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ABSTRACT: The oxidized 7Fe-8S ferredoxin fromRhodopseudomonas palustrisis shown to possess a
unique1H NMR spectrum displaying at least one hyperfine-shiftedâ-CH2 signal for each cysteine bound
to the [3Fe-4S] cluster. COSY and TOCSY spectra and 1- and 2-dimensional NOE experiments, in
conjunction with a thorough reexamination of the1H NMR data on similar systems, permitted the sequential
assignment of all of the cysteineâ-CH2 protons even in the absence of the amino acid sequence. The
sequential assignment stems on the homology of the hyperfine shift pattern with those of other sequenced
7Fe-8S ferredoxins, which points to a substantial homology in tertiary structure. From the assignment,
an analysis of the antiferromagnetic coupling in the [3Fe-4S] system was performed on the basis of a
general model of exchange coupling. The NMR signal patterns of [3Fe-4S] clusters in both 3Fe-4S and
7Fe-8S ferredoxins have been discussed, and some correlations are proposed between signal patterns and
the primary sequence.

Iron-sulfur proteins contain iron ions in the oxidation state
either 2+ or 3+ bound to sulfide ions. They can be grouped
according to their redox potentials as high-potential iron-
sulfur proteins (HiPIPs) and ferredoxins. HiPIPs, with redox
potentials higher than 90 mV (Meyer et al., 1983; Luchinat
et al., 1994), contain a [4Fe-4S] core with formal charge
3+ or 2+. Ferredoxins have reduction potentials from 0 to
-650 mV (Yoch & Carithers, 1979; Armstrong et al., 1988)
and display a variety of iron-sulfur cores: [2Fe-2S]2+/1+,
[3Fe-4S]1+/0, and [4Fe-4S]2+/1+.

[3Fe-4S] clusters are encountered either alone (3Fe-4S
proteins) or in association with [4Fe-4S] clusters (7Fe-8S
proteins) (Berg & Holm, 1982; Thomson, 1985; Beinert,
1990; Holm, 1992; Cammack, 1992; Bertini et al., 1995).
They usually display slightly negative reduction potentials.

The oxidized [3Fe-4S]+ clusters have anS) 1/2 ground
state as a result of antiferromagnetic coupling among three
ferric ions. Their1H nuclear magnetic resonance (NMR)1

spectra show a variable number of hyperfine-shifted signals,
mainly depending on whether the cluster belongs to a 3Fe-
4S or 7Fe-8S protein (Moura et al., 1977, 1986, Sweeney,

1981; Day et al., 1988; Busse et al., 1992; Macedo et al.,
1993a,b). In 3Fe-4S proteins, four hyperfine-shifted signals
are observed downfield of the diamagnetic region. Two
signals, which present a Curie-type temperature dependence
(i.e., the shifts decrease with increasing temperature) and
show dipolar connectivity between them, belong to the same
cysteine of the [3Fe-4S] cluster. The other two signals have
an anti-Curie temperature dependence (i.e., the shifts increase
with increasing temperature) and do not show any reciprocal
dipolar connectivity, each belonging to a different cysteine
of the remaining two. This behavior has been accounted
for by a simple magnetic coupling scheme in which two ferric
ions are equivalent, with an antiferromagnetic coupling
constant,J, between them larger than the other two coupling
constants (Busse et al., 1992; Macedo et al., 1993a). The
sequence-specific assignment is available in some cases
(Macedo et al., 1993b; Donaire et al., 1994; Gorst et al.,
1995). All four hyperfine-shifted signals assigned to cysteine
â-CH2 protons disappear upon reduction of the cluster
(Macedo et al., 1993b), due to the much larger paramagnet-
ism of the reduced [3Fe-4S]0 species.
In oxidized 7Fe-8S ferredoxins, five downfield hyperfine-

shifted signals are usually observed, three of which having
an anti-Curie behavior and two a Curie behavior. Upon
reduction of the [3Fe-4S] cluster, four out of these five
signals disappear (Nagayama et al., 1983; Aono et al., 1996)
with a behavior seemingly analogous to that of the 3Fe-4S
proteins. However, oxidative destruction of the [4Fe-4S]
cluster leaves only three hyperfine-shifted signals attributable
to the oxidized [3Fe-4S] cluster (Nagayama & Ohmori, 1984;
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Nagayama et al., 1984). Based on these observations, three
of the five hyperfine-shifted signals have been assigned to
the [3Fe-4S] cluster and the remaining two to the [4Fe-4S]
cluster (Nagayama & Ohmori, 1984; Cheng et al., 1990). A
weak NOE between one signal of the first set and a signal
of the second set is assigned to an intercluster NOE (Cheng
et al., 1990; Bentrop et al., 1996; Aono et al., 1996). Of
the three hyperfine-shifted signals assigned to the [3Fe-4S]
cluster, two belong to theâ-CH2 group of one cysteine, and
the third is aâ-CH2 proton of another cysteine. The1H NMR
signals of theâ-CH2 protons from the third cysteine
coordinated to the [3Fe-4S] cluster have never been observed.
Most probably, they are hidden in the diamagnetic region
of the spectrum.
In this work, we have studied the 7Fe-8S ferredoxin from

Rhodopseudomonas palustris. The protein gives a1H NMR
spectrum (Battistuzzi et al., 1995) which is similar to those
already reported for other 7Fe-8S Fds in the low-field region
of the spectrum (Nagayama et al., 1983, 1984; Nagayama
& Ohmori, 1984; Johnson et al., 1987; Cheng et al., 1990,
1992; Bentrop et al., 1996; Aono et al., 1996). The present
study has led to the assignment of a hyperfine-shifted signal
in the upfield region of the1H NMR spectrum which is not
present in the spectra of other investigated 7Fe-8S Fds. This
signal belongs to the [3Fe-4S] domain. Although this protein
seems to have a unusually high molecular mass of 19 000
Da (Battistuzzi et al., 1995), and although the primary
sequence is not known, the peculiar NMR spectra have
motivated us to perform an extensive assignment of the
cysteine protons to assess the inequivalence of the three iron
ions, and then to interpret all the available NMR data on the
basis of a general exchange-coupled Heisenberg model. The
comparison with the NMR spectra of other 7Fe-8S proteins
whose structures are available has lead to (i) the sequential
assignment of the cysteine protons and (ii) the understanding
of the general spectral features and their differentiation from
those of the [3Fe-4S] clusters in 3Fe-4S proteins.

EXPERIMENTAL PROCEDURES

Rhodopseudomonas palustrisstrain 42 OL of the culture
collection of the “Research Center on Autotrophic Micro-
organisms” was grown anaerobically in completely filled
glass bottles under continuous illumination. Malate and
ammonium sulfate were used as carbon and nitrogen sources,
respectively. All chemicals used were of the best quality
available. The protein was purified in the oxidized form as
described earlier (Bartsch, 1971). Reduction of the protein
was achieved by addition of 10-fold excess of sodium
dithionite to the protein solution.
Samples for NMR spectroscopy (about 3 mM protein)

were prepared in 50 mM phosphate buffer (either in H2O or
D2O), pH 7.0. The NMR spectra were recorded using 500
DRX and 600 AMX Bruker spectrometers operating at
500.13 and 600.14 MHz Larmor frequencies, respectively.
The spectra were calibrated by assigning the residual water
signal a shift from TMS of 4.81 ppm at 298 K.
Longitudinal relaxation rates were measured using a

nonselective inversion recovery pulse sequence (Vold et al.,
1968). TheT1 values were obtained from a two-parameter
fit of the data to an exponential recovery function as reported
elsewhere (Bertini et al., 1996). The exponential behavior
is verified within experimental error.

1D NOE spectra were recorded in the difference mode
using previously described acquisition schemes (Banci et al.,
1989; Dugad et al., 1990). Recycle delays and irradiation
times were 220 and 100 ms, respectively, unless otherwise
specified. A total of 64 000 scans were collected for each
1D NOE spectrum.
2D COSY spectra were recorded in the magnitude mode

(Aue et al., 1976), with recycle delays varying from 100 to
300 ms. Magnitude mode spectra are more suitable in the
presence of broad signals than their phase-sensitive analogues
(Bertini et al., 1994; Bertini & Luchinat, 1996). A nonshifted
squared sine bell window function was used to process the
spectra. A 2D COSY spectrum aimed at detecting connec-
tivities betweenâ-CH2 cysteine protons was recorded over
48 h, using 8K scans per experiment, 217 data points in the
f1 dimension, and 1K data points in thef2 dimension.
The MLEV-17 spin lock sequence (Bax & Davis, 1985a)

was used in TOCSY experiments. TOCSY (Bax & Davis,
1985b) and NOESY (Macura & Ernst, 1980) spectra were
recorded in the phase-sensitive mode. Both NOESY and
TOCSY experiments were preceded by a WEFT pulse
sequence (180-τ-90) to suppress signals of the protons
which do not experience hyperfine interaction with the
paramagnetic center and were optimized for the detection
of the connectivities between the hyperfine-shifted signals
and their neighbors (Chen et al., 1994; Banci et al., 1994;
Luchinat & Piccioli, 1995). In TOCSY and NOESY
experiments, the frequency carrier was shifted about 9 ppm
downfield from the water signal to decrease the spectral
window. The spectra were acquired with 512 data points in
the f1 dimension, from 256 to 1024 scans per experiment,
and 2K data points in thef2 dimension. In the NOESY
experiments, the mixing times ranged from 4 to 40 ms. The
spin lock time in 2D TOCSY experiments ranged from 2 to
10 ms. The data matrices were multiplied by a phase-shifted
squared sine bell window function in both dimensions, prior
to Fourier transformation.
The standard Bruker software package was used for data

processing.

RESULTS AND DISCUSSION

The 298 K, 600 MHz1H NMR spectrum of the oxidized
7Fe-8S ferredoxin fromR. palustrisis shown in the upper
trace of Figure 1. The downfield part of the spectrum clearly
resembles the spectra of other investigated 7Fe-8S ferre-
doxins (Nagayama et al., 1983, 1984; Sweeney, 1981; Cheng
et al., 1990; Aono et al., 1996), five signals (A-E) being
shifted above 12 ppm. Three additional signals (F, G, H)
are observed outside the diamagnetic envelope between 10
and 11 ppm. Furthermore, there is one signal (I) in the
upfield region of the spectrum. The latter signal is not
present in the spectra of any other 7Fe-8S Fds. TheT1 values
of signals A-I range between 4 and 10 ms at 500 MHz
(Table 1) and may be consistent with those ofâ-CH2 protons
of cysteines coordinated to the iron-sulfur clusters.
The temperature dependence of the nine shifted signals

in the investigated temperature range is shown in Figure 2A.
Two downfield-shifted signals (A and C) obey a marked (and
a third signal, F, a slight) Curie-type temperature dependence,
whereas all the other downfield-shifted signals reveal anti-
Curie-type temperature dependence. The upfield-shifted
signal I is the most sensitive to temperature, extrapolating
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sizably downfield (ca. 20 ppm) at infinite temperature, and
thus obeying what has been termed a pseudo-Curie-type
temperature dependence (Bertini et al., 1991; Banci et al.,
1993). This behavior is typical of ligand nuclei experiencing
contact shift from an iron ion which is exchange-coupled
with an iron ion having larger spin.
The oxidized [3Fe-4S]+ cluster has spin1/2 and thus the

cysteine proton signals can experience any temperature
dependence. On the contrary, the [4Fe-4S]2+ cluster has spin
zero, i.e., has a diamagnetic ground state and the cysteine
proton signals can experience only anti-Curie behavior.
To perform the pairwise assignment of signals correspond-

ing to the geminalâ-CH2 protons of the cysteines coordinated
to the iron-sulfur clusters, 2D COSY and TOCSY spectra
(Figure 3) were recorded. The two spectra may yield
different information under extreme experimental conditions.
In the COSY spectrum, scalar connectivities for signals D

(cross-peak 1), E (cross-peak 2), and I (cross-peaks 3 and
4) are observed. In the TOCSY map, besides the connec-
tivities for signals D (cross-peak 1) and I (cross-peak 4),
which were already observed in the COSY spectrum, two
additional scalar connectivities for signals G (cross-peak 6)
and H (cross-peak 7) are observed. In total, five out of the
nine hyperfine-shifted signals A-I yield scalar connectivities.
Both COSY and TOCSY experiments were acquired over
long experimental times and under the best possible condi-
tions to detect scalar connectivities between pairs of broad
signals (see Experimental Procedures). Several processing
parameters were tailored to optimize detection of cross-peaks
within individual pairs. The signals of the present system
display line widths ranging from 70 to 350 Hz. Signal C
(350 Hz) is definitely too broad to give rise to scalar
connectivity, while signals A and B (both about 130 Hz)
might still be below the borderline. Apparently, their
geminal partners are too broad to allow cross-peak detection.
COSY experiments may provide cross-peaks under the
occurrence of cross-correlation between proton-proton
dipolar and proton-electron Curie relaxation (Bertini et al.,
1993). Curie relaxation in the present system is estimated
to be relatively small, and the above effect may be negligible.
All five connectivities detected in COSY and TOCSY spectra
are with proton signals in the diamagnetic region of the
spectrum. The pairwise assignment of theâ-CH2 cysteine
pairs involving signals D, E, G, and H is unequivocal.
Discrimination between Hâ and HR for the two scalar
connectivities involving signal I, as well as the pairwise
assignment for the remaining two cysteineâ-CH2 pairs, has
been achieved through 1D and 2D NOE experiments
performed at different temperatures. NOE experiments on
paramagnetic systems are more challenging to perform than
on diamagnetic analogues, as the NOEs can be much smaller
due to paramagneticT1 shortening. On the other hand, and
for the very same reason, spin diffusion effects are minimized
and reliable distance information can be obtained (Bertini
et al., 1989a; Banci et al., 1994).
298 K 600 MHz 1D NOE difference spectra obtained by

saturating the hyperfine-shifted signals are shown in Figure
1. 1D NOE experiments at 291 K (data not shown), 2D
NOESY at 284 K (Supporting Information, Figure S1), and
2D TOCSY experiments at 284 and 291 K (data not shown)
have also been performed. Table 1 and Figure 2B summarize
the results of the above experiments. The geminal partners
of signals D, E, G, and H (signals n, r, s, and v) all show
the expected anti-Curie temperature dependences and large
line widths. Signals m and q, dipole-dipole coupled to
signals D and E, respectively, and sharper than theirâ-CH2

proton partners, also show anti-Curie temperature dependence
and are tentatively assigned as the HR protons of the
cysteines having D-n and E-r as geminal pairs.
Several NOEs are observed by saturating the upfield-

shifted signal I. Two of them (signals w and z) also give
scalar connectivities with signal I (cross-peaks 3 and 4 in
the COSY map). From all the signals giving NOE with
signal I, only signal w has a sizable temperature dependence,
which is of anti-Curie type. Signals I and w extrapolate
approximately at the same positive chemical shift (ca. 20
ppm) at infinite temperature. The anti-Curie behavior of a
signal hyperfine-shifted downfield is consistent with a
pseudo-Curie behavior of a signal hyperfine-shifted upfield.
Therefore, signal w, which is also broader than signal z, is

FIGURE 1: 298 K 600 MHz1H NMR spectra of the oxidized 7Fe-
8S ferredoxin fromR. palustrisin 50 mM phosphate buffer in D2O.
The upper trace shows the reference spectrum. 1D NOE difference
spectra, obtained upon saturation of the hyperfine-shifted signals,
are shown on the other traces. Traces are labeled according to the
saturated signal. Conditions: recycle time 220 ms, irradiation time
100 ms [80 and 40 ms, respectively, in the case of the NOEs on
signal B performed at 298 K and 310 K (inset)].
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assigned as the geminal partner of signal I, and signal z as
their HR proton.
By saturating signal A, two signals, j and k, at 6.71 and

4.28 ppm, respectively, are observed. Both signals have
essentially temperature-independent shifts. Moreover, the
intensity of signal j substantially decreases with time in D2O,
thus indicating that it is due to a slowly exchangeable proton,
possibly the backbone amide proton of the same cysteine.
By saturation of signal C, an NOE is observed with signal
A and with signal j (see above). The fact that the connectiv-
ity between A and C is observed only by saturating the latter
and not by saturating the former is consistent with expecta-
tions, if their differentT1 values are considered. In fact, the
observed steady-state NOE’s are essentially proportional to
theT1 values, and theT1 value of C is much shorter than the

T1 value of A (see Table 1). Due to the observed dipolar
connectivity between A and C, and their temperature
dependence, we assign these signals as geminalâ-CH2

protons of the same cysteine.
By saturating signal B, an NOE with signal E and signal

l at 9.47 ppm is observed. Another NOE to a broader signal
l′ is observed as a shoulder of signal l. Signal l′ has been
better resolved in the 1D NOE spectrum recorded at 310 K
(Figure 1, inset of trace B). Both l and l′ display an anti-
Curie-type temperature dependence, the latter being more
sensitive to temperature. No other signal observed in the
diamagnetic region of the 1D NOE spectrum upon saturation
of B is temperature-dependent. Therefore, we assign signal
l′ as the geminalâ-CH2 partner of signal B and l as their
HR proton. The dipolar connectivity between B and E
should thus be between Hâ protons belonging to different
cysteines.
Only very weak and temperature-independent NOEs are

observed from signal F (not shown). Also in light of the
results for the other eight hyperfine-shifted signals, signal F
is obviously not due to a Hâ proton of a coordinated cysteine.
Summarizing, the combined use of 1D NOE and 2D

COSY, TOCSY, and NOESY experiments together with the
temperature dependence of the relevant signals allowed us
to pairwise identify theâ-CH2 protons of all cysteines bound
to the iron-sulfur clusters (Table 2). As mentioned before,
the different temperature dependence of the hyperfine-shifted
signals allows us to attribute two pairs of geminal protons
(signals A-C and I-w) to the [3Fe-4S] cluster. At this
stage, therefore, theâ-CH2 proton signals of two cysteines
bound to the [3Fe-4S] cluster have been identified.
The protein is characterized by two reduction potentials

of -260 and-560 mV (Battistuzzi et al., 1995) and,
similarly to other 7Fe-8S proteins, can be reduced only at
the first step. The semireduced protein contains a [3Fe-4S]
cluster in aS) 2 ground state. The NMR signals of the
â-CH2 protons of the cysteines attached to the reduced [3Fe-
4S] cluster have never been detected (Sweeney, 1981;
Nagayama et al., 1983; Bentrop et al., 1996; Aono et al.,
1996). Therefore, only the hyperfine-shifted signals corre-
sponding toâ-CH2 protons of the cysteines attached to the
[4Fe-4S] cluster should be in principle observed. Upon
reduction, signals A, B, C, E, I, and H disappear (Figure 4).
The reduction causes a slight shift of signal D. The ratio of
the intensities of signal D to signal F in the semireduced
state is close to unity, implying that signal E disappears from
the downfield region of the spectrum rather than accidentally
collapsing with signal D. This is confirmed by the difference
NOE spectrum obtained by saturation of signal D in the

Table 1: Summary of the 1D NOE Experiments Performed on the Hyperfine-Shifted Signals of the Oxidized 7Fe-8S Fd fromR. palustrisat
291 and 298 K

291 K 298 K

signal
chem. shift of

satur. signal (ppm)
chem. shift of

obsd. NOE (ppm)
chem. shift of

satur. signal (ppm) (T1, ms)
chem. shift of

obsd. NOE (ppm)

A 29.86 6.71(j), 4.26(k) 29.57 (4.3( 0.2) 6.71(j), 4.28(k)
B 25.57 9.40(l+l′) 25.78 (5.0( 0.2) 9.47(l+l′)
C 24.59 29.86(A) 24.37 (1.7( 0.1) 29.57(A), 6.71(j)
D 16.94 9.60(m), 9.23(n), 1.43(o), 1.14(p) 17.15 (6.2( 0.2) 9.69(m), 9.34(n), 1.43(o), 1.14(p)
E 15.67 7.99(q), 5.85(r) 15.87 (6.9( 0.1) 8.03(q), 6.04(r)
G 10.48 9.59(s), 7.62(t), 1.45(u) 10.63 (6.0( 0.2) 9.73(s), 7.61(t), 1.45(u)
H 10.17 9.46(v) 10.23 (4.1( 0.2) 9.59(v)
I -1.24 5.48(w), 7.99(x), 7.67(y) 1.75(z) -0.81 (10( 0.1) 5.78(w), 7.95(x), 7.66(y), 1.78(z)

FIGURE 2: Temperature dependence of the1H NMR shifts of the
signals corresponding to protons of the cysteine ligands of the
oxidized 7Fe-8S ferredoxin fromR. palustris: (A) hyperfine-shifted
signals; (B) signals hidden in the diamagnetic region, obtained from
1D NOE and 2D spectra.
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semireduced form (data not shown) which yields the pattern
already observed for signal D in the oxidized state but not
that observed for signal E. Obviously, too many signals
disappear upon reduction. As was reported in the early
literature (Nagayama & Ohmori, 1984; Nagayama et al.,
1984), signals corresponding to signal B and to the A-C
pair in our system survive oxidative degradation of the [4Fe-
4S] cluster, while the other downfield-shifted signals disap-
pear. This analogy allows us to assign the B-l′ pair as due
to the [3Fe-4S] cluster. Therefore, signals E and H must
belong to the [4Fe-4S] domain even if they disappear upon
reduction of the [3Fe-4S] cluster. In this frame, it is possible
to assign the D-n, E-r, G-s, and H-v pairs as belonging
to the cysteines coordinated to the [4Fe-4S] cluster, and the

A-C, B-l′, and I-w pairs as belonging to the cysteines
coordinated to the [3Fe-4S] cluster. The disappearance of
signal H in the semireduced form could be tentatively
explained by its shift inside the diamagnetic region. The
disappearance of signals E can be accounted for by the fact
that the corresponding proton is close to the [3Fe-4S] cluster,
as proved by the intercluster NOE between signals B and E,
and is broadened by the proximity with the reducedS) 2
paramagnetic center (Aono et al., 1996).
Sequential Assignment and Comparison with NMR Data

on Other 3Fe-4S and 7Fe-8S Ferredoxins.Table 3 sum-
marizes the NMR studies on 3Fe-4S and 7Fe-8S Fds reported
in the literature. The simple comparison of the downfield-
shifted regions of the NMR spectra of 3Fe-4S and 7Fe-8S
proteins does not permit discrimination between the signals
associated either with [3Fe-4S] or with [4Fe-4S] clusters.
The downfield region of the 3Fe-4S Fds displays four
hyperfine-shifted signals, whereas a larger number of signals
is present in the same regions of the spectra of 7Fe-8S
proteins. Therefore, one could expect that the additional
signals in the case of the 7Fe-8S protein arise from the
protons of the [4Fe-4S] domain. Among the downfield-
shifted signals in the case of both 3Fe-4S and 7Fe-8S
proteins, two signals reveal NOE connectivity to one another
and obey a Curie-type temperature dependence. This
observation permits the assignment of these protons as the
geminalâ-CH2 pair of a cysteine bound to the [3Fe-4S]

FIGURE 3: 298 K 500 MHz1H NMR 2D COSY (A) and TOCSY
(B) spectra of the oxidized 7Fe-8S Ferredoxin fromR. palustrisin
50 mM phosphate buffer in D2O. The TOCSY spectrum was
acquired with a spin lock time of 8 ms. The cross-peak assignments
are: (1) Hâ-Hâ′ of Cys-II4, (2) Hâ-Hâ′ of Cys-III4, (3) Hâ-
Hâ′ of Cys-I3, (4) Hâ-HR of Cys-I3, (5) Hâ-Hâ′ of Cys-I4, (6)
Hâ-Hâ′ of Cys-IV4. The features marked with asterisks in (A)
are artifacts that do not match the positions of E-I cross-peaks.

Table 2: Pairwise Assignmenta of â-CH2 Protons of Cysteines
Attached to Iron-Sulfur Clusters in the Oxidized 7Fe-8S Fd from
R. palustrisat 298 K

cysteine signal
chem. shift
(ppm)

T
dependenceb cluster

cysteine-IV3 A 29.57 C [3Fe-4S]
C 24.37 C

cysteine-III3 B 25.78 aC [3Fe-4S]
l′ 9.47 aC

cysteine-I3 I -0.81 pC [3Fe-4S]
w 5.78 aC

cysteine- II4 D 17.15 aC [4Fe-4S]
n 9.34 aC

cysteine-III4 E 15.87 aC [4Fe-4S]
r 6.04 aC

cysteine-I4 G 10.63 aC [4Fe-4S]
s 9.73 aC

cysteine-IV4 H 10.23 aC [4Fe-4S]
v 9.59 aC

aChemical shifts reported at 298 K.bC, Curie; aC, anti-Curie; pC,
pseudo-Curie type temperature dependence.

FIGURE 4: 298 K 500 MHz1H NMR spectra of the oxidized (A)
and semireduced (B) 7Fe-8S ferredoxin fromR. palustris.
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cluster. All other downfield-shifted signals show an anti-
Curie-type temperature dependence. To assign these signals
as belonging either to [3Fe-4S] or to [4Fe-4S] domains,
combined spectral information from reduction and oxidative
degradation is needed (see above) (Nagayama et al., 1983,
1984; Nagayama & Ohmori, 1984). These results unam-
biguously demonstrate that signals A, B, and C belong to
protons of the [3Fe-4S] cluster domain, whereas signal D
pertains to the [4Fe-4S] domain. Signal E can also be
ascribed to the [4Fe-4S] cluster and can be recognized
because of the intercluster NOE with signal B. This NOE
has been observed in some other 7Fe-8S proteins (Cheng et
al., 1990; Bentrop et al., 1996; Aono et al., 1996). The NMR
signals corresponding to the remaining two cysteines bound
to the [4Fe-4S] cluster in the other investigated 7Fe-8S
proteins are either slightly shifted downfield from the
diamagnetic region (11-10 ppm) or hidden inside the
diamagnetic region. Some of these signals were identified
in the case ofPseudomonas putida(Cheng et al., 1992),
Desulfurolobus ambiValens(Bentrop et al., 1996), Bacillus
schlegelii(Aono et al., 1996),Pseudomonas oValis (Naga-
yama et al., 1983),Mycobacterium smegmatis(Nagayama
et al., 1983), andThermus thermophilus(Nagayama et al.,
1983) 7Fe-8S Fds (see Table 3).
The amino acid sequences for the present andD. ambiV-

alens7Fe-8S Fds have not been determined. However, the
homology of the hyperfine shift patterns with those of other
sequenced 7Fe-8S ferredoxins suggests that a substantial
homology in tertiary structure around the clusters occurs.
The general cysteine binding scheme in 7Fe-8S systems is
shown in Figure 5. With the reasonable assumption that the
present protein conforms to a similar scheme, hints for the
sequential assignment of the Cysâ-CH2 protons can be
obtained by comparing the NMR data with analogous data,
obtained for 3Fe-4S and 7Fe-8S ferredoxins, for which either
the X-ray structure or a reasonable structural model is
available. X-ray structures are reported for the 3Fe-4S Fd
from DesulfoVibrio gigas (Kissinger et al., 1991) and the
7Fe-8S from Azotobacter Vinelandii (Stout, 1989). A
structural model, starting from the X-ray structure of the latter
protein, was built forB. schlegelii7Fe-8S Fd (Aono et al.,
1996), by introducing appropriate mutations and performing
energy minimization. Analysis of the structural information

together with NMR data leads to the sequential assignment
of cluster-bound cysteines. As mentioned above, one inter-
cluster dipolar connectivity was observed for some 7Fe-8S
Fds. As it follows from the structures, the only cysteines
which are close enough to give NOE to one another are Cys-
III 3 and Cys-III4 (where the roman and arabic numerals are
defined in Figure 5). Therefore, signal B and its geminal
proton correspond toâ-CH2 protons of Cys-III3, whereas
signal E with its geminal proton corresponds toâ-CH2

protons of Cys-III4. The other two hyperfine-shifted signals
of the [3Fe-4S] cluster which give NOE to one another
(signals A and C) could belong either to Cys-I3 or to Cys-
IV3. These signals have been assigned as belonging to Cys-
IV3 in D. gigas (Macedo et al., 1993a),D. ambiValens
(Bentrop et al., 1996), andB. schlegelii(Aono et al., 1996).
By analogy and on the basis of the similar pattern of 1D
NOEs in the diamagnetic region, we maintain the same
assignment. Signals I and w, belonging to the remaining
cysteine ligand of the [3Fe-4S] cluster and observed only in
the present case, are assigned as due to Cys-I3. The
sequential assignment of the other three cysteines bound to
the [4Fe-4S] cluster is a more difficult task since, as in most
other cases, the signals fall in the diamagnetic region of the
spectrum. An assignment can be performed, however, on
the basis of the strict similarities of the relevant connectivities
in the diamagnetic region for the present ferredoxin (NOEs
from signals D, G, and H, Figure 1) with the corresponding
connectivities in the analogous Fd fromB. schlegelii(Aono
et al., 1996). The complete assignment is reported in Table
2.

Table 3: Summary of the Available NMR Data on 3Fe-4S and 7Fe-8S Ferredoxins

âCH2

Cys-I3 aC
âCH2

Cys-III3 aC
âCH2

Cys-IV3 C
âCH2

Cys-IV4 aC
âCH2

Cys-I4 aC
âCH2

Cys-II4 aC
âCH2

Cys-III4 aC

D. gigasa (Macedo et al., 1993a) ∼18,∼3.5 ∼15.2,∼8.5 29.2, 24.5
Thermococcus litoralisa (Busseet al.,

1992; Donaire et al., 1994)
17.4, 4.9 16.6, 8.1 29.2, 24.0

P. furiosusa (Busse et al., 1992;
Gorst et al., 1995)

(19.7, 17.1)C 14.3, 5.2 (23.6, 11.8)aC

P. putidab (Cheng et al., 1990, 1992) (0-10), (0-10) 21.8, (0-10) 31.8, 26.3c 9.8, 9.3c,d 9.8, 9.3c,d 17.3, (0-10)c 15.3, (0-10)
A. Vinelandiie (Cheng et al., 1992) (0-10), (0-10) 21.1, 8.6 32.2, 26.1c (0-10), (0-10) (0-10), (0-10) 16.9, 9.1c 15.2, 5.6
B. schlegeliif (Aono et al., 1996) (0-9), (0-9) 18.3, 6.6 32.2, 23.4 10.35,∼9 11.1, 9.0 15.8, 9.7 15.9, 5.2
R. palustrisc,f -0.8, 5.8 25.8, 9.5 29.6, 24.4 10.2, 9.6 10.6, 9.7 17.15, 9.3 15.9, 6.0
D. ambiValensa (Bentrop et al., 1996) 20.0, 9.2 17.1, 7.5 21.7, 18.9 14.2, 7.9 10.9, 9.3 17.9, 9.2 14.0, 6.3
P. oValisc,g (Nagayama et al., 1983) (0-10), (0-10) 22.3, (0-10) 30.9, 25.7 10.5,d (0-10) 10.5,d (0-10) 17.7, (0-10)h 15.7, (0-10)h
M. smegmatisc,g

(Nagayama et al., 1983)
(0-10), (0-10) 22.9, (0-10) 29.8, 21.5 11.0,d (0-10) 11.0,d (0-10) 17.1, (0-10)h 16.2, (0-10)h

T. thermophilusc,g

(Nagayama et al., 1983)
(0-10), (0-10) 21.8, (0-10) 29.0, 21.1 11.1,d (0-10) 11.1,d (0-10) 17.4, (0-10)h 17.0, (0-10)h

a 303 K. b 281 K. c Sequence-specific assignment proposed in the present work.dOnly one signal or one pair is observed. It is impossible to
discriminate between Cys-IV4 and Cys-I4. e 280 K. f 298 K. g 300 K. h The assignment to Cys-II4 or Cys-III4 could be reversed; C) Curie-type
temperature dependence; aC) anti-Curie-type temperature dependence.

FIGURE 5: Schematic representation of a common cluster binding
motif in 7Fe-8S ferredoxins (Cammack, 1992). The Roman
numerals identify the commonly accepted order of the cysteines
according to their binding to a certain iron in the cluster, and the
superscript Arabic numerals specify the cluster type: 3 for [3Fe-
4S] and 4 for [4Fe-4S] cluster.
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A further comment is due to the assignment of the upfield-
shifted signal I to aâ-CH2 proton of a cysteine coordinated
to the [3Fe-4S] cluster. This is a novel finding which sheds
further light on the magnetic coupling operative in [3Fe-4S]
clusters (see below). As the reliability of this assignment is
crucial, we summarize again here the experimental evidence
on which it is based: (i) signals I and w are strongly scalar
coupled, the COSY cross-peak being easily detectable despite
the shortT2 of the two signals; (ii) theT2 values of I and w
and theT1 value of I are indicative of protons very close to
the paramagnetic center; (iii) the strong temperature de-
pendence of both I (pseudo-Curie) and w (anti-Curie), as
well as their sizably downfield infinite temperature intercepts,
is a clear indication of their experiencing strong hyperfine
coupling with the [3Fe-4S] cluster, which can only occur
through contact contributions. The shifts are only ac-
cidentally close to the diamagnetic values (5.7 and-0.8 ppm
Vs an expected diamagnetic value of 2.5-3 ppm), around
room temperature (see also Figure 7 below); (iv) signal I is
strongly pH-dependent and disappears upon reduction, both
features common to the other signals assigned toâ-CH2

protons of cysteines bound to the [3Fe-4S] cluster.
The information gained in the present work allows us to

perform a systematic comparison of the data in Table 3 and
to attempt some additional sequential assignments with
respect to those already published.
The pair of cysteineâ-CH2 proton signals strongly shifted

downfield and experiencing a Curie-type temperature de-
pendence in the case of 7Fe-8S Fds fromA. Vinelandii and
P. putidaare assigned as due to Cys-IV3 and not to Cys-I3,
on the basis of the similar behavior of analogous signals in
7Fe-8S Fds fromB. schlegelii (Aono et al., 1996),R.
palustris, andD. ambiValens (Bentrop et al., 1996). The
downfield-shifted signals obeying a Curie behavior had been
assigned as due toâ-CH2 protons of Cys-IV3 also in the case
of 3Fe-4S Fds fromD. gigas(Macedo et al., 1993a) andT.
litoralis (Busse et al., 1992; Donaire et al., 1994) [a different
pattern is observed in the case ofP. furiosusFd (Busse et
al., 1992; Gorst et al., 1995); see later]. Likewise, the signals
corresponding toâ-CH2 protons of Cys-IV3 in the spectra
of the 7Fe-8S Fds fromP. oValis, M. smegmatis, andT.
thermophilusare tentatively assigned on the basis of the strict
similarity with the chemical shift values and line widths of
the analogous signals in the spectra of 7Fe-8S Fds fromB.
schlegelii(Aono et al., 1996),R. palustris, P. putida(Cheng
et al., 1992), andA. Vinelandii (Cheng et al., 1992) even if
the temperature dependence of their hyperfine shifts was not
reported (Nagayama et al., 1983, 1984; Nagayama &
Ohmori, 1984).
The 1H NMR spectra of all investigated 7Fe-8S Fds

[except for the one fromD. ambiValens (Bentrop et al.,
1996)] are characterized by the presence of three downfield-
shifted signals with chemical shift values significantly larger
than those of the other hyperfine-shifted signals. Two of
these signals have been now assigned as due to Cys-IV3;
the third one, in the case of 7Fe-8S Fds fromA. Vinelandii
(Cheng et al., 1992),P. putida (Cheng et al., 1992),B.
schlegelii(Aono et al., 1996), andR. palustris, has an anti-
Curie temperature behavior and has been assigned as due to
a Hâ proton of Cys-III3 on the ground of the intercluster
NOE with Cys-III4. As the downfield shift pattern is the
same also for 7Fe-8S Fds fromP. oValis,M. smegmatis, and
T. thermophilus, we also assign the corresponding third

downfield-shifted signal in the spectra of these proteins as
due to one of theâ-CH2 protons of Cys-III3.
Considering the available assignment of theâ-CH2 protons

of the cysteines attached to the [4Fe-4S] cluster [again
besides the 7Fe-8S Fd fromD. ambiValens(Bentrop et al.,
1996)], it can be easily noted that while two signals belonging
to the two different cysteines are shifted downfield (17-15
ppm), theâ-CH2 proton signals of the other two cysteine
fall either in the diamagnetic region or only slightly shifted
downfield. The assignment of one of the signals from the
former set as due to the Hâ proton of Cys-III4 has been
achieved through the intercluster NOE (see above). The
other downfield-shifted signal from the first set has been
assigned as due to one of theâ-CH2 proton’s of Cys-II4 in
the case of the Fds fromB. schlegelii(Aono et al., 1996)
andR. palustris.By looking at the shift patterns of the other
7Fe-8S ferredoxins, it appears to be possible to group the
â-CH2 proton signals in two sets, according to the presence
(Cys-II4 and Cys-III4) or absence (Cys-IV4 and Cys-I4) of
one signal for each pair shifted above 15 ppm downfield.
This observation allows us to assign the signals belonging
to Hâ protons of Cys-II4 in the case of 7Fe-8S Fds fromA.
Vinelandii andP. putida, and to group the signals due to
â-CH2 protons of cysteines bound to the [4Fe-4S] cluster in
the case of the 7Fe-8S Fds fromP. oValis, M. smegmatis,
andT. thermophilusas shown in Table 3.
The information gained from the data and assignments

reported in Table 3 can be summarized as follows:
(a) The spectral distribution of the NMR signals ofâ-CH2

protons of the cysteines bound to the [3Fe-4S] cluster is
different between 3Fe-4S and 7Fe-8S Fds. In the case of
3Fe-4S Fds, four signals (i.e., at least one proton signal of
each cysteine bound to iron ions) are shifted downfield,
whereas only three signals associated with the [3Fe-4S]
domain of 7Fe-8S Fds are observed downfield. Twoâ-CH2

proton signals of the third cysteine fall inside the diamagnetic
region. Moreover, in the case ofR. palustrisFd, one of the
signals corresponding to the third cysteine was observed
upfield.
(b) The pattern of the NMR signals corresponding to

â-CH2 protons of the cysteine associated with the [4Fe-4S]
cluster is consistent for all studied 7Fe-8S Fds, excluding
the Fd fromD. ambiValens: two signals arising from two
â-CH2 protons of Cys-II4 and Cys-III4 are shifted well
downfield, while signals corresponding to Cys-I4 and Cys-
IV4 either are around 10 ppm or are hidden in the dia-
magnetic region.
(c) Concerning the cysteines bound to the [4Fe-4S] cluster

in the 7Fe-8S Fds, it can be noted that the NMR shifts of
â-CH2 protons of Cys-I4, Cys-II4, and Cys-III4 closely
resemble the shifts of the corresponding signals in the 8Fe-
8S Fds, while those of Cys-IV4 seem to be somewhat
different. In particular, the shifts of the two protons within
theâ-CH2 pair of Cys-IV4 are similar to one another in the
7Fe-8S Fds, while they are more spread in the 8Fe-8S Fds.
This seems to be a general feature of 7Fe-8S Fds, probably
connected to some structural motif that differentiates them
from the 8Fe-8S Fds (see below).
(d) The 3Fe-4S Fd fromPyrococcus furiosusand the 7Fe-

8S Fd fromD. ambiValensreveal some NMR features which
are different from those of other Fds.P. furiosusFd displays
a fifth signal at the borderline of the diamagnetic region, at
variance with the four signals observed for the other 3Fe-

3576 Biochemistry, Vol. 36, No. 12, 1997 Bertini et al.



4S Fds. In the case of the 7Fe-8S Fd fromD. ambiValens,
the NMR pattern of the cysteine signals associated with the
[3Fe-4S] cluster is more similar to that of 3Fe-4S Fds than
to that of 7Fe-8S Fds. The shifts of theâ-CH2 protons of
the cysteines bound to the [4Fe-4S] cluster inD. ambiValens
are also different from the corresponding values for the
cysteines attached to the [4Fe-4S] domain in the other 7Fe-
8S Fds. They are more similar to those observed for cluster
II of the 8Fe-8S Fds, including the shifts for theâ-CH2

protons of Cys-IV4 (see above).
Some of these features can be tentatively explained by

comparing the sequences of the 3Fe-4S, 4Fe-4S, 8Fe-8S, and
7Fe-8S Fds. While the sequential pattern of the first three
cysteines bound to the cluster which is lacking in 3Fe-4S
and in 4Fe-4S Fds (cluster II) is the same (C-X-X-C-X-X-
C) for both 7Fe-8S and 8Fe-8S Fds, the pattern is different
for the cysteines attached to cluster I in the four different
Fd types. The pattern CI-X-X-CII-X-X-CIII is maintained for
3Fe-4S, 4Fe-4S, and 8Fe-8S Fds (Cys-II is not bound to an
iron ion in [3Fe-4S] cluster), whereas in the case of 7Fe-8S
the pattern CI-X-X-CII-X-X-X-X-C III is often observed
(Figure 5). This sequential asymmetry for the [3Fe-4S]
domain in the 7Fe-8S Fds with respect to other Fd types
may be the reason for the increased magnetic asymmetry
evidenced by NMR, EPR (Glenn & Gold, 1985; Huynh et
al., 1980; Kent et al., 1980), and Mo¨ssbauer investigations
(Glenn & Gold, 1985; Huynh et al., 1980; Kent et al., 1980).
This observation can be used to discuss the possible
sequential motifs for 7Fe-8S Fds with unknown primary
structure.
The sequential pattern for the [3Fe-4S] cluster observed

for the 7Fe-8S Fd fromB. schlegelii(CI-X-X-X-X-D-X-X-
CIII ) (Aono et al., 1994) is different from those for [3Fe-4S]
domain found for other 7Fe-8S Fds, although the number of
residues between Cys-I3 and Cys-III3 is maintained (see
above). Therefore, one could expect that the chemical shifts
for the â-CH2 protons of Cys-III3 could be different with
respect to the analogous shifts for other 7Fe-8S Fds. The
data presented in Table 3 confirm this expectation: the
hyperfine shift of oneâ-CH2 proton of Cys-III3 is on average
5 ppm more upfield than the same protons in other 7Fe-8S
Fds. The similarity of the NMR pattern of theâ-CH2 protons
of 7Fe-8S Fd fromD. ambiValens to those of 8Fe-8S Fds
could indicate that the sequence of this protein is more similar
to those of 8Fe-8S Fds, rather than 7Fe-8S Fds. Indeed,
preliminary sequential information for 7Fe-8S Fd fromD.
ambiValensgives the following pattern for cluster I: CI-X-
X-D-X-X-CIII (Bentrop et al., 1996), which has the same
length as for the 8Fe-8S ferredoxins. The similarity of the
NMR data obtained for the 7Fe-8S Fd fromR. palustriswith
those observed for other 7Fe-8S Fds could indicate that the
sequence of the present Fd is similar to those reported for
most of the other 7Fe-8S ferredoxins.
NMR pH Dependence.The pH dependencies of the

hyperfine-shifted signals of the oxidizedR. palustris7Fe-
8S Fd are shown in Figure 6. The best fitting of the
experimental points using a unique pKa for all signals provide
a pKa value of 5.4( 0.2. As the standard deviation is very
small, it is reasonable to assume that all hyperfine shifts are
titrated with the same pKa value.
The obtained pKa value for the hyperfine-shifted signals

is similar to those observed for the analogous signals in the
7Fe-8S Fds fromA. Vinelandii (pKa 5.4) (Cheng et al., 1990)

andP. putida (pKa 5.6) (Cheng et al., 1990). The pKa of
5.4 observed in the present case, in analogy with the
mentioned ferredoxins, probably corresponds to titration of
the Asp-15 residue (numbering of the 7Fe-8S Fd fromA.
Vinelandii).
Comments on the J Values in the Oxidized [3Fe-4S]

Cluster. The present 7Fe-8S system has the unique and
peculiar feature of displaying anupfield-shiftedcysteine
â-CH2 proton, assigned as arising from the [3Fe-4S] cluster.
By looking at Table 3, it can be observed that the magnetic
exchange coupling scheme in the [3Fe-4S] cluster of 7Fe-
8S ferredoxins must be less symmetric than in single-cluster
3Fe-4S proteins. Indeed, in the latter, oneâ-CH2 proton for
each of the two cysteines experiencing anti-Curie behavior
is observed in the downfield region of the1H NMR spectrum,
indicating a substantial equivalence of the two corresponding
iron ions. Therefore, the two-Curie/four-anti-Curie pattern
of the cysteineâ-CH2 proton shifts could be accounted for
by using a symmetric coupling scheme where theJ values
between one spin (S1) and the other two (J12 andJ13) were
equal, and the thirdJ value (J23) was larger than the other
two. In this way, the eigenfunctions could be described in
terms of a subspinS23 ()S2 + S3) antiferromagnetically
coupled to the third spin,S1, |S23, S1〉, and the ground state
was made up by a|2, 5/2〉 function. Only a modest (within
(10%) difference betweenJ23 and J12 ) J13 is enough to
account for the experimental 1/T dependence (Busse et al.,
1992; Macedo et al., 1993a).
This description constitutes a more crude approximation

for the less symmetric [3Fe-4S] clusters in 7Fe-8S proteins.
In these proteins, one of the two anti-Curieâ-CH2 pairs is
much less shifted than the other, and either lies in the
diamagnetic region or appears in the high-field part of the
spectrum. To treat this case appropriately, we should then
resort to numerical solutions of the general Hamiltonian:

for which we have adapted a computer program developed
by us for general numerical solutions of the [4Fe-4S]
coupling scheme. TheS1 ) 5/2, S2 ) 5/2, S3 ) 5/2 coupled

FIGURE 6: pH dependence of the1H NMR shifts of the hyperfine-
shifted signals of the oxidized 7Fe-8S ferredoxin fromR. palustris.

H ) J12S1S2 + J13S1S3 + J23S2S3 (1)
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system can be described by eigenfunctions that are linear
combination of |MS1, MS2, MS3〉 eigenfunctions of the
uncoupled system (Bertini et al., 1989b; Banci et al., 1991).
The problem reduces to diagonalization of a [(2S1 + 1)(2S2
+ 1)(2S3 + 1)]2 ) 216× 216 matrix. The latter can be
further reduced in blocks, each having the sameΣMSi, and
the largest (27× 27) being the one for whichΣMSi ) 1/2.
Except for the situation of three equalJ values, the ground

state is nondegenerate and well separated from the first
excited state (see Supporting Information). This justifies the
experimental observation that room temperature NMR data
still contain information on the order of theJ values (see
below). Using Hamiltonian (1), we can attempt to reproduce
the experimental hyperfine shifts. The hyperfine shifts,
assumed mainly contact in origin, for aâ-CH2 pair of a
cysteine bound to ironi depend on the〈Siz〉 value for that
iron according to eq 2:

whereA/h is the hyperfine coupling constant that would be
observed in an uncoupled system. The shifts of the three
pairs of cysteineâ-CH2 protons in the coupled system are
thus differentiated by the different values of〈Siz〉. The shifts
within each pair are then further differentiated by the values
of the two M-S-C-H dihedral angles. We chose 1 MHz
as a starting value forA/h (Bertini et al., 1995). Such a value
accounts for the 200-300 ppm downfield shifts observed
in rubredoxin (Werth et al., 1987). To obtain shifts in the
-10 to 40 ppm range in the coupled system, an average value
of J of about 300 cm-1 is needed (Macedo et al., 1993a;
Busse et al., 1992; Bertini et al., 1995). By using these
starting values, 1/T plots for the threeâ-CH2 pairs can be
generated. It appears that a qualitative agreement with the
(average) hyperfine shifts of the three pairs (Figure 7) is
observed with the following set ofJ values:J12 ) 285 cm-1,
J13 ) 300 cm-1, andJ23 ) 320 cm-1. In the present system,
iron 1 is the one coordinated to Cys-IV3, iron 2 to Cys-III3,
and iron 3 to Cys-I3 (Figure 7). The present finding and
theoretical reconsideration of hyperfine shifts asymmetry in
[3Fe-4S] clusters are in line with previous observation of

hyperfine-coupling asymmetry in low-temperature Mo¨ss-
bauer spectra of several 7Fe-8S ferredoxins (Glenn & Gold,
1985; Huynh et al., 1980; Kent et al., 1980).
It should be pointed out that the slight upfield shift of one

of the protons bound to iron 3 (Cys-I3) could be easily lost
if the difference betweenJ12 andJ13 is slightly reduced. The
correspondingâ-CH2 protons are not observed in other 7Fe-
8S systems because they lie in the diamagnetic region. The
slightly larger hyperfine shift asymmetry in the present 7Fe-
8S system is, therefore, hardly related to significant structural
differences.

CONCLUDING REMARKS

A detailed analysis of the 7Fe-8S ferredoxin fromR.
palustris, even in the absence of knowledge of the primary
structure, has allowed us to observe for the first time all
geminal protons of the cysteines bound to the seven iron
ions. Exploitation of literature data on analogous proteins
and theoretical prediction based on a exchange-coupled
Heisenberg model have permitted the pairwise assignment
of theâ-CH2 protons of cysteines bound to the [3Fe-4S] and
[4Fe-4S] clusters. Finally, a sequential correlation between
cysteines in the various proteins could be proposed through
the 1H NMR shifts of theâ-CH2 protons.
The present work shows how the experimental1H NMR

data collected over the years can be rationalized in a
reasonably unified picture for 3Fe-4S and 7Fe-8S classes of
ferredoxins and how the differences among the classes may
reflect differences in primary structures. NMR may thus
become a tool to infer structural information on new systems
even in the absence of sequence or, when the sequence is
available, in the absence of structural data.
The observed correlation between chemical shifts of the

â-CH2 cysteine protons and the protein sequence could be
exploited in the case of proteins with high molecular weights,
containing iron-sulfur cluster (for instance hydrogenases,
dehydrogenases, aconitases), for which the extensive inves-
tigated or conventional NMR techniques are difficult or
impossible to apply.
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SUPPORTING INFORMATION AVAILABLE

284 K 500 MHz 2D NOESY spectrum of the oxidized
7Fe-8S ferredoxin fromR. palustris(Figure S1) and calcu-
lated eigenvalues for the two lowest lying energy states of
Hamiltonian (1) in [3Fe-4S] clusters for differentJ values
(Figure S2) (3 pages). Ordering information is given on any
current masthead page.
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