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Abstract

The structure of a novel c7-type cytochrome domain that has two bis-histidine coordinated hemes and one
heme with histidine, methionine coordination (where the sixth ligand is a methionine residue) was deter-
mined at 1.7 Å resolution. This domain is a representative of domains that form three polymers encoded by
the Geobacter sulfurreducens genome. Two of these polymers consist of four and one protein of nine c7-type
domains with a total of 12 and 27 hemes, respectively. Four individual domains (termed A, B, C, and D)
from one such multiheme cytochrome c (ORF03300) were cloned and expressed in Escherichia coli. The
domain C produced diffraction quality crystals from 2.4 M sodium malonate (pH 7). The structure was
solved by MAD method and refined to an R-factor of 19.5% and R-free of 21.8%. Unlike the two c7

molecules with known structures, one from G. sulfurreducens (PpcA) and one from Desulfuromonas
acetoxidans where all three hemes are bis-histidine coordinated, this domain contains a heme which is
coordinated by a methionine and a histidine residue. As a result, the corresponding heme could have a higher
potential than the other two hemes. The apparent midpoint reduction potential, Eapp, of domain C is −105
mV, 50 mV higher than that of PpcA.

Keywords: multiheme cytochrome c; cytochrome c7; Geobacter metallireducens; Geobacter sulfurredu-
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c-Type cytochromes have hemes covalently bound to the
protein through two thioether bonds with cysteine residues;
the largest family consist of the class I molecules (Mathews
1985; Degtyarenko et al. 1997 [http://metallo.scripps.edu/
PROMISE/]), where the fifth and sixth ligands of the hemes
are histidine and methionine residues, respectively. Bis-his-

tidine coordination is found in multiheme cytochromes (De-
gtyarenko et al. 1997 [http://metallo.scripps.edu/PROMISE/]):
for example, class III (Coutinho and Xavier 1994), and class
IV cytochromes (Deisenhofer et al. 1995), and in cyto-
chrome c nitrite reductase (Einsle et al. 2000), and other
four heme cytochromes (Leys et al. 2002). Only in class IV,
the photosynthetic reaction center cytochrome c subunit,
hemes of both coordination types are found in the same
domain (Deisenhofer et al. 1995). Cytochrome c peroxidase
has both a bis-histidine coordinated heme and a heme with
His–Met coordination; however, these hemes are in separate
domains (Fülöp et al. 1995; Shimizu et al. 2001). In general,
hemes with His–Met coordination are expected to have
more positive reduction potentials than hemes with His–His
coordination (for review, see Dolla et al. 1994).
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Among the multiheme cytochromes from the class III
cytochrome family, the cytochromes c3 from the sulfur- and
sulfate-reducing bacteria are best studied (for review, see
Mathews 1985; Coutinho and Xavier 1994; Aragao et al.
2003). They consist of about 120 amino acid residues and
four covalently linked heme groups. The hemes are num-
bered sequentially according to the cysteine residues to
which they are attached in the amino acid sequence. Heme
IV is suggested to interact with hydrogenases (Aubert et al.
1997; Brugna et al. 1998). Although the sequence identity
among the four-heme proteins is relatively low, ∼25%, the
positions and orientations of the hemes in the three-dimen-
sional structures are maintained (Aragao et al. 2003). The
three-heme cytochromes c7 from Fe(III)-reducing bacteria
(Seeliger et al. 1998; Afkar and Fukumori 1999; Lloyd et al.
2003) are structurally homologous to the four-heme cyto-
chromes c3, but are missing heme II of the cytochrome c3

molecules and the amino acid chain segment that keeps that
heme in place. For comparison with the more extensively
studied four-heme cytochromes, the cytochrome c3 nomen-
clature for labeling the hemes in the cytochrome c7 proteins
is maintained.

We have previously expressed in Escherichia coli and
determined the structure of cytochrome c7 from Geobacter
sulfurreducens, designated PpcA, a protein with 71 residues
that contains three covalently bound hemes (Londer et al.
2002; Lloyd et al. 2003; Pokkuluri et al. 2004). It is one of
the smallest cytochrome c-type molecules with the highest
ratio of hemes to protein residues. Searching the G. sul-
furreducens genome with the PpcA sequence we identified
three ORFs coding for proteins that are polymers formed
with repeats of homologous c7-type domains. Two of the
proteins (coded by ORF00991 and ORF03300) have four
repeats (total of 12 hemes) and one (coded by ORF03649)
has nine repeats (total of 27 hemes) of the cytochrome
c7-type domain (Pokkuluri et al. 2004). We also found
homologous polymers in the G. metallireducens genome
(four unit polymers are encoded by Gmet_6, Gmet_8 and

the nine unit polymer is encoded by Gmet_2 in the G.
metallireducens genome [http://www.ncbi.nlm.nih.gov,
accession number NZ_AAAS00000000]) with 77%, 75%,
and 72% identity, respectively, with the ones identified in
the G. sulfurreducens genome. We predicted based on the
crystal packing observed in the PpcA crystals that the do-
mains in the above polymers will be linearly arranged (Pok-
kuluri et al. 2004). The functions of the polymers are pres-
ently unknown. The repeats within each of the three poly-
cytochrome c7-type proteins are highly homologous. The
repeat lengths are longer than that of the cytochrome
c7 PpcA molecule (71 residues); they vary from 73 to 82
residues.

These proteins appear to represent a new type of
cytochrome. Interestingly, in each repeat of the multi-
cytochrome c7 sequences, the sixth His ligand to heme
IV is absent, the homologous residue in the sequence is
mostly Lys or Gln. We proposed earlier that either the
Lys or Gln residues or one of the two conserved Met resi-
dues in the vicinity could be the second axial ligand to heme
IV in those domains (Pokkuluri et al. 2004). Because
the chain segments between the heme I and heme III bind-
ing sites are longer in the poly-cytochrome c7-type domains
than in the cytochrome c7 molecule PpcA, the structure
of this segment, and therefore the residue that forms the
sixth ligand of heme IV, could not be predicted with con-
fidence.

To characterize these cytochrome c7-type domains, we
have expressed in E. coli the four individual domains of the
mature protein coded by ORF003300 (Fig. 1) of the G.
sulfurreducens genome, and have determined the three-di-
mensional structure by X-ray diffraction of single crystals at
1.7 Å resolution of the third domain, domain C. In this
manuscript, we describe the structural features of this pro-
tein in comparison with the structure of cytochrome c7

(PpcA) from G. sulfurreducens. The alignment of the amino
acid sequence of domain C with that of PpcA is shown in
Figure 2.

Figure 1. Sequence of ORF03300 from G. sulfurreducens; its four domains are aligned with each other.
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Results and Discussion

Cloning and expression of the domains

For cloning the single domains, the expression system de-
scribed by Londer et al. (2002) was modified as follows: (1)
Genes were cloned without adding extra N-terminal resi-
dues to their mature sequences; (2) the gene coding for
periplasmic chaperone, Skp, known to facilitate folding of
various proteins in the periplasm (Bothmann and Pluckthun
1998; Schäfer et al. 1999; Mavrangelos et al. 2001) was
cloned immediately after the ampicillin-resistance gene to
be expressed constitutively. The new vector is named
pVA203 (its detailed description will be published else-
where).

We cloned separately each of the four cytochrome c7-
type domains (A, B, C, and D) of the four-unit polymer
(ORF03300) into the periplasmic expression vector
pVA203. Domain A was cloned both as a fusion to the
OmpA leader sequence and with its native leader sequence.
All five constructs produced c-type cytochromes as judged
by the pink color of the harvested cells. The overall yields
of domains increased in the following order: A with native
leader sequence << A with OmpA leader sequence < B < C
<< D. The yield of domain A was very low, and its isolation
was not attempted. Domains B, C, and D were purified by
cation-exchange chromatography and gel filtration as de-
scribed previously (Londer et al. 2002). The yields of pure
proteins per liter of cell culture were: domain B, 0.2 mg;
domain C, 0.25 mg; domain D, 1.1 mg.

Structure determination

Crystals were obtained from domains C and D; crystals of
domain C diffracted well and allowed structure determina-

tion at a resolution of 1.7 Å. The structure was solved by
multiple wavelength anomalous dispersion (MAD) method
with program CNS (Brünger et al. 1998) using data col-
lected at the Fe K-absoption edge at the SBC beam line
19BM (APS). The structure was refined to 1.7 Å resolution
with data collected at beam line 19ID (APS); the R-factor
and R-free are 19.5% and 21.8%, respectively (see Table 1).

Comparison of domain C and PpcA

The structure of domain C clearly shows that the sixth li-
gand of heme IV is a methionine; we could not determine
the identity of the coordinating residue based on the amino
acid sequence alone. Domain C contains 82 amino acids,
while PpcA has 71 amino acids. Although domain C also
contains three hemes and similar number of amino acid
residues its structure is different from that of the PpcA
determined earlier in our laboratory (Figs. 3,4). Domain C,
as cloned, has five additional residues at the N terminus
compared to PpcA. The sequence alignment of the domains
of ORF03300 shown in Figure 1 suggested that the N-ter-
minal Lys and Gly residues of the cloned domain C should
be at the end of domain B; however, they were included at
the begining of domain C for proper periplasmic cleavage.
Twenty-one out of 82 residues are identical between domain
C and PpcA (Fig. 2), but only 16 residues have the same
role in the protein structure; 11 of these residues bind the
hemes. There is one deletion in domain C compared to
PpcA; the equivalent residue of Lys 22 or Ala23 in PpcA is
not present in domain C. There is an insertion of a Gly
residue in the tip of the �-bend of domain C; four hydro-
phobic amino acids, Leu, Phe, Ala, and Tyr are inserted
after the conserved lysine, Lys33 in PpcA; there is also an
insertion of two residues (Asn and Gly) after the His residue
of the heme III binding site.

Figure 2. Amino acid sequence alignment of domain C of the four domain poly-c7-type cytochrome (ORF03300) and cytochrome c7

(PpcA) from G. sulfurreducens. Identical residues are shown in bold; the heme binding residues are shown in gray boxes and the heme
numbering is indicated below. The sixth axial ligand to heme IV in both proteins is shown in a black box (note that these residues do
not align in the sequence).
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As was observed in the PpcA structure, domain C also
has a two-stranded �-sheet segment near its N terminus, and
five helical regions, one less than PpcA. The helical seg-
ments include the three heme-binding sites, the segment that
contain the sixth ligands to hemes I, III, and the segment
that contains the sixth ligand to heme IV. Although the latter
segments in the two structures are in homologous positions
in the amino acid sequences (Fig. 2), their relative position-
ing in structures compared to heme IV are different. In the
case of PpcA, His47, the sixth ligand to heme IV is located
at the end of the helical segment, whereas Met51, which is
the sixth ligand to heme IV in domain C, is at the beginning
of the helical segment. The rotamer conformation of the
Met51 is chi1 −66, chi2 −50, chi3 −49. Lovell et al. (2000)
found that this rotamer is the most observed in their data
base; it is also one of the most observed for methionines in
helical regions. Interestingly, this rotamer is not used by any

of the methionines that are ligands to hemes in other cyto-
chrome c proteins (P.R. Pokkuluri and M. Schiffer, un-
publ.).

Domain C has a more conventional structure than PpcA.
The number of hydrophobic residues larger than Ala in the
core of domain C and the number of side-chain-to-main-
chain hydrogen bonds (see Table 2) are more similar to
what is observed for globular proteins in general; they are
very low in PpcA. Domain C has 12 Lys and one Arg
residue, compared with 17 Lys and no Arg residues in
PpcA.

The ND1 atoms of all five of the histidine residues are
hydrogen bonded to main-chain carbonyl oxygen atoms.
Due to the differences in the structures, only two histidine
ND1 atoms, from His 22 and His80, are hydrogen bonded to
equivalent carbonyls in PpcA. In contrast to PpcA, none of
the histidine residues in domain C are accessible to solvent.

Table 1. Summary of data collection and crystallographic parameters

Crystal parameters
Unit cell (Å) a � b � 43.8, c � 123.8
Space group P41212

MAD data

Inflection Peak High remote Low remote (reference) High res

Data collection
Wavelength (Å) 1.74044 1.73769 1.69031 1.78780 1.03320
Resolution range (Å) 99.0–2.20 99.0–2.15 99.0–2.05 99.0–2.20 99.0–1.7
No. of unique reflections 6628 7072 8024 6594 13,958
Redundancy (last shell) 9.5 (3.4) 9.3 (3.5) 9.0 (2.6) 9.2 (3.4) 10 (11)
Completeness (last shell), % 99 (87) 99 (89) 97 (77) 98 (88) 99 (100)
Average I/� (l) (last shell) 28 (2.6) 56 (9.4) 45 (4.2) 64 (9.2) 61 (13)
R-merge (last shell), % 8.7 (34) 6.8 (15.2) 6.8 (24.2) 4.1 (14.7) 5.0 (27.4)

Resolution range (50–2.4 Å)

Inflection Peak Remote All

Fried Iso Fried Iso Fried Iso

Phasing
Phasing power 1.71 1.57 2.21 1.86 2.40 2.00
FOM 0.45 0.44 0.46 0.44 0.37 0.36 0.81
Density modification, FOM 0.95

Refinement
Resolution Range (Å) 99.0–1.7
� cut-off used in refinement 0.0
No. of reflections 24,246
No. of nonhydrogen atoms refined (Average B-factor, Å2)

Protein 589 (24.6)
Heme 129 (19.0)
Water 105 (38.1)

R-factor, R-freea (all data) 0.195, 0.218
RMSD from ideal geometry

Bond length (Å) 0.008
Angle (°) 3.6

a The test set for R-free calculation was comprised of 10% of the total reflections selected at random and were not used in refinement.
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There is an unusual cis-peptide bond between His36 and
Thr37 (Fig. 5). Nonproline cis-peptide bonds are very rare;
they represent only 0.03% of the peptide bonds in PDB
(Jabs et al. 1999). The conformation of the chain segment
that consists of hydrophobic residues Leu39, Phe40, Ala41,
and Tyr42 is probably made possible by the presence of the
above cis-peptide bond in domain C. These residues shield
heme I, the least exposed heme in this structure, from sol-
vent. The ring of Phe40 is close to heme I; carbonyls of

residues Phe40 and Ala41 are hydrogen bonded to the ND1
atom of His36, the fifth ligand to heme I. The ring of Tyr42
is near and close to parallel to His36.

All but one of the heme propionic acids form hydrogen
bonds with a backbone amide nitrogen; in addition, a salt
bridge is formed between Arg48 and propionic acid D of
heme III. Heme III has the largest accessible surface area of
173 Å2, followed by heme IV of 167 Å2, and heme I is least
exposed with 79 Å2. In PpcA, heme I had the largest ac-

Figure 4. Stereo views showing hemes, � carbons, and side chains that bind the hemes in (top) domain C, (bottom) cytochrome c7

(PpcA) from G. sulfurreducens. The PpcA structure shown also includes a molecule of deoxycholic acid in the lower part of the figure.
Heme I is on the right, heme III is in the middle, and heme IV is located on the left side of the figures. The orientations of the hemes
IV are the same in the two molecules. Note that the methionine residue that coordinates heme IV in domain C is in the left side of the
figure.

Figure 3. Ribbon drawing of domain C (left) and overlap of domain C and PpcA (right). Domain C and PpcA were overlapped using
heme IV atoms. Domain C, blue; PpcA, magenta; hemes in domain C, green; hemes in PpcA, gray.
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cessible surface area of 225 Å2 and heme III had the small-
est one of 144 Å2. In the full-length protein, we predict that
only heme III would be exposed to the solution, whereas
both hemes I and IV would be largely buried in the interface
of neighboring domains. This is expected, as we predict that
the four domains coded by ORF03300 will be linearly ar-
ranged in the full-length protein.

The iron to iron distances of the hemes III and IV, hemes
III and I, and hemes IV and I, respectively, are 11.4, 12.0,
and 17.8 Å in domain C compared to 11.2, 12.6, and 20.8 Å
in PpcA. These Fe–Fe distances are probably determined by
the differences in number of residues between the heme
binding sites. Surprisingly, the iron to iron distances found
in this c7-type domain are closer to the ones observed in
cytochromes c3 (average Fe–Fe distances between hemes III
and IV, hemes III and I, and hemes I and IV for six proteins
are 11.1, 12.2, and 17.7 Å (Higuchi et al. 1984; Matias et al.

1993, 1996; Czjzek et al. 1994; Morais et al. 1995; Einsle et
al. 2001).

Crystal packing

As we previously observed in the PpcA crystal packing, the
domain C molecules also form a long chain in the crystal. In
domain C crystal, molecules are arranged in infinite chains
parallel to the crystallographic c axis with the neighboring
molecules related by a 41 axis (90° rotation and 1/4 unit cell
translation) instead of one unit-cell translations along a and
b axes as in the PpcA crystal (Pokkuluri et al 2004). In both
crystals, the molecules in these chains are arranged such a
way that heme I from one molecule is close to heme IV of
the neighboring molecule. The iron to iron distance between
these hemes in neighboring molecules in domain C is 13.8
Å compared to 12.9 Å in PpcA, but due to the difference in
the relative angles of the prophyrin rings the heme edges are
closer together in domain C crystals with the CMB atoms of
heme I and heme IV 3.9 Å apart compared to 5.6 Å between
the same atoms in PpcA crystals. Although the molecules
also form infinite chains in the crystal of domain C, the N-
and C-terminii cannot be connected, as they point in the
opposite directions, and therefore, the crystal packing in
domain C cannot form a model for the polymers, whereas
the crystal packing in PpcA clearly suggested a model for
them.

Visible redox titrations

The redox behavior of domain C and PpcA was investigated
by redox titrations followed by visible spectroscopy. Re-
sults are given in Figure 6. The analysis of the redox titra-
tions of the two proteins showed that the curve correspond-
ing to domain C is clearly shifted to more positive reduction
potential values relative to that of PpcA. This shift is re-
flected in the apparent midpoint reduction potential, Eapp, of
each protein (i.e., the point at which the oxidized and re-
duced fractions are equal). The value of Eapp for PpcA is
−155 mV; it is increased by 50 mV to −105 mV for domain
C. The observed positive direction of the shift in the redox
curves was expected (Mus-Veteau et al. 1992; Dolla et al.
1994) on the basis of different heme IV axial coordination
for PpcA (His–His) and domain C (His–Met).

In summary, we have determined the structure of domain
C of the four domain protein coded by ORF03300 of G.
sulfurreducens. The structure has shown that the sixth li-
gand to heme IV is a methionine. This could not have been
predicted based on sequence homology to three-heme cy-
tochromes c7. There is a conserved methionine at equivalent
position in the sequences of all polymers made up of c7-type
domains (like domain C) found in G. sulfurreducens (Pok-
kuluri et al 2004) and G. metallireducens, suggesting that
the sixth ligand to heme IV in all domains is a methionine.

Figure 5. The cis-peptide bond observed in domain C between residues
His-36 and Thr-37. Electron density in the final simulated-annealing com-
posite omit-map generated by the program CNS is contoured at 1�.

Table 2. Hydrogen bonds formed by heme propionic acid
groups and by His residues

Hydrogen bonded atoms Distance (Å)

Heme I O2A Ala44 N 2.85
Heme I O1D Gly45 N 2.93
Heme III O2D Phe70 N 2.93
Heme III O2D Arg48 NH1 2.61
Heme IV O2A Met51 N 2.76
Heme IV O1D Phe49 N 2.88
His23 ND1 Pro6 O 2.75
His26 ND1 Ser22 O 2.87
His36 ND1 Phe40 O 2.89
His36 ND1 Ala41 O 3.16
His64 ND1 Phe70 O 2.90
His80 ND1 Ala17 O 2.78
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These domains represent a new type of multiheme cyto-
chrome c as they have two hemes with bis-His coordination
and one with His–Met coordination. As expected, due to
this difference in heme coordination, the apparent midpoint
reduction potential of this domain is more positive com-
pared to the cytochrome c7 (PpcA).

Materials and methods

Cloning, expression, and purification of the domains

Cloning of the domains was carried out with modification of the
methods previously described (Londer et al. 2002; Pokkuluri et al.
2004). A NotI restriction site was introduced at the end of the DNA
fragment coding for the OmpA leader sequence of expression vec-
tor pCK32 (Londer et al. 2002). Mutagenesis resulted in Gln to Ala
mutation in position “−2”, a position that is considered nonessen-
tial for proper processing of a leader sequence during secretion
(Nielsen et al. 1997). This modification allows cloning genes with-
out adding extra N-terminal residues to their mature sequences.
Further, a unique NcoI restriction site was created 8 bp down-
stream of the ampicillin resistance gene, and the gene coding for E.
coli periplasmic chaperone, Skp, was cloned into this site. The new
vector was named pVA203. DNA fragments coding for the puta-
tive domains were amplified from G. sulfurreducens genomic
DNA and cloned into the vector pVA203. Domain A was cloned
both as a fusion to the OmpA leader sequence and together with its
native leader sequence. Compared to the alignment shown in Fig-
ure 1, one N-terminal residue was removed in domains B and D,
and two preceding residues (Lys–Gly) were added to the N termi-
nus of domain C to ensure proper cleavage of the modified OmpA
leader sequence as predicted by the SignalP software (www.
cbs.dtu.dk/services/SignalP; Nielsen et al. 1997).

Expression and purification of the domains were performed with
slight modification of the procedure previously described (Londer
et al. 2002); induction was carried out with 10 �M IPTG and a
final gel-filtration step was added to the purification protocol.

Crystallization of domain C

The protein was crystallized by hanging drops from 2.4 M sodium
malonate (pH 7) (Hampton Research, Index screen-27). Tetragonal
crystals, space group P41212 or P43212, with a unit cell of
a � b � 43.8 Å, c � 123.8 Å, diffracted to a resolution of about
1.7 Å at the Structural Biology Center’s 19ID beam line at the
Advanced Photon Source (APS).

Structure determination of domain C

Structure of domain C was determined by MAD method using four
wavelength data sets (see Table 1) collected at the Fe K absorption
edge at the 19BM (APS). Crystals were flash-cooled by briefly
transferring them from mother liquor to a cryoprotectant solution
(Index screen-27 containing 25% ethylene glycol). Data were pro-
cessed with HKL2000 (Otwinowski and Minor 1997). Data col-
lected at low-energy remote wavelength was used as the reference
data set for structure determination using MAD method. Structure
was solved with the program CNS (Brünger et al. 1998). After
density modification the electron density map generated in space
group P41212 was of excellent quality (FOM � 0.95) and allowed
model building. The protein model was built manually into the
electron density map using the program CHAIN (Sack 1988) and
refined against high resolution data collected at 19ID (APS). Re-
finement of the model was carried out with CNS (Brünger et al.
1998). There are no residues in the disallowed regions of the
Ramachandran plot, and 87% residues are in most favored regions.
The data collection and refinement parameters are summarized in
Table 1. The structure and structure factors were deposited in the
Protein Data Bank with accession code, 1rwj. Figure 3 was gen-
erated by the program SETOR (Evans 1993); Figures 4 and 5 were
generated by the program CHAIN (Sack 1988). Accessible surface
area was calculated by the program SURFACE (Lee and Richards
1971).

Sequence database search and analysis

Protein sequences homologous to the cytochrome c7 were identi-
fied by searching the G. sulfurreducens and G. metallireducens
genomes (www.ncbi.nlm.nih.gov, accession numbers NC_002939
and NZ_AAAS00000000) with the sequence of the cytochrome c7

(PpcA, ORF01023) using BLAST software (Altschul et al. 1997).
The SignalP software (http://www.cbs.dtu.dk/services/SignalP;
Nielsen et al. 1997) was used for prediction of leader sequence
cleavage sites. Genetic Computer Group Software package (Ge-
netics Computer Group) was used for alignments.

Redox titrations followed by visible spectroscopy

Anaerobic redox titrations of domain C and PpcA, followed by
visible spectroscopy were performed as described by Louro et al.
(2001), with approximately 18 �M protein solutions in 100 mM
Tris-maleate buffer at pH 7.9 and 298 ± 1 K. To check for hys-
teresis, each redox titration was performed in both oxidative and
reductive directions, using sodium dithionite as the reductant, and
potassium ferricyanide as the oxidant. To ensure a good equilib-

Figure 6. Visible redox titrations for domain C (open squares) and PpcA
(open circles) at 298 K (pH 7.9). The molar fraction of the total reduced
protein was fitted to the model described by Santos et al. (1984) and Wang
et al. (1991), for various solution potentials. Solid lines indicate the results
of the fits for the three macroscopic reduction potentials (vs. standard
hydrogen electrode), which in domain C are −185 mV, −98 mV, and −52
mV, and in PpcA are −200 mV, −155 mV, and −110 mV.
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rium between the redox centers and the working electrode (Dutton
1978), a mixture of the following redox mediators were added to
domain C and PpcA solutions, all at approximately 4 �M final
concentration: Methylene Blue, gallocyanine, Indigo Tetrasulpho-
nate, Indigo Trisulphonate, Indigo Disulphonate, anthraquinone-
2,7-disulphonate, 2-hydroxy-1,4-naphthoquinone, anthraquinone-
2-sulphonate, safranine O, diquat, benzylviologen, Neutral Red,
methylviologen. For domain C the following additional mediators
were also used, all at approximately 4 �M final concentration:
p-benzoquinone, 1,2-naphtoquinone-4-sulfonic acid, 1,2-naphto-
quinone, trimethylhydroquinone, phenasine methosulphate, and
phenasine ethosulphate. The reduced fraction of each protein was
determined using the � band peak, 552 nm for domain C and 551
nm for PpcA, according to the method described by Louro et al.
(2001).
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