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Abstract The tetrahaem cytochrome isolated during anaerobic
growth of Shewanella firigidimarina NCIMB400 is a small
protein (86 residues) involved in electron transfer to Fe(III),
which can be used as a terminal respiratory oxidant by this
bacterium. A 3D solution structure model of the reduced form of
the cytochrome has been determined using NMR data in order to
determine the relative orientation of the haems. The haem core
architecture of S. fiigidimarina tetrahaem cytochrome differs
from that found in all small tetrahaem cytochromes c¢; so far
isolated from strict anaerobes, but has some similarity to the N-
terminal cytochrome domain of flavocytochrome c; isolated from
the same bacterium. NMR signals obtained for the four haems of
S. frigidimarina tetrahaem cytochrome at all stages of oxidation
were cross-assigned to the solution structure using the complete
network of chemical exchange connectivities. Thus, the order in
which each haem in the structure becomes oxidised was
determined. © 2001 Federation of European Biochemical So-
cieties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The Gram-negative, facultatively anaerobic bacteria belong-
ing to the genus Shewanella are found in a remarkable range
of environments, mainly aquatic (marine, freshwater and sew-
age), but also in spoiling meat, fish, clinical specimens, and in
natural energy reserves, where they have been implicated in
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corrosion of oil pipelines [1-4]. Shewanella spp. can grow
under anaerobic conditions as long as other electron accep-
tors, such as nitrogen and sulfur compounds or organic oxi-
dants, are supplied [5]. The exceptional respiratory versatility
of Shewanella is illustrated by its capacity to reduce Mn(IIl/
1V) and Fe(I1I) oxides [5,6] as well as to dehalogenate chlori-
nated compounds anaerobically [7]. This confers an important
role on these bacteria in the bio-geochemistry of several an-
aerobic environments.

The ability of Shewanella spp. to use such a variety of
terminal electron acceptors, which span a large range of redox
potentials, raises a number of interesting questions about the
electron transport system, which is presently unknown. How-
ever, under anaerobic conditions these bacteria synthesise a
large amount of c¢-type cytochromes that are located primarily
in the outer membrane [8]. The distribution of cytochrome
found in Shewanella spp. differs from that found in other
bacteria, where cytochromes are typically confined to the peri-
plasm and cytoplasmic membrane [9], and this may be related
to a possible role played by these cytochromes in the anaer-
obic respiratory reduction of Fe(IIl) and Mn(III/IV).

Some of the cytochromes isolated from Shewanella spp.
during anaerobic growth have been purified, characterised
biochemically, and sequenced, but only a few have been sub-
ject to detailed molecular analysis. The best studied to date is
flavocytochrome c¢3;, which shows different physicochemical
properties when compared with the well-studied phototropic
bacterial flavocytochromes [10]. The X-ray structure of flavo-
cytochromes c¢3 isolated from Shewanella frigidimarina
NCIMB400, Sffccs, [11] and Shewanella oneidensis MR-1
[12] have been determined. The overall fold of the N-terminal
cytochrome domain in these structures, which has four cova-
lently bound haem groups with bis-histidinyl ligation, is dis-
tinct from those found in all the other haem-containing pro-
teins.

During anaerobic growth, Shewanella spp. also produces a
small tetrahaem c-type cytochrome with 86 residues. This is
the smallest tetrahaem cytochrome found to date, and the first
tetrahaem cytochrome isolated from a facultative anaerobe.
All the other small tetrahaem cytochromes were isolated
from strict anaerobic species belonging to the genus Desulfo-
vibrio. Recently, it was found that the growth rate of S. frigid-
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imarina under anaerobiosis with Fe(IIl) as sole acceptor is
severely impaired if the tetrahaem cytochrome is removed
by gene disruption [13]. The primary sequence of this cyto-
chrome isolated from S. frigidimarina NCIMB400, Sfc, has
been determined [13] and comparison with cytochromes c;
isolated from Desulfovibrio spp. shows that there are remark-
able differences, even at the sites of haem ligation to the poly-
peptide chain (Fig. 1). In particular, for Sfc and Sffccs the
haem binding motif is CXXCH for all haems whereas for all
the other cytochromes c¢3 at least one haem shows the
CXXXXCH motif [14-22]. Moreover, the conserved pattern
of two consecutive haem axial ligands observed in all tetra-
haem cytochromes c; isolated from Desulfovibrio spp., Dcss, is
not found in Sfc, suggesting a different haem core arrange-
ment. However, there is no structure available for Sfc whereas
several crystal structures of Dc3s were determined ([23], and
references therein). Also, solution structures have been ob-
tained from NMR data for cytochrome c¢3 isolated from De-
sulfovibrio vulgaris (Hildenborough) in the reduced state [24],
and for that from Desulfovibrio gigas in both reduced and
oxidised states [15].

It is essential to obtain structural information for Sfc in
order to interpret physicochemical data, such as thermody-
namic and kinetic properties, which are essential for under-
standing the electron transfer properties of the protein. There-
fore, we have determined the relative haem orientations, the
pattern of His ligation, and the order in which the haems in
the structure are oxidised in Stc.

2. Materials and methods

The tetrahaem cytochrome isolated from S. frigidimarina
NCIMB400 was purified as described previously [13]. For NMR ex-
periments in H,O, the protein was lyophilised from H,O and resus-
pended in 92% H,0/8% *H,O to a final concentration of approxi-
mately 3 mM. For NMR experiments in 2H,O, the protein was
lyophilised several times with 2H,O (99.96% atom). The sample was
reduced by gaseous hydrogen in the presence of catalytic amounts of
hydrogenase isolated from D. vulgaris and D. gigas. The pH was
adjusted to 6.1 in an anaerobic chamber (Mbraun MB 150 I) by
addition of 0.1 M NaO?H or 2HCI, for 2H,0 samples, and 0.1 M
NaOH or HCI, for H,O samples. The pH values determined are direct
meter readings without correction for the isotope effect [25]. An anti-
biotic cocktail with 70 uM ampicillin, 50 uM kanamycin and 50 uM
chloramphenicol was added to the sample in H,O to prevent bacterial
growth.

For the NMR redox titrations, a | mM sample was prepared at pH
6.5 in 2H,O as described above. The intermediate oxidation levels
were obtained by first washing out the hydrogen from the reduced
sample with argon and then adding controlled amounts of air into the
NMR tube with a syringe through the serum caps.

2.1. NMR spectroscopy

2.1.1. Structural studies. "H-NMR spectra were obtained on a
Bruker DRX500 spectrometer equipped with a 5 mm inverse detection
probe head with internal By gradient coils and a Eurotherm 818
temperature control unit. 2D spectra were acquired at 303 K but
additional spectra were acquired at 299 K to resolve overlapping
signals. All the 2D NMR spectra were acquired collecting 4096
(1) X 1024 (¢;) data points to cover a sweep width of 8 kHz, with
32 scans per increment. The 2H,O nuclear Overhauser spectroscopy
(NOESY) (10, 50, and 80 ms mixing time), total correlation spectros-
copy (TOCSY) (40 and 80 ms mixing time) and correlation spectros-
copy (COSY) spectra were acquired using standard pulse techniques.
The H,O NOESY (40, 80, and 100 ms mixing time) and TOCSY (40,
60, and 80 ms mixing time) spectra were acquired using the WATER-
GATE sequence for water suppression [26]. The H,O COSY spectra
were acquired using standard pulse techniques.

2.1.2. Redox titrations. 2D NOESY (25 ms mixing time) and
ROESY (10 ms spin lock pulse) spectra were collected at 298 K using
4096 (t,) X 1024 (z;) data points to cover a sweep width of 38 kHz,
with 128 scans per increment. In order to distinguish unequivocally all
the haem methyl groups in oxidation stages 0 and /, NOESY spectra
were also acquired with a sweep width of 9 kHz.

2.2. Structure determination

2.2.1. Assignment and integration. The software package XEASY
(version 1.2; ETH, Zurich, Switzerland) [27] was used to display and
annotate spectra and for volume integration of NOESY cross-peaks.
Amino acid assignment was performed using the classical approach
described by Wiithrich [28]. Spin systems were identified through
analysis of the TOCSY and COSY spectra in H,O and H,O at
different temperatures and sequence-specific assignments were ob-
tained by identifying the sequential connectivities in the H,O NOESY
spectra. All of the residues except residues 1, 2, 25, and 37, have been
identified so far. Haem signals were identified by following the strat-
egy for the assignment of haem protons in multihaem ferrocyto-
chromes described by Turner et al. [29]. The NOE’s observed between
the axial histidines and the haem protons, namely between haem meso
and axial His ring protons, were used to associate the sets of haem
signals with their respective CXXCH binding sites in the sequence.

2.2.2. Structure calculations. Assigned cross-peaks in the 80 ms
H,0 NOESY spectra at 303 K were integrated. The cross-peaks in-
volving protons separated by fixed distances and all the intra-haem
cross-peaks, except those involving propionate groups, were excluded
and the resulting peak lists were used as input for the program IN-
DYANA [15,30]. From these integrals, the program generated 329
lower and 324 upper limits to act as volume restraints.

In order to confirm the assignment of the haem set signals and the
axial ligands, in the first stages of structure calculations, the His li-
gand from the CXXCH haem binding site was left free to attach to
either face of the haem. This was achieved by using a fragment rep-
resenting the His with pseudo-pyrrole-nitrogens attached to it [24,30]
but only constraining two of them with fixed upper limit distances to
the nitrogens of the haem, NA and NC. The distal histidines were left
completely free. Thus the calculations allowed the sixth His ligand of
each haem to be identified as well as the haem faces to which each
ligand is attached. In subsequent calculations, the axial ligands were
constrained to the positions that had been identified, in order to
improve convergence.

3. Results and discussion

3.1. Haem core architecture

The NMR spectra of the tetrahaem ferrocytochrome iso-
lated from S. frigidimarina NCIMB400 (Sfc) shows eight
sharp signals from His rings with chemical shifts typical of
haem axial ligands (data not shown). The NOE’s observed
between the haem meso protons and the axial His were used
to obtain the specific assignment of the four haems confirming
that the four haems have bis-histidinyl axial coordination,
which correlates with the low redox potentials observed for
the cytochrome and is supported by the EPR spectrum [13].
The structure model obtained accordingly to the methodology
described in Section 2 (Fig. 2A), confirmed the haem specific
assignments, as well as those of the axial ligands, and allows
the identification of the haem faces to which they are at-
tached. Numbered according to the order of attachment to
the polypeptide chain, haem I is axially coordinated by His
19 and His 65; haem II by His 9 and His 39; haem III by His
49 and His 62; and finally haem IV by His 52 and 79, with the
distal (sixth) ligand in bold. The relative position of the haem
axial ligands in the primary sequence of Sfc and that found in
the N-terminal cytochrome domain of Sffcc; [11] is the same
(Fig. 1A). The haem faces to which each ligand is attached are
also the same in both cytochromes.

The Sfc haem spatial arrangement is responsible for the
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Fig. 1. Comparison between the relative positions of the haem binding motifs and haem axial ligands in both the tetrahaem and the N-terminal
cytochrome domain of flavocytochrome c; isolated from S. frigidimarina and the Desulfovibrio spp. cytochromes c3. A: Alignment of the poly-
peptide sequences of Sfc and Sffcc; N-terminal cytochrome domain. The grey shadowed letters indicate the conserved residues in these two pro-
teins. B: Primary sequence of D. vulgaris (Hildenborough) cytochrome c¢3, DvHes [14]. This sequence was chosen to represent all cytochromes
c3 isolated from Desulfovibrio species: D. gigas [15], D. desulfuricans (El Agheila Z) [16], Desulfovibrio salexigens [17], Desulfovibrio norvegicum
[18], D. vulgaris (Miyazaki F) [19], D. desulfuricans (ATCC 27774) [20] and acidic and basic proteins from Desulfovibrio africanus [21]. The grey
shadowed letters indicate the residues conserved in all Dc3s. The bold roman numbers in (A) and (B) indicate the haem binding motifs

(CXX(XX)CH) and the sixth axial ligand of each haem.

large and unusual chemical shift span observed for some haem
substituents in the reduced form (Table 1). The meso protons
20H" and 20H™, as well as the haem methyls 18!CHY,
2!CHY, 18'CHL" and haem thioether methyl 82CH}! are
shifted far upfield due to the contribution of the ring current
shifts of neighbouring aromatic rings (Fig. 3). The accuracy of
the haem proton assignment (Table 1) and the NMR solution
structure model of Sfc were tested simultaneously by compar-
ing the calculated and observed haem proton chemical shifts
(Fig. 3). These shifts correlate very well even for the protons
subject to the larger ring current effects.

Comparison between the structures of Sfc and tetrahaem
cytochromes c¢3 isolated from Desulfovibrio spp., Dcss (Fig. 2)
shows that, as expected from the differences observed in the

Table 1
Chemical shifts (ppm) of the haem substituents in S. frigidimarina
NCIMBA400 tetrahaem ferrocytochrome, at pH 6.1 and 303 K

Haem substituent 1 11 111 v

SH 8.99 9.45 9.08 9.78
10H 8.72 9.39 8.62 9.55
15H 9.67 9.73 9.72 9.42
20H 9.29 7.73 7.33 9.51
2!CH; 3.59 2.66 1.81 3.61
7'CH3 3.13 3.67 2.80 3.98
12!CH; 3.40 3.45 3.46 3.55
18'CHj3 3.18 1.14 1.83 3.26
3'H 5.69 6.53 5.79 5.98
8'H 5.76 6.34 5.20 6.46
32CH; 2.10 2.69 1.85 2.62
82CH3; —0.05 2.48 —1.03 2.47

The haems are numbered according to the ITUPAC-IUB nomencla-
ture for tetrapyrroles [45].

primary sequence, there are important modifications both at
the level of the haem core architecture and at the level of the
general folding. In fact, the cross-links resulting from the lo-
cation of haem axial ligands in the polypeptide chain, the lack
of the two consecutive axial histidines, and the haem binding
motifs explain the enormous difference observed in the spatial
disposition of the haems in the two types of tetrahaem cyto-
chromes (Fig. 2): (i) in Dcss the distal axial ligands are lo-
cated in the sequence in the following order: I, III, II and IV
whereas in Sfc they appear in the primary sequence in the
order II, III, IV and I; (ii) the positions of the distal axial
ligands in relation to the haem binding motifs are also quite
different in both types of proteins (Fig. 1). In Dc¢ss the distal
axial ligands of haems I and III are located before the binding
site of haem I, the distal ligand of haem II is found between
the binding sites of haem I and II, and the distal ligand of
haem IV is located between the binding sites of haem II and
III. By contrast, in Sfc, the distal axial ligand of haem II is
located before the binding site of haem I, there are no distal
ligands located between haem I and II, and the two distal
ligands of haem III and IV are located between haem binding
motifs IT and II1. Finally, the distal ligand of haem I is located
between the binding motifs of haems III and IV.
Interestingly, the haem core architecture is strictly main-
tained in Dc3s despite the low homologies between their ami-
no acid sequences. Apart from the residues involved in the
haem ligation, only two other residues are conserved (Fig.
1B). The conserved pattern of consecutive axial ligands for
haem I (fifth ligand) and haem II (sixth ligand) in the se-
quence is an important constraint that is largely responsible
for the haem core architecture adopted by these cytochromes.



M. Pessanha et al.|[FEBS Letters 489 (2001) 813

11

Fig. 2. Haem core solution structures of the S. frigidimarina tetrahaem ferrocytochrome (A) and D. vulgaris (Hildenborough) ferrocytochrome
c3 [24] (B). The haems and the o-carbon chain in Sfc correspond to the structure with the lowest target function out of 200 structures annealed
from random starting points (see legend of Table 2). The haem groups are indicated by roman numbers. The N- and C-terminus of the poly-
peptide chains are indicated by the letters N and C, respectively. The structures were oriented so that haem I can be superimposed in both fer-

rocytochromes.

Haems I and IV are approximately parallel, but perpendicular
to haems II and III, which are perpendicular to each other.
The overall fold of the polypeptide chain is conserved as a
result of the similar organisation of the haem binding resi-
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Fig. 3. Comparison between the calculated and observed chemical
shifts for the haem substituents of reduced Sfc. The haem substitu-
ent chemical shifts were calculated by correcting the haem protons
reference shifts (9.36 ppm for haem meso protons, 6.13 for haem
thioether methines, 3.48 for haem methyls, and 2.12 for haem thio-
ether methyls [44]) with the ring current shifts calculated from the
best Sfc NMR reduced structure accordingly to the procedure de-
scribed by Messias et al. and Turner et al. [24,29]. The meso pro-
tons, thioether methines, methyls, and thioether methyls are repre-
sented by squares, triangles, circles and diamond symbols,
respectively. The straight line has a unit slope.

dues. The structure forms two domains, one of which contains
haem I and the other binds haem IV. Haem III is located in a
groove that defines part of the interdomain region and is
attached to residues located in both domains, with its binding
residues interlaced with those of haem I and IV in the poly-
peptide chain. Haem II is also located in the interdomain
region but the residues which bind it do not have residues
binding other haems between them [18]. Furthermore, the
architecture of the Desulfuromonas acetoxidans tri-haem cyto-

Table 2
Haem core characteristics of tetrahaem cytochromes isolated from
S. frigidimarina NCIMB400 and from the Desulfovibrio genus

Haem 1 1l 11 v
Sfe I 6.3(02) 11.0 (0.4) 16.6 (0.9)
Sfiees 6.2 12.2 22.0
Dgcs 6.4 6.0 10.7
St 11 12.2 (0.2) 33(0.1) 153 (0.2)
Sftees 12.5 39 17.6
Dges 12.0 8.3 10.8
Sfe 11 159 (0.3) 9.2 (0.1) 6.0 (0.2)
Sfices 17.3 9.5 8.0
Dgcs 11.2 15.5 5.5
Sfe v 23.1(0.7) 20.1 (0.4) 11.5(0.3)
Sfrees 29.8 25.0 15.6
Dges 18.0 16.7 12.0

Comparison with the haem core of the N-terminal cytochrome do-
main of flavocytochrome ¢; isolated from S. frigidimarina
NCIMB400 [11] is also indicated. The conserved haem core of cyto-
chrome c¢; isolated from Desulfovibrio is illustrated by D. gigas cyto-
chrome c¢3, Dges [33]. The intramolecular iron-to-iron distances (A)
are given below the centre diagonal and porphyrin edge-to-edge dis-
tances (A) are given above it. The values for Sfc correspond to the
average of the 20 best structures from 200 random starting struc-
tures annealed, which cover a 10% range of target functions (with
standard deviations in parentheses).
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Table 3
Redox-dependent haem methyl chemical shifts in the tetrahaem cytochrome from S. frigidimarina, at pH 6.5 and 298 K
Oxidation stage Chemical shift (ppm) Xi XX
1 11 11T v 1 11 il v
0 3.24 3.52 1.89 3.32 0 0 0 0 0
1 6.90 9.20 7.93 17.31 0.105 0.264 0.164 0.462 0.995
2 15.50 17.09 10.28 28.44 0.353 0.631 0.227 0.830 2.041
3 34.93 21.20 15.17 32.16 0.912 0.822 0.360 0.952 3.046
4 37.99 25.02 38.83 33.60 1 1 1 1 4

The haem methyls 18'CHY, 12!CHY!, 2!CHI! and 18!CHYY were chosen to monitor each haem oxidation through the five oxidation stages.
The haem oxidation fractions, x;, are obtained from the paramagnetic shifts.

chrome css; 5 is essentially similar to that of these cytochromes
¢3, but with haem II deleted [31,32].

In contrast, the overall fold of the tetrahaem cytochrome
isolated from Sf has no relation with those from the genus
Desulfovibrio (cf. [33]) and is more similar to the ‘dog-leg’
arrangement observed in the N-terminal cytochrome domain
of Sffces (cf. [11]). This is probably due to the fact that all the
haem binding residues of Sfc and Sffcc; are similarly inter-
laced in the polypeptide chain but in a rather different order
from that found in Dc3s (Fig. 1). Like in Dcss, the polypeptide
chain in Sfc also forms two distinct domains (1-41 and 42—
86), but here only haem I shares ligands from residues of two
domains. As in Sffccs, haems I and II are approximately per-
pendicular, haem II is roughly parallel to haem III, and haem
IV is approximately perpendicular to haem III, but haem IV is
closer to the other haem groups (Table 2). The relative loca-
tion of the axial ligands and the haem binding motifs is the
same in Sfc and the Sffcc;, but a difference in the spatial
position of haem IV between Sfc and Sffccs is not unexpected
since in the tetrahaem cytochrome this haem is not stabilised
by the dimethylbenzene portion of the FAD isoalloxazine ring
of the flavocytochrome [11]. The different orientation of haem
IV observed in Sfc may be required for the thermodynamic
stabilisation and to maximise haem-haem interactions that
facilitate electron transfer between haems since much smaller
edge-to-edge and iron-to-iron distances are observed (Table
2).

The more linear arrangement of the haems in Sfc is remi-
niscent of that observed in the much larger tetrahaem cyto-
chrome subunit of the Rhodopseudomonas viridis reaction
centre (cf. [34]). However, in Sfc the spatial haem disposition
is not quite as linear.

3.2. Order of oxidation of the haem groups

The Sfc is much more similar to other proteins from She-
wanella spp. [13], such as the N-terminal cytochrome domain
of Sffccs [35,36], than it is to Dcss. In terms of the primary
sequence, the two Sf cytochromes show very little sequence
similarity with Dc;s (average identity of 12%) and yet they
share important properties. All of the haem irons have bis-His
axial coordination and they are low spin, both in the reduced
and oxidised forms. Thus, the protein is diamagnetic when
reduced (Fe(II), S=0) and paramagnetic when oxidised
(Fe(IIl), S=1/2). This is convenient for NMR studies since
widely different well-resolved spectra are obtained for both
oxidation states, making it easier to assign the order in which
specific haems within the structure are oxidised. The NMR
spectrum of a partially oxidised sample at pH 6.5 shows that
the cytochrome exhibits fast intramolecular and slow intermo-
lecular electron exchange on the NMR time scale (data not

shown). In these conditions, signals from the 16 redox micro-
states are averaged in five groups of oxidation stages, each
including the microstates with the same number of oxidised
haems [37]. Therefore, the substituents of each haem have
different chemical shifts in the five macroscopic oxidation
stages and, since these paramagnetic shifts are proportional
to the degree of oxidation of that particular haem group, they
can be used to monitor the oxidation of each haem through-
out the redox titration. Thus, signals from individual haem
substituents, namely haem methyls, were followed through the
NMR spectra of a redox titration from the fully reduced to
the fully oxidised form (Table 3).

The influence of the oxidation of neighbouring haems on
the paramagnetic shift of a haem methyl group of a different
haem (extrinsic shift) can not be determined accurately at this
stage. Therefore, haem methyl groups pointing out towards
the protein surface were chosen for determining the order of
haem oxidation according to the procedure described by Sal-
gueiro et al. [38]. The paramagnetic chemical shifts of haem
methyl groups 18'CH}, 12!CHY, 2!CH" and 18'CHYY at pH
6.5 were used to calculate the oxidation fraction of each haem
at different stages of oxidation (Table 3). Analysis of Table 3
confirms that the extrinsic shifts for the haem methyl groups
chosen are not significant since the sums of the oxidation
fraction at each oxidation stage are very close to integers.
Analysis of this table also gives the order of oxidation of
the haems, which is very different from those observed in
Dcss studied so far [38-41]: haem IV is the haem that be-
comes more oxidised by the first redox step (stage /), the
largest fractional oxidation of haem II is obtained by the
second step (stage 2), which is followed by haem I (stage 3)
and finally by haem III (stage 4).

Finally, it is worth noting that S. frigidimarina tetrahaem
cytochrome can be reduced by Desulfovibrio hydrogenases.
This indicates that the Shewanella hydrogenase may have a
similar coupling function with its tetrahaem cytochromes [42].
In fact, analysis of the genome of S. oneidensis MR-1 [43]
reveals that this bacterium contains a hydrogenase, which
shares about 50% identity with D. vulgaris and D. gigas
[Ni-Fe] hydrogenases.
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