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Abstract 1D and 2D ‘H NMR studies of the Fe& cluster 
containing ferredoxin I from Desulfovibrio africanus have been 
carried out with the aim of determining the geometry of the 
cluster linkages with the 4 Cys side chains that bind the cluster. 
This required the Cys PCH resonances of the oxidised protein to 
be sequence-specifically and stereo-specifically assigned, and this 
was accomplished by a combination of TOCSY and NOE meas- 
urements, allied to model building based on X-ray structures of 
related ferredoxins. An analysis of the estimated hyperiine shifts 
of the Cys PCH resonances with a Karplus-type equation relating 
the shifts to iron-sulfur+ carbon-P proton dihedral angles, taken 
together with the relative relaxation rates of the two PCH, reso- 
nances, estimated from their linewidths, then allowed the iron- 
sulfur-P-carbon-a-carbon dihedral angles to be determined. A 
novel representation of the NMR data is presented which shows 
that the cluster dihedral angles are uniquely determined by the 
NMR data. The analysis reveals that the dihedral angles for 
D. africanus ferredoxin I are similar to the corresponding angles 
of other ferrredoxins even though there are differences in their 
‘H NMR spectra. The sequence-specific and stereospecific as- 
signments have been extended by analogy to the related Fe,S,- 
containing D. gigas ferredoxin I, and the stereospecific assign- 
ments to the Fe,S.,-containmg Thermcoccus litorafis ferredoxin. 
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1. Introduction 

Redox proteins containing Fe/S centres bound to cysteines, 
ferredoxins and HIPIPs, have been extensively studied, partly 
with the aims of determining their 3D structures, the electronic 
structures of their Fe/S clusters, and the relationships between 
these features and their cluster type and redox properties. Sig- 
nificant differences have been found between the environments 
of the ferredoxin and HIPIP clusters [l-3] but within the ferre- 
doxin family there are marked similarities in structure which 
suggest that the ferredoxins share a common polypeptide fold- 
ing pattern about the cluster, possibly because they are de- 
scended from a common ancestral protein [4]. Thus the X-ray 
structures of ferredoxins from Bacillus thermoproteolyticus (one 
Fe,S, cluster) [5], Peptococcus aerogenes (two Fe& clusters) [1] 
and Azotobacter vinelandii (one Fe&, cluster and one Fe& 
cluster) [6], and the X-ray structure of ferredoxin II from Desul- 
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fovibrio gigas (one Fe& cluster) [7] have many common fea- 
tures. However, the variation in their cluster types and redox 
properties is not understood at a structural level. With the 
development of NMR spectroscopy as a method for determin- 
ing the 3D structures of diamagnetic proteins [8] and the elec- 
tronic structures of paramagnetic centres [9], there has been 
considerable interest in comparative NMR studies of a range 
of ferredoxins to tackle these issues [IO-171. These studies have 
been given added impetus by the recent determination of the 
3D structure of a HIPIP by NMR spectroscopy [I 81 and by the 
development of methods to assign NMR signals of cluster- 
ligating cysteines and to employ such data to define the elec- 
tronic structure and geometry of the Fe/S cluster [19-211. 

In the present paper, we report a 1D and 2D ‘H NMR study 
of the oxidized, Fe,& cluster-containing ferredoxin 1 from 
D. africanus. We show that by a combination of through-bond 
and through-space connectivity experiments, allied to molecular 
modelling based on known structures of other ferredoxins, a 
complete assignment of the cysteines ligating the cluster is at- 
tainable, and that these data, used in conjuncton with a recently 
described relationship linking the hyperfine shifts of the /ICH, 
protons with the Fe-S-CBH dihedral angles [21], allow the ge- 
ometry and electronic structure of the cluster to be determined. 

2. Materials and methods 

D. africanus ferredoxin I was prepared for NMR as previously de- 
scribed[l7]. All NMR experiments were carried out with the oxihised 
ferredoxin in 0.1 M nhosnhate. ‘H,O. at uH* 6.2. where oH* refers to 
the direct pH meter readmg and is unco&ected for any isotope effect. 

‘H NMR spectra were recorded on Bruker AMX600 and JEOL 
GX-400 spectrometers. Chemical shift values were referenced to the 
residual H,O peak at 4.75 ppm at 298 K. ZD-TOCSY spectra at 400 
MHz were recorded by the procedure of [22] over a spectral width of 
8,OOt&l2,000 Hz. The spin-lock times were 5-25 ms and the size of the 
data sets was 1,024 x 256. For observation of NOESY effects at 600 
MHz between fast relaxing species, mixing times of 5-10 ms were used 
as previously described [19]. 600 MHz ID-NOE difference spectra were 
also collected as previously described [23]. Molecular modelling was 
carried out with QUANTA (Molecular Simulations, Cambridge, UK) 
running on an SG Indigo R4000 work station. 

3. Results and discussion 

3.1. Comparison of D. africanus and D. gigas ferredoxins Z and 
B. thermoproteolyticus ferredoxin 

The comparison of B. thermoproteolyticus. D. gigas and 
D. africanus ferredoxins is important for justifying the 
the D. gigas ferredoxin II and B. thermoproteolyticus 
structures in section 3.3. 

use of 
X-ray 
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Fig. la shows the high-frequency region of the ‘H NMR 
spectrum of D. africanus oxidised ferredoxin I, and Table 1 
reports the chemical shifts and linewidths of resonances a-j. 
Table 1 also contains comparable data for D. gigus ferredoxin 
I. The spectrum of D. gigas oxidised ferredoxin I has been 
reported, and the /KZH, resonances of the cluster cysteines 
identified, by Macedo et al. [24] (see Table 1). Spectra of both 
ferredoxins contain well resolved peaks in the region 10 to 18 
ppm that have temperature dependent chemical shifts and 
linewidths characteristic of resonances of cysteine cluster li- 
gands. For example, in both cases the resolved resonances have 
increasing chemical shifts with increasing temperature, i.e. anti- 
curie behaviour. However, the pattern of chemical shifts is 
different from those of other Fe& cluster containing ferredox- 
ins [10P12] and thus assignment of the D. africanus and D. gigus 
ferredoxin I cysteine resonances cannot be made simply by 
comparison with characterised ferredoxins; additional NMR 
experiments, reported below, are required. 

The spectra of oxidised B. thermoproteolyticus and B. ste- 
arothermophilus ferredoxins, which differ in one, amino acid 
residue only, have been reported by Nagayama et al. [25]. Reso- 
nance assignments were not obtained but the general appear- 
ance of the spectra in the region of 9-l 6 ppm is very similar to 
that of D. africanus ferredoxin I (Fig. la). In particular the two 
furthest high-frequency signals are at 15.6 and 13.8 ppm with 
an anti-curie temperature dependence. Thus, since the cysteine 
NMR characteristics are determined by the electronic prop- 
erties of the cluster, it seems that B. thermoproteolyticus 
ferredoxin is a good model for the cluster of D. africanus 
ferredoxin I. 

3.2. Iden@cution of the cysteine ligund H, and HP resonances 
The procedure we have employed to group the hyperfine 

shifted resonances into individual spin systems relies on the 
observation of TOCSY cross-peaks and NOE’s between the 
geminal /I-CH protons, and NOE’s between the /?-CH protons 
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Fig. 1. Identification of the ligating Cys resonances of oxidised D. africanus ferredoxin I in 2H,0 at pH* 6.2 and 298 K. Spectrum (i) is the normal 
spectrum and (ii), (iii), (iv) and (v) are the NOE difference spectra obtained on saturation of peaks a, b, d and e, respectively. From these difference 
spectra the pairwise assignment of the B-CH, resonances were obtained as follows: peaks a and f, peaks b and c, peaks d and g, and peaks e and 
h (see text). 
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and their corresponding a-CH proton. In general, it is expected 
that a P-CH to /?-CH NOE will be stronger than a /?-CH to 
a-CH NOE because the distance between the latter protons will 
be greater than the distance between the former protons. Also, 
in general, P-CH proton resonances should experience a larger 
paramagnetic shift than a-CH proton resonances. In some 
cases the cl-CH resonances may be broader than the /?-CH 
resonances, reflecting the relative distances of their protons 
from the iron. 

peaks from the overlapped resonances between 5.0 and 8.6 
ppm. Only ten of the twelve cysteine CH resonances have been 
clearly identified (Table 1). The remaining two oCH resonances 
may be too broad to be detected by the experiments carried out 
to date. 

3.3. Sequence specific assignments of the cysteine ligand 
resonances 

A 400 MHz TOCSY spectrum of the oxidised ferredoxin in 
*H,O with a mixing time of 11.5 ms contained cross-peaks 
linking the following pairs of resonances: a and f, b and j, d and 
g, and e and h (spectrum not shown). This identifies these four 
pairs of resonances as arising from the geminal PCH protons 
of the four cluster cysteines. This assignment is consistent with 
the NOE’s reported in Fig. 1 which link together the pairs of 
resonances identified by the TOCSY experiment as cluster cys- 
teine PCH resonances. This figure shows the 1D NOE differ- 
ence spectra of D. africanus ferredoxin I obtained upon satura- 
tion of peaks a, b, d and e. From these data an assignment of 
the resonances to cysteines A, B, C and D is possible (Table 1). 
In addition the NOE difference spectra allow two c&H reso- 
nances to be assigned. For example, the strongest NOE on 
saturation of peak a is seen with peak f, indicating that these 
arise from geminal protons, and the second strongest NOE is 
with peak c, indicating that this is from the corresponding aCH 
proton. 

The NOE difference spectra and the normal spectrum of 
D. africanus ferredoxin I in Fig. 1 show that different cysteine 
resonances have different linewidths. In all cysteines one of the 
PCH resonances is broader than its partner (Table 1). Line- 
broadening results from paramagnetic induced relaxation, and 
the closer the /%ZH proton is to an Fe of the cluster, the greater 
the line broadening. The observation of both a broad and a 
relatively sharp ,&ZH resonance for each cysteine is consistent 
with previous NMR studies of ferredoxins, and with the vari- 
ous cluster geometries determined by X-ray crystallography: in 
all cases one /?CH is closer to an Fe than the other PCH (Table 
2). This is at variance with the HIPIP’s, where Cys II has both 
BCH protons at about the same distance from the metal. 

In summary, the NOE and TOCSY data account for all 
seven resonances downfield of 9.5 ppm, together with three 

To obtain sequence specific assignments of the cysteine li- 
gand resonances we have adopted the procedure used in com- 
parable studies of HIPIP’s and clostridial ferredoxins [21,26], 
namely using structures obtained from X-ray crystallography 
to predict what NOE’s will be observed between particular 
cysteines and neighbouring amino acids that are not cluster 
ligands. During the course of our work the X-ray structure of 
D. afvicanus ferredoxin I was determined [27] but the coordi- 
nates are not yet available, and the X-ray structure of D. gigas 
ferredoxin I has not been reported. Therefore we have used the 
X-ray structure of the 82 amino acid, Fe,& cluster containing, 
ferredoxin from B. thermoproteolyticus [5], and the X-ray struc- 
ture of the 58 amino acid, Fe& cluster containing, ferredoxin 
II from D. gigas [7] as guides. Both structures were used be- 
cause, though the D. gigas ferredoxin has a higher degree of 
sequence similarity to the D. africanus ferredoxin than does the 
B. thermoproteolyticus ferredoxin (see below), the latter fer- 
redoxin contains the same type of Fe/S cluster to that of 
D. afiicanus ferredoxin I. D. gigas ferredoxin II has the same 
amino acid sequence as ferredoxin I from D. gigas, but the state 
of oligomerisation, as well as the cluster type, differs. Ferre- 
doxin I is a monomer and ferredoxin II is a tetramer. Kissinger 
et al. [7], in their description of the X-ray structure of D. gigas 
ferredoxin II, remark that interconversion between the ob- 
served Fe& cluster and an Fe& cluster would probably only 
require a local adjustment of the polypeptide chain bearing the 
cysteine at the vacant iron site of the Fe,& cluster, as well as 
a significant readjustment of the cysteine side chain itself. Thus, 
the three coordinated cysteines should be little affected by the 
lack of a fourth iron; an observation consistent with the X- 
ray structure. Therefore we have confidence that the protein 
fold around the cluster can be used to help assignments for 
D. africanus ferredoxin I. 

Using the sequence alignment given by Kissinger et al. [7], 

Table 1 
Sequence specific assignments and ‘H NMR spectral parameters of the Fe& cluster ligating cysteine residues of D. africanus (this work)and D. gigas 
(ref. [24]) ferredoxins I 

D. africanus ferredoxin I* D. gigas ferredoxin I** 

Signal QPm) TV% Cysteine*** Sequence specific @Pm) Cysteine assignment*** 
assignment 

: 
17.65 100 q82 CyP 16.9 cYs’% 
15.78 70 BP Cys” 15.4 

C 10.82 
CYST% 

AU CyP 11.3 
d 10.70 100 Cal Cys” 

cys48, 
10.9 

; 
10.15 50 DP2 CyP 

CYSV, 
10.7 Cys”a 

9.95 45 Ml CyP 10.2 CYS”B, 

?I 
9.65 48 CP2 Cys” 7.9 

Cy? 
CY@* 

8.63 150 DPl 1.4 
i Cys” 

cYs’% 
7.55 BE 7.1 

j 
Cys’4a 

5.30 130 W2 Cys” 6.9 CYS% 
* At pH* 6.2 and 298 K 
** At pH* 7.6 and 293 K 
***The justifications for the pairwise and stereospecific assignments of D. africanus ferredoxin I are given in the text. The assignments for the signals 
of D. gigas ferredoxin I [24] follow by analogy. 
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Fig. 2. Determination of the Fe-S-C&, dihedral angles from the estimated hyperfine shifts of thepCH, protons, 6, and S,, and their relative relaxation 
rates, RJR,. (A) is a representation of the relationship between 6,, S, and RJR, for specified values of the Fe-S-C,&, dihedral angle; and (B) is 
a projection of the 3D curve in (A) onto the 6,/J2 plane. The projection in (B) is represented as a ribbon whose width represents the estimated error 
in assigning 6,’ to be entirely contact in origin, as well as the intrinsic errors in the coefficients of equation 1 [21]. The shaded part of the ribbon 
represents values of RJR, smaller than 1, and the open ribbon values of RJR, greater than 1. The a,, S, and RJR, values for D. africanus ferredoxin 
I, calculated as described in the text, are indicated by open circles, for cysteines with RJR, greater than 1, and closed circles for cysteines with RJR, 
less than 1. 

itself based on an alignment proposed by Bruschi and Guer- 
lesquin [28], and correcting the sequence of D. africanus ferre- 
doxin I as described by Davy et al. [17] and SCry et al. [27], gives 
an overall sequence identity between D. africanus ferredoxin I 
and the D. gigas and B. thermoproteolyticus ferredoxins of 39% 
and 25%, respectively. This rises to 55% and 41%, respectively, 
when the comparison is confined to the cluster binding regions 
of residues 5-26 and 50-56. The structural models for D. ufrica- 
nus ferredoxin I based on the X-ray structures of D. gigus 
ferredoxin II and B. thermoproteolyticus ferredoxin resemble 
each other well around the cluster, particularly in the important 
aspect of the amino acids that are near spatial neighbours of 
the cysteine ligands. It is this that allows the sequence specific 
assignments of the cysteine resonances to be made, as described 
below. 

Saturation of peak b arising from Cys B produced NOE’s to 
three peaks between 6 and 8 ppm (Fig. l(iii)). Two of these have 
been assigned to Phez5 by the sequential assignment procedure 
described by Wi.ithrich [8]. The model structures reveal that 
only Cys17 is sufficiently close to Phe2’ for NOE’s between them 
and thus Cys B is assigned to Cys17. The BCH, resonances of 
Phez5, at 2.53 and 2.84 ppm, and resonances of Alas0 at 3.54 
and 0.89 ppm, also appear in the NOE difference spectrum and 
are consistent with the Cys17 assignment. The remaining reso- 
nance in the NOE difference spectrum, at 7.52 ppm, comes 
from the Cys B c&H. Similarly, Cys D is assigned to Cyss4 
because saturation of peak e produced a strong NOE to a 
resonance at 3.52 ppm (Fig. 1 (v)) that has been assigned to the 
a-CH proton of Met”. Both the D. gigus and B. thermoprote- 
olyticus model structures show that only Cysj4 is sufficiently 
close to Met5’ to generate such an NOE. The peak at 4.08 ppm 
in the difference spectrum has not been unambiguously as- 

signed and thus its appearance does not help identify Cys D as 
cys5“. 

The assignment of Cys A to Cys14 and Cys C to Cys” given 
in Table 1 is less certain than the assignments of Cys17 and 
Cyss4. This is because peaks in the NOE difference spectra for 
these residues arising from other amino acids have not them- 
selves been unambiguously assigned. Nevertheless, the tenta- 
tive assignment of the cysteines is possible, as described below. 
The models show that for two cysteines, Cys” and Cyss4, their 
aCH protons are relatively close to the cluster, and closer than 
either of their p-CH protons (Table 2). Thus these are expected 
to be broad resonances, and therefore probably not detected 
in the NOE experiments. Certainly, the CYSTS aCH resonance 
has not been detected. An aCH resonance is detected for Cys 
A but not for Cys C, and this is consistent with Cys A arising 
from Cys14 leaving Cys C to come from Cys”. In support of 
this, the models indicate that the/?CH protons of Cys” are close 
to more protons of other amino acids than are the/?CH protons 
of Cys14. This means that there should be more NOE’s from 
resonances of Cys” than from Cys14; and this is observed in Fig. 
1 if the assignment of Cys A to Cys14 (resonance a in Fig. 1 
(ii)) and Cys C to Cys” (resonance d in Fig. 1 (iv)) is correct. 

The stereo-specific assignments of the /KH protons in Table 
1 comes from NOE measurements and from the relationship 
between linewidth (Table 1) and distance from an Fe (Table 2); 
the shorter the distance, the greater the linewidth. The pro- 
posed assignments are consistent with the structural models. 
For example, H/?, of Cys17 is closest to Phe25 and it is irradiation 
of peak b that gives the strongest NOE to Phe25 (Fig. 1 (iii)) 
rather than peak j (not shown). The analysis of hyperfine 
shifts in section 3.4 supports the stereospecific assignments in 
Table 1. 
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3.4. Determination of the Fe-S-C&, dihedral angles 
The observed chemical shifts of the /3-CH, protons of the 

coordinated cysteines reflect the amount of unpaired electron 
spin density transferred to them from the cluster Fe. Such 
transfer gives rise to a contact shift and it depends upon the 
dihedral angle 0 formed by the Fe-S-C and S-C-H planes [21]. 
For [Fe,S,]2f cubane centres, the relationship betwen the ob- 
served contact shift (8,‘) and the angle 8 has been shown to 
follow a Karplus type relationship [21] where 

S, = asin + bcost? + c 

with a = 11.5, b = -2.9 and c = 3.7 ppm. 

(1) 

A virtually equivalent relationship was independently pro- 
posed from ENDOR data on a [Fe,S,]3t model compound 
[29]. SC0 was obtained by subtraction of 2.8 ppm, the primary 
chemical shift of a Cys p-CH, proton resonance, from the 
observed chemical shift (Table 1). This analysis assumes that 
the entire difference between the intrinsic chemical shift and the 
observed chemical shift is contact in origin, and this is unlikely. 
Although a significant pseudo-contact contribution to the 
chemical shift is not expected, because there is negligible ani- 
sotropy of the magnetic susceptibility of the cluster [ 171, confor- 
mation dependent shifts arising from the proximity of aromatic 
residues or carbonyl groups to the Cys protons is possible. 
Nevertheless, the contact term will be the dominant one. 

Use of equation [l] as such to obtain a unique 8 value from 
6 ’ is prevented by its functional form, which yields more than 
eke solution for most 6,’ values (up to 4 solutions, see Fig. 8 
in ref.21). Considering the hyperhne shifts from both geminal 
/ICH, protons (6, and 8,) reduces, but does not eliminate, the 
ambiguity. However, a qualitative use of relative relaxation 
rates for the BCH, protons (R,/R,) allows the ambiguity to be 
completely removed. This is illustrated in Fig. 2. Panel A shows 
a 3D representation of the relationship between 6,, S2 and 
R,/R,. The 6,G2 relationship was obtained from equation (1) 
by substituting the appropriate values of angles for each proton 
(0, = 0 - 120” and 6i2 = 0 + 120” where 0 is the Fe-S-C&, 
dihedral angle), and R,/R, was obtained as the ratio of the 
BCH, proton-Fe distances, l/r,. The Fe-S-C&, dihedral angle 

Table 2 
Distances (A) between the cluster Cys protons and the Fe atoms in the 
two hypothetical structural models based on X-ray coordinates of 
D. gigas (D.g) ferredoxin II [7] and B. thermoproteolyticus (B.t) ferre- 
doxin [5] 

D.g B.t 

Cys' ’ WI 3.39 3.51 
W2 4.33 4.36 
Ha 3.39 3.35 

Cys’4 HBI 
H/& 
Ha 

4.30 
3.50 
4.71 

Cys” HB, 4.19 3.94 
HB, 3.19 2.82 
Ha 5.01 4.80 

cys54 3.10 3.36 
4.16 4.34 
3.50 3.50 

was varied in steps of 10 degrees from 0 to 360, as can be seen 
in Fig. 2A. This diagram shows that the dihedral angle is 
uniquely defined by NMR data. 

Fig. 2B shows the projection of the 3D curve in Fig. 2A onto 
the 6,/6, plane in a fashion similar to that already used for 
J-couplings in diamagnetic systems [30]. The 6,, 8, and R,/R, 
values for D. africanus ferredoxin I, calculated as described in 
the text from the shifts given in Table 1, and from the Fe-H 
distances given in Table 2, are plotted onto the projection in 
Fig. 2B. The Fe-S-C& dihedral angles obtained from this 
are: 

Cys”: 75” Cys14: 315” Cys17: 245” and CYSTS: 80” 

These angles, which are the first to be determined from NMR 
data, are similar to those of the refined X-ray structure of the 
two Fe,S,-cluster containing p aerogenes ferredoxin [3]: cluster 
I 62”, 86”, 244” and 302”; cluster II 61”, 84”, 252” and 298”. 
Determination by NMR of environmental influences affecting 
the cluster geometry of D. africamu ferredoxin I, such as the 
number of hydrogen bonding interactions, awaits a full struc- 
ture determination. This is in progress. 

NMR data for the characterised ferredoxins from C. pas- 
teurianum and C. acidi urici fall on the ribbon of Fig. 2 at the 
appropriate 8 value, as expected since these data were em- 
ployed to obtain equation (1) [21]. The corresponding data for 
D. gigas ferredoxin I, taken from Macedo et al. [24] and with 
the assignments given in Table 1, and the corresponding data 
for the Fe,S, cluster containing ferredoxin from Thermococcus 
litoralis [31] also fit on the ribbon at similar t9 values to those 
for D. africanus ferredoxin I. This similarity is perhaps not too 
surprising given the similarity in ferredoxin cluster geometries 
revealed by X-ray crystallography [1,3-71 but it shows that Fig. 
2 is a powerful aid to resonance assignment provided B values 
are known. Thus, for example, Donaire et al. [29] did not report 
the stereo-specific assignment of the Cys BCH, proton reso- 
nances of 7: litoralis ferredoxin though they did have sufficient 
NMR data to obtain these provided the 6’ values are similar to 
those of other ferredoxins. 
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Note added in proof 

Since submission of the manuscript the X-ray structure of D. africanus ferredoxin I reported by SCry, A., Housset, D., Serre, L., 
Bonicel, J., Hatchikian, E.C., Frey, M. and Roth, M. [Biochemistry, in press] has become available through the Brookhaven Protein 
Data Bank [file: lFXR]. The relevant Fe-S-C&, dihedral angles obtained from this structure are (with the NMR derived values 
reported in the present paper in parenthesis): Cys”: 51.7” (7.5”); Cys14: 316.0” (315”); Cys17: 256.2” (245”); CYSTS: 75.4” (SO’). With 
the exception of Cys” there is excellent agreement between the NMR and X-ray determined values, and even with Cys” there is 
reasonable agreement. A full structure determination by NMR, which is currently underway, is needed to investigate the source of 
the difference for Cys”. 


