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ABSTRACT: Most of [4Fe-4S] proteins bind their metallic center by four cysteine residues, three clustered 
in a single stretch of seven amino acids and a remote fourth generally followed by a proline residue. Two 
such prolines in Clostridium pasteurianum 2[4Fe-4S] ferredoxin have been substituted by different amino 
acids and the resulting molecular variants studied with EPR and N M R  spectroscopies. The isolated EPR 
contributions of the [4Fe4S]+  clusters do not change much in all variants. The exact positions or the 
number of features composing the fully reduced EPR spectra built by the two interacting [4Fe-4S]+ S = 
l / ~  systems vary slightly but, in none of the proteins in which either proline 19 or 48 were substituted, do 
they indicate a major difference either in the folding of the ferredoxin or in the electronic structure of its 
clusters. A subset of paramagnetically shifted N M R  signals is significantly affected by these replacements 
a t  both redox levels. The corresponding protons belong to two cysteines liganding the cluster close to the 
substitution. These data, combined with the presently available three-dimensional information, form the 
basis for partial assignments of the most shifted resonances in the N M R  spectra of such proteins. The 
positions of intermediate lines in the N M R  spectra of semireduced ferredoxins depend on the difference 
between the redox potentials of the two clusters: this difference is sensitive to the substitutions of either 
conserved proline residue by lysine. 

Iron-sulfur proteins have now been recognized in a large 
variety of biological processes, including reactions which do 
not apparently make use of the electron transfer properties 
of their active sites (Cammack, 1992). Still, a large majority 
of them are involved in various electron transfer chains, and 
those organized around [4Fe4S] clusters areubiquitous from 
bacteria to mammals. 

The detailed knowledge of the relationships between the 
structure of [4Fe-4S] proteins and their electron transfer 
properties would be a major step forward in the study of 
electron transfer in biology. Indeed, the complexity of the 
electronic structure of iron-sulfur clusters (Noodleman & 
Case, 1992) may have been one of the reasons why the 
mechanism of electron transfer in such proteins has remained 
less well known than for the other main classes of redox 
proteins, like cytochromes or copper proteins (Palmer, 199 1). 
In such studies on relatively small proteins, NMR has proven 
to be uniquely instrumental, as the spectroscopic properties 
of the protons surrounding the cluster are sensitive both to the 
nearby electronic spin and to the spatial arrangement of the 
protein [e.g., Lecomte et al. (1989)l. With the availability 
of complete assignments of NMR spectra for a redox protein, 
it may be expected that the electron transfer pathway could 
be defined as the region most perturbed upon electron 
exchange. 

The 2[4Fe-4S] ferredoxin (Fd)' from Clostridium pas- 
teurianum is one of the most extensively studied [4Fe-4S] 
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proteins, mainly because of its modest size ( 5 5  amino acids) 
and the availability of the high-resolution crystallographic 
structures of closely related proteins (Adman et al., 1973, 
1976; Backes et al., 1991; TranQui et al., 1991). It has also 
long been used as a benchmark [4Fe4S] protein in NMR 
studies (Phillips & Poe, 1973; Packer et al., 1977; Gaillard 
et al., 1987; Bertini et al., 1990; Busse et al., 1991). However, 
it has so far been extremely difficult to assign the observed 
NMR signals to sequence-specific residues. Recent attempts 
have led to some proposals and, more importantly, have 
established which signals originate from the same cysteine 
(Bertini et al., 1990, 1991, 1992a; Busse et al., 1991). 

A clear picture of the arrangement of protons, as derived 
from NMR spectra, would probably constitute a powerful 
tool in further investigating the main spectroscopic and 
biological properties of Fd. As an alternative to methods 
relying on the observation of polarization transfer between 
correlated protons on 2D NMR spectra, site-directed mutants 
of C. pasteurianum Fd on strongly conserved proline residues 
close to the clusters have been used here. Their combined 
EPR and NMR signatures have sorted some of the liganding 
cysteines out. The potential candidates for the residues 
perturbed by the mutations have been analyzed with the 
presently available structural information and have allowed 
us to deduce partial sequence-specific assignments for the 
most paramagnetically shifted signals. Moreover, this work 
is a further illustration of the power of NMR spectroscopy 
in giving access to otherwise out of reach properties like the 
slight difference between the redox potentials of the two clusters 
of 2[4Fe-4S] Fd. 

MATERIALS AND METHODS 
A synthetic gene encoding C. pasteurianum Fd (Davasse 

& Moulis, 1992) was used to obtain the mutated forms of the 
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protein. For genes modified on the codon for P- 19, the NheI- 
HpaI (NheIStyI  in the case of the (PN-DD) double mutant) 
oligonucleotide fragment was removed by endonuclease 
digestion, and the resulting cleaved plasmid pUCFd2 (Davasse 
& Moulis, 1992) was ligated with a duplex bearing the 
mutation. In the case of the plasmid encoding P48K, the 
complete synthetic gene was reassembled from the oligonu- 
cleotides used to obtain pUCFd2 (Davasse & Moulis, 1992), 
except for the oligonucleotide containing the CCG codon for 
P-48 and the complementary one which were replaced by 
oligonucleotides containing the AAA codon for lysine and its 
complement instead. The presence of the correct substitutions 
was checked by restriction analysis, when applicable, and by 
DNA sequencing with the dideoxynucleotide chain termination 
method (Sanger et al., 1977). Two residues, P-19 and P-48, 
of the native protein have been substituted in this work, and 
the resulting molecular variants will be named PI 9X and P48Y 
in the following, X and Y being the amino acids replacing 
proline. The molecular form in which P-19 and N-21 are 
both replaced by aspartate residues is designated by (P19D- 
N21D). 

As C. pasteurianum 2[4Fe4S] Fd contains two similar 
clusters, theoneligated bycysteines 8,11,14, and47 is referred 
to as cluster I and the one ligated by cysteines 18,37,40, and 
43 as cluster 11. 

EPR spectra were recorded with a Varian E-109 spec- 
trometer as already described (Moulis et al., 1984). 'H-NMR 
experiments were carried out on a Bruker AM-400 spec- 
trometer, with samples dissolved in 50 mM potassium 
phosphate buffer at (uncorrected) pH 7.5 prepared in 99.8% 
D20 (CEA, Gif-sur-Yvette, France). NOEdifference spectra 
have been recorded by irradiating the resonance of interest 
for 100 ms before the application of the observation pulse. All 
chemical shifts are referred to the signal of residual water set 
at 4.7 ppm. 

RESULTS 

EPR Spectra. As the EPR spectra of reduced 2[4Fe4S] 
Fd result from the contribution of two magnetically interacting 
clusters (Mathews et al., 1974), the individual contributions 
from each center are more conveniently observed in samples 
titrated with ca. 20% electron-equivalent (Orme-Johnson & 
Beinert, 1969). Such spectra have been recorded for proteins 
in which P- 19 has been replaced by four different amino acids 
(N, T, M, and K) and P-48 by K (Figure 1) as well as the 
{P19D-N21D) double mutant. They closely resemble the 
spectra obtained with the native protein (Moulis et al., 1984) 
and indicate that both clusters individually contribute very 
similar signals. The only discrepancy concerns the low-field 
component of P19K which shows a clear splitting (Figure 1) 
indicating slightly different rhombic signals for the two 
clusters. At higher fields, the inequivalence in P19K is revealed 
by broader and less resolved lines than for P19M (Figure 1). 

The spectra of fully reduced Fd are displayed in Figure 2. 
In all variants, the intercluster interaction results in a complex 
signal analogous to that of the native protein (Mathews et al., 
1974; Moulis et al., 1984). In the case of P19K, the 
inequivalence of the two clusters may be sought on the low- 
field part of the spectrum where at least one additional line 
occurs. For P48K, the strong feature on the low-field side of 
the main component is shifted compared to the other proteins 
(Figure 2). These changes in the EPR signals may indicate 
very slight variations in the interaction between the two clusters 
(Guigliarelli et al., 1993) and cannot valuably be discussed 
with the presently available description of such systems. 
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FIGURE 1: EPR spectra of semireduced proteins at 10 K. (A) P19M. 
(B) P19K. The arrows show the low-field components of the two 
rhombic signals. (C) P48K. Experimentalconditions: radio-frequency 
= 9.226 GHz; modulation frequency = 100 kHz; modulation 
amplitude = 1 mT; and microwave power = 5 mW. 
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FIGURE 2: EPR spectra of reduced proteins at 10 K. (A) Native C. 
pusteuriunum Fd. (B) P19K. (C) P48K. The experimental conditions 
are the same as those given in the legend to Figure 1 except for 
microwave power (2 mW). 

However, it should be emphasized that these effects are 
probably small and that the EPR spectra of all Fd variants 
examined here do not change significantly from that of the 
parent protein. Consequently, the ground spin state of the 
clusters (S = '/2) or the general trends of the magnetic 
interaction between the two centers are not very sensitive to 
these replacements. 

NMR Spectra of Oxidized Fd. The NMR spectra of 
clostridial Fd are among the numerous examples in which the 
chemical shifts of the methylenic protons of the cysteines 
ligating the [4Fe4S] clusters are a very sensitive probe of 
both the electronic properties of the nearby iron and of the 
arrangement of the cysteine side chains around the F e S  
clusters. As exemplified in Figure 3A, the most striking feature 
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FIGURE 3: Low-field part of the lH NMR spectra of oxidized 
ferredoxins at 295 K. (A) Native C. pasteurianum Fd. (B) P19K. 
(C) P48K. 
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FIGURE 4: NOE difference spectra of oxidized proteins at 295 K. 
The irradiated lines are indicated by an arrow. (A-C) P19K. (D) 
P48K. 

in the spectrum of C. pasteurianum 2[4Fe-4S] Fd is the 
presence between 10 and 20 ppm of eight well-resolved 
resonances [e.g., Phillips and Poe (1973), Packer et al. (1977), 
Gaillardetal. (1987),and Bertiniet al. (1990)]. Thesesignals 
have been assigned to one 6-proton of each cysteine ligating 
the clusters (Packer et al., 1977; Bertini et al., 1991, 1992a; 
Busse et al., 1991). 

The Fd variants in which either P-19 or P-48 have been 
substituted with K display NMR spectra similar to that of the 
parent protein (Figure 3), with eight lines between 10 and 20 
ppm. However, some differences are clearly apparent between 
these spectra, as, for instance, the absence of the most shifted 
line at ca. 17 ppm in the spectrum of P19K (Figure 3B) or 
the change of the ca. 15.5-16 ppm doublet into a singlet for 
P48K (Figure 3C). Beside these differences, other features 
like the presence of two broad resonances between 11 and 12 
ppm seem to be retained among the spectra of Figure 3. In 
addition, it has been found that the spectrum of the double 
mutant {P19D-N21DJ is almost identical to that of P19K, 
except for some resonances which shift by ca. 0.2 ppm between 
the two mutated forms. 

To analyze further these paramagnetically shifted protons, 
NOE difference spectra have been recorded (Figure 4). In 
the case of native Fd, two recent studies (Busse et al., 1991; 
Bertini et al., 1991) using a similar approach agree in 

Table I: 
lines pairinga clustep nativeb P19Kb Ac (P19K) P48Kb AC (P48K) 

b I1 16.1 15.8 -0.3 16.0 4 . 1  
c k, i I 15.7 15.6 - 0 . 1  15.0 -0.7 
d I 14.8 15.1 +0.3 14.9 +0.1 
e I 13.5 13.2 -0.3 14.7 4-1.2 
f I1 12.3 13.8 +1.5 12.3 0 
B l  I 11.9 11.9 0 12.0 +0.1 
h m  11 11.1 11.0 - 0 . 1  11.0 -0.1 
i c, k I 10.0 10.0 0 10.0 0 
j a, k’ I1 9.7 9.4 -0.3 9.7 0 
k c  I 9.4 9.4 0 9.3 -0.1 
k’ a I1 9.3 9.1 -0.2 9.3 0 
l e  I 8.9 8.9 0 9.0 +0.1 
m h  I1 7.9 8.1 +0.2 7.8 - 0 . 1  

‘H NMR Data of Oxidized Proteins 

a k’, j I1 17.2 14.9 -2.3 17.0 -0.2 

a According to Bertini et al. (1992a) and Busse et al. (1991). b Shifts 
(ppm) at 295 K. Differences in chemical shift between the native and 
the mutated proteins. 

associating eight sets of two or three signals to each cysteine 
of the sequence. For the sake of consistency with these previous 
studies, the labeling of the lines used by the italian group, 
which later provided such associations at both redox levels 
(Bertini et al., 1992a), will be used throughout. Then the 
signals at the oxidized level of the parent protein are referred 
to by lower case letters, starting at low field (Figure 3, Table 
I). The two 8-protons, and when possible the a-proton, of the 
eight cysteines of the native Fd were grouped (Bertini et al., 
1991; Busse et al., 1991) as follows: (a, k’, j), (b, y), (c, k, 
i), (d, z), (e, w), (f, x), (g, I), (h, m), where letters above m 
refer to peaks located at higher field than presented on Figure 
3. 

For P19K, the associations involving the nearly invariant 
resonances at 15.6 ppm (c) (Figure 4B), 11.9 ppm (g) (Figure 
4C), and 1 1 .O ppm (h) have been confirmed; in addition, NOE 
with resonances at 9.4 and 9.1 ppm have been detected (Figure 
4A) for the peak at 14.9 ppm which does not occur in this 
position for the native protein (Figure 3A). 

For P48K, similar experiments have been carriedout. Peak 
a has been associated with resonances at 9.7 and 9.3 ppm 
(Figure 4D), and NOES involving resonances g and h have 
been detected as for P19K. In addition, the signal at 15 ppm, 
specific of P48K, can be associated with two other signals at 
10 and 9.3 ppm. 

Without even developing the analysis of the data at this 
point, it already appears that in the spectra of Figure 3, only 
a limited number of paramagnetically shifted resonances is 
perturbed by the substitution of the prolines and a larger 
number hardly senses the modification (Table I). 

NMR Spectra of Reduced Fd. Due to the paramagnetic 
ground state of the [4Fe-4S]+ cluster, the NMR spectra of 
reduced C. pasteurianum Fd span a larger range of chemical 
shifts than at the oxidized level. The low-field regions of the 
spectra recorded for the three molecular variants of Figure 
3 are displayed in Figure 5 .  As for the oxidized spectra, some 
similarities, including the number of shifted resonances found 
beyond 25 ppm or the presence of a triplet as the most shifted 
feature in all spectra, can be noticed. However, there is no 
exact correspondence between the three spectra, which 
indicates that the mutations introduced near one ligand 
selectively perturb the behavior of only some resonances. Then 
the changes observed at  the reduced level appear qualitatively 
similar to those occurring at the oxidized level, and these 
combined data have been used to assign the shifted lines 
detected in the spectra of Figures 3 and 5 (see Discussion). 

N M R  Spectra of Partially Reduced Fd. The coexistence 
in samples of clostridial Fd of both oxidized and reduced 
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FIGURE 5:  Low-field part of the lH NMR spectra of reduced proteins 
at 295 K. (A) Native Cpusteurianum Fd. (B) P19K. (C) P48K. The 
spectra were recorded on a spectrometer operating at 400 MHz except 
for panel A, 250 MHz. 
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FIGURE 6: Low-field part of the lH NMRspectra of partially reduced 
proteins at 305 K. (A) P19K. (B) P48K. The intermediate peaks 
between the fully reduced and fully oxidized species are labeled with 
greek letters. 

clusters translates into the occurrence of NMR lines which 
arise neither from the fully reduced nor from the fully oxidized 
protein (Phillips k Poe, 1977; Gaillard et al., 1987; Bertini 
et al., 1990). As the electron exchange between reduced and 
oxidized [4Fe4S] clusters is fast on the NMR time scale, 
these additional resonances correspond to the coalesced lines 
of the oxidized and reduced species, and one of these peaks 
can be observed for each pair of signals associated with the 
same proton at both redox levels. The same type of resonances 
has been observed for the mutated forms of C. pasteurianum 
Fd (Figure 6 ) ,  thus showing that electron self-exchange in 
partially reduced samples is not qualitatively changed by the 
substitution of the conserved proline residues studied here. 
Since these additional resonances are specific of clostridial 
Fd at an intermediate redox level and relate signals of the 
reduced and oxidized protein (Bertini et al., 1990, 1991, 
1992a), they have been used below to check assignments 
proposed at each of these levels and to estimate the relative 
difference between the redox potentials of the two clusters. 

DISCUSSION 
The information content of the NMR spectra displayed by 

paramagnetic proteins needs to be sustained by sequence- 

specific assignments to be fully exploited. Indeed, the 
identification in the available primary and tertiary structures 
of the amino acids giving rise to the NMR lines is a major 
step forward in understanding the modulation of the [4Fe- 
4S] cluster properties by the polypeptide chain. Although 
2D NMR is a very efficient tool for this purpose, as exemplified 
in the case of high-potential Fd (Bertini et al., 1992b; 
Nettesheim et al., 1992; Gaillard et al., 1992), no cross peak 
relating a proton of a cysteine ligand to a proton of another 
amino acid in low potential [4Fe4S] Fd has yet been reported. 
The interpretation of the NMR spectra of C. pasteurianum 
2 [4Fe4S] Fd has so far been relying mainly on the detection 
of COSY and NOESY cross peaks between protons belonging 
to the same cysteine (Bertini et al., 1991, 1992a; Busse et al., 
1991), on the approximate 2-fold degeneracy of the NMR 
signals related to the pseudosymmetry of the structure (Busse 
et al., 1991), and on the possibility of detecting saturation 
transfer between the peaks corresponding to the same proton 
in the oxidized and reduced samples (Bertini et ale, 1990, 
1992a). Yet the variations of the spectra upon site directed 
mutations have been used here to eventually relate the 
paramagnetically shifted signals to the protons of sequence- 
specific cysteines. 

Oxidized NMR Spectra. A close inspection of the spectra 
of Figure 3 easily reveals the major changes occurring upon 
mutating the proline residues neighboring (2-18 and C-47. 
For P19K, an almost perfect one to one mapping of the eight 
most shifted signals can be established with those of the native 
protein, except for peaks labeled a and f, which experience 
marked up- and low-field shifts, respectively (Table I). 
Similarly, peaks c and e in P48K are significantly up- and 
down-shifted, respectively, as compared to the reference protein 
(Table I). These relationships between the spectra are borne 
out by NOE difference experiments which relate the most 
paramagnetically shifted peaks with those of the geminal or 
the a-proton of the same cysteine (Table I). Moreover, the 
availability of the double mutant {P19D-N21D] nicely 
confirms that signals a and f display the most noticeable shifts 
when P-19 is replaced. 

On the basis of these data, it may be concluded that two 
protons previously associated with the cluster close to the 
mutation and belonging to different cysteines (Bertini et al., 
1992a; Busse et al., 1991) are mainly perturbed by each proline 
substitution. For P19K, signals a and f arise from these protons 
while signals c and e are both perturbed in the case of P48K. 
One of these resonances may tentatively be assigned to one 
of the 8-protons of the cysteine residue neighboring the 
mutations on these grounds only, but firm assignments require 
further analysis (see below). 

Reduced NMR Spectra. Since the chemical shifts of the 
lines in the reduced spectra experience a larger contribution 
from paramagnetism, their variations as a function of 
temperature and their line widths may be used to complete 
the established associations for the native protein in the case 
of the different variants. 

As a result of such analysis, the eight most downfield 
resonances, as well as some peaks occurring at higher fields, 
can unambiguously be traced between the spectra of Figure 
5 (Table 11). A few uncertainties remain for other peaks like 
the respective positions of I and J in the case of P19K, but 
these resonances are not very sensitive to the substitution of 
P-19since they both have beenattributed tocysteinesofcluster 
I (Bertini et al., 1992a). Also, H and K have been attributed 
on the basis of the observation of their approximate invariance 
in position and in line widths; however, their Curie-type 
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Table 11: lH NMR Data of Reduced Proteins 

lines@ pairs clusteP native6 P19Kb Ac (P19K) F(T)d P48Kb Ac (P48K) F(T)d 
? 
I 

D 
C 
G 
L 
E 
K 
B 
? 
? 

H 
F 

I1 
I 
I 
I 
I1 
I 
I1 
I1 
I 
I 
I1 
I1 
I 

60.3 
57.2 
54.8 
40.7 
38.5 
33.5 
33.5 
28.0 
26.5 
25.8 
25.4 
22.0 
20.0 

60.1 
54.4 
54.5 
40.6 
45.5 
33.0 
42.7 
24.6 
27.5 
26.0 
31.3 
19.0 
19.7 

-0.2 
-2.8 
-0.3 
-0 .1  
+7.0 
-0.5 
+9.2 
-3.4 
+1.0 
+0.2 
+5.9 
-3.0 
-0.3 

C 
AC 
C 
C 
AC 
AC 
AC 
NC 
NC 
NC 
AC 
AC 
AC 

58.8 
65.9 
56.7 
42.1 
39.3 
44.8 
34.0 
27.7 
34.0 
25.2 
26.8 
21.6 
29.9 

-1.5 
+8.7 
+1.9 
+1.4 
+0.8 

+11.3 
+ O S  
-0 .3  
+7.5 
-0.6 
+1.4 
-0.4 
+9.9 

C 
AC 
C 
C 
AC 
AC 
AC 
C 
C 
NC 
AC 
C 
AC 

~ ~ ~~~ 

The lowercase letter indicates the corresponding signal in the oxidized spectra (Bertini et al., 1992a). Shifts (ppm) at 295 K. Differences in 
chemical shift between the native and the mutated proteins. Dependence of the chemical shift with temperature: C for Curie, AC for anti-Curie, 
and NC for non-Curie behavior. 

behavior in the native protein changes to an almost complete 
temperature independence for P19K in the 295-310 K 
temperature range. 

Likewise, the assignments in the case of P48K are relatively 
straightforward with the exception of line J, which appears 
much broader than in the spectra of the native protein and 
ofP19K(Figure 5,TableII). However,changingtheproposed 
assignment for J (Table 11) would displace it toward the 
diamagnetic region by an unduly large amount in view of the 
otherwise limited shifts of the resonances observed in the 
present studies (<12 ppm, Table 11) and of the invariance of 
the corresponding signal at the oxidized level (line d, Table 
I). As for the increased line width of J in P48K, it is worth 
noticing that the signal has one of the shortest relaxation 
times of all resonances in the native protein (Bertini et al., 
1992a) and a further shortening may not be excluded for 
P48K. Even if the assignement of J may not be considered 
as totally established, it does not affect theultimateconclusions 
reached in the present studies. 

It then appears from Table I1 that the replacement of P-19 
by K mainly shifts resonances E, G, and J’ while that of P-48 
by K induces the larger changes in the positions of B, I, F, 
and L. From the correlations established between resonances 
at both redox levels, these lines can be associated in pairs 
corresponding to geminal @-protons of cysteines as (E, G), 
(J’, ?), (B, I) and (F, L) (Bertini et al., 1992a). Therefore, 
the main effect of the studied mutations is to perturb a couple 
of cysteines liganding the nearby cluster. It should be noted 
that these cysteines correspond to those found above to be also 
affected at the oxidized level; this may be seen as a strong 
indication that the interpretation of the spectra of the mutated 
forms provided in Tables I and I1 is a correct basis for further 
analysis. 

Tentative Assignments to Sequence-Specific Cysteines. 
The changes induced by the mutations on the chemical shifts 
of only some resonances in the NMR spectra most probably 
reflect a very localized perturbation sensed by the active sites. 
The liganding sequence of each [4Fe-4S] cluster in C. 
pasteurianum Fd is made of a cysteine triplet, C(8/ 
37)xxC(11/4O)xxC(14/43), where x is any amino acid, and 
a fourth distant cysteine (47/ 18). As the mutations studied 
are adjacent to the isolated cysteine, it is expected that the 
latter is among the ligands most sensitive to the structural or 
electronic modifications occurring upon replacing proline 19 
or 48. The NMR results obtained at both redox levels (Tables 
I and 11) then indicate that signals (E, G) corresponding to 
(a, k’) and (F, L) correlated to (c, k) are the most likely 
candidates for the &protons of cysteines-18 and -47, respec- 

tively. The choice of (F, L) rather than (B,I) is based on the 
magnitude of the shift induced by the mutation relative to the 
chemical shift in the native protein, Le., 11.3/33.5 (ca. 33%) 
and 9.9/20.0 (ca. 50%) compared to 8.7/57.2 (ca. 15%) and 
7.5/26.5 (ca. 28%). The same argument for P19K is less 
strong, as (E, G) and (J’) vary in roughly the same proportions; 
however, in this case, one line (a) correlated to E appears 
most sensitive to the mutation at the oxidized level. 

These assignments leave the (B, I)(e, w) and (J’, ?)(f, x) 
couples available for one of the three remaining cysteines of 
clusters I and 11, respectively. No obvious reason explains 
why a single cysteine, in addition to that neighboring the 
mutation, responds to the substitution of P-19 or P-48. It 
may be noted, however, that resonance J’ associated with a 
proton of a cysteine liganding cluster I1 is evidently less sensitive 
than resonances B or F to the replacement of the proline (P- 
48) close to cluster I, but is at least as sensitive as resonances 
C or D associated with protons undoubtly close to cluster I 
(Table 11). Symetrically, line B (cluster I) is shifted in P19K 
toa larger extent than line A (cluster 11). Since themechanical 
links between the two clusters in the structure involve the 
short 14-18 and 43-47 fragments (Adman et al., 1973), one 
may propose that these cysteines are the privileged sensors of 
any perturbation occurring on the other cluster. Following 
such argument, signals (B, I) and J’ would be assigned to the 
@-protons of cysteines 14 and 43, respectively. This line of 
reasoning is borne out by a constant feature in structures of 
low-potential 2[4Fe4S] Fd, either directly derived from X-ray 
data or resulting from simulations in solution. The distances 
separating the@-carbon atomof C-18 of cluster I1 (respectively 
(2-47, cluster I) from the &carbon of the other cysteines 
roughly fall into two groups: one including C-14 of cluster 
I (C-43 and 11, respectively) and C-43 of cluster I1 ((2-14 and 
I, respectively) exhibits values below 6.7 A and the other 
including the remaining cysteines of cluster 11, C-37 (C-8 and 
I, respectively), and C-40 (C-1 1 and I, respectively), values 
generally well above 7.5 A. Therefore, the cysteine side chains 
neighboring the prolines substituted in this work are signif- 
icantly closer to two cysteines (one liganding the same cluster, 
the other one the distant cluster) than to the other cysteines 
of the protein. Such distance relationships are fully consistent 
with the NMR data obtained here (Table I and 11) and give 
support to the proposed assignments. No additional spec- 
troscopic evidence provides any indication as to the detailed 
assignments of the other cysteinyl protons. 

A comment is needed about partial assignments a’t the 
oxidized level previously proposed by others (Busse et al., 
1991). These authors developed an interpretation based 
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mainly on the presumed mechanism of spin delocalization 
between the Fe-S cluster and the cysteine protons and relying 
heavily on the X-ray crystallographic structure of the related 
Fd from Peptostreptococcus asaccharolyticus. However, this 
line of reasoning has provided conclusions at variance with 
those based on the present data. Indeed, the apparently most 
secure assignments obtained in these studies related lines (8, 
1) and (h, m) to the &protons of C-14 and 43 partly because 
these resonances displayed the strongest cross peaks with their 
vicinal a-protons in magnitude COSY experiments (Busse et 
al., 1991), asexpectedfrom the protonsfarther from thenearby 
iron in the X-ray structure (Adman et al., 1973, 1976). 
However, it should be emphasized that the exact mechanism 
of spin delocalization in [4Fe-4S] proteins is still a matter of 
debate [e.g., Busse et al. (1991), Bertini et al. (1992b), and 
Mouesca et al. (1993)l. Also, it is not completely sure that 
theavailable crystal structures for this type of protein (Adman 
et al., 1973, 1976; Backes et al., 1991; TranQui et al., 1991) 
fully represent the structures in solution. Indeed, recent 
molecular dynamics simulations of the solution structure of 
a high-potential ferredoxin based on the model derived from 
X-ray data (Carter et al., 1974) have shown that the former 
was subjected to some displacements compared to the latter 
which were in better agreement with the observed NOES 
(Banci et al., 1992). Similarly, our preliminary calculations 
on the present kind of low-potential ferredoxin have indicated 
that the orientation of some cysteine residues around the 
clusters experienced significant changes upon modeling of 
the structure in solution, in particular cysteines 11 and 40, 
which follow in the sequence relatively strained residues 
(Carter, 1977). Then, the arguments implicating the orien- 
tation of residues around [4Fe4S] clusters should probably 
benefit from reexamination in light of the results of such 
calculations. 

Considering the spin delocalization on the cysteine ligands, 
if the contact shifts primarily depend on the orientation of the 
side chains, variations of opposite signs would be expected for 
the signals of the geminal &protons of the same cysteine in 
passing from the reference protein to the mutated forms (Busse 
et al., 1991; Bertini et al., 1992b). Although the shifts of the 
corresponding lines may be considered of opposite signs but 
of significantly different absolute values at the oxidized level 
(Table I), they generally are of the same sign at the reduced 
level (Table 11). This most probably means that the pertur- 
bation induced on the chemical shifts of the protons sensitive 
to the mutations applies predominantly to the spin density on 
the liganded iron rather than on the orientation of the cysteines. 
In other words, although thechanges in the detailed electronic 
properties of the clusters probably originate from a structural 
modification of the surroundings, the latter is certainly not 
large enough to strongly disorganize the cysteine side chains. 

Effect of the Mutations on the Relative Redox Potentials 
of the Two Clusters. The intermediate peaks of the semire- 
duced spectra (Figure 6) result from fast exchange between 
the reduced and oxidized forms of the same cluster. The 
chemical shifts of these lines depend on the lifetime at each 
redox level of the corresponding cluster. This provides a means 
of knowing which cluster is easier to reduce once assignments 
are available. Such analysis has been previously carried out 
for native C. pasteurianum Fd and has shown that cluster 11, 
ligated by cysteines 18, 37, 40, and 43, had a less negative 
potential than cluster I by ca. 15 mV (Bertini et al., 1992a). 
Table I11 reports values of the parameter linking the position 
of the intermediate line with those of the fully oxidized and 
fully reduced corresponding resonances for a selected set of 
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Table 111: lH NMR Data of Partially R e d u d  Proteins 
lines native db P19Ka db P48Ka db 

a(b,A)II 41.5 0.58 39.7 0.49 45.5 0.77 
fl(a,E)II 31.4 0.66 27.8 0.48 37.5 0.71 
y(e,B)I 27.7 0.33 33.0 0.45 33.8 0.48 
6(l,C)I 26.1 0.38 29.4 0.44 30.5 0.46 

(I Shifts (ppm) at 305 K. d = (shifkR - shifb)/(shiftu - shi fb) ,  
where shi fb ,  ShiftRd, and shiftsR stand for the chemical shift of 
corresponding lines at the oxidized, reduced, and partially reduced levels, 
respectively. 

protons close to one cluster or the other. The fact that P19K 
exhibits fairly homogeneous values indicates that the redox 
potentials are very similar if not identical in this protein. On 
the contrary, the resonances associated with cluster I1 of P48K 
display far larger values than those of cluster I: this mutated 
form resembles the native protein with, perhaps, an even larger 
separation between the two redox potentials. These obser- 
vations indicate that the microscopic redox potentials of the 
two clusters are sensitive to the breakage of the pseudo-2-fold 
symmetry at the level of proline 19/48 and that at least their 
relative values depend on the detailed structure of their 
surroundings. The kind of modulation on the redox potential 
induced by these changes would certainly benefit from the 
availability of other mutated forms in order to define its nature. 

Conclusions. The substitution of the very conserved proline 
residues following one cysteine ligand in many [4Fe-4S] 
proteins has induced selective changes in the properties of 
paramagnetically shifted protons of C. pasteurianum Fd. In 
contrast, neither the ground spin state (S = l/2) of the clusters 
nor their magnetic interaction assessed by EPR spectroscopy 
have been strongly affected by these mutations. Indeed, only 
limited perturbations in the distribution of the spin density 
over the clusters upon replacing these conserved prolines may 
be deduced from the available data. Still, the latter effect 
most probably plays a major role in the shifts observed in the 
NMR spectra. 

These observations have been used to propose part of the 
sequence specific assignments for the cysteine residues of a 
low-potential Fd, which have so far resisted analysis by 
conventional 2D NMR. Although site-directed modified 
proteins have already been used for interpreting NMR data 
of other paramagnetic systems [e.g., Rajarathnam et al. 
(1992)], the present work constitutes the first attempt at 
applying this method to a [4Fe-4S] protein. As this kind of 
Fd is among the proteins displaying the fastest relaxing protons, 
the present approach is certainly a very valuable complement 
to the observation of cross-correlations among paramagnet- 
ically shifted resonances. Precise NMR assignments are 
indeed a prerequisite to the detailed understanding of the 
solution structure of 2[4Fe-4S] Fd and of the changes 
occurring upon electron transfer, an almost completely obscure 
matter a t  the moment. 

Although the present data cannot pretend to exactly define 
the structural modifications induced by the mutations, it 
appears that the conserved prolines are mandatory to create 
a specific environment for the nearby [4Fe4S] cluster. This 
is demonstrated by the similarity of the NMR spectra recorded 
for P19K and the double mutant {P19D-N21DJ and their 
marked differences with that of the native protein. Also, 
significant variations in the relative values of the redox 
potentials of the two clusters upon replacing these conserved 
prolines have been detected. The thorough functional sig- 
nificance of these features will be reported elsewhere, but it 
may already be suspected that the availability of various site- 
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directed mutants of C. pasteurianum Fd will certainly reveal 
important parameters in the properties of this type of electron 
transfer protein, as exemplified here with spectroscopic 
properties. 
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