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Abstract 

‘H NOE and 2D NMR studies have been performed on oxidized and reduced HiPIP from Rhodocyclus gelatinosus 
(formerly Rhodopseudomonas gelatinosa). By saturating the /3-CH, protons of the cysteines in the oxidized form 
which are hyperfine shifted, NOES are measured on signals which have been then assigned to specific residues 
through 2D MR. In this way the signals of the cysteines have been specifically assigned. Since we had already 
related the shifts of the &CH, protons to the oxidation state of each iron, we succeeded in connecting the 
individual cysteines with the oxidation state of each iron. Support for the assignment comes from 2D measurements 
of the reduced protein which is less paramagnetic. Signals in the oxidized and reduced species can be related 
through EXSY. These results represent a unique and successful strategy to frame an iron sulfur cluster within 
a protein, with the iron ions labelled according to their oxidation number. 

Introduction 

The iron sulfur clusters in proteins contain iron ions 
in different oxidation states, which are bound to cysteines 
and to inorganic sulfur [l, 21. The investigation through 
X-ray spectroscopy does not yet distinguish between 
iron in the oxidation state + 2 from that in the oxidation 
state +3 when both are present in the same cluster. 
The approach to the characterization of the iron ions 
has to be spectroscopic. Miissbauer spectroscopy is of 
fundamental importance in detecting the oxidation state, 
whereas magnetic Mijssbauer provides information on 
the hyperfine coupling between “Fe and the unpaired 
electron on that iron ion [3, 41. This information can 
be related to the electronic structure of the cluster as 
it results from magnetic coupling between the iron ions 
[3-6]. Similar information is obtained from the hyperfine 
coupling with nuclei of the ligands studied through 
NMR spectroscopy [7-121. In this case the temperature 
dependence of the hyperfme coupling is also an im- 
portant feature. 

The final step in the investigation of these systems 
is that of recognizing which cysteine is bound to a 
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certain iron ion with electronic structure already char- 
acterized. This step can be accomplished only by NMR 
[13, 141. From this technique we know that a certain 
proton senses an iron in a given oxidation state. This 
proton will be close to other protein residues. The 
point is that of recognizing to which residue it is close 
through NOE and 2D NMR. Then the proton is assigned 
to a certain cysteine. The difficulty is that of revealing 
NOE and 2D connectivities in paramagnetic systems 
[15]. We are now learning how to overcome at least 
partially these difficulties. 

High potential iron sulfur proteins (HiPIP hereafter) 
are four-iron four-sulfur proteins which in the reduced 
form contain two Fe’+ and two Fe3+ ions. From 
Mijssbauer and NMR we know that in the reduced 
form iron is in the oxidation state 2.5, whereas in the 
oxidized state there are two iron(II1) and two iron in 
the 2.5 oxidation state. 

We succeeded in determining which cysteine is bound 
to each type of iron in the case of HiPIP from Chro- 
mat&n vinosum for which the X-ray structure is known 
[16, 171. We would like to perform the same type of 
assignment in the case of Rhodocychs ge2utinosu.v (for- 
merly Rhodopseudomonas gelatinosa) for which the X- 
ray structure is not known. Despite the homology of 
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R. gelatinosus and C. vinosum being low (less than 40%), 
it is likely that the overall tertiary structure is similar 
[18]. If so, the residue homology around the cluster is 
relatively high. Another goal of this research is thus 
to find experimental evidence to support or disprove 
this hypothesis. 

Experimental 

All chemicals used were of the best quality available. 
HiPIP was isolated from R. gelatinosus following the 
procedure reported by Bartsch [19]. Protein purity was 
checked through UV-Vis spectroscopy. 

Sample deuteration was performed by solvent ex- 
change utilizing an ultrafiltration Amicon cell, equipped 
with a YM5 membrane. 

All the ‘H NMR data were recorded on an AMX 
spectrometer operating at 600 MHz Proton Larmor 
Frequency. All the experiments were performed at 300 
K unless specified. ‘H NMR spectra were performed 
using a presaturation pulse to suppress the solvent 
signal. Typically 512 scans were collected over 16 384 
data points. Recycle delay was 500 ms. ‘H NOE ex- 
periments were performed using the superWEFT pulse 
sequence (180-r-9GAQ) [20]. Saturated signals were 
selectively irradiated for about 150 ms during the r 
delay of the sequence. Recycle delay was about 200 
ms. The difference spectra were obtained using a pre- 
viously reported methodology [21]. 

NOESY [22] and TOCSY [23] experiments were 
performed in the time proportional phase incremen- 
tation mode. In the oxidized form both NOESY and 
TOCSY spectra over the diamagnetic signal region were 
collected using about 30 ms of mixing time. 2KxlK 
data points were collected over about 15 000 Hz of 
spectral window. Squared shifted sine bell weighting 
functions were applied in both dimensions. NOESY 
experiments in the reduced state were performed using 
5 ms of mixing time and 80 ms of relaxation delay. 
lKX256 data point matrix was acquired over about 
25 000 Hz of spectral window. In order to detect con- 
nectivities involving fast relaxing signals a 512X 256 
data point matrix has been transformed. Squared shifted 
sine bell weighting functions have been applied in both 
dimensions. 

COSY experiments on the reduced form of the enzyme 
were collected in magnitude mode [24]. lKx512 data 
point matrix was acquired over 25 000 Hz of spectral 
window. 100 ms of relaxation delay was used. In order 
to obtain information on fast relaxing signals, only a 
200X 100 data point matrix was used. Zero filling and 
squared sine bell weighting functions were applied in 
both dimensions. 

Strategies 

(i) We will start with the analysis of the 1D NOE 
difference spectra obtained by selectively saturating the 
nine far shifted resonances in the oxidized state. 

(ii) The signals showing NOES in the diamagnetic 
part of the spectrum will be investigated in the NOESY 
and TOCSY maps. This step will allow us to assign 
some specific residues. 

(iii) The 1D NOE difference spectra will be compared 
with those obtained upon saturation of /3-CH, protons 
of the iron coordinated cysteines of oxidized HiPIP 
from C. vinosum [13]. The analogies between the two 
series of spectra will be helpful for the specific as- 
signment of p-CH, proton pairs. 

(iv) An extensive series of 2D experiments on the 
reduced state of the protein will confirm the assignment 
of the four P-CH, protons, already obtained through 
EXSY experiments [9], and will provide independent 
evidences for the assignment of at least two of the four 
P-CH, proton pairs. Since saturation transfer experi- 
ments among the two oxidation states has been already 
performed [9], information obtained on different oxi- 
dation states are confirmative. 

(v) On these bases the sequence specific assignment 
of the four cysteines bound to iron ions will be per- 
formed, and the structure around the cluster will be 
compared with that previously reported for C. vinosum 
HiPIP [16, 171. 

Results and discussion 

The 600 MHz NMR spectra of R. gelatinosus HiPIP 
in the reduced and oxidized state are reported in Fig. 
l(a) and (b). In the reduced state (Fig. l(a)), four 
hyperfme shifted resonances can be easily identified 
from 18 to 10 ppm downfield, which show an anti- 
Curie temperature dependence. They are assigned to 
four of the eight /3-CH, of iron coordinated cysteines. 
In the oxidized state (Fig. l(b)) nine resonance ex- 
perience a sizable isotropic shift. NOE and saturation 
transfer experiments have allowed the pairwise assign- 
ment of all the resonances to coordinated cysteine 
p-CH, protons [9] in both oxidation states. Connec- 
tivities reported in Fig. 1 show the corresponding signals 
in the oxidized and reduced states. Signal E’ was 
tentatively proposed to be the Ha proton of the cysteine 
whose /3-CH, resonances are C’ and D’ [9]. 

The experimental approach has been outlined in the 
description of the strategies used for the assignment. 
On that basis we have been able to perform the sequence 
specific assignment or iron coordinated cysteine resi- 
dues. Table 1 reports the chemical shifts of p-CH, and 
cy-CH of cysteines in both oxidized and reduced state. 
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Fig. 1. 600 MHz, 300 K, ‘H NMR spectra of reduced (A) and oxidized (B) HiPIP from R. gehtinosur in D20 at pH*7.2 and 5.1, 
respectively. The region between 20 and 9 ppm of the reduced state is vertically expanded in the inset. Signals are labelled according 
to previously published labelling [93. Lines indicate connectivities among signals, observed through NOE and saturation transfer 
experiments [9]. 

TABLE 1. Assignment of cysteine protons in reduced and oxidized 
HiPIP from R. gelatinosus 

Assignment Reduced Oxidized 

Signal 6”. b Signal w 

Cysteine 43 HP1 I 8.63 Z’ - 30.88 
Cysteine 43 H@ A 17.33 Y’ -24.83 
Cysteine 43 Ha 10 2.73 

Cysteine 46 HP1 D 10.6 G’ 11.83 
Cysteine 46 HP C 11.5 F’ 12.94 
Cysteine 46 Ha 

Cysteine 63 H/31 K 6.12 B’ 45.08 
Cysteine 63 H/32 B 14.98 A’ 95.78 
Cysteine 63 Ha L 3.69 

Cysteine 77 HP1 G 9.35 D’ 31.93 
Cysteine 77 H@ H 8.70 C’ 39.51 
Cysteine 77 Ha J 7.8 E’ 28.39 

“Chemical shifts are expressed in ppm. They have been obtained 
at 300 K. bpH*=7.2. pH*=5.1. 

For ease of comparison, throughout this article, the 
numbering of residues follows that of C. vinosum [18]. 

Oxidized HiPIP 
Figure 2 shows the 1D NOE difference spectra ob- 

tained upon saturation of isotropically shifted reso- 
nances in the oxidized state. The NOES which have 
been used for the assignment are labelled with numbers 
and their assignment is reported in Table 2. Basically, 
all the inter residue distances which have been crucial 
for the assignment of cysteine protons of C. vinosum 
HiPIP [13], are observed also in the case of R.geZutinosus. 

The assignment of signals A’ and B’ to Cys 63 is 
based on the NOE to an aromatic residue (signal 1 
in Fig. 2), to two CH, groups which, from TOCSY and 
NOESY, are assigned to a valine residue (signals 4 
and 5 in Fig. 2) and on saturation transfer experiments 
which allow Cys 63 /3-CH, protons to be assigned in 
the reduced state (see later). Figure 3 shows that signals 
4 and 5 belong to a spin system characteristic of a 
valine residue. In C. vinosum there are novaline residues 
whose methyl groups can give NOE upon saturation 
of P-CH2 protons (Table 3). However, in R. gehtirwszu, 
there is a valine substituting one of the above residues, 
namely Ile 71. Indeed, YCH, of Ile 71 in C. vinosum 
experiences NOE from HP, of Cys 63 [13]. We can 
thus use NOE data to predict the reciprocal orientation 
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Fig. 2. 600 MHz, 300 K, ‘H NOE difference spectra of oxidized HiPIP from R. geZutincws in DrO at pH * 5.1 obtained upon saturation 
of isotropically shifted signals A’ to Z’. Traces are labelled on the basis of the saturated signals. Labelling of the observed NOES 
follows the assignment reported in Table 2. The difference spectra are scaled in such a way that the areas of the irradiated signals 
(not shown) are all equal. 

of Val71 and Cys 63. The X-ray structure of C. vinusum 
HiPIP shows also that the aromatic signal (signal 1 in 
Fig. 2) has to be the ortho proton of Phe 66, which is 
conserved in R. gehztinosus (Table 3). The full pattern 
of Phe 66 does not appear in the TOCSY spectrum 
since the T1 values are too short. However, the reduced 
protein allows the Phe 66 residue from the NOESY 
spectrum to be assigned (see later). 

From the X-ray structure of C. vinosum HiPIP we 
note that Tyr 19, which is also conserved in R.geZutinoszu 
(Table 3), is at a very short distance from Cys 77. Tyr 
19 Ha proton is at short distances from all of the three 
Cys 77 protons; this feature is unique and allows us 
to assign resonances C’, D’ and E’ as belonging to the 
Cys 77 residue since they all give strong NOE with 
signal 7 (Fig. 2). 

The NOE from signal G’ to the NH proton of a 
Trp residue (signal 11 in Fig. 2) makes firm the as- 
signment of F’ and G’ #LCH, protons to Cys 46. Indeed, 
Cys-46 HP, in C. vinosum is the only proton, among 
the four cysteine residues, which is close to a Trp 
residue (Trp 80, which is conserved in R. gelatinosus), 

in such a way to give NOE to both the ring NH and 
the H6, protons [13]. G’ gives also NOE to a signal 
at 6.92 ppm (signal 12 in Fig. 2), and there is a NOESY 
cross peak between signal 11 and 12 (data not shown) 
allowing us to assign signal 12 as the H6, proton of 
Trp 80. An interesting structural feature of the Fe,& 
HiPIP from C. vinosum is provided by the short inter 
residue distance between Cys 43 Ha and Cys 46 HP, 
[16, 171. Due to the short distances occurring between 
Cys 43 Ha and the iron ions of the cluster, the Cys 
43 Ha resonance is broad and hardly detectable [13]. 
We have been able to observe the connectivity between 
Cys 43 Ha and Cys 46 HP, in C. vinosum [13] and 
we have also been able to observe it in R. gelatinosus 
(signal 10 in Fig. 2 in both traces F’ and Y’). Obviously, 
this provides a further important element for the as- 
signment. Signal Y’ and Z’ are thus assigned to Gys 
43. 

As far as Cys 43 is concerned, it is worth noting 
that a strong dipolar connectivity has been detected 
from HP, to an aromatic residue (signal 9 in Fig. 2). 
Since no aromatic signals were detected upon saturation 



TABLE 2. Dipolar connectivities observed upon saturation of 
isotropically shifted signals of oxidized R. gelutinosus and their 
assignment 

Irradiated Responding Assignment 
signal signal 

A’ 1 HS Phe 66” 
A’ 2 HP, Phe 664b 
A’ 3 HP, Phe 66’~~ 
A’ 4 -yt(yr)CHs Val 71apb 
A 5 -yr(-yt)CHs Val 71”~~ 
B’ 5 -yz(-yl)CHs Val 71avb 
C’ 6 HS Tyr 19” 
C’ 7 Ha Tyr 19’ 
D’ 7 Ha ‘Qr 19’ 
E’ 8 Hg Trp 76d 
E’ 7 Ho Tyr 19’ 
F’ 9 HS Phe 49F 
F’ 10 Ha Cys 43’ 
G’ 11 NHTrp8W 
G’ 12 HSl Trp 80’ 
Y’ 9 HS Phe 49’ 
Y’ 13 Ho Asn 73’ 
Y’ 10 Ha Cys 43’ 
Z’ 14 NH Cys 43(Ala 44)d 
Z 15 NH Ala 44(Cys 43)d 
Z’ 13 Ha Asn 73’ 

‘Assigned from NOESY experiments. bAssigned from TOCSY 
experiments. ‘Assigned from NOES obtained upon saturation 
of cysteine protons. dTentitatively assigned by comparison with 
X-ray data and previously performed experiments on C. vinosum 
HiPIP. 

of the Cys 43 HP, resonance in the case of C. vinosum 
HiPIP, we assign signal 9 to a proton of Phe 49 which 
in R. geZutinosus replaces Met 49 (Table 3). The full 
TOCSY pattern of this Phe residue appears in the 
reduced protein. The observation of a dipolar con- 
nectivity with HP, of Cys 43 can help in defining the 
position of Phe 49 inside the cavity. 

Comparison of NOES on the two proteins in the 
oxidized state shows some differences in the aliphatic 
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region for Cys 43 and Cys 63 p-CH, resonances. This 
is consistent with the Ile 71+ Val71 and Met 49 --) Phe 
49 substitutions occurring close to Cys 63 and Cys 43, 
respectively. The NOE (signal 9) in the aromatic region 
upon saturation of Cys 43 suggests that Phe 49 is 
oriented toward Cys 43. This seems to be a situation 
similar to that observed in the recently solved X-ray 
structure of Ectothiorhodospira halophila HiPIP I at 2.5 
A resolution, in which Met 49 is replaced by a trip- 
tophane which is located at a short distance from Cys 
43 [25]. 

Although no residue is changed around Cys 77, some 
structural difference is detected between C. vinosum 
and R. gelutinosus. This appears from several indepen- 
dent evidences. 

(i) The intra residue NOES on Cys 77 Ha, obtained 
upon saturation of both PCH, protons, are changed. 
While in the case of C. vinosum HiPIP, NOES of 9% 
and 4% were observed to peak E’ upon saturation of 
Cys 77 HP1 and Hp2, respectively, in the case of R. 
gelatinosus the NOES observed to peak E’ are 4.6 and 
4.8%, respectively. 

(ii) Among the two PCH, protons, the more downfield 
shifted is the broader one, at variance with what was 
observed in the case of C. vinosum HiPIP. 

(iii) Comparison of the patterns of NOES in the 
difference spectra obtained upon saturation of Cys 77 
pCH, protons in the oxidized state suggests that the 
assignment of signals C’ and D’ is reversed with respect 
to C. vinosum. 

(iv) In the reduced state, the Cys 77 HP, proton 
undergoes a sizeable decrease in chemical shift, com- 
pared with that observed for C. vinosum (9.35 versus 
12.77 ppm). This feature is unique for Cys 77, the 
other cysteine PCH, proton signals being very similar 
in the two derivatives. 

On these bases we can state that, for R. gelatinosq 
some modest geometrical changes with respect to C. 
vinosum have occurred at the Cys 77 site. The NOE 
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Fig. 3. 600 MHz, 300 K, ‘H Nh4R TOCSY experiment (section in the aliphatic region) on oxidized HiPIP from R. gelatirzosus in 
D,O at pH*5.1 An MLEV 17 [23] spin lock field has been applied for 40 ms. Lines show connectivities of the spin system of a 
vaiine residue. 
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TABLE 3. Shortest proton-proton distances from cysteine protons 
from the X-ray structure of Chroma~ium vinosum HiPIP 

Distance 

(A) 

Amino acid 
residue in 
R. gelatinosus 
HiPIP 

Cysteine 43 HP1 
Ha Val 73 
NH Cys 43 
NHAla44 
NH Gly 75 
Ha Cys 43 
CHs Ile 71 
Hy Met 49 

Cysteine 43 H@? 
CHa6 Ile 71 
Ha Cys 43 
Hyl Met 49 
Ha! Val 73 
NH Cys 43 
HP1 Met 49 
Hy2 Met 49 
NHAla44 
HP1 Cys 46 

Cysteine 46 HP1 
Ha Cys 46 
H61 Trp 80 
NHel Trp 80 
Ha Cys 43 
NH Thr 81 
Ha Trp 80 

Cysteine 46 HP 
HP1 Met 49 
Ha Cys 43 
Hcu Cys 46 
NH Met 49 
HP1 Cys 43 

Cysteine 63 HP1 
Hy, Ile 71 
Ha Cys 63 
H-y, Ile 71 
rcH, Ile 71 
H6i Phe 66 
HP, Phe 66 
NH Cys 63 
6CH3 Ile 71 

Cysteine 63 H@ 
HP, Phe 66 
H6, Phe 66 
NH Phe 66 
NH Cys 63 
Hcz Cys 63 
Hy, Ile 71 
a3 Ile 71 
HA Phe 66 
Hy2 Ile 71 

Cysteine 77 HP1 

HP, Tyr 19 
Ha Cys 77 

2.51 replaced by Asn 
2.68 conserved 
2.91 replaced by Gly 
2.92 conserved 
3.00 conserved 
3.52, 3.99, 4.28 replaced by Val 
3.98 replaced by Phe 

2.39, 2.80, 3.78 replaced by Val 
2.45 conserved 
2.90 replaced by Phe 
3.54 replaced by Asn 
3.64 consetved 
3.80 replaced by Phe 
3.83 replaced by Phe 
3.89 replaced by Gly 
3.92 conserved 

2.29 conserved 
2.50 conserved 
2.93 conserved 
2.93 conserved 
3.45 conserved 
3.76 conserved 

2.63 replaced by Phe 
2.71 conserved 
2.97 conserved 
3.53 replaced by Phe 
3.93 replaced by Phe 

1.88 replaced by Val 
2.52 conserved 
2.86 replaced by Val 
3.03, 3.94, 4.73 replaced by Val 
3.13 conserved 
3.39 conserved 
3.45 conserved 
3.55, 4.37, 4.56 replaced by Val 

1.76 conserved 
2.23 conserved 
2.79 conserved 
3.00 conserved 
3.06 conserved 
3.38 replaced by Val 
3.45, 4.08, 5.12 replaced by Val 
3.50 conserved 
3.99 replaced by Val 

2.09 conserved 
2.20 conserved 

(continued) 

TABLE 3. (continued) 

Distance 

(A) 

Amino acid 
residue in 
R. Gelatinosus 
HiPIP 

HP, Leu 17 
Ha Tyr 19 
NHTyr19 
HA Leu 17 
HA Tyr 19 
H& Tyr 19 
6,CHs Leu 17 

Cysteine 77 H/32 
HP1 Tyr 19 
H61 Tyr 19 
Hex Cys 77 
Ha Tyr 19 
NH Cys 77 
H/32 Tyr 19 
H&Y? Leu 17 
NH Tyr 19 

2.30 conserved 
2.60 conserved 
3.33 conserved 
3.36 conserved 
3.49 conserved 
3.60 conserved 
3.65, 4.84, 5.34 conserved 

2.01 conserved 
2.05 conserved 
2.51 conserved 
2.64 conserved 
3.18 conserved 
3.76 conserved 
3.78 conserved 
3.91 conserved 

data are indicative of a change in the P_C-C-cu dihedral 
angles and @ distances. A variation of 20” in the 
PC-&x dihedral angles, in the direction of bringing 
the a proton closer to the plane bisecting the PI-p2 
angle, would rationalize this finding. Such a variation 
in the structures of the two HiPIPs would provide a 
variation in the HP_Fe distances not greater than 10%. 
Hence these observations lead us to assign signal D’ 
as Cys 77 HP1 and signal C’ as Cys 77 H/Z?, i.e. in 
the reverse shift order with respect to C. vinosum 
HiPIP. The NOE extent from Cys 77 protons and Tyr 
19 Ha for C. vinosum also supports the proposed 
assignment. 

Reduced HiPIP 
The characterization of the reduced state provides 

further independent evidences for the assignment. The 
reduced protein is less paramagnetic, in the case of 
C. vimsum, pErr being 0.84 pB per iron versus 1.84 pr, 
per iron in the oxidized species [26]. Therefore 2D 
experiments are more readily performed. Figure 4 re- 
ports parts of a NOESY spectrum showing the con- 
nectivities involving the isotropically shifted resonances. 
Besides the four H&-H& connectivities (A/I, B/K, C/ 
D and G/H), signal A shows a cross peak at 7.32 (A/ 
a), unobserved in the case of C. vinosum reduced 
HiPIP. This signal is assigned to a ring proton of Phe 
49, also clearly observed in the oxidized state upon 
saturation of Y’. 

Signal B, besides the intra residue connectivities (B/ 
K and B/L), also observed in the COSY experiment 
reported in Fig. 5(A), gives two strong cross peaks at 
7.41 (B/b) and 2.25 ppm (B/c). From the pattern of 
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Fig. 4. 600 MHz, 300 K, ‘H NMR NOESY spectrum of reduced HiPIP from R. gelutinosus in D,O at pH * 7.2. Spectrum has been 
recorded using 5 ms of mixing time and relaxation delay of 80 ms. Several regions of the same spectrum are reported. They have 
been obtained using different data processing. Region A reports connectivities involving isotropically shifted signals. Region B reports 
connectivities among signal B and Phe 66 residue. Regions C and D report connectivities between the less isotropically shifted p- 
CHr cysteine protons. 

dipolar connectivities shown in Fig. 4(B), supported 
also by COSY and TOCSY experiments (data not 
shown), signals b, c, d and e can be assigned to the 
Phe 66 residue (Ha, HP,, HP, and HE, respectively). 

Figure 5(A) shows the COSY spectrum of the reduced 
state in the spectral region of the more isotropically 
shifted /3-CH, cysteine protons. It is worth noting that 
the relative extent of NOESY and COSY cross peaks 
between Cys 63 /3 and (Y protons is analogous to what 
was observed in the case of C. vinosum HiPIP [13]. 

Figure 5(B) reports the TOCSY spectrum of the 
spectral region in which aromatic residues are expected 
to be detected. In the reduced state, one triptophane 
(W) and two phenylalanines (F) can be identified. The 
observed NOESY connectivity A/a of Fig. 4(A) leads 
us to assign the phenylalanine residue with signals at 
7.41, 7.37 and 7.33 ppm as Phe 49. 

Structural inferences 

The NOEs from p-CH, protons of Cys 63 to Val71 
are not consistent with the reciprocal orientation of 
Cys 63 and Ile 71 as it appears from C. vinoszun data 

[16, 171. In essence, HP2 of Cys 63, which should be 
farther from Val 71, gives stronger NOES with both 
$H, groups than HP,. There are no conceivable 
movements of the Val residue which can reverse the 
NOE patterns. On the other hand, a variation of about 
30” in the &C--&x dihedral angles of Cys 63 would 
yield interproton distances consistent with the NOE 
data. The proposed variation of the structure with 
respect to crystallographic data on C. vinosum would 
be also more consistent with the observed NOE extent 
from Cys 63 H/3, to Phe 66 HP,, which is weaker than 
expected. Interestingly, such a variation would make 
the Fe-S-C-H dihedral angles, cp, more consistent with 
the observed chemical shift of Cys 63 j3-CH, protons 
in the assumption of a sin’p dependence of the isotropic 
shift [13]. 

Among the other cysteine residues, we have already 
pointed out that a variation of about 20” in dihedral 
angles of Cys 77 from C. vinosum to R. gelatinosus 
would account for the experimental data. In this case, 
no other structural differences occur between the two 
proteins and NOE from Cys 77 to I@ 19 indicates no 
major differences in the disposition of neighboring 
residues. As a consequence, this structural variation 



490 

A 0 9 l L 

0 
BIK 

I I 1 

ppm 16 14 

- 6 

-12 

-16 

_pm 

I I ) I 1 I 1 1 t 

wm 72 70 68 66 64 62 60 

6E 

7 0 

7 2 

7 4 

mm 

Fig. 5. 600 MHz, 300 K, lH NMR COSY (A) and TOCSY (B) spectra of reduced HiPIP from R. gehtinosus in D,O at pH*7.2. 
Spectrum A reports scalar connectivities involving the more isotropically shifted signals. Spectrum B shows scalar connectivities 
detected inside the region of aromatic resonances, observed through TOCSY spectroscopy. 

seems to be simply due to a different geometrical 
disposition of Cys 77 itself. 

We have also discussed that Met 49 is replaced by 
Phe 49 in the case of R gelutinosza. Since Met 49 in 
the structure of C. vinosum is in the proximity of the 
cluster we may expect one more aromatic residue around 
the cluster on passing form C. vinosum to R. gelutinosus. 
Indeed, NOES from signal Y’ to signal 9 in the oxidized 
state (Fig. 2), and from signal A to signal a in the 
reduced state (Fig. 4(A)) confirm this prediction. These 
NOES allow us to predict the position of Phe 49 inside 
the protein. The six membered ring of phenylalanine 
seems to be close to the Cys 43 residue. In particular, 
the distance between H/l, Cys 43 and H6 Phe 49 should 
be about 3.0 A. Indeed, comparison with the recently 
solved X-ray structure of HiPIP from E. halophilu Z 
[2.5], in which position 49 is occupied by a Trp residue, 
suggests that Phe 49 of R. geZutinosus is placed in the 
same position as Trp 49 in E. hulophilu I, the two 
aromatic residues being almost coplanar. 

The above structural elements constitute a picture 
that, although rough, can be considered the first step 
on the route to the elucidation of the solution structure 
of a paramagnetic metalloprotein. 

Electronic features and individual oxidation states 

As outlined in the ‘introduction’, the peculiar signs 
and temperature dependences of the isotropic shifts 

of the /3-CH, protons in oxidized HiPIPs have been 
accounted for on the ground of a simple exchange 
coupling model 17, 91. In this model, which is based 
on evidence from Mossbauer spectra, the signals which 
are shifted upfield, or those which are shifted downfield 
but with an anti-Curie temperature dependence, belong 
to cysteines coordinated to iron(III) ions, whereas the 
signals shifted downfield but with a Curie-type tem- 
perature dependence belong to the mixed-valence 
iron(iron(II1) pair. The results of the present in- 
vestigation clearly show that, as in C. vinosum HiPIP 
[13, 141, the two iron(II1) ions are bound to cysteines 
43 and 46, whereas the iron ions constituting the mixed- 
valence pair are bound to cysteines 63 and 77. 

Owing to the remarkable similarity of the arrangement 
of amino acid residues around the cluster, we can 
conclude that the overall tertiary structure is maintained. 
As in the case of C. vinosum HiPIP, the only edge of 
the cluster accessible from outside of the protein is 
likely to be the inorganic sulfur ion bridging Fe 46, 
Fe 63 and Fe 77. This feature may be important for 
the electron transfer pathway in these systems. 
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