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Abstract Haem-containing proteins are directly in-
volved in electron transfer as well as in enzymatic func-
tions. The “split-Soret” cytochrome (SSC) was isolated
from the sulfate- and nitrate-reducing bacterium Desul-
fovibrio desulfuricans ATCC 27774 and has no signifi-
cant nitrate or nitrite reductase activity. The protein re-
ceived its name due its unusual spectral properties. It is
a dimer containing two identical subunits of 26.3 kDa,
each with two haem-c groups. A preliminary model for
the three-dimensional structure of this cytochrome was
derived using the Multiple Wavelength Anomalous
Dispersion (MAD) phasing method. This model shows
that SSC is indeed a dimer containing four haems at
one end of the molecule. In each monomer the two
haems have their edges overlapped within van der
Waals contacts with an iron-to-iron distance of 9 A.
The polypeptide chain of each monomer supplies the
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sixth axial ligand to the haems of the other monomer.
This work shows that SSC constitutes a new class of cy-
tochrome. The stacking of the two haems in the mon-
omer within van der Waals distances of each other, and
also the short (van der Waals) distances between the
two monomers in the dimeric molecule are unpreced-
ented in hemoproteins. This particular haem arrange-
ment is an excellent model for the spectral study (un-
dertaken several years ago) of haem-haem interaction
using the aggregated haem undecapeptide derived from
mammalian cytochrome c.

Key words Dimeric dihaem cytochrome - Stacked
haem arrangement - MAD phasing - X-ray
structure - Novel fold

Introduction

A large variety of haem-containing proteins have been
isolated from sulfate-reducing bacteria; these proteins
include cytochromes which are directly involved in
electron transfer as well as other haem-containing mol-
ecules with enzymatic functions. For recent comprehen-
sive reviews, see [1].

The “split-Soret” cytochrome (SSC) was isolated
from the sulfate- and nitrate-reducing bacterium Desul-
fovibrio desulfuricans ATCC 27774 (Dd,7774) and has
not yet been found in any other organism. The protein
received its trivial name from the observation that,
upon reduction, not only was a maximum found at the
unusual value for a cytochrome c of 424 nm for the Sor-
et band, but also a shoulder appeared at 415 nm in the
UV-visible spectrum [2].

SSC is a dimer with a molecular mass of 52.6 kDa,
containing two identical subunits of 26.3 kDa. Each
subunit contains two haem-c groups with bis-histidinyl
iron axial co-ordination and distinct midpoint redox po-
tentials of —168 (Haem 1) and —330 mV (Haem 2).
The N-terminal sequence shows no homology with any
other known cytochrome [3]. The physiological role of
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the protein is still unknown, and the complete protein
sequence is not yet available. It has no significant ni-
trate or nitrite reductase activities and is present in
both sulfate- and nitrate-grown cells of Dd7774 [2]. Fur-
thermore, its presence has not been detected in other
ammonia-forming bacteria such as Wollinella succino-
genes and Escherichia coli. Finally, a screening of the
other strains of sulfate-reducing bacteria which are also
capable of nitrate reduction remains to be made in or-
der to find out whether the presence of SCC can be
linked to this type of respiration. Here we present a re-
port of the determination of a preliminary model for
the three-dimensional structure of this cytochrome us-
ing the Multiple Wavelength Anomalous Dispersion
(MAD) phasing method.

Material and methods

Rectangular prismatic crystals were first obtained from a 15 mg/
ml protein solution using 17-19% (w/v) polyethylene glycol 8000
(PEG 8K) in 0.1 M sodium acetate buffer pH 5.0 by the sitting
drop method at room temperature (ca. 20°C). Only a small per-
centage were diffraction quality single crystals with many tending
to be hollow. The reproducibility of good quality crystals was very
low. The crystals also decayed rapidly when exposed to the X-ray
beam. In order to overcome this problem, flash-freezing of the
crystals was planned, but the crystals were found to be very sensi-
tive to the addition of cryoprotecting compounds to the crystalli-
zation solution. Optimal diffraction quality crystals were finally
obtained by crystallizing the protein from a solution containing
0.1-0.2% (w/v) agarose in 12-15% PEG 8K, 0.1 M sodium acetate
buffer pH 5.0 which is essentially the same as mentioned above
but containing the agarose. The agarose was prepared according
to the protocol described by Robert, Provost and Lefaucheux [4]
and was added to the crystallization solution. The presence of the
agarose did not cause gelling of the crystallizing solution in the
normal arrangement for crystallization, but there was an improve-
ment in crystal quality, as reported in several papers [5-10], and
the stability to X-rays was also dramatically improved. In addi-
tion, the crystals were no longer sensitive to the addition of the
glycerol as a cryoprotecting agent. Best results were obtained by
using 25% (v/v) glycerol. Crystallographic characterization was
carried out using diffraction data collected at room temperature.
Crystals belong to the orthorhombic space group P2,2,2, with cell
dimensions a=98.2 A, b=100.5 A, ¢=110.6 A. Assuming four

Table 1 Summary of data collection, processing and scaling sta-
tistics. Values in parentheses refer to the last resolution shell,
290=d=2.75A for A, A, and A;, 2.63=2d=2.50A for A,

molecules (i.e., two dimers) in the asymmetric unit, the volume
per unit of molecular weight (V,,) obtained is 2.59 Az/Da corre-
sponding to an estimated solvent content of 53%. This is within
the normal range observed for protein crystals [11]. However, a
self-rotation calculation failed to reveal any consistent set of
peaks compatible with the presence of non-crystallographic sym-
metry axes.

Because of the difficulty in finding suitable heavy-atom deri-
vatives, the MAD [12] method, using the Fe atoms in the native
protein as anomalous scatterers, was considered for the determi-
nation of the three-dimensional structure of this protein. Synchro-
tron diffraction data were collected using a 180-mm MAR scan-
ner at ESRF on bean line BM14 from a frozen crystal of SSC
(dimensions 0.5x0.3x0.3 mm?®) at three suitable wavelengths
near the Fe absorption edge, chosen from an EXAFS scan of a
frozen crystal (not shown): A; 1.7401 A to maximise Af’ (point of
inflexion), A, 1.739 A to maximize Af” (peak), and A; 1.6984 A
as the remote wavelength close to the edge. A fourth wavelength,
A4 0.992 A, was used as the scaling reference wavelength to facili-
tate scaling of the data by minimizing absorption problems which
might be present at the other three wavelengths. The unit cell pa-
rameters at 100 K were a=96.06 A, b=100.13 A, ¢=109.30 A.
The diffraction images were processed and scaled with the HKL
suite [13, 14]. The scaling was carried out in such a way as to pre-
serve the multiple observations of all the measured Bijvoet pair
reflections. The CCP4 [15] program suite was then used to merge
together the scaled data (ROTAPREP/AGROVATA), convert
intensities to structure factors (TRUNCATE [16]) and to scale
together the different wavelength data relatively to A4 (SCAL-
EIT). The data collection, processing and scaling statistics are
summarised in Table 1. While processing the fourth wavelength
data it was realised that it suffered from a large number of satu-
rated reflections, due to the much higher beam intensity at that
wavelength for the exposure time per image chosen; this resulted
in the loss of some low-to-medium resolution data. In order to
overcome this problem, the A; and A4 data were combined to pro-
duce a fifth data set which benefited from A;’s completeness at
low-to-medium resolution and from A4’s completeness at the
higher resolution. These data were later used in the calculation of
electron density maps up to 2.5 A resolution.

The anomalous difference Patterson map calculated from the
data with maximal anomalous differences (A, 1.739 A) showed
clear peaks which could be interpreted in terms of three of the
eight expected Fe sites, using RSPS [17]. The three Harker sec-
tions of this map are represented in Fig. 1. The remainder of the
Fe sites were located by means of successive anomalous Fourier
syntheses using the refined protein phases from the previously
known and refined sites. The self- and cross-vectors arising from
these sites that occur on or near the three Harker sections of the
anomalous difference Patterson map, are clearly visible and

3.56=d=2.50 A for )\3 + /\4. SCaling Rfacmr (F) = Ehkl (FM - F,\4)/

Ehkl F/\4

Wavelength A, 17401 A Ao, 1739 A As, 1.6984 A As, 0.992 A Nt A4

Ariny A 19.9 19.9 19.9 19.7 19.9

Aimaxs A 2.75 2.75 2.75 2.50 2.50
observations 106379 105131 107475 103858 212798

Niefieetions 26134 26130 26239 28573 34228

% complete 94.3 (92.6) 94.3 (92.9) 94.7 (95.5) 78.3 (86.9) 93.1 (86.5)

multiplicity 4.1 4.0 4.1 3.6 6.2

merge
NBijvoet pairs

% complete Bijvoet
Ilo(I)

Scaling

Rfaclor (F )

0.029 (0.080)
0.025 (0.052)
22159
80.0
17.5 (9.4)
0.053

0.029 (0.080)
0.037 (0.064)
21990
79.4
182 (9.4)
0.053

0.029 (0.079)
0.030 (0.054)
50

0.032 (0.070)
0.023 (0.049)

0.038 (0.074)
N/A

2112 N/A

80.7 60.6 N/A

17.5 (9.2) 21.4 (10.5) 9.7 (9.7)
0.029 - N/A
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Fig. 1 Harker sections of the anomalous difference Patterson
map calculated from A, data. Contours are drawn at 1 map rms
intervals, starting at 2 rms units. The shaded circles represent the
predicted positions of the self- and cross-vectors arising from the
Fe sites that occur on or near each Harker section. Self-vectors
are labelled S, cross-vectors are labelled X. Peaks that occur in
the section immediately above or below the Harker section are
further labelled*

shown in Fig. 1. Only two sites have some self-vectors that do not
match peaks in the map at the contouring levels shown. However,
all of these sites refined satisfactorily. Phase refinement was car-
ried out with MLPHARE [18] following a procedure previously
described by Ramakrishnan et al. [19] and also by Glover et al.
[20]. Taking the data set with largest Af” (A;) as the native with
intrinsic anomalous scattering, the other data sets can be regarded
as derivatives with “isomorphous” differences given by the dis-
persive differences Afi —Afi, each derivative having its own ano-
malous scattering. Furthermore, since the anomalous scatterers
have full occupancy, using unit anomalous scattering factors will

allow the explicit refinement of Af;—Afi and Af? respectively as
“isomorphous” and anomalous occupancies. These values will be
expressed in electrons if the data have been placed on an absolute
scale, which is only approximately true in this case. The advan-
tage of using A; as the native data set is that all “isomorphous”
occupancies are then positive numbers. Phase refinement with
MLPHARE in the resolution range 10=d=2.8 A converged to
an overall figure of merit of 0.59. A summary of the phase refine-
ment statistics is presented in Table 2, and the refined Fe atomic
parameters are submitted as supplementary material. The refined
Fe atomic positions were used to derive the non-crystallographic
symmetry operations between the independent molecules
(LSQKAB [21]). Selected non-crystallographic symmetry opera-
tors are listed in Table 3.

Density modification procedures (DM [22]), which included
averaging, solvent flattening, histogram matching and phase ex-
tension (20=d=2.5 A) using the structure factors from the fifth
data set, obtained as described above, produced a much improved
electron density map over that obtained from the original MAD
phases. A model containing the haem groups and a polyalanine
chain was built into this map using the graphics program O [23]
corresponding to most of the polypeptide chain trace. All of the

Table 2 Summary of the

. Wavelength Phasing Phasing Acentric Centric Anomalous

I\:IIZPEIARE phase refinement power power Rcullis Rcullis Rcullis
statistics acentric centric

A - - - - 0.82

A 0.50 0.43 0.94 0.91 0.70

As 1.61 1.32 0.69 0.60 0.75

Ay 1.85 1.51 0.63 0.57 0.89
Table 3 Non-crystallographic symmetry operations between the four independent SSC molecules
NCS Spherical polar angles (°) Translation vector (A) rmsd (A)?
operation?

1) ¢ X T, T, T,

1-2° 134.22 —69.57 179.97 57.13 —27.40 46.88 0.082
13 21.05 149.39 178.54 79.12 89.22 6.03 0.239
1—-4° 81.54 10.45 73.61 10.88 125.24 22.14 0.232
3-4 149.82 83.20 179.98 84.76 170.51 104.27 0.066

#rmsd is the root mean square displacement between the two
atomic sets being superimposed

® These NCS operators were used in the averaging calculations of
the density modification procedure described in the text. To over-

come the parameter indetermination in LSQKAB, the four Fe
atoms in the dimer were used to derive the NCS operators

¢ This NCS operator is the same as that relating the two dimers in
the asymmetric unit
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Fig. 2a,b Example of the im-
provement of the SSC elec-
tron density maps. Both maps
are drawn at the 1 map rms
level using TURBO [25]. a
Map calculated using the
MAD phases obtained from
MLPHARE. b Map calculated
using the phases obtained at
the end of the density modifi-
cation procedure as described
in the text. The residues su-
perimposed in the density do
not reflect any sequence infor-
mation but represent in the
eyes of the crystallographer a
reasonable fit to the electron
density
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sulfur atom positions in the cysteine residues attached to the
haems could be seen in a 2.8-A anomalous Fourier map, using the
X, anomalous differences as coefficients and the improved DM
phases. This model was used for calculating phases which were
then combined (SIGMAA [24]) with the original MAD/
MLPHARE phases (10=d=2.8 A) to produce a set of phases
with an overall f.0.m. of 0.80. The density modification procedure
was repeated (20=d=2.5 A) to produce an improved electron
density map. This map was of excellent quality and allowed a very
nearly complete trace of the electron density; a model containing
the haem groups and a polyalanine chain (including the cysteine
and histidine residues bound to the haems) containing 235 resi-
dues was built. The improvement of the electron density maps is
illustrated in Fig. 2.

The coordinates of the C* and haem group atoms of the SSC
monomer have been deposited in the Protein Data Bank [26, 27]
with accession code 1ddc.

Results and discussion

This paper describes a preliminary model of SSC, high-
lighting the success of the MAD technique in a situa-
tion with eight independent anomalous scatterers, (4
monomers, each with 2 haem iron atoms per asymmet-
ric unit, and where the iron is a relatively weak anoma-

a
B\
et
N
3 ‘:
b

lous scatterer when compared with, e.g., selenium). In
addition, a novel fold has been found together with a
unique arrangement of the haem groups. Full details of
the complete structure determination are not described
herein, because technical reasons, including the limited
synchrotron beam time available for the total experi-
ment, prevented the re-collection of the A, data and the
collection of diffraction data to a resolution better than
2.5 A. Furthermore, the reproducible growth of high-
quality crystals has proved difficult. When this problem
can be overcome, high-resolution data will be collected,
a full crystallographic refinement undertaken and a
complete analysis of the resulting structural model re-
ported.

Model description

The C« trace of the preliminary model of the three-
dimensional structure of SSC is represented in Fig. 3.
The monomer contains 235 residues plus two haem
groups, and there are four monomers in the asymmetric
unit. The two monomers in each dimer are related by a



Fig. 3 MOLSCRIPT [28] ste-
reo diagram of the C* trace of
the model for the three-di-
mensional structure of the
SSC monomer

non-crystallographic twofold rotation axis, and the two
adjacent dimers are likewise related by a non-crystallo-
graphic twofold rotation axis (see Table 3). The ar-
rangement for the SSC dimer is shown as a MOL-
SCRIPT [28] diagram in Fig. 4.

The tracing of the present model as a polyalanine
chain was possible by using the electron density maps
obtained as described in Materials and methods. The
contiguous electron density is consistent with a number
of residues compatible with the monomer molecular
weight of 26.3 kDa although there is evidence in the
electron density maps that there may be a few more re-
sidues at both termini. The unambiguous polarity of the
a-helices located in the structure, combined with the
fact that the dimers are very well resolved in the elec-
tron density maps, as well as the tracing restrictions im-
posed by the presence of a non-crystallographic two-
fold rotation axis in each dimer allow us to attribute a
considerable degree of confidence to the model now
proposed.

To our knowledge, the three-dimensional structure
of SSC constitutes a new cytochrome fold. A search in
the Protein Data Bank [26, 27] was carried out using
the EMBL Dali server (http://www.embl-heidelberg.de/
dali/dali.html) [29] and failed to reveal any significantly
similar protein folds.

The haem groups are attached to one end of the pro-
tein and exposed to the solvent, rather than being
wrapped by the polypeptide chain as is the case in the
other known cytochrome structures. Indeed, the pro-
tein can almost be regarded as being constituted of two
parts, the haem-binding region and a domain which
contains nine a-helices, one of which is seven turns
long and runs across this domain. On the basis of the
electron density alone, it is possible to confirm that
both haems have histidines as the axial ligands and
both are covalently attached to the polypeptide chain
through cysteinyl thioether linkages. Also, the haem-
binding motif is clearly C-X-X-C-H, as found in many
other cytochrome molecules, and there are 15 residues
separating the two haem-binding motifs. Fig. 5 shows
the histidine and cysteinyl linkages to each of the
haems in the SSC monomer. One unusual characteristic
exhibited by this structure is that the axial coordination
of the Fe atom in each haem group is completed by a

histidine residue supplied by the other monomer in the
dimer, as shown in Figs. 4 and 5. This observation has
the implication that the dimer is indeed the functional
unit of SSC. In the inner haem (less exposed to solvent)
the histidine imidazole rings are nearly perpendicular
to each other, while in the outer haem (more exposed
to solvent) they are close to being coplanar (see Figs. 4
and 5).

These results are in agreement with the hypothesis
of Walker et al. [30], which states that haems with EPR
signal gm.x greater than 3 have the planes of their two
histidine ligands perpendicular to each other. The EPR
results obtained by Costa [31] show gn.x values of 3.44
for Haem 1 (inner haem) and of 2.98 for Haem 2 (outer
haem). Since Haem 1 has the highest redox value
(E°=—168 mV at pH 7.6) whereas Haem 2 has the
lowest value (E°= —330 mV at same pH) [3], the mod-
el is also in agreement with Stellwagen [32], who pre-
dicted that a haem with more exposure to solvent
should have a lower redox potential.

Figure 5 shows that the electron density clouds of
the two haem groups are nearly parallel, stacking on
top of each other, and the closest distance between
them is 4 A. In the dimer, the four haem groups are in
close proximity, and the haems from each monomer are
only slightly tilted with respect to the haems of the ad-
jacent monomer. The independent distances between
haem iron atoms in the SSC molecule are represented
in Fig. 6. It should be noted that these conclusions are
based on the experimental electron density map, but
are not expected to change significantly when knowl-
edge of the primary structure of SSC and higher-resolu-
tion data will allow the building of a complete structur-
al model.

Comparison with di-haem proteins

In other di-haem proteins the haems occurring in two
separate domain structures are arranged so that the an-
gle between the haem planes varies considerably, from
almost 30° in the case of cytochrome c, [33, 34] and fla-
vocytochrome c sulfide dehydrogenase [35], 60° in cy-
tochrome cd, nitrite reductase [36], and 90° in cyto-
chrome c peroxidase [37]. However, the distances sepa-
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Fig. 4 MOLSCRIPT [28] ste-
reo diagram of the SSC dimer.
The foreground monomer is
represented in two colours
(red for helices, yellow for
coils/loops) and the back-
ground monomer in cyan. The
haems and the cysteine and
histidine residues attached to
them are represented in ball-
and-stick mode. The NCS 2-
fold axis is approximately ver-
tical and in the plane of the
page. This diagram is drawn in
the same orientation as Fig. 3

Fig. 5 Stereoview of the two
haem groups in the SSC mon-
omer, showing the C-X-X-C-H
binding motifs as well as the
other histidine residue, which
comes from the second mon-
omer. The outer haem is lo-
cated on the right, the inner
haem on the /eft. The super-
imposed electron density was
drawn at the 1 rms contour
level. Drawing made with
TURBO [25]

rating the iron atoms appear to be somewhat similar in
all these molecules, being in the range 16 to 21 A.

In the case of SSC, the two haems from each mon-
omer are in the same region and are nearly parallel.
However, and perhaps more importantly, the distance
between the haem-iron atoms in each monomer is only
about 9 A, and the haems are nearly stacked on one
another, the closest distance between the haem rings
being only 4 A. These distances are much shorter than
those found in any of the other di-haem molecules. Fur-
thermore, in the SSC dimeric molecule the four haems
form a compact cluster arrangement at an extreme end
of the molecule.

Another structural characteristic related to the func-
tion of some of these di-haem molecules is worth a
close comparison with what is seen in SSC. In cyto-
chrome cd, the axial coordination of the d; haem is ac-
complished via a histidine and a tyrosine residue. How-
ever this axial Tyr25 is supplied by the extension of the
loop of chain from the C-terminal domain. The pro-
posed mechanism for the enzymatic activity of this pro-
tein is that the reduction of the enzyme causes the re-
moval of this axial ligand so that nitrite or oxygen may
bind to the iron atom of the d; haem.

In the case of cytochrome ¢ peroxidase, the low-po-
tential haem has both histidine residues as axial ligands.
One is well buried inside the molecule while the second

sits on the tip of a flexible loop on the surface of the
molecule. The catalytic activity of this enzyme is sug-
gested to be related to movement of the latter histidine,
allowing peroxide binding.

A very interesting similar feature exists in the SSC
molecule but involves both haem groups. Each haem
has an axial histidine supplied by the neighbouring sub-
unit. The most exposed haem in SSC has a histidine
coming from the C-terminal chain of the other mono-
mer, on the surface of the dimeric molecule (see Fig. 4).
The second, more internal, haem also has an axial his-
tidine supplied by another segment of the adjacent sub-
unit. It is possible that at least one of these histidines
can move in a similar manner to that proposed for cy-
tochromes cd and ¢ peroxidase.

Some other interesting aspects

It is also important to point out that the tetrahaem ar-
rangement found in the SSC bears no resemblance to
the tetrahaem clusters found in cytochromes cs, includ-
ing that from the same organism [38]. In the cyto-
chromes c; none of the haems are within van der Waals
distance of one another and the four haems have all
their ligands from the same polypeptide chain. The
eight haems in the dimeric ¢3 of Desulfomicrobium ba-



Fig. 6 Diagram showing the
independent distances be-
tween the four haem iron
atoms in the SSC molecule.
The haems are numbered ac-
cording to [3]. Drawing made
with TURBO [25]

culatus strain Norway 4, formerly known as D. desulfu-
ricans Norway [39] have, in each monomer, the same
arrangement as the typical c; structure. However, the
interaction at the dimer interface also shows a close ap-
proach between haems.

This exceptional haem packing in the structure of
SSC provides a first example in nature of the artificial
assembly of haem stacking in the so-called haem unde-
capeptide from mammalian cytochrome c; the latter has
been studied as a model system for the interaction of
haem moieties in more complex biological systems.
This peptide can be obtained by peptic digestion of the
protein yielding a haem-containing peptide [40, 41],
and was known to aggregate [42]. This aggregate
showed interesting splitting and red-shifting of the Sor-
et band [43]. The optical spectra of the aggregated
form, both in the ferrous and ferric forms, show striking
similarities to SSC [2]. Furthermore, Urry [43] specu-
lated that the haems in the aggregated undecapeptide
were likely stacked in a head-to-tail alignment rather
than in a card-packing fashion, with a distance between
haem centres of 9-10 A: these conclusions are remarka-
bly in agreement with the haem arrangement in SSC.

Conclusions

The structure of SSC presented herein reveals that this
dimeric hemoprotein constitutes a new class of cyto-
chrome. In particular this molecule has the interesting
feature of the two dihaem-containing monomers with
haems in an almost parallel, stacked arrangement, asso-
ciating so that the adjoining pair of haems are within
van der Waals distances of each other. These features
are unprecedented in the haemproteins whose struc-
tures have so far been determined. Furthermore, each
haem has its sixth axial ligand supplied by the polypep-
tide chain of the other monomer, in a comparable man-
ner to that found in other dihaem-containing proteins
with enzymatic activity. This close haem arrangement
provides an excellent natural model for understanding
the splitting of the Soret band.
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