues have been obtained (Table 3). 

(b) Reduced Level. The 1D 'H NMR spectra of fully 
reduced samples displayed strongly downfield-shifted signals 
(Figure 7), with no evidence of residual oxidized ferredoxin, 
as judged by the disappearence of the signals between 10 
and 20 ppm discussed above (Figure 5) .  Resonances 
downfield of 25 ppm were expected for ligands of paramag- 
netic [4Fe-4S]+ clusters, but only six such resonances, each 
contributed by one proton, were observed (Figure 7), at 
variance with the higher number of about 13 observed with 
other 2[4Fe-4S] ferredoxins (Gaillard et al., 1987, 1993b; 
Bertini et al., 1992, 1994). In addition, two highfield-shifted 
peaks were detected at -3.22 and -5.83 ppm in Cv Fd (not 
shown) . 

An EPR sample examined under identical conditions, i.e., 
fully reduced, has displayed a single rhombic signal with g 

values of 2.07, 1.94, and 1.89 amounting to two spins per 
molecule (Figure 8). The EPR spectra of partially reduced 
Cv Fd have also been found to display signals very similar 
to the fully reduced samples; these signals are remarkable 
by the unusual shape of the g = 1.94 line. Overall, no clear 
evidence of intercluster magnetic interaction has been found 
in any of these spectra. 

Fully reduced Cv Fd is not stable for a very long time in 
the conditions of the NMR experiments and tends to return 
to the fully oxidized level. During this process, the hyper- 
fine-shifted signals of oxidized ferredoxin between 10 and 
20 ppm (Figure 5 )  reappeared concomitantly, at the expense 
of the disappearing resonances of reduced ferredoxin (Figure 
7), but no additional peaks which could arise from semire- 
duced ferredoxin have been observed. Accordingly, an 
EXSY experiment carried out on a partially reduced sample 
with a mixing time of 3 ms failed to provide any correlation 
between the signals associated with the same proton of the 
oxidized and reduced protein. 
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FIGURE 5: Downfield part of the IH NMR spectra of oxidized Cv Fd. (Upper trace) Obtained with a selective presaturation of water 
followed by a nonselective 90" pulse. (Lower trace) Obtained with the sequence 180"-32-ms delay-90" with selective irradiation of water 
during the 32-ms delay. The slowly relaxing signals with TI 2 50 ms have been inverted or suppressed. 

DISCUSSION 

Despite the significant differences between the primary 
structures of short 2[4Fe-4S] Fd and of Cv Fd (Figure l), 
the present sequence-specific assignments strongly indicate 
that many structural features of the latter protein resemble 
those of the former. For instance, the comparison of the 
chemical shifts in the region of amino acids 23-30 between 
Cp Fd (Gaillard et al., 1993a) and Cv Fd (Table 1) shows 
that this part of the two molecules folds in a very similar 
way. Two spin systems occur in positions which are very 
similar to those of the signals associated with Val-31 and 
Ile-32 in Cp and Cau Fd (Gaillard et al., 1993a) and are 
assigned to these same residues in Cv Fd. The common set 
of slowly exchanging protons associated with residues 3 1, 
33, and 36 confirms the similar fold of all three ferredoxins, 
in at least the region spanning residues 23-36. 

Unassigned residues of Cv Fd occur in the regions which 
have escaped detection in the cases of Cp and Cau Fd 
(Gaillard et al., 1993a). These involve the dipeptides 
separating two consecutive cysteine ligands (i.e., positions 
9, 10, 12, 13, 38, and 39), as well as the amino acids 
following the Cys-Pro sequence serving as the remote ligand 
of the clusters (in positions 20-22 for cluster I1 and 54-56 
for cluster I). Gly-21 of Cv Fd was assigned because it was 
the last spin system for a Gly residue left, but the identifica- 
tion of the amino acid in this position usually relies on 
specific experiments (Gaillard et al., 1993b; Quinkal et al., 
1994). Indeed, the spin systems associated with these 
residues can generally be observed, but their amidic protons 
usually escape detection which eludes sequential NOE 
connectivities. The reasons for these difficulties have already 
been discussed (Gaillard et al., 1992, 1993a); they arise from 
the short distance between these protons and the clusters and 
from the building of hydrogen bonds between most of these 

protons and the sulfur atoms of the [4Fe-4S] complexes 
(Backes et al., 1991; Duke et al., 1994). The similar pattern 
of unassigned residues displayed by short 2[4Fe-4S] Fd 
(Gaillard et al., 1993a) and Cv Fd then implies that the 
network of hydrogen bonds around the clusters is fairly well 
conserved among all of these proteins, despite the larger size 
of the latter one. 

Considering the unique features of Cv Fd, as compared 
to shorter 2[4Fe-4S] Fd (Figure 1), the six residues insertion 
between Cys-40 and Cys-49 has been totally assigned, except 
for its last residue (Gln-48); this may be taken as an 
indication that these additional amino acids do not stay close 
to the clusters and point outward as a loop, with a tum around 
residue 45 which brings Tyr-44 in close proximity to the 
main chain of Thr-46. Only Ser-47 and Gln-48 appear to 
be perturbed by the cluster, much like the dipeptide separat- 
ing the other ligands (see above). In addition, this part of 
the molecule may interact with a region of the C-terminus 
as witnessed by the NOES between the NH of Arg-72 and 
Tyr-75 and protons of Val-41 and His-43 (Table 3). 

The C-terminal 22 amino acids of Cv Fd do not display 
homology to other well characterized ferredoxins. This 
region could be conventionally assigned, which indicates that 
this part of the protein does not sense the electronic spin of 
the clusters. Its most remarkable element is an a-helix 
spanning residues 68-78: a considerable amount of experi- 
mental evidence (Figure 3) supports the presence of this 
helical structure, and the last amino acid (Ile-78) was 
included on the basis of the upfield chemical shift of its Ca 
proton compared to an average value (Wishart et al., 1991). 
CaH(79) displays a similarly upfield-shifted value, but it was 
not added to the helix due to the lack of correlation between 
its amidic proton and CaH(76). 
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(Packer et al., 1977). Since then, various attempts have 
aimed at assigning these signals, mainly in the case of Cp 
Fd (Busse et al., 1991; Bertini et al., 1992). Very recently, 
two experimental approaches have been instrumental in 
affording a consistent set of assignments for these unusual 
signals: one consisting in slightly modifying the immediate 
environment of the clusters (Gaillard et al., 1993b): the other 
combining the observation of long-range correlations and the 
likeliness of their occurrence based on X-ray crystallographic 
results (Bertini et al., 1994). Since none of these approaches 
can yet be implemented for Cv Fd, the following discussion 
relies on the partial similarity in the folding of Cau Fd and 
Cv Fd demonstrated above and on the pattern observed in 
the case of Cp and Cau Fd. 

From a combination of 1D and 2D NMR experiments, 
eight spin systems have been identified (Table 3) which 
correspond to the side chains of the eight cysteine residues 
connecting the two [4Fe-4S] clusters to the main chain of 
Cv Fd. 

Both signals f and f' have NOEs with resonances at 4.17 
and 1.14 ppm associated with Thr-29 (Table 1). The crystal 
structure of Cau Fd predicts a close contact between Cys-8 
and the residue in position 29. Signals f and f are thus 
assigned to Cys-8. Furthermore, Ile-4 was tentatively 
assigned on the basis of a correlation between f and one of 
its side chain proton. 

NOEs are detected between c and signals at 1.19 and 0.98 
ppm, corresponding to side-chain protons of an unassigned 
long-chain residue. The situation is reminiscent of the NOEs 
observed between the signal of one CBH of Cys-1 1 and those 
of side-chain protons of Ile-9 in Cau Fd (Bertini et al., 1994). 
Similarly, signals c and c' may belong to Cys-1 1 in Cv Fd 
with c displaying NOEs to C,H and CaH of Ile-9. 

Signal b exhibits a NOE to signal d (Figure 6). This very 
peculiar interaction is the signature of CpH protons of Cys- 
43 and Cys-14 in Cau Fd (Bertini et al., 1994) because they 
are the only C,qH protons of cysteines in close contact (Duke 
et al., 1994). By analogy with Cau Fd, signals b and b' are 
assigned to Cys-49 in Cv Fd and d and d' are assigned to 
Cys-14. Furthermore, d and the signal of C,H(Cys-49) are 
connected through a weak NOE. The assignment is further 
supported by a NOE pattern similar to that observed in Cau 
Fd (Bertini et al., 1994): a cross peak connects b with a 
signal at 1.23 ppm, which could be attributed to C,H protons 
of Ile-23, and two cross peaks involving d occur at 0.37 (C,H 
of Val-52) and 0.21 ppm (most probably CsH of Ile-23). 

A NOE between the single degenerate peak labeled (g, h) 
and a signal at 1.23 ppm reflects the interaction between 
one C,qH proton of Cys-18 with a C,H of Ile-23, in much 
the same way as in Cau Fd (Bertini et al., 1994). Two other 
NOEs between (g, h) and peaks at 4.36 and 3.44 ppm 

Table 3: 'H NMR Assignments for Cysteines of Cv Fd 

CYS type peaks 6 (ppm) dh'(PPm) Ob TI (ms) T2b"  
cluster 

8 1  f 
f 
H a  
cp 
Ca 

11 I c 
C' 

H a  
C D  

14 I d 
d' 
H a  
Ca 

53 I e 
e' 
H a  

18 11 h 
h' 
H a  
CP 

37 I1 g 
g' 
H a  
cp 

40 11 a 
a' 

49 II b 
b' 
H a  
Ca 

11.09 8.09 
9.88 6.88 
7.36 
124.W 
119.1' 
15.36 12.36 
8.98 5.98 
9.64 
125.2 
14.28 11.28 
5.22 2.22 
7.33 
119.1e 
12.52 9.52 
5.66 2.26 
7.37 
10.24 7.24 
7.69 4.69 
4.36 or 3.44 
124.8 or 124.3 
10.24 7.24 
9.06 6.06 
3.44 or 4.36 
124.3 or 124.8 
20.84 17.84 
13.54 10.54 
17.27 14.27 
4.00 1 .00 
6.82 
122.0 

-57.69 
-175.00 

59.00 
176.00 

132.00 
13.00 

-161.00 
-41 .OO 

- 162.00 
-42.57 

-56.70 
-175.00 

62.70 
178.40 
135.10 
17.00 

5.6 3.3 
14.9 7 
C C 

6.7 3.4 
11.8 < lo  

C C 

8.3 4.1 
C C 

C C 

8.7 5.1 
c '16 

9.4 -5 
12.1 4.8 

C C 

C C 

9.4 -5 
13.0 <13 
C C 

7.1 3.4 
9.8 4.7 
7.3 3.3 
c -13 
C C 

(I Hyperfiie shifts which have been estimated by subtracting 3.0 ppm 
from the experimental chemical shifts. This value represents the 
averaged chemical shift of CBH cysteines coordinated either to Zn 
(Blake et al., 1991) or to Cd (Henehan et al., 1993) in substituted 
rubredoxins. Dihedral angles Fe-S-Cp-Hp (deg) of corresponding 
cysteines from Cau Fd (Duke et al., 1994). Signals overlapped in 
crowded areas. Chemical shifts of I3C are referenced to DSS. 
e Attributed to Ca Cys-8 or Cys-14. 

It has already been shown that correlations between 
protons of the N-terminal and of the C-terminal parts of Cp 
and Cau Fd (Gaillard et al., 1993a) can be observed, in 
agreement with X-ray crystallographic results attributing an 
important stabilizing role to the proximity of these two 
strands (Duke et al., 1994). In the case of Cv Fd, a few 
long-range NOEs have been observed between protons of 
N-terminal residues and protons of the 58-64 segment 
(Table 2), but the pattern does not exactly correspond to that 
observed with equivalent residues (Figure 1) of Cp and Cau 
Fd (Gaillard et al., 1993a). Similarly, the set of slowly 
exchanging NH of Cv Fd differs from that of Cau Fd for 
those residues belonging to the N-terminus and for residues 
53-55 of Cau Fd and 59-62 of Cv Fd. It can then be 
concluded that the presence of a long C-terminal tail in Cv 
Fd changes the interaction between the two parts of the Cv 
Fd molecule that correspond to the N- and C-termini of short 
2[4Fe-4S] Fd and may contribute to other stabilizing effects 
like the close contact exhibited between residues 4 1-43 and 
72-75. 

Sequence-Specific Assignments of Cysteines. The cor- 
respondence between hyperfhe-shifted signals of [4Fe-4S] 
proteins and the exact amino acids giving rise to them has 
long been a difficult task due to the very short relaxation 
times of these protons which impeded the detection of 
sequence-specific NOEs. It has early been recognized that 
most resonances occurring at lower field than 10 ppm are 
attributable to protons of the cysteine ligands of the cluster 

* Tentative assignments of the down field signals in Cp Fd (Gaillard 
et al., 1993b) were mainly based on the shifts induced by Pro-19 or 
Pro-48 replacements. Additional data obtained with a modified form 
in which Asp-39 had been replaced by Ala have more clearly indicated 
that signal a (Gaillard et al., 1993b) should be assigned to CpH of Cys- 
40 and, consequently, signals f, c and e to CpH of Cys-18, Cys-11, 
and Cys-47, respectively, in agreement with recent results (Bertini et 
al., 1994). However, the shifts of the signals associated with Cys-11 
protons (cluster I) upon Pro-19 (cluster n) replacement remain to be 
explained, as well as the symmetrical ones involving Cys-40 protons 
upon Pro-48 replacement. 
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FIGURE 6:  Lowfield part of the NOESY spectrum of oxidized Cv Fd recorded at 293 K with a mixing time of 10 ms. The most downfield- 
shifted CpH’s of each cysteinyl residue liganding the clusters are labeled with lowercase letters from a to h, and the geminal proton is 
designated with the same primed letter. The correlations were attributed as follows: al, (a, CpH(44)); bl, (b, CaH(49)); b2, (b, C,H(23)); 
cl, (c, CaH(11)); c2, (c, CdH(9)); dl, (d, CaH(14)); d2, (d, CaH(23)); a’l, (a’, C2,6H(@)); a‘2, (a’, CpH(44)); (e, C,H(50)); f l ,  (f, CaH(8)); 
f2, (f. CyH(4)); f‘l, (f, CpH(29)). 

C 

AC 1 ’  
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FIGURE 7: Downfield part of the ‘H NMR spectrum recorded at 
293 K with reduced Cv Fd in H20. The temperature dependence 
of the signals between 287 and 300 K is indicated with C standing 
for Curie, AC for anti-Curie, and NC for no temperature depen- 
dence. The broad line at -5.23 ppm (not shown) has a Curie 
temperature dependence. 

probably result from intraresidue interactions with the CaH 
protons of the same cysteines (Table 3). 

A situation unlike the one observed with Cau or Cp Fd 
occurs for signal a’, which is strongly interacting with Tyr- 
44 through two CpH at 2.84 and 3.46 ppm and the ortho 
protons at 7.44 ppm. Steady-state NOEs have also been 
evidenced between a and the ortho protons of Tyr-44, and 
between a‘ and the meta protons of Tyr-44 at 6.94 ppm on 
one hand and one CpH of His-43 at 2.64 ppm on the other 
hand. The (a, a’) pair is located down field of 10 ppm, a 
singular situation in the 2[4Fe-4SI2+ proteins studied so far 
by NMR. These features identify a and a’ as the CpH of 
Cys-40, in agreement with the expected modifications on 
this particular residue induced by the neighboring insertion 
when compared to shorter Fd (Figure 1). 

2.07 

c 

250 3 00 350 400 
Magnetic Field [mT] 

FIGURE 8: EPR spectrum of reduced Cv Fd at 10 K. The sample 
is the same used above for the NMR experiment of Figure 7. 
Experimental conditions: microwave frequency, 9.226 GHz; 
modulation frequency, 100 kHz; modulation amplitude, 1 mT; and 
microwave power, 0.1 mW. The isotropic signal at g = 2.00 is 
contributed by the viologen radical. 

Signal e exhibits NOEs at 1.30 and 0.70 ppm, positions 
which correspond to Val-50 (Table 1). At this stage, two 
cysteine residues (37 and 53) remain to be assigned. No 
definite argument allow us to choose between the alternate 
possibilities, but the values of the chemical shifts of e and 
(g, h) fall close to those assigned to Cys-47 and Cys-37, 
respectively, in Cau Fd (Bertini et al., 1994). By analogy, 
we propose that e and e’ arise from the CpH of Cys-53 and 
the remaining signal of the degenerate doublet from one of 
Cys-37 (Table 3). It will be shown below that the latter 
assignments, whereas they are not sustained by enough 
experimental evidence, agree with the conclusions drawn 
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electronic structure of the [4Fe-4SI2+ cluster since the 
hyperfine shifts associated with the other ligands of the same 
cluster are almost unchanged between Cau and Cv Fd (Figure 
9 and Table 3). One may then consider two contributing 
factors to the peculiarities of Cys-40. First, the additional 
amino acids between Cys-40 and Cys-49 may induce a slight 
structural change on Cys-40 resulting in an enhanced transfer 
of spin density from the inorganic core to this specific ligand. 
Second, NOEs have been detected between the pair (a, a’) 
assigned to the CpH of Cys-40 and several signals associated 
with Tyr-44 (see above); therefore, the occurrence of ring 
currents contributed by the nearby aromatic residue may also 
shift the signals of CpH(40). More data will be required to 
assess the relative contributions of these effects, but it is 
already worth noticing that the so far general law used in 
Figure 9 can fail in some cases where the immediate 
environment exerts a strong influence on the ligand. Care 
should be taken in applying the empirical law of Figure 9 to 
[4Fe-4SI2+ proteins even more atypical than Cv Fd. 

However, the noteworthy exception of Cys-40 set aside, 
the ligands of Cv Fd have the signals of their protons in 
excellent agreement with the plot of Figure 9. Therefore, 
the angular dependence of the cysteinyl CpH paramagnetic 
shifts can be used to clarify some remaining ambiguities in 
the interpretation of the NMR data and to stereospecifically 
assign the CpH resonances. The CpH-CpH and CBH-CaH 
connectivities are generally distinguished by taking into 
account the relative intensities and positions and by compar- 
ing the relaxation times of the correlated peaks. But, in case 
of any remaining doubt, eq 1 may be of some help. For 
example, peak b has two NOE cross peaks with resonances 
at 6.82 and 4.00 ppm (Figure 6). The cross peak at 4.00 
ppm was definitively assigned to the geminal b’ proton 
because its position better fits the curve of Figure 9 and then, 
the signal at 6.82 ppm was assigned to the corresponding 
CaH. In a similar way, the signals corresponding to the 
second P-proton of Cys-37 and Cys-18 were identified. 
Examination of Figure 9 shows that a better agreement is 
obtained if signal h’ (at 7.69 ppm) is assigned to Cys-18 
and, consequently, signal g’ (at 9.06 ppm) is assigned to Cys- 
37. 

The stereospecific assignments of the two P-protons of 
liganding cysteines have already been discussed (Busse et 
al., 1991). They were based on the values of the relaxation 
times and on the ratio of the paramagnetic shifts of the 
signals. Such a method, as established by others (Bertini et 
al., 1994), has partly failed in the case of Cp Fd. In the 
case of Cau Fd, the Cp protons closest to the nearby iron 
atom have the dihedral angle with the smallest absolute value 
and are the most shifted (Bertini et al., 1994; Table 3) for 
Cys-8, -11, -37, and -40. For Cys-14, -18, -43, and -47, the 
Cp protons farthest from the iron atom are the most shifted 
(Table 3). Therefore, there is no direct relationship between 
the value of the chemical shift and the closeness of the bound 
Fe atom for these Cp protons. In the case of Cv Fd, the 
excellent fit of the paramagnetic shifts to the curve of Figure 
9 indicates that the relative orientations of the cysteines CpH 
are identical to those of Cau Fd. 

The Mechanism of Electron Exchange in Cv Fd. In the 
documented cases of short 2[4Fe-4S] Fd (Phillips & Poe, 
1973; Gaillard et al., 1987; Bertini et al., 1992, 1994), the 
scheme of Figure 10 has been shown to apply to the redox 
mechanism of these proteins. The steps involving the 

-5 
-1 80 -90 0 90 180 

Dihedral angle Fe-S-Cp-HB 

FIGURE 9: Plot of the cysteine CpH hyperfine shifts of Cv Fd (full 
circles) and of Cau Fd (open squares) versus the corresponding 
Cau Fd Fe-S-Cp-H dihedral angles (Duke et al., 1994). The line 
represents the analytical expression (see text) obtained with Cau 
Fd data. The Cau Fd NMR data are taken from Bertini et al. (1994). 

from the other assignments based above on more conclusive 
grounds. 

Similar patterns of long range NOEs involving protons of 
residues 9,23, and 29 have been evidenced in both Cau and 
Cv Fd for the CpH of Cys-8, -11, -14, -18, and -49 (Cv Fd) 
or -43 (Cau Fd). In contrast, differences between the two 
proteins have been observed for the NOEs displayed by two 
cysteines: Cys-40 of Cau and Cv Fd, on one hand, and Cys- 
53 of Cv Fd and Cys-47 of Cau Fd, on the other hand. Such 
discrepancies must be associated with a change of structure 
between the two proteins in the vicinity of the clusters. 

Angular Dependence of Paramagnetic Shifts. Recent 
NMR studies on [4Fe-4SI3+ model compounds (Mouesca et 
al., 1993) and [4Fe-4SI2+ proteins (Bertini et al., 1994) have 
established that the isotropic hyperfine interaction of protons 
on the closest carbon to the iron is a function of the dihedral 
angle 8 defined by the four H-C-S-Fe atoms. In the case of 
[4Fe-4SI2+ proteins, the paramagnetic shifts (6) of Cau Fd 
cysteinyl P-protons (and Ca) have been plotted against the 
dihedral angles derived from the X-ray crystal structure of 
Pas Fd (Bertini et al., 1994). We have slightly improved 
this procedure by using the crystal structure of Cau Fd (Duke 
et al., 1994) and an only marginally modified empirical law 
has been obtained by least-squares fitting (Figure 9): 

6 = 12.2 sin2 8 - 3.6 cos 8 + 3.1 (1) 

If the same dihedral angles are assumed for Cv and Cau 
Fd, the chemical shifts of the P-cysteinyl protons of Cv Fd, 
after subtracting the diamagnetic contribution (set to an 
average value of 3.0 ppm), can be plotted on Figure 9. It 
appears that the agreement is fairly good for most protons. 
The only significant exception is for signals assigned to Cys- 
40; they display large deviations along the hyperfine shift 
axis indicating that they will not fit to the curve by a mere 
variation of 8. Indeed the P-protons of Cys-40 are the only 
ones, among cysteinyl protons of [4Fe-4SI2+ Fd characterized 
so far, to occur both below 10 ppm. That a change affects 
Cys-40 on going from Cau Fd to Cv Fd is also apparent 
from the value of the chemical shift of the CaH: this proton 
is the only one which has not been detected, implying that 
it does probably not fall around 10 ppm, unlike in Cau Fd 
(Bertini et al., 1994). These data on signals associated with 
Cys-40 may be reconciled if extra spin density is assumed 
on the sulfur atom of the residue: the perturbation must be 
local rather than resulting from a global change in the 
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(4) 

Cluster I Red 
Cluster II Ox 

(3 )  
FIGURE 10: Schematic representation of the different redox levels 
in 2[4Fe-4SI2+/+ Fd. All equilibria are detected in Cp and Cau Fd. 
Only the equilibria indicated by solid line arrows have been 
observed in Cv Fd. 

addition or loss of electrons to or from the protein, (1) - 
(2) - (4) and (1) - (3) - (4), are slow on the NMR time 
scale, while intramolecular electron hopping between the 
clusters, (2) - (3), is fast. As a result, partially reduced 
samples exhibit NMR broad peaks intermediate between 
signals of cysteines CBH arising from the fully reduced and 
the fully oxidized Fd (Gaillard et al., 1987, 1993b; Bertini 
et al., 1994). 

A very different situation holds for Cv Fd. In a variety 
of partially reduced samples, no intermediate peaks between 
the signals of oxidized and reduced protein have been 
detected and no EXSY correlations evidenced among them. 
Consequently, the strategy which proved beneficial to the 
assignments of the reduced Fd of Cau and Cp (Bertini et 
al., 1994) could not be implemented for Cv Fd. Indeed, the 
fast (2) - (3) exchange prevailing in the short 2[4Fe-4S] 
Fd does not take place in Cv Fd in the conditions of our 
experiment. These data provide the unprecedented demon- 
stration of slow or nonexistent intramolecular electron 
exchange in a Fd where the two [4Fe-4S] clusters are linked 
by two CysXXXCys pentapeptides (Figure 1). It is unlikely 
that this change is due to a significant difference between 
the reduction potentials of the two clusters, since signals 
assigned to ligands of both oxidized cluster I and cluster I1 
develop at the same time when a fully reduced sample is 
slowly reoxidizing. One may then conclude that a kinetic 
barrier prevents the fast electron jump between the two 
centers of the same Cv Fd molecule, in contrast to the 
situation evidenced by short 2[4Fe-4S] Fd. 

The origin of the decreased rate of intramolecular electron 
exchange between the two clusters of Cv Fd may be sought 
in differences associated with the protein structure in the 
internal core of the molecule. However, no drastic structural 
change, compared to short Fd (Gaillard et al., 1993a), has 
been evidenced above for the oxidized proteins in the region 
linking the two clusters. Then, an explanation involving a 
difference in the electronic structures of the reduced clusters 
between Cv Fd and shorter 2[4Fe-4S] Fd could be consid- 
ered; the occurrence of differences is indeed borne out by 
both the singular pattern of NMR lines displayed by reduced 
Cv Fd (Figure 7) and the unusual shape, with little or no 
magnetic interaction, of the EPR spectra (Figure 8). It may 
well be that the distribution of the mixed-valence pair (Fez+- 
Fe3') on one or both of the reduced clusters in Cv Fd is 
different from that in Cp or Cau Fd and impedes both the 
strong magnetic interaction and the fast electron exchange 
evidenced in the latter proteins. The localization of the added 

electron in [4Fe-4S]+ clusters may be seen as a symmetry 
breaking of the local structure, which most likely depends 
on the environment of these inorganic cores in proteins. The 
insertion between cysteines 40 and 49 in the Cv Fd sequence, 
which has been shown above to interact primarily with cluster 
11, could change the electronic properties of the nearby 
cluster. If such an explanation is confirmed, it would be 
one of the first examples where the detailed electronic 
structure of the donor and acceptor metallic centers has a 
direct influence on the rate of electron transfer between them. 

Finally, these NMR studies show that Cau Fd and Cv Fd 
do share a common structural framework over those parts 
of the sequences that can be aligned. The similarity extends 
to most of the vicinity of the active centers as judged by the 
properties of the hyperfine-shifted signals assigned to the 
protons of liganding cysteines. Still, the intramolecular 
electron transfer process followed by NMR is remarkably 
different in Cv Fd than in Cau Fd. Since the redox partners 
of Fd in Cv are not yet known with certainty, it is difficult 
to assess whether these differences have a functional bearing. 
However, this work exemplifies that electron exchange in 
2[4Fe-4S] Fd is very finely tuned, and the contributing factors 
modulating the rates of Figure 10 require further study. 
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