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Abstract The structure of desulfoferrodoxin (DFX), a
protein containing two mononuclear non-heme iron
centres, has been solved by the MAD method using
phases determined at 2.8 A resolution. The iron atoms
in the native protein were used as the anomalous scat-
terers. The model was built from an electron density
map obtained after density modification and refined
against data collected at 1.9 A. Desulfoferrodoxin is a
homodimer which can be described in terms of two do-
mains, each with two crystallographically equivalent
non-heme mononuclear iron centres. Domain I is simi-
lar to desulforedoxin with distorted rubredoxin-type
centres, and domain II has iron centres with square py-
ramidal coordination to four nitrogens from histidines
as the equatorial ligands and one sulfur from a cysteine
as the axial ligand. Domain I in DFX shows a remarka-
ble structural fit with the DX homodimer. Further-
more, three B-sheets extending from one monomer to
another in DFX, two in domain I and one in domain II,
strongly support the assumption of DFX as a functional

A.V. Coelho . )
Chemistry Department, Universidade de Evora, P-7000 Evora,
Portugal

A. Thompson
EMBL Grenoble Outstation, c¢/o ILL 20, BP-156,
F-38042 Grenoble Cedex, France

A. Gonzalez'
ESRF, BP-220, F-38043 Grenoble Cedex, France

V. Fiilop

Laboratory of Molecular Biophysics and Oxford Centre for
Molecular Sciences, University of Oxford, South Parks Road,
Oxford OX1 3QU, UK

A.V. Coelho - P. Matias - M.A. Carrondo (X)

Instituto de Tecnologia Quimica ¢ Bioldgica, Apartado 127,
P-2780 Oeiras, Portugal

Tel.: +351-1-4418215; Fax: +351-1-4411277;

e-mail: carrondo(@itgb.unl.pt

Present address:
'"EMBL, c/o DESY, Notkestrasse 85, D-22603 Hamburg,
Germany

dimer. A calcium ion, indispensable in the crystallisa-
tion process, was assumed at the dimer interface and
appears to contribute to dimer stabilisation. The C-ter-
minal domain in the monomer has a topology fold sim-
ilar to that of fibronectin III.
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ATCC 27774 - D.v. Desulfovibrio vulgaris
Hildenborough - D.g. Desulfovibrio gigas -
rubredoxin oxidoreductase
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Introduction

The precise functional activity of several mononuclear
non-heme iron proteins isolated from anaerobic sul-
fate-reducing bacteria is still unknown [1-5]. However,
these proteins seem to play a role in the electron trans-
fer chain of the sulfate reducing-bacteria, and enzymat-
ic functions can be attributed to some of them [5]. De-
sulfoferrodoxin (DFX) has been isolated from the sul-
fate-reducing bacteria Desulfovibrio (D.) desulfuricans
ATCC 27774 (D.d.), grown in nitrate medium [1] and
from D. vulgaris Hildenborough (D.v.), grown in sul-
fate medium [1, 2]. Their molecular mass and subunit
composition were determined by gel filtration and
SDS-PAGE. Moura et al. found a 14 kDa monomer [1],
while Verhagen et al. reported a dimer with a molecu-
lar mass of 2x 14 kDa [2]. A value of 13881.3 Da was
further determined by electrospray analysis for the pro-
tein isolated from D. desulfuricans [6]. An iron content
of two atoms per monomer was determined for both
proteins.

DFX was isolated from D. desulfuricans ATCC
27774 in two oxidation states; the oxidised, grey form
and the semi-reduced, pink form. Both states can be in-
terconverted by addition of appropriate oxidising or re-



ducing reagents [7]. Spectroscopic studies of DFX, us-
ing optical spectroscopy, EPR and Mossbauer tech-
niques [1, 8], suggest the existence of two different iron
centers; centre I similar to the desulforedoxin (DX)
centre, coordinated by four cysteines in a distorted te-
trahedral geometry, and centre II with an octahedral
coordination mainly by nitrogen and/or oxygen ligands.
The possibility of pentagonal coordination for this cen-
tre was not, however, completely discounted [6]. Based
on resonance Raman spectroscopy studies, a partial
cysteinyl S coordination was proposed for centre II in
its reduced form, and for the protein with this centre in
the oxidised form the same studies indicated a probable
coordination of two cysteines and at least, one histidine
ligand [8]. The subsequent determination of the DFX
primary structure showed five cysteine residues, sug-
gesting that if four of them were involved in the coordi-
nation of centre I only one would be left to coordinate
at centre II [6].

The midpoint redox potentials for both DFX iron-
centres are 4 mV for centre I and 240 mV for centre II.
The large difference between these values allows the
separation of the protein into three oxidation states.
Furthermore, the high redox potential value for centre
IT explains the stability of an aerobically stable semi-
reduced form.

DFX was only found in D.d. and D.v. but not in De-
sulfovibrio gigas (D.g). On the other hand, desulfore-
doxin (DX), and neelaredoxin (NI) were only found in
D.g. but not in D.d. and D.v.[3, 5]. Some correlation
between DFX molecules with DX and NI has already
been attempted based on spectroscopic data and se-
quence identity; this correlation will be completed
when three-dimensional structures of the proteins be-
come available.

The DX structure determined by X-ray crystallogra-
phy [9] shows that each monomer contains an FeCys,
rubredoxin(Rb)-like centre [4] in a distorted tetrahe-
dral arrangement. A non-crystallographic twofold axis
relates the two monomers, which are firmly hydrogen
bonded and folded as an incomplete B-barrel, with the
two iron centres placed at opposite poles of the mole-
cule. The structure of NI has not yet been determined.
However, it is known that this protein contains two iron
atoms, and its N-terminal sequence has some homology
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with the second domain of DFX (50% identity with
DFX from D.d.), as can be seen in Fig. 1. This result,
together with optical spectroscopy studies and EPR
measurements performed at neutral pH, suggest struc-
tural similarity between the neelaredoxin iron centre
and DFX centre IT [3].

The polypeptide sequence of DFX from D.d. was
determined by Devreese et al. [6], while that from D.v.
was deduced from its nucleotide sequence [10]. The lat-
ter protein was previously called rubredoxin oxidore-
ductase (rbo) by Brumlik et al., who regarded the pro-
tein encoded by this gene as a potential redox partner
for rubredoxin, since its open reading frame is up-
stream from the gene encoding rubredoxin. The two
DFX proteins have 77% sequence identity. DX, how-
ever, has 53% similarity with the first 36 residues of
DFX from D.d. (domain I) and 56% with the same re-
gion in DFX from D.v. The sequence alignment of
these three proteins is presented in Fig. 1. The similari-
ty between DX and the corresponding counterpart of
the rbo gene prompted Brumlik et al. [11] to suggest
that rbo may be the product of a gene fusion between
DX and another redox protein. The evidence presented
above indicates neelaredoxin as the natural candidate
[5].

Mononuclear iron centres combining nitrogen and
oxygen ligands are already well described, for example,
in the non-heme iron centre of the photosynthetic reac-
tion centre [12] or the centres in transferrins [13-15],
dioxygenases [16-20], superoxide dismutase [21], and
galactose-1-phosphate uridylyltransferase [22]. In these
cases the more frequent ligands are histidines, aspartic
or glutamic acids, and solvent water molecules, with ty-
rosine and C-terminal residues being less common. The
preferred geometries for these metal centres are tetra-
hedral and octahedral.

Fig. 1 Sequence alignment of DFX and related proteins: / N-ter-
minal fragment of neelaredoxin from D.g. [5], 2 DFX from D.d.
ATCC 27774 [51], 3 DFX from D.v. [10], 4 DX from D.g. [52].
Residues in bold are common to both DFX sequences. Residues
from DX or neelaredoxin common to those are also displayed in
bold. Residues bound to the iron in DFX D.d. are marked with a
pointer. The secondary structure of DFX D.d. is identified along
the sequence. This figure was adapted from fig. 3 in [6]
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Structures of iron proteins with a combination of
sulfur and nitrogen as iron ligands have only recently
been characterised. Mononuclear centres of this type
were described in the structure of nitrile hydratase,
where the iron shows an incomplete octahedral coordi-
nation to three sulfurs from cysteines and two main-
chain amide nitrogens [23] and in the complex of isope-
nicillin N synthase with the substrate where the iron
atom is in a square pyramidal coordination to two ni-
trogens from one histidine, one aspartic carboxylate
oxygen, one water molecule and to a sulfur atom from
the substrate [24]. Multinuclear iron centres with sulfur
and nitrogen ligands can also be found in clusters such
as the “Meatball” found in a protein isolated from D.v.
Hildenborough, where one of the four iron atoms in
the cluster has a coordination of the FeSNO,X type
[25] and in the “Rieske” iron-sulfur protein [26], where
one of the two iron atoms has a tetrahedral arrange-
ment to two bridging sulfur atoms and to two nitrogens
from histidines.

In the present paper we describe the structure deter-
mination of the grey, oxidised form of DFX from D.d.
by the MAD method [27]. In this structure, a unique
combination has been found of a rubredoxin type cen-
tre and a second, square pyramidal centre, with nitrog-
en and sulfur ligands from histidine and cysteine resi-
dues respectively.

Experimental

Crystallisation and crystal flash-cooling

Rhombohedral crystals of DFX were grown as previously re-
ported [28]. A stoichiometric amount of potassium ferricyanide
was added to the protein solution to induce the crystallisation
conditions of the oxidised form. The addition of CaCl, is indisp-
ensable to crystal growth. To assess which type of cation was re-
quired to help crystallisation, both Ca(NO )» and NaCl were
used; crystals only appeared when the Ca®* ion was present, and

Table 1 X-ray data collection

the crystals used for this study were those obtained with the addi-
tion of CaCl,.

In order to preserve the diffraction quality during the MAD
experiments the freezing conditions were optimised, and the best
results were achieved by transferring the crystals to crystallisation
solutions containing gradually increasing glucose concentrations
up to a maximum of 15% (w/v). Crystals were flash-cooled at
100 K. Unit cell dimensions for the frozen crystals are
a =113.1 A and ¢ = 63.0 A.

Data collection and crystal characterisation

Room temperature diffraction data were collected at station 9.5
at the SRS, CCLRC Daresbury Laboratory using a wavelength of
0.99 A and processed to 1.9 A. The statistics for these data, al-
though summarised here, have already been reported in a pre-
vious paper [28], which includes the crystal characterisation. This
data set (DAR data set) was used for the final refinement steps.

Data for MAD phasing were collected at four different wavel-
engths using a MAR Research detector at the ESRF beam line
BM-14 (Grenoble, France) from a single frozen crystal. A prelim-
inary X-ray fluorescence spectrum of a DFX crystal near the K-
shell edge of the iron was measured. This was used to select the
monochromator settings for the peak (A, = 1.7417 A, maximum
Af”), the inflection point (A, = 1.7430 A, the minimum of Af"),
and two remote points (A; = 1.7514 A and A, = 1.0908 A). A
crystal mounted with the ¢ axis 90° away from the spindle allowed
Bijvoet pairs to be recorded on the same or adjacent images, thus
minimising systematic errors. The scaling between the four data
sets was then straightforward. The diffraction images were proc-
essed and scaled by the programs DENZO and SCALEPACK
[29], and merged using the CCP4 [30] program suite (ROTA-
PREP/AGROVATA/TRUNCATE). Data processing statistics
are summarised in Table 1.

DFX crystals belong to space group R32, as previously deter-
mined, and the unit cell for the frozen crystals is 0.5% longer in
the a and b dimensions, while in the ¢ direction a 0.3% decrease is
observed. These differences appear to have no significant struc-
tural importance, since the DAR data set was used to continue
the refinement of the structure without difficulty.

Structure determination using MAD phasing
Data sets collected at wavelengths A;, A, and A; were scaled to

data measured at A, using the program SCALEIT of the CCP4
program suite [30]. The heavy-atom positions were determined

MAD data set Resolution N measured  Completeness (%)* N Bijvoet pairs Io(I)? Rym (%)™ Raisp (%)™

ESRF BM-14 range (A) [N uniques] [Multiplicity] [Completeness (% )] Risions (%0 )%°

1.7514 A 40.0-2.80 18405 98.9 (96.1) 3448 143 (11.4) 3.5 (5 9) 4.4 (5.5)

(remote A3) [3856] [4.8] [96.0] 2.0 (32)

1.7430 A 40.0-2.80 16774 99.4 (100) 3413 14.6 (11.2) 3.5 (6 0) 5.3 (6.5)

(inflection A5) [3876] [4.3] [85.7] 3.6 (4.6)

1.7417 A 40.0-2.75 19163 98.7 (95.1) 3614 141 (7.7) 3.6 (82) 39 (5.1)

(Peak A,) [4059] 4.7] [74.9] 4.1 (6.3)

1.0908 A 40.0-2.50 24873 96.3 (87.5) 4608 22.9 (10.1) 2.6 (7.4) -

(remote Ag) [5230] [4.8] [91.3] 2.1 (4.8)

DAR data set, Daresbury, station 9.5

0.994 A 20.1-1.9 25678 97.7 (96.3) — 8.8 (2.9) 4.5 (25.7) =
[11867] [2.2] -

2 Numbers between brackets refer to the last resolution shell; be-
tween square brackets are presented the values for the magnitude
indicated

P Rym=2,2:1Ii(h) — <I(h)> |/Z42,1(h) where I(h) is the ith
measurement

“R..mm—2|<l+> <I—>I3(<I+>+<[—>)
9 Raisp = 2N Fp(Aa) | = 1 Fp(A2) | I/Z1F(Ay) | where Fy(A,) and Fi(A4)
are the protein structure factors amplitudes at A,(a=1,2,3)



from a Patterson map calculated using the anomalous differences
from the data set with highest anomalous signal (A;) as coeffi-
cients and confirmed from additional Patterson maps calculated
using both the anomalous differences from the A, data set and the
maximal dispersive differences (I1F(A)I-IF(A,)11%) as coeffi-
cients. The positions of the two iron atoms were determined with
program RSPS [30] and confirmed by SHELXS-86 [31].

Phase refinement of these iron positions and MAD phasing
were performed using the program MLPHARE [30]. For the
phasing using MLPHARE, the data set A, was treated as a native
data set with intrinsic anomalous scattering, and the other three
were regarded as derivatives, following a procedure described by
Ramakrishnan et al. [32] and Glover et al. [33]. The preliminary
phases were calculated and refined using the data in the range
from 10-A to 2.8-A resolution. This process converged to an over-
all figure of merit of 0.69. The statistics for the phase calculation
and refinement are presented in Table 2. Density modification
(solvent flattening and histogram matching) and phase extension
t0 2.5 A using the program DM [30] was then performed, and as a
result the figure of merit increased to 0.78. A strong contrast be-
tween the protein and the solvent regions was revealed in the cal-
culated electron density map. Its quality was high enough to build
the protein model with the exception of a solvent-exposed loop of
eight residues.

Model building and refinement

The atomic model was constructed using the program O [34]. A
first refinement step including rigid-body minimisation and a si-
mulated annealing round was performed with XPLOR [35] using
the Ay data set (maximum resolution 2.5 A). Since a significant
improvement in the electron density map was not achieved after
more refinement steps, further refinement of the model pro-
ceeded with the highest resolution data set available (maximum
resolution 1.9 A). The R factor (based on 11017 reflections in the
range of 8.0-A to 1.9-A resolution) and the free R factor (based
on 573 (5% ) randomly selected reflections in the same range) [36]
for the initial model including 117 amino acid residues (residues
40 to 47 were missing) were 40.4% and 44.2%, respectively. These
values were reduced to 24.5% and 30.1%, respectively, after ri-
gid-body minimisation, simulated annealing and a gradual refine-
ment of the B factors with XPLOR [35]. The improvement of the
clectron density map allowed the introdution of the eight missing
residues and 56 water molecules. SHELXL-93 [37] was used to
finish the refinement of the complete model using reflections cov-
ering the resolution range from 20.0-A to 1.9-A. Refinement
based on intensities as obtained directly from SCALEPACK,
rather than on structure factors amplitudes obtained from
TRUNCATE, resulted in a significant decrease in the free R fac-

Table 2 MLPHARE phase refinement statistics
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tor. Also, a significant decrease in Ry.. was observed when the
anisotropic refinement of iron, sulfur and calcium atoms was in-
cluded in the refinement protocol. No geometrical restraints be-
tween the iron atoms and their ligands were imposed during the
refinement procedure. The R factor and the free R factor con-
verged to 19.6% and 23.1%, respectively. In the final refinement
all the reflections were used and no significant changes in either
the model or the R factor were observed. The same set of reflec-
tions were used during all the refinement procedures performed
with XPLOR and SHELXL-93 and in the calculation of the free
R factor. i

A peak of 0.32 eA™ (6.40) density persisted in the 2F,~F, and
in the F—F. maps near the iron atom from centre 11, in the direc-
tion of a possible sixth ligand, but at a distance from the iron of
4.9 A. This peak is also remote from other atoms in the structure,
and has not yet been fully explained.

A sphere of density positioned on the crystallographic twofold
axis between the two monomers observed during the refinement
process suggested the presence of an ion which could help to es-
tablish and maintain the interaction between monomers. This
density is surrounded by eight oxygen atoms from neighbouring
residues, within 2.7-3.1 A. The height of this peak is almost twice
that attributed to a water molecule. Since the addition of Ca2* is
indispensable to crystallisation and as oxygens are the local li-
gands to this ion, this density was attributed to and refined as a
calcium ion.

The final model includes the complete sequence of amino
acids, two iron atoms, 71 water molecules and a calcium ion
sitting on the crystallographic twofold axis. The refinement pa-
rameters indicating the quality of the final model are presented in
Table 3. The stereochemical quality of the model was assessed
with XPLOR [36] and PROCHECK ([38], which gives a G factor
of —0.2 for the refined DFX model (the G factor value for struc-
tures with the same nominal resolution is ~0.3%0.3). The cavity
volume calculations were performed with VOIDOO [39].

Results and discussion
Refined structure

The refined model is complete except for a solvent-ex-
posed loop (Ser40 to Lys47) for which continuous den-
sity could not be obtained. Main-chain B—factors of
some residues in this region are 2.5 times higher than
the average B value, reflecting the high flexibility or the
statistical disorder of this loop. The B factors for the

Wavelength Ocere Aocc® Phasing power Reunis
Fe 1 Fe 2 Fe 1 Fe 2 Centric Acentric Centric! Acentric Anomalous®
Ay (peak) 0.892 0.435 1.532 1.265 0.90 1.16 0.69 0.78 0.62
A> (inflection) 0.0 0.0 1.301 1.129 — — - — 0.65
A; (remote 1) 1.163 0.734 0.306 0.246 1.20 1.54 0.63 0.69 0.97
A4 (remote 2) 2.890 2.201 0.602 0.491 1.59 1.99 0.52 0.59 0.79

* Occupancy

" Anomalous occupancy

“ The occupancies were refined using unitary form factors and re-
flect the number of electrons constituting the dispersive differ-
ences between data collected at different wavelengths and contri-
buting to the anomalous differences using data on an approxi-
mately absolute scale

IR =3l IFp(Aa) | = T F, ()l = AF /2 IFp(Aa) | = 1 E,(A) 1],
where F,(A,) and F,(),) are protein structure factors at A, (A, Az,
Ay4) and A, respectively. AF,,,. is the calculated dispersive differ-
ence between A, and A,. Summation was done using centric and
acentric reflections

2 Rcullisj‘"om =2H JF‘;(/\‘,)I - } F‘;(/\,,) | | - ‘AFcach/

2NFF ()| = 1 F (A, where [F(A) | —1F,(A,)] is the Bijvoet
difference at A, (A1, A3, Ay). AF., is the calculated anomalous dif-
ference at A,
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Table 3 Refinement statistics and the quality of the final model

Parameter

Residue range 1-125

Number of non-hydrogen atoms 975

Number of water molecules 71 (27)

included (with 0.5 occupancy)

Resolution range (A) . 20.0-1.9

Average temperature factor (A%)
Main-chain atoms 34.1
Side-chain atoms 37.8
Metal centre atoms (I; I1) 32.6; 37.8
Water molecules 40.8
Calcium pocket ligands 272

R factor

(F>40(F);F>0)" (%) 18.7; 19.6
Number of reflections 12875

Free R factor

(F>40(F):F>0) (%) 2133 23:1
Number of reflections 689

RMS deviations from ideal values
Bond lengths (A) 0.02

Bond angles (°) 2.3

Dihedral angles (°) 30.7
(not restrained)
Improper torsion angles (°) 2.5
Ramachandran plot (non-Gly, non-Pro residues)
Residues in most 89.4
favoured regions (%)
Residues in additional 10
allowed regions (%)
Residues in generously allowed 1
regions (%)
Residue in disallowed 0
regions (%)
Other structural quality indicators®
Number of bad contacts 0
Omega angle deviation (°) 3.2
Zeta angle deviation (°) 3.7
Hydrogen-bond energy standard 0.8
deviation (kcal mol =)
Overall G factor —0.2

a2 R factor= E/,“F(h)ohs | — | F(h)c.(,ch/E,, | F(h)ohs ‘
® Several parameters as in PROCHECK [38]

iron atoms (31.8 A% and 39.1 A?), similar to the mean
values of their ligands, are in accordance with a full oc-
cupancy for their positions. Asp84, in a 2:2 type I” hair-
pin loop [40], is the only residue in a less favourable
region of the Ramachandran plot [41].

Overall structure

The molecule of DFX is a homodimer composed of two
crystallographically equivalent monomers related by a
twofold axis. A ribbon diagram of the DFX molecule
with the twofold axis vertically in the plane of the fig-
ure and the trace of the a-carbon backbone with this
axis perpendicular to the plane are shown in Figs. 2a
and b, respectively. The molecule has approximate
maximum dimensions of 50 x 47 X 25A 3.

The monomer consists of two domains, each con-
taining a non-heme iron centre. However, the homod-

imer can also be described with advantage as arranged
in two domains, each with the respective contribution
from the corresponding subunits. In this paper, we shall
refer to domain I and II as in the DFX dimer. Domain I
has an approximately spherical shape very similar to
the structure of DX and will therefore be called the
DX-like domain. Domain II has an elongated shape ex-
tended in the direction normal to the twofold axis. The
two domains are linked by a region of polypeptide
chain giving rise to an elongated van der Waals cavity
in the dimer with an approximate volume of 430 A°.
There are three levels of antiparallel B-sheets in the
dimeric molecule.

A topology diagram for DFX monomer is shown in
Fig. 3. The N-terminal domain is 34 amino acid residues
long, while the C-terminal domain has 88 amino acid
residues arranged in a "3 +4 sheet structure™ typical of
the fibronectin III fold [42]. This motif has been de-
scribed in several proteins of animal origin, predomi-
nantly extracellular proteins or their domains [43], but
has been found in the structures of few proteins of bac-
terial and plant origin, namely in bacterial chitinase
[44] and in chloroplast cytochrome f [45].

The iron atoms are close to the molecular surface
and well exposed to the solvent (Fig.2a); their posi-
tions, together with the distances between the four iron
atoms in the molecule, are given in Fig. 2b. The solvent
molecules are mainly distributed at the surface of the
protein, but a few are buried near the iron centre I, at
the dimer interface and in the inter-domain region.

Domain I, the DX-like domain

The superposition of DFX domain I and DX gives a
root-mean-square (rms) deviation of 0.59 A for main-
chain atoms. This value is an indication of the strong
similarity between the two structures.

Three B-strands from each monomer contribute to
two almost parallel B-sheets in the dimer (81 and 52),
forming an incomplete B-barrel [9] with a predominant-
ly hydrophobic core (see Fig. 2a).

The iron centres in Domain I have, as in DX, a dis-
torted tetrahedral coordination to four sulfur atoms
from cysteine residues, as can be seen in Fig. 4a. Table
4 lists bond lengths and bond angles around the iron
atom in centre I for DFX and the equivalent values in
DX and Rb. Iron-sulfur distances are similar in the
three molecules, but the bond angles show the same
distorted geometry in DFX as that in DX, with a slight-
ly higher angle involving the vicinal cysteines. The
coordinating cysteines in DFX, Cys9 and Cys12, contri-
bute to a motif, Cys-X-X-Cys, usually called a rubre-
doxin “knuckle* [46] and also found in DX, with char-
acteristic fold and hydrogen bonds.

Tyrosine 7, the only aromatic residue present in DX,
is conserved in Rb and in DFX in a similar position to
that found in DX. However, DFX has four more aro-
matic residues in domain I. One of these residues, His



Domain I

Domain IT

Fig. 3 The topology diagram of DFX monomer. The shadowed
arrows represent the strands interacting with the symmetry-re-
lated monomer and the spheres represent the iron atoms. The re-
sidues coordinating the iron atom are referred to Fig. 1

Fig. 4ab Stereo representations of electron density maps con-
toured at 1o level are superimposed with the two different iron
centres structures. a Centre I, an Rb-like centre, is coordinated by
four sulfur atoms from cysteines 9, 12, 28 and 29. His 11, with its
N1 atom 5.8 A from the iron atom, is also represented. b Centre
IT is coordinated in the equatorial positions by the N&2 atoms
from His 48,68,74, by the Né1 atom from His 118 and in the axial
position by the sulfur atom from Cys115. This centre presents a
square pyramidal coordination geometry
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Fig. 2a,b DFX dimer with the iron
atoms displayed in magenta and the
calcium ion in the interdomain region
in green. a Ribbon diagram showing
the two DFX dimeric domains
oriented with the twofold crystallo-
graphic axis along the plane of the fig-
ure: domain I is the top and domain
II the bottom domain. The two do-
mains are linked by a piece of ran-
domly coiled polypeptide chain. The
C (backbone is displayed in blue for
B-strands and yellow for random coils.
b Ca tracing of DFX dimer viewed
along the twofold axis with the mon-
omers represented in different colours
(red and blue). Distances between
iron atoms are 15.8 A in domain I,
41.6 A in domain II and 21.6 A and
31.9 A between domains. These and
all the subsequent drawings were
made with TURBO-FRODO [54]

11, which replaces Leull in DX, has its No1 atom 5.8 A
from the iron atom (see Fig. 4a).

Domain II

In domain II, strands B3a—d from each monomer con-
tribute to the eight-stranded antiparallel S-sheet that
extends through the molecule, showing a large twist be-
tween the first and the eighth strands. Below this re-
gion, four strands forming a B-sheet in each monomer,
as represented in Fig. 2a, do not show interaction be-
tween the subunits.
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Table 4 Bond lengths and angles around iron centre I in DFX
and equivalent values in DX and Rb

Bond length DFX DX? Rb®
FC"Scys (A)

9 2.3 2.3-2.3 2.3-2.3
12 2.3 2.3-24 2.3-2.3
28 2.3 2.3-2.4 2.3-23
29 23 2.2-2.3 2.2-2.3
Bond angle
Scys'Fe_Suy& (O)

9-12 110 109-110 111-115

9-28 106 107-108 111-113

9-29 106 108-110 105-106
12-28 104 102-104 101-104
12-29 105 104-105 109-114
28-29 126 120-126 112-113

* Values for the two monomers in DX molecule
" Range of values for the three rubredoxin structures from Desul-
fovibrio species

Iron centre II is the second example, after nitrile hy-
dratase [23], where a mononuclear non-heme iron cen-
tre is coordinated only to sulfur and nitrogen atoms.
However, centre II in DFX is the first case where these
ligands are provided by histidine and cysteine residues.
The iron coordination, shown in Fig. 4b, can be de-
scribed as square pyramidal, with the four histidines,

Table 5 Geometrical parameters in the coordination sphere of
iron II

His48, His68, His74 and His118, occupying the equato-
rial positions and Cysl15 the axial position. Table 5
gives details of the geometry around this centre. All
histidines coordinate to the metal atom through their
N&2 atom except His118, which bonds through Nol.

The electron density in the iron vicinity does not
suggest a sixth ligand. The residue closer to a possible
sixth coordination, Lys47, is partially visible, but is at
the end of a exposed loop that shows poor electron
density. Its current position gives a distance of 7.5 A
between Lys47 N¢ and the iron atom. Therefore the
sixth iron position is easily accessible to solvent.

Distribution of aromatic residues and interdomain
region

There are six structural water molecules in the interdo-
main region, three from each subunit. Of these six wa-
ter molecules, a chain of four contribute to a network
of hydrogen bonds with side-chain atoms from neigh-
bouring residues. This network is extended, through
GIu80A and GIlu80B, to two further water molecules,
one on each side of this chain. This arrangement can be
seen in Fig. 5.

The calcium ion lies on the twofold axis between (-
strand 3d and its symmetry-related strand, and is coor-
dinated by eight oxygen atoms, two of which are the
central waters in the chain referred to above. The elec-
tron density for this region is shown in Fig. 6, and its
coordination geometry is listed in Table 6. The unu-
sually long bond lengths between the calcium ion and

Ligands Bond length Distance Distance ) . ; ‘
Fe-X Fe-CaX Cysl115-X  its oxygen ligands may be explained by a considerable
(A) (A) (A) thermal motion of this ion (refined B factor of 52.6 A*
272 A2 B f ; igh-
st e P 5 T Eompaf’ed th 7 : A hFh}? averabged atctotrhof l-l,le n?%}?
His68 Ng2 27 6.5 35 ouring resi 1.,165.), which may be due to the size of the
His74 N& 99 6.2 37 cavity where it is located, leading to some uncertainty
His118 N& 2.1 4.5 3.3 regarding its fixed location on the twofold axis. The
Cys115 86 23 - B major donor groups in proteins to calcium ions are car-
X Y Bond Angles, between planes bonyl or carboxylates, ‘but alcohol groups and water
angles from opposite histidines molecules can also be found [47]. The usual coordina-
X-Fe-Y(°) )
His48 His68 84 His48-His74 130 Table 6 Calcium-binding pocket bond lengths and angles
His68 His74 94 His68-His118 69 -
His74 His118 86 Ligands Bond Ca-X (A)
His118 His48 92
Cysl15 His48 112 Ser87 Oy 3.1
Cysl15 His68 95 Ser87 O 2.9
Cysl15  His74 90 Thr89 Oyl 3.1
Cysll15 His118 96 W173 2.7
Deviations {rom the plane Angle between the X Y Angle X-Ca-Y (°)
(A) plane and the Fe-
Cys115 Sy bond (°) Ser87A Oy Thr89A Oyl 73
Ser87A Oy WI173 A 85
His48 Ne&2 —-0.1 79 Ser87A Ovy Ser§7A O 62
His48 Ne2 0.1 Ser87A Ovy Thr89B Oyl 107
His48 Ne&2 —0.1 Thr89A Ovyl Ser87B O 100
His118 Né& 0.1 Thr89A Oyl WI173A 59
Cysl15 Sy 2.6 WI173A W173B 64
Fe 3 Ser87A O Ser87B O 76




Fig.5 Zoom of the interdo- 5
main region showing the core
of polar and charged residues
and the chain of buried water
molecules. Dashed lines indi-
cate all possible hydrogen
bonds. Atoms are coloured by
atom type and the calcium ion
is coloured in green

j L E

Fig. 6 The calcium pocket is represented with its eight ligands
and electron density contoured at 1o level

Fig. 7 Ca backbone of DFX molecule is represented with the
side chains of the aromatic residues displayed in different colours
according to the residue type: histidine in blue, tryptophan in red,
tyrosines in green and phenylalanine in violet. The iron atoms are
displayed in magenta and the calcium ion in green. A core of aro-
matic residues surrounding centres II extends through the inner
part of the molecule, and another aromatic core can be seen un-
derneath the calcium position

tion number for calcium in proteins is six or seven, but
a larger number of ligands is also possible [48].

Figure 7 shows the Ca-backbone of the DFX mole-
cule, with the side chains of aromatic residues also rep-
resented. These are mainly distributed along the inter-
domain region, from iron centre II in one subunit to the
equivalent centre in the other subunit. This arrange-
ment is interrupted, at its centre, by a polar core of side
chains (as represented in Fig. 5), which includes the cal-
cium ion and the six water molecules previously men-
tioned. This core could eventually provide an adequate
binding pocket for a suitable substrate.

Below this polar core, another region with a high
density of aromatic side chains can be observed, in do-
main II, close to the subunit interface. Two tyrosines,
one from each subunit, have their phenyl rings almost
parallel, within 3.6 A from each other (Fig. 7).
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Biological and structural characteristics of proteins
with mononuclear non-heme iron centres isolated
from sulfate-reducing bacteria

The strong interaction between the two crystallographi-
cally related DFX monomers and the structural similar-
ity of DFX domain I and DX suggest, as in the case of
DX structure, that these two proteins are functionally
active as dimers. However, DX must be a more stable
dimer than the DFX D.d. dimer, because clectrospray
mass spectroscopy and gel filtration results are only
consistent with a dimeric molecule for DX [49], while in
the same experimental conditions a monomer was as-
signed for DFX D.d. [1, 6]. Nevertheless, SDS-PAGE
and gel filtration experiments indicate that DFX from
D.v. is also a homodimer in solution [2]. Interestingly,
DFX seems to need a calcium ion to help the stabiliza-
tion of the dimer in the crystal, a result suggesting fur-
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Table 7 Biochemical and iron centre characterization of non-heme proteins isolated from sulfate-reducing bacteria

Protein Fe/monomer Ej (mV) Iron ligands/geometry
(monomers/
molecule)
Desulfoferrodoxin®
D.d. [1] 2(2) +4, +240 Rb-like/tetrahedral distorted; 4 his, 1 cys/square
D.v. [2] 2(2) +2, +90 pyramidal
Desulforedoxin®
D.g. [3] 1(2) -35 Rb-like/tetrahedral distorted
Rubredoxin®
D.d, D.v, D.g. [4] 1(1) between —5 and 0 4 cys/tetrahedral
Neelaredoxin®
D.g. [5] 2(1) +190, +190 proposed in [5] similar to DFX centre II
Rubrerythrin®
D.v. [51] 3(2) +230 centre Rb-like [51], Rb-like/tetrahedral; 5 glu, 1 his/diiron oxo-bridge
D.d. [7] +281, +339, +246 [53] octahedral per Fe [50]
Nigerrythrin®
D.v. [53] 3-4 (2) +213, +300, +209 Rb-like; proposed in [53] similar to dinuclear Fe Rr

centre

The E; values are quoted in the same order as the iron-centre ligands and geometry. Technique used for the metal centre character-

isation: * spectroscopy, " X-ray crystallography

ther enzymatic studies and, in particular, the reassess-
ment of the non-observed pyridine-linked rubredoxin
oxidoreductase activity [7]. The amino acid sequence
identity (79% ) between DFX from D.d. and D.v. sug-
gests a very similar structure for these proteins. The
large difference between centres II redox potentials of
these two proteins (see Table 7) still lacks an explana-
tion.

A comparison between biochemical and structural
characteristics of several mononuclear non-heme pro-
teins isolated from sulfate-reducing bacteria is present-
ed in Table 7. Although the biological function for
these proteins is not yet known, a role in electron trans-
fer has been proposed for all of them, while enzymatic
activity has been suggested for some [5]. X-ray struc-
tures are now known for four of these proteins, namely
DFX from D.d., DX [9], Rb [4] and Rr [50]. It is inter-
esting to note that all these proteins, except neelare-
doxin, contain an Rb-like centre. As previously sug-
gested [5], this protein, in combination with DX, may
have in D. gigas an equivalent biological function to
DFX in D.d.

DFX and rubrerythrin are the only known structures
where an Rb-like centre is combined with another iron
centre, a mononuclear centre of type FeSN, in the case
of DFX and a diiron-oxo centre in the case of rubrery-
thrin.
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