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Abstract Two-dimensional nuclear magnetic resonance spec- 
troscopy (ZD-NMR) was used to assign the proton resonances of 
ferricytochrome css3 from Desulfivibrio vulgaris Hildenborough. 
The spin systems of 76 out of 79 amino acids were identified by J- 
correlation spectroscopy (COSY and HOHAHA) in Hz0 and 
DrO and correlated by nuclear Overhauser effect spectroscopy 
(NOESY). The proton chemical shifts are compared in both 
oxidized and reduced states of the protein at 23’C and pH 5.9. 
Chemical shift variations between reduced and oxidized states 
are due to the paramagnetic contribution. Medium and long- 
range nOe demonstrate the lack of major changes between the 
two redox states. NMR data provide evidence that in this low 
oxidoreduction potential cytochrome, the oxidized state is more 
rigid than the reduced state. 

Kc y words: Ferricytochrome c553; Desulfovibrio; 
T\‘.fo-dimensional NMR; Paramagnetic shift; 
Lc w oxidoreduction potential 

1. Introduction 

,Sytochromes c are implicated in a wide variety of biological 
electron-transport processes, such as aerobic and anaerobic 
rekpiration and photosynthesis. The oxidoreduction potential 
of these proteins is apparently related to the metabolism of 
thl organism and varies over a range from +640 mV for 
Tkiobacillus ferrooxidans cytochrome c5s2 to -400 mV for 
Dt sulfovibrio cytochrome cs. To date, the structural basis 
foj the control of the oxidoreduction potential in cytochromes 
ha < remained unclear. 

The amino-acid sequence comparison of 96 mitochondrial 
cyiochromes c and 20 cytochromes c2 reveals that 26 of the 
10.1 amino acids of horse cytochrome c are constant [l]. The 
ke J roles of conserved residues (in protein folding and struc- 
tul e, oxidoreduction potential modulation or electron-transfer 
kii etics) can be established by site-directed mutagenesis. Re- 
cer jtly, single-site mutants of these conserved residues have 
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been reported for four eukaryotic and one prokaryotic species 
(yeast iso-l and iso- cytochromes, Drosophila melanogaster 
cytochrome c [2], rat cytochrome c [3] and Rhodobacter cap- 
sulatus cytochrome c2 [4]). Minor changes in the oxidoreduc- 
tion potential ( < 50 mV) [5] have been reported, except when 
the iron ligands are directly modified [6]. The 1000 mV oxi- 
doreduction potential differences probably originate from 
more global structural variations. Structural characterization 
of low oxidoreduction potential cytochromes has shed light on 
the structure/oxidoreduction potential relationships in c-type 
cytochromes. The structures of two low potential cytochromes 
have been reported : Chlorobium thiosulfatophilum cytochrome 
~555 (+145 mV) by radiocrystallography [7] and NMR [8] and 
Ectothiorhodospira halophila cytochrome c5,51 (+58 mV) by 
NMR [9]. Lower oxidoreduction potentials are found in cyto- 
chromes c from sulfate-reducing bacteria which are strict 
anaerobic organisms. Desulfovibrio cytochrome c553 (MI 
9000) exhibits the same heme binding site (Cys-2aa-Cys-His) 
and sixth ligand as bacterial and mitochondrial cytochromes c 
but possesses little sequence homology with them. 

Previous ID-NMR studies of D. vulgaris Hildenborough 
and D. desulfuricans Norway cytochromes c553 have described 
some structural characteristics of these proteins, in particular 
the methionine heme axial ligand geometry of coordination 
[IO]. A change in the conformation was suggested between 
the two oxidoreduction states, which would involve an inver- 
sion of the chirality of the methionine (at the S-CHa level), a 
finding not previously observed. Nakagawa et al. [11] gave 
preliminary crystallographic results on the oxidized state of 
D. vulgaris Miyazaki cytochrome ~553 which presents 80% 
identity with Hildenborough strain cytochrome ~553. The 
NMR-based 3D structure of ferrocytochrome csj3 from D. 
vulgaris Hildenborough has been recently obtained [ 12,131 
and compared to a representative structure from the bacterial 
and mitochondrial cytochrome c family [14,15]. Although the 
secondary structures of the two proteins seem highly con- 
served, it is quite hazardous to speculate on the location of 
the possible structural changes induced by the oxidoreduction 
transitions, as the a-carbon structure reported by Nakagawa 
et al. [1 1] exhibits too low a resolution for reliable compar- 
ison. We have thus undertaken a 2D-NMR study of the fer- 
ricytochrome css3. Here, we report the ‘H resonance assign- 
ment of the ferricytochrome and analyze the secondary 
structure of the protein on the basis of nOe. The structural 
parameters obtained from 2D-NMR on both states are com- 
pared and considered on the basis of the structural changes 
found in mitochondrial cytochrome c oxidation/reduction 
transition [ 161. 
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2. Materials and methods 

2.1. Sample preparation 
D. vulgaris Hildenborough cytochrome csss was expressed in D. 

desulfuricans G200. The purification of recombinant cytochrome has 
already been reported [17]. NMR samples were prepared in potassium 
phosphate buffer (0.1 M, pH 5.9). Two samples were used, one in 90% 
Ha0 and 10% Da0 and one in DsO, at a protein concentration of 
8 mM. The DsO sample was obtained after successive lyophilization 
and incubation for 1 h at 35°C. 

2.2. ‘H-NMR spectroscopy 
All the NMR experiments were recorded on a Bruker AMX 600, 

processed at ‘Hz600 MHz. For nOe measurements involving heme 
methyl protons or methyl protons of the axial methionine, the one- 
dimensional truncated driven method [18] was preferred, because of 
the short relaxation time of these protons (mixing times in the range 
150-250 ms were used) [19,20]. 2D spectra were collected at 14, 23 and 
37°C. Chemical shifts were calibrated with respect to HsO, and cali- 
brated in turn at 4.658 ppm at 37’C, 4.792 ppm at 23°C and 4.878 
ppm at 14°C with 2,2-dimethyl-2-silanepentane-5-sulfonate (DSS). 
Two-dimensional (2D) spectra were processed using either the 
UXNMR software of the Bruker spectrometer or Felix software pro- 
vided by Hare Research, Inc. (Bothell, WA). All 2D spectra were 
recorded in the phase-sensitive mode using the hypercomplex method 
[21]. J-correlated spectra were obtained by either double-quantum- 
filtered COSY 1221 or TOCSY 1231 exueriments and nOe-correlated 

L A LA. 

spectra by NOESY [24] experiments. For NOESY and TOCSY spec- 
tra in Ha0 buffer, the water resonance was eliminated by a combina- 
tion of weak presaturation (yBs =50 Hz) and jump-and-return [25] 
just prior to the detection period. As nOe cross-peaks with paramag- 
netically shifted resonances are preferably detected by ID-NMR, the 
2D-NMR spectra were extensively folded in both dimensions 
(SW(Fa)=15.1 ppm and SW(Fr)=12.0 ppm). The choice of unequal 
spectral widths makes it possible to easily discriminate wrap-around 
resonances from true signals. 

3. Results 

3.1. Sequential assignment 
As compared to previous spectra recorded on the ferrocy- 

tochrome css3, all NMR data exhibit a substantial line broad- 
ening. This relaxation effect has a direct effect on the signal- 
to-noise in any 2D experiment but it is particularly salient in 
the case of 2D correlation spectra involving transverse coher- 
ence transfer such as COSY and TOCSY. In the COSY ex- 
periments, several NHlCaH correlations were missing, as a 
result of the cancellation of broad antiphase components. 
Similarly, the transfer by isotropic mixing from the NH to 
the protons of long side chains is not complete, which makes 
the assignment of these residues more laborious. As the line 
broadening was surprisingly amplified at 37’C as compared to 
23°C the assignment was carried out at lower temperature. 

Because of better spectral quality, the assignment was in- 
itiated on DzO spectra, where few slowly exchanging protons 
are still observable. The two stretches detected in DzO (37-44 
and 69-79) correspond to helical structures. These fragments 
extend further beyond the limits found under similar condi- 
tions for the ferrocytochrome (3842 and 69-77) [12] and this 
result indicates an increased stability of the oxidized state. 

The second step of the assignment was the identification of 
the four helices previously described in the ferrocytochrome 
css3 structure, using the NH to NH cross-peaks in Hz0 
NOESY spectra (see Fig. 1) and then the loops between the 
helices. Combination of TOCSY and NOESY spectra at 14, 
23 and 37°C was necessary to corroborate the full assignment 
presented in Table 1. For comparison of the two redox states, 
the ferrocytochrome spectra were reassigned at 23°C. 

The two N-terminal residues as well as G12 were not iden- 
tified (as for the reduced cytochrome). Among the 25 long 
spin systems, the 12 lysines were assigned up to the &HZ, 
the proline and arginine were fully assigned. 432 was parti- 
cularly well resolved, the 5 glutamic acids were not signifi- 
cantly affected by the paramagnetic effect, and only two of 
the five methionines (M56 and the 6th heme ligand, M57) 
were notably shifted. 

The chemical shifts of the tyrosine rings are drastically af- 
fected by the concurrent effect of the pseudo-contact shift and 
flipping rate variation possibly due to a more rigid structure. 
Y38, Y49 and Y64 ring protons, which are rapidly flipping in 
the reduced protein, give rise to two broader signals at 23°C. 
In the reduced protein, both Y7 and Y75 are in intermediate 
exchange (broad signals) as a result of mutual steric interac- 
tion in the structure [13]. The flipping rate of Y7 was used as a 
mobility probe for the comparison of several single-residue 
mutants of ferrocytochrome ~553 [26]. In the oxidized ~~~3, 
four signals are observed for Y7 at 23°C (instead of two in 
the reduced state). The ring protons of Y44 have not been 
detected in the oxidized protein at any temperature and this 
indicates that they are even broader than in the reduced state. 
The steric hindrance of Y44 in the hydrophobic heme pocket 
as well as strong paramagnetic shifts (see the unusual shifts of 
Y44 NH, CcxH and CBH2 in Table 1) could explain this dis- 
appearance. Despite their peculiar chemical shift value, all 
non-ring protons of the fifth heme ligand H14 have been 
identified. The two cysteine residues are the two covalent li- 
gands of the heme iron but were easily found. For serines, 
aspartic acids and asparagine, the AMX systems were always 
identified, in the same manner as the unique spin systems: 10 
glycines, 12 alanines, 5 leucines, 1 isoleucine, 2 valines and 
1 threonine were assigned. 

3.2. Secondary structure in ferricytochrome ~553 
Fig. 2 summarizes the sequential and medium-range noes 

deduced from the spin system assignment. Nearly all 
CaH(,) +NHc,+r) noes (except for broad NH such as Gly- 
12, or overlapping signals such as [Leu-37-Tyr-381 or [Thr-58- 
Asn-591) were observed: this is not unexpected in view of the 
high sample concentration and the maximum value that a 
CaHc,)-NHc,+i) distance can reach (3.5 A). 

Five helical segments, characterized by strong 
NH(,) + NHc,+~) and CaHc,) + NHc,+~) noes, were found: 
3 + 11, 13 + 18, 33 + 47, 52 + 59, 66 --) 79. These results indi- 
cate that the secondary structures are highly conserved in the 
two oxidoreduction states of the cytochrome ~553. In the ‘H- 
NMR spectra of the reduced cytochrome, Cl3 and H14 amide 
protons were found superimposed and Al6 was drastically 
broadened. The resonance shifts in the ferricytochrome con- 
firm the presence of a helical structure for the segment 
13 + 18. In the NOESY spectrum of the aromatic region, 
several inter-residue noes are observed allowing an analysis 
of the hydrophobic core in the ferricytochrome ~~~3. Hz,6 pro- 
tons of Y7 show connectivities to the ring protons of Y75 and 
L72 protons, while A4 protons exhibit cross-peaks with Y75 
ring protons: the N- and C-terminal helices consequently 
stay in close proximity. Two other tyrosine residues are in- 
volved in a crowded nOe network: the side chain of Y38 is 
close to the C-terminal helix - its H3,5 exhibits connectivities 
with D66, L69 and K70 and Hz,6 to A73 - and the aromatic 
ring of Y64 is buried between the adjacent C-terminal helix 
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Fif 1. Expanded region of the 150 ms NOESY spectrum of D. vulgaris Hiidenborough ferricytochrome ~553 recorded in HzO. The 
NE! (2) -+ W,+I) cross-peaks corresponding to the C-terminal helix, which is conserved among many cytochromes, are labelled. 

(contacts with L69 and L72), the N-terminal helix (contact 
with L6), the Val-61 and the heme methyl in 2 and methine 
in \. 

3.3 Chirality of the axial methionine 
is the lone pairs on the Met sulfur cannot be seen by 

NhlR, determination of the methionine chirality involves a 
complete conformational study of the Met side chain. 1D 
nOI: experiments (data not shown) indicate intensive transfer 
on methyls 2 and 3 and meso-proton in position 20 when the 
me! hionine 57 E-methyl group is irradiated. The reverse ex- 
perlment (irradiation of the heme methyls and observation of 
the Met E-CH3) is unfortunately not feasible due to the re- 
spective relaxation rates of these partners (an estimate of the 
longitudinal self-relaxation rate can be derived from the line- 
width, AVOID 30 Hz for heme CHB and 100 Hz for Met E-CHs). 
On the basis of these noes between Met-57 and the heme, one 
can conclude that the orientation of Met-57 E-CHs is un- 
changed as compared to the structure obtained by restrained 
molecular dynamics for the reduced form [13]. 

As originally proposed by Feng et al. [27], the dipolar con- 
tribution to the paramagnetic shifts can be computed using 
the atomic coordinates of either state [28,29]. The chemical 
shifts of the amide proton were computed while optimising 
both the orientation and magnitude of the dipolar field tensor. 
The convergence of this optimisation is greatly improved by 
removing the NH of the heme ligands, which are too close to 
the Fe3+ and may thus be affected by the spatial distribution 
of the unpaired electron. As two families of conformations 
were found compatible with the NMR data of the reduced 
state [13], the computation of paramagnetic shifts was carried 
out on both families. A satisfactory agreement was found 
between the computed values and the experimental shifts for 
both families (more than 90% of the residues fits better than 
0.1 ppm). These results suggest the lack of major conforma- 
tional changes associated with oxidoreduction state transi- 
tions. Any sizeable shift of the anchoring point of Met-57 
side chain (i.e. its CU.) with respect to the heme can thus be 
ruled out. As three conformational reference points remain 
nearly unchanged in both oxidation states (the Ccr, the 
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Proton chemical shifts (ppm) of ferricytochrome csss at 23°C 

NH (!-v-d 
ox. (red.) 

Cm (mm) CPH (wm) Others (ppm) 

Ala(l) 
Asp@) 
Gly(3) 
Ala(4) 
Ala(5) 
Leu(6) 
Tyr(7) 
LYS(8) 
Ser(9) 
CYsUO) 
Ile(l1) 
Gly(12) 
CYS(l3) 
His(14) 
Gfy(l5) 
Ala(16) 
Asp(l7) 
GlY(18) 
Ser(19) 
LYS(20) 
Ala(21) 
Ala(22) 
Met(23) 
Gt~(24) 
Ser(25) 
Ala(26) 
L~s(27) 
Pro(28) 
Val(29) 
LYS(30) 
Gly(31) 
Gln(32) 

8.75 (9.02) 3.38; 2.91 
7.54 (7.78) 2.25 
7.06 (7.25) 3.86 
7.79 (8.15) 3.78 
7.62 (8.16) 3.59 
7.05 (7.41) 3.83 
7.24 (7.87) 4.26 
7.76 (8.51) 3.45 
6.83 (6.81) 3.70 

7.86 (6.44) 5.66 
10.46 (6.45) 9.26 
9.92 (7.74) 5.51; 4.72 
8.76 (9.47) 4.84 
8.44 (7.82) 4.93 
8.03 (7.06) 5.02; 4.37 
8.63 (7.70) 4.60 
8.44 (6.81) 4.77 
9.45 (8.48) 5.01 
8.69 (7.30) 4.13 
8.57 (9.20) 3.58 
8.09 (8.42) 3.96; 3.51 
7.17 (7.91) 4.29 
7.39 (7.85) 3.83 
8.02 (8.38) 4.58 

5.76 3.06; 2.49 
9.56 (7.52) 4.48 
8.08 (7.23) 4.25 
9.81 (9.59) 4.25; 3.77 
7.52 (7.57) 4.38 

Gly(33) 8.85 (8.97) 4.10; 3.87 
Ala(34) 8.79 (8.96) 3.66 
Glu(35) 8.61 (8.82) 3.89 
Glu(36) 7.79 (7.96) 3.91 
Leu(37) 8.08 (8.47) 3.40 
Tyr(38) 8.08 (8.51) 3.47 

LYS(39) 8.05 (8.22) 3.43 
LYS(40) 7.69 (7.96) 3.06 
Met(41) 7.63 (8.23) 4.17 
L~s(42) 8.38 (8.42) 3.84 
GLy(43) 7.90 (7.66) 4.34; 3.60 
TyrW) 9.24 (8.52) 5.52 
Ala(45) 8.76 (8.02) 4.62 
Asp(46) 8.29 (7.76) 4.96 
Gly(47) 8.17 (7.58) 4.54; 4.20 
Ser(48) 9.25 (8.85) 4.53 
Tyr(49) 7.46 (7.03) 4.50 

Gly(50) 6.64 (6.50) 4.73; 3.03 
Gly(51) 9.95 (10.41) 4.34; 3.51 
Glu(52) 8.74 (9.08) 3.93 
Arg(53) 7.61 (8.24) 4.43 
Lys(54) 7.39 (7.42) 4.43 
Ala(55) 8.96 (8.49) 4.72 
Met(56) 7.82 (7.29) 4.55 
Met(57) 11.31 (5.76) 8.82 
Thr(58) 9.03 (8.33) 5.03 
Asn(59) 9.03 (6.93) 5.00 
Ala(60) 9.38 (6.41) 4.82 
Val(61) 9.18 (6.72) 5.15 
Lys(62) 8.44 (7.42) 4.46 

1.10 
1.27 
1.33 
2.45; 2.31 
1.81 
3.81; 3.64 
1.20” 
1.80 

3.57 
15.52; 6.95 

3.40; 2.82 

2.75; 2.42 
1.97; 1.86 
1.40 
-0.53 
1.45; 0.77 

3.31; 3.13 
0.27 
1.65 

2.41 
1.70; 1.52 

2.02; 1.80 

1.21 
1.97; 1.91 
1.91; 2.04 
1.55; 1.67 
2.86; 2.63 

1.65; 1.77 
1.37; 1.78 
1.88; 2.93 
1.38; 1.54 

4.79; 4.41 
1.88 
3.19; 2.19 

4.12; 3.85 
2.99; 2.20 

1.82 
1.23; 0.96 
2.18; 2.10 
1.65 
1.44 

5.19 
3.24; 3.19 
3.50 
2.92 
2.48; 2.39 

(r) 1.65; (66’) 0.44; 0.69 
ring 6.03; 7.00; 7.16 
(r/S) 1.49; 1.66; (E) 2.95 

(y) 1.17; 1.12 

xNH 14.90 

(y/S) 2.05; 2.60; (E) 3.33 

(y) 1.21; 1.38 

(y/S) 1.54; 1.79; (E) 2.94 
(y) 2.19; (6) 4.23; 3.87 
(y) 1.50; 1.87 
(y/6) 1.30; 2.17 

(7) 2.19; 2.46 
(6NHs) 7.51; 8.53 

(Y) 2.21 
(y) 2.41; 2.21 
(66’) 0.47; 0.35 
ring H2,6 6.58 
Hs,s 6.71 
(r/S) 1.56; 1.27; (E) 2.85 
(Y/S) 1.21; 1.09 
(Y) 0.32 
(y/S) 0.87; (E) 2.74; 2.94 

ring Ha,6 6.43 
Ha.s 6.83 

(w) 2.09 
(y/S) 2.08; 0.57 
(Y/S) 1.90; 1.75; (E) 2.68 

(E) -10.3 
(r) 2.01 

(r) 2.19; 1.04 
(6) 2.01; 1.93; (y) 1.70 
(E) 3.26 

For comparison the NH shifts of the reduced cytochrome under the same conditions have been included. 
“Observed at 37°C. 
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Table 1 (continued) 
- 

NH (ppm) 
ox. (red.) 

CaH (w4 CPH (ppm) Others (ppm) 

EJ $63) 
T! r(64) 

Sel.(65) 
A> ~(66) 
GI 1(67) 
Gs ~(68) 
Lr .1(69) 
L! i(70) 

Al 1(71) 
Le 1(72) 
Ai ~(73) 
A> $74) 
T) -(75) 
M>,t(76) 
Se (77) 
L) i(78) 
Le l(79) 

7.85 (7.44) 
7.02 (6.92) 

9.70 (9.84) 
9.09 (9.14) 
8.46 (8.57) 
7.69 (7.89) 
8.42 (8.70) 
8.41 (8.72) 

7.58 (7.92) 
7.93 (8.56) 
7.88 (8.65) 
8.03 (8.40) 
7.82 (8.20) 
8.18 (8.91) 
7.69 (8.00) 
6.89 (7.04) 
6.84 (6.86) 

4.26 1.61; 1.54 
4.83 3.17; 2.58 

4.59 4.40; 4.04 
4.41 2.70 
3.80 2.02; 1.82 
3.40 2.55 
3.51 2.26; 1.83 
3.48 1.55 

4.01 1.13 
3.33 1.34; 0.82 
3.23 1.28 
3.96 2.51 
3.76 2.85; 2.43 
3.28 1.75 1.28 
4.28 4.07; 3.73 
4.27 1.89 1.52 
3.73 1.60 

(y/S) 0.92; 0.67; (E) 2.82 
ring Hz,6 6.96 
H3,5 6.44 

(y) 2.23; 2.10 
(y) 2.27; 2.01 
(y) 0.97; (66’) 0.75; 0.59 
(y/6) 1.13; 0.65 
(E) 2.41; 2.25 

(y) 0.03; (66’) -0.02; -0.62 

ring 6.41 
(w’) 0.14; 1.52 

(y) 1.37; (6) 1.23 
(yor p’) 1.36; 1.32 
(66’) 0.49; 0.36 

&r comparison the NH shifts of the reduced cytochrome under the same conditions have been included. 
‘O%erved at 37°C. 

EC Hs and the Fe-S bond), one can thus safely conclude that 
thr Met-57 side-chain has the same conformation and chiral- 
itJ in both states. 

3. -. Heterogeneity in ferricytochrome ~553 chemical shifts 
H-NMR spectra (NOESY) of oxidized cytochrome ~553 

shc)w a duplication of numerous cross-peaks corresponding 
to heme group protons and polypeptide chain protons. The 
imensity ratio between major and minor cross-peaks is around 
IO 1. The most affected resonances turn out to be either in the 
N-terminal or the central helices as well as a few scattered 
residues (S65, D66, A71, D74, S77). These last three NH 
an on the solvent-accessible side of the C-terminal helix. A 
third set of peaks was even found for D46, G47, and S48. The 
inc,uced chemical shift differences between the major and min- 
or species are smaller than f 0.1 ppm. The presence of the 
sas?e ratio of both conformations is observable over a long 
peiiod of time and under various experimental conditions 
(tiloe, temperature, salt concentration, and pH in either native 
or recombinant protein). Mass spectrometry provides evi- 
de!tce of a +I6 and +32 mass increase which could be asso- 
cia:ed with oxidative damage of a methionine (sulfoxide and 
sulI‘one derivatives). One cannot rule out the possibility that 
thi i is related to the low oxidoreduction potential of cyto- 
chrome ~5~3. The high excess of sodium dithionite necessary 
to reduce this low oxidoreduction potential cytochrome acts 
pr1 ‘bably in the reduction of the methionine side chain; Senn 
et 11. [lo] observed a second conformation of reduced cyto- 
chrome ~553 which disappeared after a few hours of incuba- 
tio.1 of the reduced protein in an anaerobic atmosphere. 

4. Discussion 

‘I’he complete proton assignment of oxidized and reduced 
cytti,chrome c553 from D. vulgaris Hildenborough has been 
achieved using lD- and 2D-NMR. The sequential connectiv- 
ities demonstrate that the protein secondary structure is well 
conserved from one oxidation state to the other. Five helices 

are involved in the heme binding and environment. Three (N- 
terminal, C-terminal and central helices) are conserved struc- 
tural elements in all c-type cytochromes and a fourth, near the 
sixth heme ligand (M57), is a specific feature of cytochrome 
c553. 

The following observations indicate that the structure of the 
molecule in the oxidized form is more compact than in the 
reduced form: (i) an increased number of NH remain unex- 
changed in D20 samples in the oxidized form (note that a 
reduced sample is always prepared from an oxidized one); 
(ii) larger amounts of medium-range noes (CaHc,) +NHc~+~), 
CaHc,) + NH(,+s), CaHc,) + NHc,+*) are observed, despite the 
notable line broadening observed in the oxidized form spectra 
which would not favour the observation of such medium 
range noes: stronger nOe provides indirect evidence of a 
longer effective correlation time, i.e. reduced internal flexibil- 
ity; (iii) qualitative interpretation of the flipping rates of the 
various tyrosines in both oxidoreduction states supports the 
idea of increased steric hindrance but further studies of the 
temperature dependence of ring proton coalescence will be 
necessary before a final conclusion can be drawn. This result 
is different from the reported properties of mitochondrial and 
bacterial cytochromes for which it is generally thought that 
the reduced form is less flexible than the oxidized form. One 
of the main differences of Desulfovibrio cytochrome csj3 (ver- 
sus other c-type cytochromes) resides in its oxidoreduction 
potential which is 300 mV lower than for mitochondrial cyto- 
chromes. The fact that the most stable state is the reduced 
form for an aerobic organism and the oxidized one for anae- 
robic bacteria is not unexpected and is probably correlated 
with the different H-bond network in these molecules [13-151. 

As the paramagnetic shifts can be fairly well computed 
using the coordinates of the reduced form, one can safely 
conclude that no major conformational changes occur be- 
tween both forms. However, the slight discrepancies detected 
between the computed and observed paramagnetic shifts sug- 
gest minor structural adjustment of the secondary structures, 
one with respect to the other. Long-range noes demonstrate a 
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Fig. 2. Summary of the sequential connectivities which support the resonances assignment in the ferricytochrome csss from D. vulgaris Hilden- 
borough. Sequential noes which are not observable due to spectral overlap are indicated by asterisks. The nOe intensities are indicated by the 
black bars. Arrows indicate residues 37-44 and 69979 with slowly exchanging protons (lifetime greater than a few weeks at room temperature 
and pH 5.9). 

modification of the Ll2 and L69 side chain orientation. These 
changes are correlated to packing modification of the C-term- 
inal and central helices which would provide more compact 
folding of the molecule. The other modifications inferred from 
chemical shift variations affect the neighbourhood of M23 and 
K54 on the top of the heme crevice. The structural variations 
due to the change of oxidation state are currently being stu- 
died in our laboratories in terms of long-range constraints. In 
contrast to a previous work on this cytochrome which sug- 
gested a significant modification of the axial ligand chirality 
[lo], our results are more in agreement with small structural 
variations as reported for other cytochromes c from X-ray 
structures [30-321. The preliminary analysis of long range 
noes suggests a change in the hydrogen bonding network 
around the heme, which may directly result from the +l 
charge difference between the two oxidoreduction states. 

Berghuis and Brayer [16] have demonstrated subtle confor- 
mational changes associated with oxidoreduction transitions. 
Oxidation state-dependent changes are expressed for the most 
part in terms of adjustments to heme structure, movement of 
internally bound water molecules rather than polypeptide 
chain shifts which are found to be minimal. The water mole- 
cule (Wat166) is a major factor in stabilizing both oxidation 
states of the mitochondrial cytochrome. Y67, T78 and N52 
are hydrogen bonded to this internal water molecule. From a 
sequence alignment on the basis of the structure of horse 
cytochrome c and D. vulgaris Hildenborough cytochrome 
~55s that we previously proposed [12], one can observe that 
the corresponding segments to residues 37-59 (horse cyto- 
chrome c numbering) are missing in cytochrome c553 ; the 
81-85 segment is a structurally different region in cytochrome 
c55s as it is the end of the 6th axial ligand containing helix. 
From their computation of paramagnetic chemical shifts, 
Turner and Willams [29] have reported some redox-related 
movement in the vicinity of Trp-59 in horse cytochrome c, 

which is a segment missing in cytochrome ~553. The improve- 
ment of structural data on both oxidation states of D. vulgaris 
Hildenborough cytochrome ~553, and the identification of 
structural water molecules will lead to a better understanding 
of the oxidoreduction modulation of cytochrome ~~~3. Qi et al. 
[33] have used NMR spectroscopy to demonstrate structural 
water molecules in oxidized and reduced horse heart cyto- 
chrome c. In our case, the identification of the structural 
water molecules is made difficult by the presence of several 
hydroxyl groups in the putative sites and the lack of X-ray 
structure. Site directed mutagenesis is also currently being 
used to identify the key residues involved in oxidation state 
stabilisation. 
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