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ABSTRACT: The oxidized form of the [Fe,—S,] ferredoxin I from Desulfovibrio desulfuricans Norway (DdN Fd I)
was investigated by 'H and '3C NMR spectroscopy. The sequence-specific 'H assignments of 93% of the amino
acid residues of the whole protein, a complete determination of its secondary structure and an identification of a
disulfide bridge are reported. The secondary structure of DdN Fd I was determined from both sequential and
spatial NOEs. These NOEs reveal two anti-parallel f-sheets including Thr1-Ile4 and Glu59-Ile56, Val22-Ile26 and
Thr35-Lys31, one helical segment (ranging from Ala41 to Asp49) and three tight turns. Three-dimensional features
of DAN Fd I were evidenced from long-range NOE cross peaks between the secondary structural elements of the
protein. Among them, a possible disulfide bridge, located between the pair of cysteines which are not coordinated
to the cluster, was indicated by a 13C-'H HSQC experiment at natural abundance. The comparison of secondary
structural elements and tertiary contacts of DdN Fd I protein with those of ferredoxins from mesophilic bacteria
Desulfovibrio gigas and Desulfovibrio africanus and that from the hyperthermostable archaeon Thermococcus lito-
ralis confirms that DdN Fd I exhibits the same global protein folding topology as the others. The chemical shifts of
DdN Fd I were compared with those of other monocluster-type ferredoxins. They show a peculiar conservation of

the hydrophobic core of these ferredoxins. © 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Iron—sulfur proteins are widely distributed in nature.’
Iron—sulfur proteins are ubiquitous electron transport
proteins, which perform a large variety of chemical
reactions from steroid hydroxylation, CO, and H, fix-
ation to oxidative phosphorylation and photosynthesis.
Such specific electronic transfers are processed via inor-
ganic moieties, the Fe/S centers, bound to cysteines.?
Several studies®® have led to progress in the know-
ledge of the electron transfer and regulation of the
redox potential of these proteins.

Bacterial ferredoxins’ are the simplest iron-sulfur
proteins. Most of them have one or two ([Fe,—S,] or
[Fe;—S,]) clusters per molecule and among them
several atomic structures are available from x-ray dif-
fraction studies®!> and NMR data.'®~?! The low-
potential ferredoxins exhibit a wide range of redox
potential, ranging from —150 to —645 mV. However,
no clear structural parameter can account for the differ-
ences observed with respect to redox midpoint poten-
tials. In addition to x-ray studies, ferredoxins have also
been the subject of numerous spectroscopic investiga-
tions by means of Mdssbauer, EPR and ENDOR tech-
niques.!'?? More recently, appropriate 2D NMR
methodology!4—2¢ allowed the sequence-specific assign-
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ments of the amino acid residues close to the paramag-
netic centers.> 34

The ferredoxin DAN Fd 1 was purified from the
sulfate-reducing bacterium Desulfovibrio desulfuricans
strain Norway. This ferredoxin is a small iron—sulfur
protein of 59 amino acids containing a single [Fe,—S,]
cluster which presents two redox states ([Fe,~S,]**
and [Fe,~S,]") with a redox potential of —375 mV.
DdN Fd I shows high sequence similarities to ferredox-
ins from mesophilic bacteria such as 3Fe Desulfovibrio
gigas (Dg Fd II) and 4Fe Desulfovibrio africanus (Da Fd
I) with amino acid identities of 46 and 41%, respec-
tively, and, at a lesser extent (37%), with the hyper-
thermostable 4Fe Thermococcus litoralis ferredoxin (T
Fd).

X-ray structures of both Dg Fd II'? and Da Fd I'?
are known at 1.7 and 2.3 A resolution, respectively. A
molecular model of the solution structure for the 4Fe T1
Fd was proposed by Wang et al.>® The x-ray structure
of the oxidized 3Fe form of the single-cluster Dg Fd II'?
revealed the existence of a disulfide bridge between the
two cysteines that remain from the consensus sequence
of deleted cluster 2. Such a disulfide bridge was found
again in oxidized 3Fe Pyrococcus furiosus ferredoxin (Pf
Fd);3¢ it was suggested that the disulfide bridge might
represent another supplementary way for electron trans-
port.

NMR characterization of the DAN Fd I molecule was
initiated with the aim of gaining some insight into the
structural relationship between this ferredoxin and its
biological partners. A preliminary NMR study,’’
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oriented towards the detection of the slowly relaxing
protons (i.e. in the diamagnetic region), has already
shown the presence of an a-helix in the protein. In a
previous paper,3® we presented the 'H NMR spectral
properties of the cluster-ligated Cys in both redox states
of DAN Fd L

We report here the sequence-specific 'H NMR
assignments for DAN Fd I and the secondary structure
derived from NOEs between different backbone protons
and from observations of slowed exchange of hydrogen-
bonded amide protons with the solvent. The spatial
relationship between secondary structural elements of
DdN Fd 1 is evidenced and compared with those of
other mesophilic (Desulfovibrio type) and hyper-
thermostable (Archaea type) ferredoxins. Cross-peak
NOEs for residues near Cys19 and Cys43 suggest the
existence of a disulfide bridge in the oxidized form of
DdN Fd 1.

EXPERIMENTAL

Sample preparation

DAdN Fd 1 was purified as reported previously.>® NMR
samples were prepared in 0.1 M potassium phosphate
buffer (pH 5.9). Two samples were used, one in 90%
H,0-10% D,O at a protein concentration of 5.0 mm
and the other in D,O (final concentration 2.3 mm, after
five solvent exchanges on an Amicon Centricon micro-
concentrator.

NMR spectroscopy

NMR experiments of the DAN Fd I were recorded on a
Bruker Avance DRX 500 spectrometer. The experi-
ments were performed at 283 and 298 K. 'H chemical
shifts were referenced to the water signal resonance set
to 4.78 ppm at 298 K. Generally, spectra were recorded
with a spectral width of 6000 Hz.

At 283 and 298 K, TOCSY [512 (t;) x 2048 (t,)]
complex data points and NOESY (4096 x 512) were
acquired in either H,O or D,0. TOCSY experiments
were performed with quadrature detection in both
dimensions using an MLEV-17 scheme.?° The spin lock
times were 60 and 80 ms. When needed, the water peak
was eliminated by presaturation during the appropriate
delays.

Phase-sensitive DQF COSY [512 (t;) x 4096 (t,)]
complex data points with presaturation during relax-
ation delay were acquired at 298 K in H,0.#°

Phase-sensitive two-dimensional nuclear Overhauser
effect spectra (NOESY)*! with watergate composite
were acquired using TPPI with mixing times of 100, 150
and 300 ms.

The '3C-'H correlation spectrum was recorded at
298 K, at natural abundance (protein concentration 5
mwm) using the HSQC pulse sequence.***3 The HSQC
was collected into 2048 complex data points in the ¢,
dimension and 256 complex data points in the ¢, dimen-
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sion with 800 scans per t; experiment. The spectral
widths were 6009.6 and 12576.2 Hz in F, and F,,
respectively. '*C decoupling during acquisition was
achieved using the GARP sequence.** Carbon chemical
shifts were calibrated by setting the zero point of the
13C frequency scale equal to 0.25145002 times the
proton zero frequency.

All 2D data processing was performed on a Silicon
Graphics workstation using the MSI FELIX 95.0 soft-
ware package (Hare Research) including the semi-
automatic assignment procedure (ASSIGN).

The t; dimension was zero-filled to 2048 real data
points with both dimensions being multiplied by a sine-
bell function shifted by 90° before Fourier transform-
ation. A fifth-order polynomial baseline correction was
used to improve the appearance of the spectra.

NOE cross-peak intensities were measured using the
integration function within MSI FELIX 95.0. The cali-
bration curve was based on the d, cross-peaks, which
correspond to a known distance (d,y f-sheet = 2.2 A%%)
and classified as strong, medium and weak, correspond-
ing to 1.8-2.7, 1.8-3.5 and 1.8-5.0 A, respectively.*¢

Molecular modeling

As spin systems are often incomplete, owing to para-
magnetic effects, a structural model was used in the pre-
vious 'H NMR study®? as a guide for assignments of
the protons belonging to the cluster-ligated cysteines.
Such an essential tool was used again in the present
study to support the assignments of a few other fast-
relaxing protons lying at short distances from the
cluster.

The initial 3D model for DAN Fd I was generated,
using a set of coordinates obtained from the x-ray struc-
ture of Dg Fd II'? (a closely related but [Fe;—S,]
cluster ferredoxin), by substituting amino acids when
needed and by inserting the [Fe,—S,] center of the
monocluster ferredoxin from Bacillus thermoproteoly-
ticus (Bt Fd).!° The molecular modeling was performed
using the computer software packages HOMOLOGY,
INSIGHT IT and DISCOVER from MSI.

The refinement®? of the initial structure of DdN Fd I
was performed with X-Plor*’ using the topology and
parameters files tophopls.pro and parhopls.pro derived
from AMBER plus additional parameters for the iron—
sulfur site.*®* During the process of refinement, the
geometry of the cluster was preserved.

The atomic coordinates of the x-ray structures of Dg
Fd II, Da Fd I and Bt Fd were used to calculate the
water access surface by residue for each ferredoxin. The
algorithm used is from Kabsch and Sander’s** DSSP
program (TURBO-FRODO).

RESULTS AND DISCUSSION

Sequence-specific assignments of 'H resonances

Sequence-specific assignments of the residues, in the dia-
magnetic region, were achieved following the method
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descried by Wiithrich.*> Forty-one backbone amide
resonances were correlated with side-chain spin systems
by DQF COSY and TOCSY recorded in H,O at 283
and 298 K. Some spin systems not resolved were recog-
nized from analogous experiments carried out in D,0O.

All pro residues (Pro20, Pro37 and Pro52) were iden-
tified by the TOCSY lines starting from their 64’
protons to their aH proton; their connectivities were
established by the a;—06;,,; and o;—N;,; medium NOE
cross  peaks: aHCys19-00HPro20, oHAla36—
00'HPro37 and aHPro52-HNVal53. Sequential assign-
ments of the other amino acid residues were made by
the sequential daN(i, i + 1) and 6NN(, i + 1) connecti-
vities. The NH-NH region of a NOESY spectrum (150
ms) in H,O is shown in Fig. 1. This spectrum illustrates
the characteristic sequential assignments of helix seg-
ments. Figure 3(A) provides a summary of the sequen-
tial and medium-range NOEs observed for the DdN Fd
L

A previous study3? with NMR experiments tailored
to the detection of fast-relaxing resonances led to the
complete assignments of the cysteines [Cys9 (I), Cys12
(II), Cys15 (III) and Cys51 (IV) ligating the cluster.
These experiments also permitted the sequential assign-
ments of other residues located in the proximity of the
cluster (Leul8, Phe23 and Ala47), which exhibit NOE
cross peaks with Cys15 (III). Val22 was unambiguously
identified because of its NOEs towards aromatic
protons of Phe23 and also the characteristic upfield
peak of one of its y-CH; group. Such an anisotropic
shield effect was observed previously as a unique feature
in the spectra of Pfand TI ferredoxins. The spin system
assigned to Ib4, Vall6, Ala32 and Ib56 were only
observed in TOCSY with short spin-lock (range 4-15
ms) and NOESY with mixing times of 10 and 20 ms.?3
The spin system of 110 was assigned by exclusion.

9.1 8.4 7.7 7.0
Dl (ppm)

Figure 1. NH region of a 150 ms NOESY NMR spectrum
of DAN Fd | [H,0-D,0 (90:10), 298 K] showing the
sequential NH; to NH,_, connectivities between residues
17 to 19 and 42 to 50.

© 1998 John Wiley & Sons, Ltd.

The use of a model of the protein structure was
helpful in correlating data obtained from TOCSY
experiments, with short and long mixing times. Never-
theless, all the spin systems expected for DdN Fd I were
not fully observed. Among the 59 spin systems of the
ferredoxin, four spin systems were completely missing:
those of Glyll, Glul3, Ser14 and Ala55. However, the
protein model predicts all these four residues to be in
the close vicinity of the cluster, resulting in very large
broadening of the respective resonance lines due to
paramagnetic effects.2®> The sequence-specific assign-
ments of 'H resonances resulting from these spectra are
summarized in Table 1.

Analysis of the '3C "H correlation spectrum of the
DdN Fd |

The *C—'H correlation spectrum of the DAN Fd I (Fig.
2) was recorded at natural abundance in order to cor-
roborate the existence of a disulfide bridge. The assign-
ment of the 13C spectrum was greatly assisted by the
availability of *H resonance assignments of DN Fd I.
Most of the protons attached to the same carbon were
unambiguously identified (complete results not shown
here). Figure 2 shows an expansion of the area of inter-
est (i.e. the B’ chemical shift region of cysteines) in the
13C-'H correlation (HSQC) spectrum of DN Fd I
Two BPHCys19 and two BBHCys43 protons pre-
viously assigned at 3.41/2.64 ppm and 3.80/2.91 ppm
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Figure 2. "3C-"H HSQC spectrum of the oxidized DdN Fd
I. The inset shows the gf’ chemical shifts region of cyste-
ines. The "3C, of Cys19 and Cys43 chemical shift values
are 34.6 and 32.2 ppm, respectively.
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Table 1. Sequence-specific assignments of the protons of the oxidized form of D. desulfuri-
cans Norway ferredoxin I in H,O at pH 5.9 and 298 K

Residue NH H, H, H, H; Others
Thr 1 417 3.83 1.16

Ile 2 9.11 4.69 1.78 1.60/1.18/0.84 0.82

Val 3 9.05 4.56 1.92 0.83/0.77

Ile 4 8.61 4.94 1.92 1.26/1.03/0.87 0.68

Asp 5 8.89 4.69 2.50/2.93

His 6 8.44 4.72 2.75/2.91 8.70/7.35
Glu 7 8.65 442 1.98 2.19

Glu 8 8.51 4.43 2.11 2.63/2.79

Cys 9 4.11 B./B, 11.25/1.57

Ile10 8.94 4.65 1.79 1.58/1.11/0.81 0.75

Gly11

Cysl2 10.51 B.8, 10.2/16.87

Glul3

Serl4

Cysl5 7.14 B1/B, 16.08/4.57

Vall6 6.67 3.53 2.31 1.14

Glul7 7.73 3.98 2.02/2.11 2.26/2.38

Leul8 7.92 4.15 1.45/1.17 1.73 0.77/0.46

Cys19 8.11 5.49 3.41/2.64

Pro20 — 5.09 2.64/2.15 2.03/2.00 3.68/3.81

Glu21 8.78 4.24 1.98/1.79 2.11

Val22 7.62 3.93 1.29 0.69/ — 0.02

Phe23 7.38 5.54 3.04/2.33 6.86/6.82
Ala24 8.74 4.68 1.36

Met25 8.76 5.33 2.01/2.15 2.56/2.81

Tle26 8.77 3.81 1.69 1.56/1.06/0.65 0.87

Asp27 8.51 441 2.52/2.79

Gly28 8.76 3.71/3.73

Glu29 7.98 4.62 1.71/1.87 2.03/2.15

Glu30 8.67 441 1.80/1.95 2.16

Lys31 8.32 5.26 1.53 2.74/2.37
Ala32 7.55 5.71 221

Met33 9.47 5.04 2.16/1.94 242/2.22

Val34 8.43 4.42 2.65 0.90/0.86

Thr35 9.07 4.24 3.86 1.04

Ala36 6.48 5.05 1.32

Pro37 — 4.19 2.64/2.44 1.98/2.07 3.24/3.70

Asp38 8.52 491 2.64/2.54

Ser39 8.78 4.19 3.73

Thr40 8.75 4.42 4.16 1.07

Ala41 8.61 4.13 131

Glu42 9.19 4.07 2.04/2.08 242

Cys43 8.44 4.72 3.80/2.91

Ala44 7.69 3.99 1.37

Gln45 7.68 3.79 2.09 2.36 6.74/7.82
Asp46 6.99 4.19 2.56/2.67

Ala47 7.71 3.49 0.91

Tle48 7.89 3.18 1.84 1.69/0.53/0.67 0.78

Asp49 8.09 4.34 2.64

Ala50 7.34 4.14 1.33

Cys51 7.29 4.35 BB, 6.26/11.69

Pro52 — 4.03 2.43/2.30 2.02 3.22/3.58

Val53 8.81 441 2.09 1.02/0.63

Glu54 8.31 3.94 2.05/2.17 2.37

Ala55

Tle56 7.33 5.19 191 1.67/0.91

Ser57 9.32 4.66 3.74

Lys58 8.35 5.16 1.66/1.54 1.26 0.91 3.22/2.77/7.29
Glu59 8.72 4217 1.88/1.78 2.05

© 1998 John Wiley & Sons, Ltd.
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were correlated with the *C,Cys19 and '*C,Cys43 at
34.6 and 32.2 ppm, respectively.

Secondary structure

The elements of secondary structure shown in DdN Fd I
consist of one a-helix («B), two f-sheets (A and fSB)
and three tight turns (B, C and E) (Fig. 3).

The o-helix B («B) is evidenced by eight dyng,i+1)
NOEs: they form a continuous set ranging from Ala41
to Asp49 [Figs 1 and 3(A)]. Such a secondary structural
element is also found in other monocluster ferredoxins
within equivalent positions. This a-helix B has the same
length in DdN Fd I, Dg Fd II and TI Fd [see Fig. 3(A),
(C) and (D)] but it is three residues longer in Pf Fd and
Da Fd. In addition, two medium-range NOEs,
oHVall6—-NHCys19 and o«HGIul7-NHCys19 [Fig.
3(A)] were observed in DdN Fd I, they suggest the pres-
ence of a helical segment, such as the short one (xA)
found, at equivalent positions, in Dg Fd II and T1 Fd
[Fig. 3(C) and (D)]. This short a-helix A was not fully
observed in DdAN Fd I because of a close proximity to
the cluster.

The S-sheet B (fB) was identified by inter-strand
NOE interactions arising from protons involved in the
short aH~«H; distances. A first pattern involves
oHPhe23-aHVal34 and includes NOEs to the i + 1 and
j+ 1 amide NHs («HPhe23-NHAla24 and aHVal34-

NHThr35) describing a trapezoid shape which charac-
terizes an anti-parallel f-sheet [Fig. 4(B)]. A second
pattern involves oHMet25-aHAla32, oHMet25—
NHIle26 and aHAla32-NHMet33. These patterns are
characteristic of an anti-parallel f-strand (fB) in the
inner core of the protein.

The p-sheet A (BA) formed by the N- and C-termini
of the protein was identified by four inter-strand NOE
interactions that involve aHIle2-aHLys58, aHLys58—
NHVal3, «HIle4-NHSer57 and NHVal3—-NHSer57
NOEs [see Fig. 4(A)]. The small number of NOESY
cross peaks observed in the f-sheet A is due to near
degeneracy because of the proximity of the [4Fe-4S]
cluster. Therefore, an aHIle4—aHIle56 NOESY cross
peak is not detected. These data confirm the existence of
a short anti-parallel f-strand (fA) consisting of amino
acids Thrl-Ile4 and Glu59-Ile56. It is of interest to
note that the double-stranded f-sheet A found in DdN
Fd I corresponds to the structural element found in Dg
Fd II [Fig. 3(C)] rather than to the triple-stranded one
[Fig. 3(D)] observed in the hyperthermostable ferredox-
in from TI Fd'® and PfFd.2°

Analysis of the NMR experiments made with the
D,0O sample reveals the location of the hydrogen-
bonded amide protons. This analysis confirms both
B-sheet structures found in DAN Fd I; the protons
involved in hydrogen bonds are indicated by circles in
Fig. 4(A) (B-sheet A) and in 4(B) (S-sheet B).

The presence of a-helical and S-sheet structures can

A DdN Fd TIVI;HEEC;IOGCES1(;VELCzPoEVFAMIDGESEOKAMV?'IS'APDSt;AECA“anAID:CPVESZI SKE
i-Nit] - on snoles —_mas B - m_
Ni-Njy| = . unll = = L _esesllle == _
Bi-Ni+1 —m -, m = - - e .
-8 i1y - - L
®i-Nj+3 T — —_
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A DdN Fd
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Figure 3. Sequences and secondary structure elements of DdN Fd | (A), Dg Fd Il and T/ Fd | (C, D). Summary of NOE
information obtained for the DdN Fd | in H,0-D,0 (90: 10) at pH 5.9. The thickness of the lines indicates the intensities
of the NOE cross peaks, which are strong, medium and weak. (B) «H shift index data for DdN Fd | providing an indica-

tion of secondary structure.
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H

Figure 4. Representation of the g-sheet secondary structures in DdN Fd I: (A) B-sheet A; (B) p-sheet B. The pattern of
observed NOEs is indicated by double-headed arrows. The presence of the inter-strand hydrogen bonds is shown by
dashed lines. The slowly exchanging backbone amide protons are marked by circles.

be confirmed by the observation of secondary chemical
shift indexes>° of the a-protons in DdN Fd I [Fig. 3(B)].
The sudden changes in the chemical shift index involv-
ing residues 18-20, 26—29 and 52-54 are indicative of
B-turns which are conserved in other ferredoxins.

Three tight turns (B, C and E) are described in Fig.
3(A). The p-turn B is well defined by medium, strong
and medium NHGIu21-NHVal22, NHVal22-NHPhe23
and NHGIu21-NHPhe23 NOEs, respectively [Figs 3(A)
and 4(B)]. The B-turn C also is confirmed by two
medium NOEs, NHGIly28-NHGIu29 and NHGIlu29-
NHGIu30, as illustrated in Figs 3(A) and 4(B). The
p-turn E, present just after Cys 51 (IV) in Dg Fd II, is
also well defined in DAN Fd I by an NHVal53-
NHGIu54 NOE cross peak [Fig. 3(A)]. Moreover, in
the NOESY spectra with short mixing times (10 and 20
ms) in D, 0, the Cy;H of Cys51 exhibits two NOE cross
peaks, with resonances at 3.98 and 8.30 ppm, which
belong to oH and NH of Glu54, respectively.*?

The B-turns B and C appear to be conserved in the
monocluster-type ferredoxins. The f-turn A (found in
Dg Fd II and TI Fd I) from His6 through Cys9 is not
detectable in our data. The f-turn D which appears in
the crystallographic structure of Dg Fd II*? at amino
acid positions 35-38 corresponding to the 36-39
residue range in DdN Fd I was not found.

© 1998 John Wiley & Sons, Ltd.

The 'H NMR study presented here shows that the
[4Fe—4S] ferredoxin I from D. desulfuricans Norway in
50 mm phosphate buffer at pH 5.9 and 25°C adopts
globally the same fold as other monocluster-type meso-
philic ferredoxins from Desulfovibrio and reveals only
minor differences from hyperthermostable ferredoxins.

Tertiary structure

Some long-range NOEs were observed in the 'H NMR
data, obtained with short mixing times, between the
cluster and the secondary structural elements. For
example, the «HCys15 (III) exhibits NOE cross peaks to
oHAla47 and fHAIla47. This indicates that part of the
a-helix B lies in the vicinity of the iron cluster (Fig. 5).
Moreover, the observed (weak oHVal22-HNThr35
and medium oHVal22-HNAla36) NOEs cross-peaks
are consistent with the 3.7 and 3.2 A distances from the
analogous residues found in the crystal structure of Dg
Fd IL.}2 Such observed NOEs indicate a hydrogen bond
between the NH of Thr35 and the carbonyl of Val22
[Fig. 4(B)]. In addition, the buried character of the
amide proton Thr35 is supported by the proton
exchange data. The analysis of the NMR experiments in
DdN Fd I shows that the region ranging from Leul8 to
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Figure 5. Schematic diagram of DdN Fd | displaying
o-helix B, B-sheets A and B and turns. NT and CT rep-
resent N- and C-terminus, respectively. The labeling of
the secondary structure elements corresponds to that in
Fig. 3.

Ala36 is buried and also highly structured, comprising
one f-sheet (fB) and two turns (B and C) [Figs 3(A) and
4(B)]. This region is also in the close neighbourhood of
the o-helix B. In fact, long range NOEs between
PHLeul8-HNCys43 and yHLeul8fHCys43 were
indeed observed; they suggest the possible presence of a
disulfide bridge. Analogous tertiary NOEs were found
in 4 Fe Tl Fd (with NOE cross peaks at equivalent
positions, i.e. between HIle19 and fHCys43).

In order to examine the existence of such a disulfide
bridge at 298 K in DdN Fd I, we carried out a '3C-'H
HSQC experiment at natural abundance on this ferre-
doxin. These experiments are based on work published
by Chandrasekhar et al.>! on the reduced and oxidized
forms from the Escherichia coli thioredoxin.

This paper illustrates that '3C, chemical shifts for
cysteines differ markedly between the disulfide and thiol
states. For example, in the reduced thioredoxin, the
13C, of Cys32 and Cys35 chemical shift values are 24.3
and 25.9 ppm, respectively, to be compared with the
corresponding downfield shifted values of 41.9 and 32.9
ppm in the disulfide state. The *3C chemical shift values
found in the '3C-'H HSQC experiment for S HCys19
and BB'HCys43 were found to be 34.6 and 32.2 ppm,
respectively. These values, comparable to those of the
oxidized thioredoxin, are more characteristic of a dis-
ulfide bond; they strengthen the observations made in
'H NMR experiments.

The participation of a disulfide group in the redox

Table 2. Comparison of chemical shift values of the Leu18 to
Phe23 segment in DdN Fd | with equivalent data for 4Fe T/ Fd,
3Fe PfFd and Tm Fd

DdN Fd 4Fe Tl Fd 3Fe PfFd Tm Fd
(298 K (303 K (303 K (303K
pH 5.9) pH 7.5) pH 7.0-8.0) pH 6.0)
Leul8 Ile19 Leu20 Leul9
NH 7.92 8.01 8.34 7.99
oH 4.15 4.01 4.19 4.19
Cysl19 Cys20 Cys21 Cys20
NH 8.11 8.15 7.90 8.13
oH 5.49 5.51 5.18 5.39
BH 3.41/2.64 3.46/2.71 3.17/2.95 3.44/2.64
Pro20 Pro21 Pro22 Pro21
oH 5.09 513 495 5.14
BH 2.64/2.15 2.65/2.06 3.17/2.95 2.70/2.14
Val22 Val23 Val24 Val23
NH 7.62 7.68 7.63 7.60
oH 393 3.84 391 371
B'H 1.30 1.29 143 1.48
yyH 0.69/ — 0.02 0.64/ — 0.13 0.76/ — 0.05 0.72/0.00
Phe23 Phe24 Phe25 Phe24
NH 7.38 7.92 791 7.82
oH 5.54 5.52 5.03 5.46
BFH 3.04/2.33 2.85/2.24 2.78/2.30 2.89/2.31

© 1998 John Wiley & Sons, Ltd.
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cycle for an iron—sulfur cluster protein was proposed for
both 3Fe Pf Fd and Dg Fd II. It is noted that DdN Fd
I, like Dg Fd, Pf Fd and TI Fd, possesses Cys (V) and
Cys (VI) opposite to the cluster, capable of forming a
disulfide bridge. Our 'H NMR and !*C NMR data
strongly support the presence of such a disulfide bridge
between the two non-ligating Cys residues [Cys19 (V)
and Cys43 (VI)] at the N-terminus of the a-helix B in
DdN Fd 1. The pair formed by Cys19 and Cys43 present
in DAN Fd I is homologous with that participating in
the disulfide bridge in Dg Fd I1.12

A comparison of the chemical shift values of DdAN Fd
I with those of other oxidized monocluster-type ferre-
doxins 4Fe Tl Fd, 3Fe Pf Fd>? and Thermotoga mari-
tima ferredoxin (Tm Fd)*? reveals striking similarities
located in a hydrophobic region ranging from Leul8 to
Phe23 (Table 2). Indeed, in Dg Fd II, Da Fd I and Bt Fd
ferredoxins the residues Leul8, Cysl19, Pro20, Val22
and Phe23 were found to have a minimal water access
surface (see Experimental).

It is of particular interest to note that the disulfide
bridge, previously suggested, originates from Cys19.
This fact therefore demonstrates that the reported high
conservation of the 3D structure in the vicinity of the
cluster, illustrated by striking similarities among the
chemical shifts of the cysteine f-CH, protons of several
oxidized 4Fe ferredoxins,*3 extends to the vicinity of the
disulfide bridge. Such a conservation of the local 3D
structure corroborates the idea of a role of the disulfide
bridge in the redox process®® in addition to the Fe-S
cluster.
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