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Abstract

Ferredoxin II (FdII), isolated from Desulfovibrio gigas, is a small electron transfer protein
that contains one [3Fe—4S] cluster per monomer (6 kDa). The characterization of the
oxidized and intermediate forms of FdII was carried out by NMR spectroscopy, in
conjunction with other spectroscopic techniques, such as EPR, UV-vis and Mdssbauer
spectroscopy, in order to fully understand the redox and electronic properties of the protein.
The native oxidized state of FdII has been studied from the point of view of the spin
coupling between the iron atoms, via the 'H-NMR temperature dependence of the B-CH,
proton resonances of the cysteinyl cluster ligands (Cys8, Cysl14 and Cys50). The assignment
of the 2D-NOESY spectrum has also been carried out: distances have been obtained for the
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diamagnetic region and 1D-NOE experiments were performed in order to detect NOEs for
protons in the vicinity of the cluster, allowing the determination of the protein structure in
solution. An intermediate state, FdIL,,,, detected by NMR spectroscopy, was attributed to
the opening of the S—S bridge between Cysl8 and Cys42, in the potential range of cluster
reduction. This state has been characterized by several spectroscopic techniques, showing
that the protein can transfer three electrons in one redox step, that involves the [3Fe—4S]
cluster and the disulfide bridge. The temperature behavior of the hyperfine shifts, when
compared with FdII,, lead to the conclusion that the spin coupling of the cluster changes
upon reduction of the S-S bond. 2D-NOESY spectra of the diamagnetic region were also
collected for FdII,,,, and compared with the native state, in order to clarify the structural
changes occurring in the protein on cleavage of the S—S bridge. © 1999 Elsevier Science S.A.
All rights reserved.
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1. Introduction

Ferredoxins (Fd) are small electron transfer proteins with iron and sulfide at the
active site. The iron atoms are high spin Fe?* or Fe®*, bound tetrahedrally by
sulfur atoms which can be bridging or terminal in nature (although other atoms,
such as O or N, may be involved) [1]. Four distinct types of ferredoxins are found
in sulfate reducing bacteria (SRB): 3Fe Fds containing one [3Fe—4S] cluster, 4Fe
Fds containing one [4Fe-4S] cluster, 7Fe Fds containing a [3Fe—4S] and a
[4Fe—48] cluster, and 8Fe Fds containing two [4Fe—4S] clusters [2—4]. The [3Fe-
48] cluster with its intriguing structure, a cubane lacking a corner iron atom, and
the capability to incorporate an additional iron or other transition metal atoms
[5—7] demonstrates the structural versatility of iron—sulfur clusters.

The [3Fe—4S] cluster can be stabilized in solution in two oxidation states:
[3Fe-4S]'* and [3Fe—4S]°. In the oxidized state, [3Fe—4S]' ¥, the three high-spin
ferric atoms (S =5/2) are antiferromagnetically coupled, forming a electronic
ground state with a spin system of 1/2 [8,9]. The one electron reduced state,
[3Fe—4S]°, contains a mixed valence pair, 2 x Fe* 2> with S =9/2, and one Fe**,
S'=5/2. The system is characterized by a global S=2 spin state, arising from
antiferromagnetic coupling between the two spin systems [10—12].

In the case of iron—sulfur proteins, NMR has been invaluable for the elucidation
of solution state structures and also in the investigation of the electronic structure
of the clusters [13]. The presence of a paramagnetic cluster (or a diamagnetic
cluster, which, at room temperature, due to a fractional population of paramagnetic
excited states, can be paramagnetic) causes efficient nuclear relaxation, resulting in
broadening of resonances, and hyperfine chemical shifts which place the signals well
outside the normal diamagnetic envelope (0—10ppm for 'H) [14,15]. Paramagnetic
interactions are most severe for protons close to the metal center, namely the B-CH,
protons of the cysteinyl cluster ligands that feel the unpaired electron spin via
delocalisation through chemical bonds (contact effect) and via a ‘through space’
pseudocontact effect.
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Desulfovibrio gigas (D. gigas) is a SRB from which the 3Fe containing ferredoxin,
FdlIl, is purified. Ferredoxin II is a small protein of 58 amino acids with one
[3Fe—48S] cluster per monomer [16,17]. In the native state the protein is a tetramer,
that is easily converted to dimer after a redox cycle. The polypeptide chain contains
six cysteinyl residues and only one aromatic residue, a phenylalanine (Phe22). The
cluster is bound by Cys8, Cysl4 and Cys50; Cysl1 is available to bind the fourth
iron forming a [4Fe—48S] cluster. The two remaining cysteines, Cysl8 and Cys42,
form a disulfide bridge in the native state, FdII,,, as seen by X-ray crystallography
[18] and as detected by NMR spectroscopy [19]. Fig. 1 displays the X-ray structure
of FdII, where the features described above are illustrated.

2. NMR characterization of FdII

The D. gigas FdII in its native form, FdII_,, contains a [3Fe—4S] cluster in the
1+ oxidation state (S=1/2), and its 'H-NMR spectrum presents four broad
resonances in the low-field region, 15-30 ppm (Fig. 2A). These resonances have
characteristic features, due to the paramagnetic center, such as short longitudinal
relaxation times (77), large linewidths and chemical shifts outside the diamagnetic
region. The closest protons to the iron atoms are the B-CH, protons of the cysteinyl
binding ligands. In order to specifically assign these low-field resonances, NMR
experiments such as 1D-NOE (tailored to detect fast relaxing signals) and 2D-
NOESY (with short mixing times, of the order of the 7)s of the resonances

Fig. 1. X-ray structure of D. gigas FdII [18]. The [3Fe—4S] cluster is bound to the polypeptide chain by
Cys8, Cysl4 and Cys50. Cysll1 is tilted away from the cluster. The aromatic ring of Phe22 is shown as
well as the S—S bridge between Cysl8 and Cys42.
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Fig. 2. 'TH-NMR spectra of D. gigas FdIL (A) Full spectrum of the oxidized (native) form, with low-field
expanded region. Low-field region of the reduced, Fdll,.4 (B) and intermediate, FdIL,;,, (C) states. The
arrows indicate the four resonances that characterize the intermediate state (the sample is in equilibrium
with FdIl,..4 and a small amount of interconverted [4Fe—4S] protein) (adapted from [19,20]).

involved), were performed [20,21]. The assignment of the C14 -CH, protons to
resonances at 15.3 and 8.6 ppm, were made via 1D- and 2D-NOEs detected
between these signals and the F22 aromatic resonances (Fig. 3C, D). From the
X-ray coordinates [18], of the binding cysteines, only the -CH, protons of Cysl4
are less than 5 A from the aromatic protons of Phe22. Table 1 summarizes the
specific assignment and the 'H-NMR characteristics of the B-CH, and «-CH
proton. resonances of the three cysteinyl cluster ligands.

In the reduced state, FdIl.,, the low-field region of the 'H-NMR spectrum,
between 15 and 30 ppm, displays only one resonance at 18 ppm (Fig. 2B). Other
resonances can be seen at very low-field (ca. 200 ppm), with linewidths of about
2000 Hz, along with resonances in the high-field region at — 12 ppm and at — 80
ppm [19,22], that are the result of the increasing of the cluster paramagnetism
(S=2) in the 0 (reduced) oxidation state.

2.1. Coupling between the iron atoms in the [3Fe—4S] cluster

The chemical shift temperature dependence of the B-CH, resonances of Cys8,
Cysl14 and Cys50, was used to study the electronic properties of the oxidized cluster
[20]. Based on the proposed coupling model for the cluster iron atoms [23,24],
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described by the Hamiltonian H = J,,S,.S, + J155:.S5 + J»3S,.S;, and the contact
shift temperature dependence equation [25,26], the NMR data allowed the deter-
mination of the iron—iron spin coupling constants. The B-CH, proton resonances
of Cys50 were found to have Curie temperature behavior, while the protons of
Cys8 and Cysl4, had anti-Curie behavior (Fig. 4). This was explained assuming
different exchange coupling interactions between the three iron atoms in the
cluster, with J;=J,;=J and J, =J+ AJ (AJ>0). Values of J ca. 300 cm !
and AJ/J ca. 0.02 were used to fit the experimental data and Fe3, in the model,
was assigned to the iron in the cluster bound to Cys50. Similar J values were
reported for both [3Fe—4S] clusters of the 7Fe Fds isolated from Bacillus
schlegelii (B. schlegelii) [27] and Rhodopseudomonas palustris (R. palustris) [28].
The set of determined J values were: J;, =320, J,; =280, J,; =290 cm~! and
J1, =285, J,5;=300, J,; =320 cm ' for B. schlegelii Fd, and R. palustris Fd,
respectively. Comparing these values with those found for D. gigas FdII, it was
concluded that the magnetic interaction within the [3Fe—4S] cluster is less sym-
metric for 7Fe Fds. This is in agreement with the fact, that in B. schlegelii and
R. palustris ferredoxins, an extra resonance from the B-CH proton of Cysl4 seen
for D. gigas FdII, is not present in the downfield region of the 'H-NMR spec-
trum of 7Fe Fds.
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Fig. 3. ID-NOE spectra of D. gigas Fdll, after irradiation of the resonances at 29.3 ppm (A), 16.8 ppm
(B) and 15.3 ppm (C). (D) The low-field region in the f2 dimension of the 2D-NOESY spectrum (2 ms
mixing time). Adapted from Ref. [21].
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Table 1
Characteristic features and specific assignment of the proton resonances of the cysteinyl 3Fe cluster
ligands in D. gigas Fdll , and FdIl;,[19,20,31]*

FdII,, FdIl;,,,
o (ppm) Proton T (ms) <Ocont> O (ppm) Proton T, (ms) <Ocont >
(ppm) (ppm)
Cys 8 16.8 B-CH, 4.0 7.1 20.8 B-CH, 3.2 12.0
3.0 f'-CH, nd 8.7 f-CH, nd
1.43 a-CH nd 1.4 a-CH nd
Cys 14 153 B-CH, 7.0 9.2 13.7 B-CH, 5.8 8.0
8.6 p-CH, nd 7.8 f-CH, nd
9.7 a-CH nd 9.8 a-CH 16.4
Cys 50 29.3 B-CH, 4.3 24.1 24.1 B-CH, 3.6 19.5
244 p-CH, 3.1 20.5 p’-CH, 3.0
4.1 o-CH nd na o-CH -

4 Data obtained at 7'= 300 K, and 400 MHz. nd: not determined. na: not assigned. <d.,,,>: average
contact chemical shift for the -CH, cysteinyl protons. The contact chemical shifts were obtained after
subtracting 2.8 ppm.

2.2. The solution structure of FdlII,,

The determination of the structure of D. gigas FdIl (in both oxidized and
reduced states) in solution, besides the interest in a comparison with the X-ray
structure, will allow information to be obtained about the structural modifications
occurring in the protein after reduction of the S—S bridge between Cysl8 and
Cys42, and eventually may explain the cluster behavior in terms of coupling
between the iron spins (see Section 3). Questions raised about the oligomerization
of this ferredoxin in solution may also be answered by detecting intermonomer
NOE effects.

By using standard 2D-NMR experiments (TOCSY and NOESY with mixing
times optimized for the detection of diamagnetic spin systems) in combination with
ID-NOE experiments (tailored to detect fast relaxing signals and to correlate
resonances in both the paramagnetic and diamagnetic regions) it was possible to
assign 51 of the 58 spin systems of D. gigas FdII_,. The NMR solution structure
was determined using data from 1D-NOE and 2D-NOESY spectra, as distance
constraints, in torsion angle dynamics calculations [29]. Information about the spin
systems most affected by the cluster paramagnetism was obtained from the X-ray
structure. These calculations produced a family of 15 low target function structures
(Fig. 5) with a backbone R.M.S.D. value of 0.77 A. The global fold of the protein
in solution is very similar to the solid state; the differences observed, especially
those near the [3Fe—4S] cluster, can be attributed to the lack of constraints due to
paramagnetic bleaching. A refinement of the structure is underway, using 7', data
obtained from IR-TOCSY (inversion recovery-TOCSY) experiments, collected at
different delays [30].
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Fig. 4. Temperature dependence of the mean contact shift of the B-CH, resonances of the three cysteinyl
cluster ligands (Cys8, 14 and 50), for the oxidized (FdIl,, ) and intermediate states (FdII;,,) of D. gigas
FdII [31].

No NOEs which could be directly attributed as intermonomer were seen in the
2D-NOESY spectrum, although some unassigned cross peaks are present which
could be possible intermonomer candidates. However, if the dimer is symmetric in
solution the inter- and intramonomer interactions will be difficult to distinguish

Fig. 5. Stereo view of the superposition of the backbone atoms of the NMR family (15 structures)
obtained for the solution structure of D. gigas FdII (adapted from Ref. [29]).
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Fig. 6. Schematic representation of the behavior of D. gigas FdIl at redox potentials of the cluster
reduction (— 130 mV).

apart. The sharp lines seen in the 1D spectrum suggest that a dimer could be
present (12 kDa) in solution and that a tetramer is unlikely.

3. Characterization of the intermediate state, FdII,,

"H-NMR spectroscopy is a sensitive tool for the detection of structural alter-
ations in proteins. A redox study of D. gigas FdII identified a stable intermediate
state, FdII,,,, with characteristic hyperfine shifted signals at 24, 21.5, 21 and 14 ppm
(Fig. 2C) [19]. This intermediate state appears at redox potentials where the cluster
[3Fe—4S]'* is reduced to the [3Fe—4S]° state (ca. — 100 mV) and its characteriza-
tion by Mdssbauer and EPR techniques indicated that the 3Fe cluster remains in
the oxidized state. UV-vis redox titrations with methyl viologen indicated that
three electrons were required to fully reduce the protein and, as only one electron
is needed to reduce the cluster to the [3Fe—4S]° state, the two remaining electrons
are used to reduce the disulphide bridge present (in the native state) between Cysl8
and Cys42. The intermediate state was therefore postulated to be the protein with
the cluster oxidised and the S—S bridge broken (Fig. 6). The differences in chemical
shifts found for the lowfield region of the 'H-NMR spectrum, and Mossbauer
spectral changes, on going from FdII,, to FdIl;, were ascribed to conformational
changes resulting from the breaking/formation of this disulfide bridge [19].

The hyperfine shifted '"H-NMR resonances that characterize FdII,,, were specifi-
cally assigned to the B-CH, protons of the cysteinyl cluster ligands, Cys8, Cysl4
and Cys50, based on the data obtained from 1D-NOE and 2D-NOESY experi-
ments, and by comparison with FdII_, [31].

The study of the temperature behavior of these resonances showed that one pair
of B-CH, protons has Curie dependence while the other two have anti-Curie (Fig.
4). A comparison with the same proton resonances in FdII,, showed that the
B-CH, pair with Curie dependence, belonging to Cys50, is assigned to Cysl4 in
FdII,,,. Thus the Fe spin coupling in the cluster appears to be changed by the
opening of the disulfide bridge. The model proposed for FdII,, (see Section 2.1.),
where a small AJ, i.e. small differences in the iron spin coupling constants, explains
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the Curie temperature behavior of Cys50, is only valid if different coupling
constants between the iron electronic spin and the nuclear B-CH, spin, 4, are
introduced. This becomes evident as the slope of the temperature dependence
curves are maintained for both FdII_, and FdIl;,, as can be seen in Fig. 4. In order
to reach a conclusion about the spin coupling alterations in FdII;,, the 4 values
need to be determined experimentally.

The empirical relationship between the chemical shifts of the hyperfine shifted
B-CH, proton resonances and the Fe—S—CB—Cu dihedral angles (0), § = a sin? 0 +
b cos 0 = ¢, is a modified Karplus equation that takes into account both © and o
mechanisms of spin delocalization [32]. The equation has been applied to the
[3Fe—48] cluster containing proteins, D. gigas FdIl and Azotobacter vinelandii, for
which both NMR data and X-ray structures are available [18,33]. In this way it was
possible to show that the angles vary on going from FdII,, to FdII,,, indicating that
the environment at the cluster changes on breakage of the disulfide bond.

Direct evidence for the cleavage of the disulfide bridge has been obtained by
inspection of the 2D-NOESY spectra of D. gigas Fdll,,, and D. gigas Fdll,4 in the
region where correlations between H, of Cysl18 and Hy of Cys42 are seen. The
H,—Hj cross peaks are seen to diminish when FdII, is reduced [31].

4. Conclusions

NMR has proved to be an unique tool to study small iron—sulfur containing
proteins. Different redox states can be detected via NMR, structural changes in the
cluster vicinity and electronic properties of the center can be investigated, and
solution structures, even in the presence of a paramagnetic cluster, can be deter-
mined [13].

D. gigas FdII, being able to transfer three electrons in a single redox step,
involving the [3Fe—4S] cluster and taking the advantage of the presence of a
disulfide bridge, is a fascinating electron transfer system. A further two electron
reduction of the cluster, at redox potentials around — 600 mV, leads to a formal
[3Fe—4S]? ~ oxidation state. This state has been detected by electrochemical studies
for several 7Fe containing proteins [34—-36], and also for the 3Fe interconverted
form of Pyrococcus furiosus (P. furiosus) Fd [37] and D. gigas FdII [38]. This
implies that FdII can transfer a total of five electrons over a wide range of redox
potentials.
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