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a b s t r a c t

Detailed thermodynamic and structural data measured in soluble monomeric multiheme
cytochromes c provided the basis to investigate the functional significance of interactions between
redox co-factors. The steep decay of intramolecular interactions with distance means that close
proximity of the redox centers is necessary to modulate the intrinsic reduction potentials in a
significant way. This ensures selection of specific populations during redox activity in addition to
maintaining fast intramolecular electron transfer. Therefore, intramolecular interactions between
redox co-factors play an important role in establishing the biological function of the protein by con-
trolling how electrons flow through and are distributed among the co-factors.
� 2011 Federation of European Biochemical Societies. Published by Elsevier B.V.
1. Introduction

MacMunn presented the earliest report of cytochromes in the
late 19th century and the interest in these cell components grew
in the 1920’s when David Keilin re-identified them as key players
in respiratory chains [1]. Presently, cytochromes are known to be
key players in fundamental cell functions such as electron transfer,
gas transport, catalysis and also cellular signalling [2,3].

Cytochromes contain heme prosthetic groups, which are coordi-
nation complexes of a tetrapyrrole porphyrin ring with an iron.
These co-factors confer characteristic absorption bands in the vis-
ible wavelength range that change with redox, spin and coordina-
tion state. Depending on the type of substituent at the periphery of
the porphyrin ring, cytochromes can be classified as type a, b, c or
d. The heme in c-type cytochromes is covalently bound through
thioether bonds to cysteine residues of the polypeptide chain ar-
ranged in a typical CXXCH motif, where the histidine provides
the proximal ligand to the iron [2].

The biogenesis of c-type cytochromes relies on complex molec-
ular assemblies. The best characterized system is the cytochrome c
maturation (Ccm) system that can be found in many species of Bac-
teria and Archaea. It is composed of eight proteins encoded by the
ccmABCDEFGH gene cluster, which are located in the periplasm
and/or cytoplasmic membrane. These proteins are responsible for
the correct ligation of the heme to the apocytochrome c, while it
al Societies. Published by Elsevier
is translocated to the periplasmic space. Thus, no cytoplasmic cyto-
chrome c is known. These proteins are either periplasmic, associ-
ated to the cytoplasmic or outer-membrane or to extracellular
electrically conductive appendages [4–7].

Although the first c-type cytochromes were found in aerobic or
facultative anaerobic organisms [1], anaerobes contain a consider-
able variety of these proteins. The first cytochromes identified
contained only a small number of heme co-factors [1,8,9] but a
screen of the currently available genomic sequences revealed that
the number of heme binding motifs per multiheme cytochrome c
varies considerably. The most common numbers are two, three
and four. Sequences containing five, eight or ten binding motifs
are also relatively common. Although the protein structure with
the largest number of hemes per polypeptide is a hexadecaheme
cytochrome [10], genes coding for polypeptide chains that contain
43 and 45 heme binding motifs were identified in Geobacter urani-
umreducens and Aeromyxobacter sp., respectively [11]. Almost all
major groups of Bacteria and Archaea have multiheme cyto-
chromes c. In some of these organisms, such as representatives of
Geobacter, Shewanella, Anaeromyxobacter or Desulfovibrio genera,
the number of multiheme cytochromes is so elevated that it corre-
sponds to a high percentage of their proteome, having elicited the
creation of the term ‘‘cytochromome’’ [12,13].

The fact that so many organisms contain a large number of genes
coding for multiheme cytochromes c and that these cytochromes
can bind so many hemes begs two questions: what are the selective
advantages of containing so many redox co-factors in a single poly-
peptide, and why did the spatial distribution of the co-factors
evolve to be the way it is?
B.V. Open access under CC BY-NC-ND license.
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Fig. 1. Spatial arrangement of the hemes in the various cytochrome structural
families analyzed in this work. The image was prepared using the program Pymol
v0.99 to display the structures with the following PDB codes, corresponding to a
representative of each protein family: 3H4N (PpcD from Geobacter sulfurreducens);
1UPD (cytochrome c3 from D. desulfuricans ATCC 27774); 1M1Q (STC from Shewanella
oneidensis MR-1); 1QJD (flavocytochrome c3 from Shewanella frigidimarina); 1M70
(cytochrome c4 from Pseudomonas stutzeri).
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The detailed structural, thermodynamic and kinetic character-
ization reported in the literature for several multiheme cyto-
chromes, following the pioneering efforts of Xavier [14], is
reviewed here in order to formulate a proposal to answer these
questions.

2. Structural and functional advantages

There are structural advantages in binding several heme co-
factors to a single polypeptide. Besides contributing to the correct
fold of the polypeptide chain, the hemes also confer stability to
the protein structure. Structures are known of multiheme cyto-
chromes c with as little as 23 amino acids per heme. The cross
linkage arising from the heme c coordinating residues, with three
bonds provided by the CXXCH motif, or four bonds in the case of
hexacoordinated hemes, provides multiheme cytochromes c with
greater stability compared with proteins of similar size [15]. The
covalent binding of the c-type hemes prevents the statistical ther-
modynamic decay in affinity constants for equilibrium binding of
multiple identical co-factors [16]. This means that the hemes can
be stably positioned close to each other and in larger quantity per
polypeptide chain. Indeed, all known multiheme cytochromes
containing more than two hemes per polypeptide are of type c
[17].

Having multiple redox centers in a single protein also provides
functional advantages for electron transfer. When electrons have to
be transferred across large distances, intramolecular electron
transfer within a multicenter redox protein proceeds without the
need for transient recognition and binding between successive
physiological partners in the crowded cellular medium. The two
main parameters that define the intraprotein electron transfer
are the tunneling distance and the driving force [18,19]. For a tun-
neling distance between pairs of redox centres shorter than
approximately 14 Å, the tunneling rates remain compatible with
the physiological turnover of the protein [18]. For electron transfer
over larger distances the introduction of several redox centers is
the only way to ensure that the electron tunneling rate remains
sufficiently fast [19]. This mode of long distance electron transfer
is called hopping, and it allows electrons to flow at a rate compat-
ible with the physiological turnover even when there are ender-
gonic steps in the overall exergonic electron transfer chain [19].

Multiheme cytochromes c can access a larger range of redox
activity because each redox center can be tuned to be active at a dif-
ferent reduction potential. This contrasts with proteins containing a
single redox center, which have a range of redox activity limited by
the Nernst curve. There are various factors that influence the reduc-
tion potentials of hemes and allow them to be tuned over a range of
1 V (from �550 to +450 mV) [17]. The two most relevant are: the
heme environment, namely amino acid charges, dipoles and expo-
sure to solvent, which can shift the potential by up to 500 mV [20];
and the nature of the axial ligands, which can shift the potential by
as much as 650 mV [21]. Smaller effects arise from factors such as:
non-planar distortions of the heme, orientation of the axial ligands,
thermodynamic proton coupling (redox-Bohr effect), and heme–
heme interactions [22].

3. Cooperative effects

Heme–heme interactions modify the reduction potentials of
the hemes involved. These changes may be cooperative or
anti-cooperative, with both having functional consequences.
Cooperativity between co-factors is an exclusive characteristic
of multicenter redox proteins. The uptake of an electron by one
heme affects the affinity for electrons (reduction potentials) of
the remaining oxidized hemes. When the uptake of an electron
lowers the affinity for the uptake of another, the protein exhibits
negative cooperativity (anti-cooperativity) and this increases the
range of electrode potentials where it is redox active. Conversely,
if the uptake of one electron increases the affinity for an electron
at another site, the cytochrome exhibits positive cooperativity
and a sharper transition in redox state of the protein. Indeed,
the maximum cooperativity that can be attained by a multicenter
protein is ultimately limited by the number of sites. Therefore,
the increase in the number of hemes facilitates the emergence
of cooperative processes [23].

The detailed characterization of the reduction potentials and
interactions in multiheme cytochromes is a laborious task and
has been reported for several examples. Of these, the following
are soluble and monomeric in physiological conditions, the struc-
ture is known, and heme–heme interactions were determined
experimentally: the triheme cytochromes c7 (or Ppc) from the
Geobacteraceae family [24,25]; the tetraheme cytochromes c3 from
the Desulfovibrio (D) and Desulfomicrobium genera [26–29]; the
small tetraheme cytchrome c (STC) [30,31] and the tetraheme
flavocytochrome c [32] from the Shewanella genus; and the diheme
cytochrome c4 from Pseudomonas stutzeri [33]. Fig. 1 shows the
heme architecture of the target cytochrome structural families.

4. Distance dependence of electrostatic interactions

The experimental heme–heme interactions are composite
parameters that can contain contributions from other processes.
The most common is the redox-Bohr effect that arises from ther-
modynamic coupling between redox and acid–base groups that
titrate in the physiological pH range. The heme, with a redox active
iron and acid–base active propionates, is a well suited co-factor to
establish such a heterotropic linkage. Whereas the electrostatic
interaction between the electrons in hemes is repulsive and there-
fore anti-cooperative, the electrostatic interaction between elec-
trons and protons is attractive and therefore cooperative.
Consequently, the parsing of the redox-Bohr contribution is essen-
tial for correctly interpreting the values of the heme–heme interac-
tions [30,34]. For those cases where this was done it is possible to
observe that the redox interactions between pairs of hemes show a



506 B.M. Fonseca et al. / FEBS Letters 586 (2012) 504–509
dependence with the iron-to-iron distance that follows a simple
model of shielded electrostatic interactions (Fig. 2). This model
considers a Coulombic decay enhanced by a Debye–Hückel shield-
ing factor [35]. This is an indication that the overall dielectric envi-
ronment within these multiheme cytochromes is very similar,
despite the differences between number of hemes, heme architec-
ture and amino acid composition. Considering only the heme
domain of the flavocytochrome c3, the overall ratio of protein
length to heme for these proteins ranges from 23 to 27 amino acids
for STC and cytochrome c3, respectively. The diheme cytochrome
c4, which has a ratio of 95 amino acids per heme, displays a less
effective electrostatic shielding of the hemes–heme interactions
in agreement with a less hydrophilic environment.

The values of the redox interactions between pairs of hemes are
typically positive as expected for the repulsive interaction between
electrons. However, this simple correlation breaks down in the
presence of redox-linked conformational changes that can modify
the relative coordinates of the interacting centers or the electro-
static environment surrounding the interacting charges. These
additional terms in the observed interaction are denominated
non-Coulombic effects or mechano-chemical effects, which can en-
hance or diminish the electrostatic component of the interaction
[28,36].

Non-Coulombic effects are evident in Fig. 2 for data measured
for the cytochromes c3, which are the most disperse [35]. Some of
the heme-heme interactions measured for these proteins even dis-
play negative values when cooperative non-Coulombic effects
dominate over the electrostatic effects. These redox-linked confor-
mational changes were identified by comparative structural studies
of the oxidized and reduced forms in several cytochromes c3. They
do not involve major structural rearrangements and were mainly
associated with localized conformational changes in the side chains
of amino acid residues located in the neighborhood of the heme
Fig. 2. Distance dependence of the pairwise interactions between the hemes.
Squares illustrate data for the STC from the Shewanella genus [30,31]; Triangles
illustrate data for the flavocytochromes c3 from the Shewanella genus [32];
Diamonds illustrate data for the cytochrome c7/Ppc from Desulfuromonas and
Geobacter genera [24,25]; the rectangle illustrates the range of the interactions
reported for the cytochrome c4 [33]; open circles illustrate data for the cytochromes
c3 from the Desulfovibrio and Desulfomicrobium genera [27–29]. Distances were
measured between iron atoms from the protein structures with the following PDB
codes: 1M1Q; 2K3V; 1QJD; 1D4D; 1HH5; 2LDO; 3BXU; 3H4N; 3H34; 1RWJ; 1WAD;
2CTH; 1UPD; 2BQ4; 2CY3; 1W7O; 1M70, using the program Pymol v0.99. The solid
line was obtained with a Debye–Hückel model of shielded electrostatic interactions
considering and effective dielectric constant of 8.6 and Debye length of 7.7 Å [42].
groups and with conformational changes in the heme propionates
[37–41].

5. A functional role for intramolecular interactions

Fig. 2, shows that heme-heme interactions affect the reduction
potentials of the hemes, and that this effect of up to 100 mV decays
rapidly with distance.

Fig. 1 shows that multiheme cytochromes with different phys-
iological functions may present similar spatial arrangement of
the hemes. These data suggest that the interplay of the heme
reduction potentials with the redox, redox-Bohr and non-Coulom-
bic effects, plays a role in establishing the functional specificity of
each protein.

This hypothesis attributes a biological function to the heme–
heme interactions in modulating the microscopic redox properties
of multicenter redox proteins. Thermodynamically, this means that
the population of the multiple microstates that mediate the pro-
gression between fully reduced and fully oxidized cytochrome is
not fortuitous and has been selected to favor the physiological
function.

To explore this hypothesis the redox speciation diagrams for
these complex proteins need to be calculated on the basis of the
experimentally determined heme reduction potentials and their
interactions, pKas of acid-base groups affected by the redox state
of the protein and redox-Bohr interactions. Experimental data that
allow this detailed analysis was collected for several multiheme
cytochromes and are plotted in Fig. 3. Due to the close proximity
of the hemes in all these multiheme cytochromes, intramolecular
electron transfer is fast on the experimental time-scale, which en-
sures equilibrium among all microstates with the same number of
oxidized hemes, in what are called macroscopic redox stages. The
stages are linked by steps that involve the uptake or release of
one electron by the cytochrome. In the case of a multicenter pro-
tein containing n redox centers, n + 1 macroscopic oxidation stages
can co-exist in solution, each containing the microstates with the
same number of oxidized hemes. The number of oxidized hemes
provides the nomenclature for the macroscopic stages from 0 for
the fully reduced protein to n for the fully oxidized state. For
n + 1 macroscopic oxidation stages there are 2n + m microstates,
being m the number of redox-Bohr centers within the protein
(see accompanying essay by Catarino and Turner).

The populations of these microstates for 15 soluble monomeric
multiheme cytochromes are reported in Fig. 3, where the dominant
microstates of partially oxidized stages are labeled to identify the
hemes that are oxidized in each step.

Fig. 3 shows two aspects of the interplay between intrinsic reduc-
tion potentials of the individual hemes and the intramolecular inter-
actions. The first is that in structurally identical proteins the tuning
of the reduction potentials and interactions leads to dramatic differ-
ences in the dominant microstates as the proteins proceed from fully
reduced to fully oxidized at physiological pH. This is observed for the
triheme c7/Ppc cytochromes. Proteomics and knock-out mutant
studies on the five triheme cytochromes c7 (PpcA-E) from Geobacter
sulfurreducens suggested that this family of cytochromes plays a cru-
cial role in driving electron transfer from the cytoplasm to the cell
exterior, and assisting the reduction of extracellular acceptors
[25]. In the case of PpcB and PpcE, several microstates are signifi-
cantly populated in oxidation stages 1 and 2 and therefore, no pref-
erential pathway for electron transfer can be established. In
contrast, PpcA and PpcD appear to be optimized to interact with
specific redox partners involving e�/H+ transfer via different mech-
anisms, where hemes I and IV are directly involved in the electron–
proton coupling. In the case of PpcA, electron–proton coupling
occurs between oxidation stages 1 and 2, whereas in PpcD oxidation
stages 0 and 2 are involved in a two-electron transfer step coupled to



Fig. 3. Speciation diagrams of the microstates of the multiheme cytochromes c. The curves were calculated as a function of the electrode potential (SHE) using the
thermodynamic properties determined experimentally [24–32]. The solid lines indicate the protonated microstates while the dashed lines indicate the deprotonated
microstates. Dotted and dash-dot lines in the panel Ddc3 indicate a second set of redox-linked protonations. The numerals above the lines indicate the oxidized hemes in the
dominant microstates. Panels Dac7 and PpcA-E correspond to data from the triheme cytochrome c7 from Desulfuromonas acetoxidans and Geobacter sulfurreducens, respectively,
at physiological pH 7.5 [24,25]. Panels Dgc3, Dvc3, DaTpIc3 Ddc3 correspond to data from the type I tetraheme cytochrome c3 from D. gigas, D. vulgaris Hildenbourgh,
D. africanus, D. desulfuricans ATCC 27774, respectively, at physiological pH 7.0 [26–28]. Panels Dnc3 and Dbc3 correspond to data from the tetraheme cytochrome c3 from
Desulfomicrobium norvegicum and Desulfomicrobium baculatum, respectively, at physiological pH 6.15 [29]. Panels SoSTC and SfSTC correspond to data from the tetraheme
cytochrome STC from Shewanella oneidensis MR-1 and Shewanella frigidimarina, respectively, at physiological pH 7.0 [30,31]. Panels SoFcc3 and SfFcc3 correspond to data from
the tetraheme flavocytochrome c3 from Shewanella oneidensis MR-1 and Shewanella frigidimarina, respectively, at physiological pH 7.0 [32].
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the deprotonation of the redox-Bohr center [25]. The triheme cyto-
chrome c7 from Desulfuromonas acetoxidans was also implicated in
the respiration of metals and sulfur [43,44]. In this cytochrome, no
electron–proton coupling is observed in the physiological pH range
but a clear selection of the intermediate stage populations is evident
[24].

The second aspect is that structurally identical proteins can
achieve the same functional properties via dramatically different
detailed mechanisms. The tetraheme cytochromes c3 from
Desulfovibrio and Desulfomicrobium share a common architecture
of the heme core, which is identical to that of cytochromes c7 with
the addition of the polypeptide section that binds heme II. The
physiological function of these cytochromes is to accept electrons
and protons from periplasmic hydrogenases, and deliver them to
membrane-linked protein complexes, with a net energy transfer
from the redox to the protonic centers [28,45]. In line with this
common function and in contrast to what is observed for the tri-
heme cytochromes, all cytochromes c3 show a bias for some of
the intermediate stage populations to be greatly diminished, an
indication of positive cooperativity. Fig. 3 shows that a variety of
strategies can be used to achieve this objective. For the
cytochromes c3 from D. gigas, D. vulgaris Hildenborough, D. africanus
and D. desulfuricans ATCC 27774, a clear-cut positive cooperativity
between a pair of hemes occurs [46]. In all cases the positive redox
cooperativity is associated with an acid-base transition giving rise
to a proton-coupled two-electron step. The speciation diagram for
D. desulfuricans is slightly more complex since two redox-linked
protonation events are observed in the physiological range, leading
to a greater dispersion of the populations. For the cytochromes c3

from the Desulfomicrobium genus the coupling with protonation is
so important, in the context of a weaker heme–heme positive coop-
erativity, that it has been named proton-assisted two-electron step
[29].

The STC cytochrome from Shewanella genus, a soluble 12 kDa
protein isolated from the periplasmic space, presents a distinct
spatial arrangement of the hemes which forms a bent chain.
Knock-out mutations of the gene implicate this protein in iron
reduction [47,48] and more recently in the reduction of DMSO
[49]. Analyzing the panels corresponding to STC from S. oneidensis
(SoSTC) and from S. frigidimarina (SfSTC), it is possible to verify that
in both cases, at physiological pH, reduction of heme III which is
the least exposed heme and therefore the less likely to make direct
electron transfer to a redox partner, is strongly coupled to proton-
ation. This suggests a role as gate-keeper by modulating the elec-
trostatic environment via redox and redox-Bohr interactions with
the other hemes. The consequence is that when the protein is fully
oxidized, the deprotonated microstate is dominant, whereas in all
the other redox stages, the protonated microstates are dominant,
for both examples. In addition to this protonation step coupled
with electron transfer, there is always a dominant microstate in
every redox stage, indicating that there is an ordered distribution
of the electrons within the protein [30,31]. The similarities at the
structural level and in metabolic role are also translated in kinetic
studies performed in vitro [50]. These studies show that for both
SoSTC and SfSTC the heme with the more negative reduction
potential is the major player in the uptake or release of electrons.

Finally, flavocytochrome c3 (Fcc3) is a 64 kDa soluble fumarate
reductase from the Shewanella genus. This enzyme contains a
tetraheme domain that is structurally homologous to the STC
cytochrome and a flavin domain responsible for the unidirectional
reduction of fumarate to succinate. This is a coupled two-electron,
two-proton reaction. It is clear from the dominant microstates in
both examples that the first pair of electrons is transferred to the
FAD catalytic site while ensuring that heme IV, located near the cat-
alytic site, remains reduced. This reduction is achieved by intramo-
lecular re-equilibration among the hemes which is approximately
three orders of magnitude faster than the electron transfer to the
FAD, ensuring the transfer of a pair of electrons necessary for the
catalysis [32,51]. Interestingly, the data for these two enzymes do
not show significant e�/H+ coupling, which reveals that proton
delivery to the catalytic site is not thermodynamically linked to
the redox state of the hemes [32].

The data reported in Fig. 3 reveals clearly that for a similar heme
core arrangement the combined effect of the reduction potentials
and interactions brings about a detailed selection of the specific
states of the protein that are active during the redox cycling. These
allow for a versatile tuning of the detailed redox properties of
multiheme cytochromes. Therefore, a common architecture can
accommodate different functions, or alternatively a common archi-
tecture can be used to achieve a similar function by different de-
tailed mechanisms.

6. Conclusion

The data compiled in this review argue in favor of an important
role for intramolecular interactions in establishing a defined speci-
ation during the redox cycling of multicenter cytochromes, a
phenomenon called thermodynamic gating [40]. However, the
electrostatic component of these interactions decays strongly with
distance. As a consequence, hemes need to be located very close to-
gether to ensure an interaction magnitude that can significantly
modulate their intrinsic reduction potentials. This in turn places
constrains on the spatial organization of the hemes within the
protein.

In conclusion, the architecture of multiheme cytochromes en-
sures fast intramolecular electron transfer and control over the
microstates that are populated during the redox activity. These
properties are essential to prevent the thermodynamic dissipation
of the redox energy channeled through these proteins, diminishing
the probability of unspecific interactions within the crowded cellu-
lar medium and guaranteeing a defined biological role.

Acknowledgements

The authors wish to acknowledge the unique privilege of having
had the opportunity of working directly with Professor Antonio V.
Xavier, an inspiring man and scientist.

B.M.F. and C.M.P. are the recipients of grants from Fundação
para a Ciência e Tecnologia [SFRH/BD/41205/2007 (B.M.F.); SFRH/
BPD/34591/2007 (C.M.P.)]. Research in the authors laboratories is
supported by grants PTDC/QUI/70182/2006, PTDC/BIA-PRO
098158/2008 and MIT-Pt BS-BB/1014/2008 from Fundação para a
Ciência e Tecnologia.

References

[1] Stone, F.M. and Coulter, C.B. (1932) Porphyrin compounds derived from
bacteria. J. Gen. Physiol. 15, 629–639.

[2] Pettigrew, G.W. and Moore, G.R. (1987). Cytochromes c: Biological Aspects.
Springer Series in Molecular Biology.

[3] Mayfield, J.A., Dehner, C.A. and DuBois, J.L. (2011) Recent advances in bacterial
heme protein biochemistry. Curr. Opin. Chem. Biol. 15, 260–266.

[4] Schulz, H., Fabianek, R.A., Pellicioli, E.C., Hennecke, H. and Thony-Meyer, L.
(1999) Heme transfer to the heme chaperone CcmE during cytochrome c
maturation requires the CcmC protein, which may function independently of
the ABC-transporter CcmAB. Proc. Natl. Acad. Sci. 96, 6462–6467.

[5] Ferguson, S.J., Stevens, J.M., Allen, J.W.A. and Robertson, I.B. (2008)
Cytochrome c assembly: A tale of ever increasing variation and mystery?
Biochim. Biophys. Acta 1777, 980–984.

[6] Sanders, C., Turkarslan, S., Lee, D.W. and Daldal, F. (2010) Cytochrome c
biogenesis: the Ccm system. Trends Microbiol. 18, 266–274.

[7] Leang, C., Qian, X.L., Mester, T. and Lovley, D.R. (2010) Alignment of the c-type
cytochrome OmcS along pili of Geobacter sulfurreducens. Appl. Environ.
Microb. 76, 4080–4084.

[8] Smith, L. (1959) Reactions of Rhodospirillum rubum extract with cytochrome c
and cytochrome c2. J. Biol. Chem. 234, 1571–1574.

[9] Postgate, J.R. (1954). Dependence of sulphate reduction and oxygen utilization
on a cytochrome in Desulfovibrio. Biochem. J. 58, ix.



B.M. Fonseca et al. / FEBS Letters 586 (2012) 504–509 509
[10] Matias, P.M., Coelho, A.V., Valente, F.M., Placido, D., LeGall, J., Xavier, A.V.,
Pereira, I.A. and Carrondo, M.A. (2002) Sulfate respiration in Desulfovibrio
vulgaris Hildenborough. Structure of the 16-heme cytochrome c HmcA AT 2.5-
A resolution and a view of its role in transmembrane electron transfer. J. Biol.
Chem 277, 47907–47916.

[11] Sharma, S., Cavallaro, G. and Rosato, A. (2010) A systematic investigation of
multiheme c-type cytochromes in prokaryotes. J. Biol. Inorg. Chem. 15, 559–
571.

[12] Londer, Y.Y., Giuliani, S.E., Peppler, T. and Collart, F.R. (2008) Addressing
Shewanella oneidensis ‘‘cytochromome’’: the first step towards high-
throughput expression of cytochromes c. Protein Expr. Purif. 62, 128–137.

[13] Alves, A.S., Paquete, C.M., Fonseca, B.M. and Louro, R.O. (2011) Exploration of
the ‘cytochromome’ of Desulfuromonas acetoxidans, a marine bacterium
capable of powering microbial fuel cells. Metallomics 3, 349–353.

[14] Xavier, A.V. (1983) NMR studies of cytochromes in: The Coordination
Chemistry of Metalloenzymes (Bertini, I., Drago, R.S. and Luchinat, C., Eds.),
D. Reidel Pub. Co., Dordrecht, Holland. pp. 291–311.

[15] Florens, L., Bianco, P., Haladjian, J., Bruschi, M., Protasevich, I. and Makarov, A.
(1995) Thermal stability of the polyheme cytochrome c3 superfamily. FEBS
Lett. 373, 280–284.

[16] Cantor, C.R. and Schimmel, P.R. (1980) Biophysical Chemistry Part III: The
Behavior of Biological Macromolecule, W H Freeman, New York.

[17] Reedy, C.J., Elvekrog, M.M. and Gibney, B.R. (2008) Development of a heme
protein structure-electrochemical function database. Nucleic Acids Res. 36,
307–313.

[18] Moser, C.C., Anderson, J.L. and Dutton, P.L. (2010) Guidelines for tunneling in
enzymes. Biochim. Biophys. Acta 1797, 1573–1586.

[19] Gray, H.B. and Winkler, J.R. (2010) Electron flow through metalloproteins.
Biochim. Biophys. Acta 1797, 1563–1572.

[20] Tezcan, F.A., Winkler, J.R. and Gray, H.B. (1998) Effects of ligation and folding
on reduction potentials of heme proteins. J. Am. Chem. Soc. 120, 13383–
13388.

[21] Raphael, A.L. and Gray, H.B. (1991) Semisynthesis of Axial-Ligand (Position-
80) Mutants of Cytochrome c. J. Am. Chem. Soc. 113, 1038–1040.

[22] Moore, G.R. and Pettigrew, G.W. (1990) Cytochromes c: Evolutionary,
Structural and Physicochemical Aspects, Springer-Verlag, Berlin.

[23] Wyman, J. and Gill, S.J. (1990) The Binding Polynomial in: Binding and Linkage
– Functional Chemistry of Biological Macromolecules (Kelly, A., Ed.),
University Science Books, Mill Valley, CA. pp. 63–121.

[24] Correia, I.J., Paquete, C.M., Louro, R.O., Catarino, T., Turner, D.L. and Xavier, A.V.
(2002) Thermodynamic and kinetic characterization of trihaem cytochrome c3

from Desulfuromonas acetoxidans. Eur. J. Biochem. 269, 5722–5730.
[25] Morgado, L., Bruix, M., Pessanha, M., Londer, Y.Y. and Salgueiro, C.A. (2010)

Thermodynamic characterization of a triheme cytochrome family from
Geobacter sulfurreducens reveals mechanistic and functional diversity.
Biophys. J. 99, 293–301.

[26] Paquete, C.M., Pereira, P.M., Catarino, T., Turner, D.L., Louro, R.O. and Xavier,
A.V. (2007) Functional properties of type I and type II cytochromes c3 from
Desulfovibrio africanus. Biochim. Biophys. Acta 1767, 178–188.

[27] Paquete, C.M., Turner, D.L., Louro, R.O., Xavier, A.V. and Catarino, T. (2007)
Thermodynamic and kinetic characterisation of individual haems in
multicentre cytochromes c3. Biochim. Biophys. Acta 1767, 1169–1179.

[28] Louro, R.O., Catarino, T., LeGall, J., Turner, D.L. and Xavier, A.V. (2001)
Cooperativity between electrons and protons in a monomeric cytochrome c3:
the importance of mechano-chemical coupling for energy transduction.
Chembiochem 2, 831–837.

[29] Correia, I.J., Paquete, C.M., Coelho, A., Almeida, C.C., Catarino, T., Louro, R.O.,
Frazao, C., Saraiva, L.M., Carrondo, M.A., Turner, D.L. and Xavier, A.V. (2004)
Proton-assisted two-electron transfer in natural variants of tetraheme
cytochromes from Desulfomicrobium sp.. J. Biol. Chem. 279, 52227–52237.

[30] Fonseca, B.M., Saraiva, I.H., Paquete, C.M., Soares, C.M., Pacheco, I., Salgueiro,
C.A. and Louro, R.O. (2009) The tetraheme cytochrome from Shewanella
oneidensis MR-1 shows thermodynamic bias for functional specificity of the
hemes. J. Biol. Inorg. Chem. 14, 375–385.

[31] Pessanha, M., Louro, R.O., Correia, I.J., Rothery, E.L., Pankhurst, K.L., Reid, G.A.,
Chapman, S.K., Turner, D.L. and Salgueiro, C.A. (2003) Thermodynamic
characterization of a tetrahaem cytochrome isolated from a facultative
aerobic bacterium, Shewanella frigidimarina: a putative redox model for
flavocytochrome c3. Biochem. J. 370, 489–495.

[32] Pessanha, M., Rothery, E.L., Miles, C.S., Reid, G.A., Chapman, S.K., Louro, R.O.,
Turner, D.L., Salgueiro, C.A. and Xavier, A.V. (2009) Tuning of functional heme
reduction potentials in Shewanella fumarate reductases. Biochim. Biophys.
Acta 1787, 113–120.

[33] Conrad, L.S., Karlsson, J.J. and Ulstrup, J. (1995) Electron transfer and spectral
alpha-band properties of the di-heme protein cytochrome c4 from
Pseudomonas stutzeri. Eur. J. Biochem. 231, 133–141.

[34] Paixão, V.B., Vis, H. and Turner, D.L. (2010) Redox linked conformational
changes in cytochrome c3 from Desulfovibrio desulfuricans ATCC 27774.
Biochemistry 49, 9620–9629.

[35] Louro, R.O., Catarino, T., Paquete, C.M. and Turner, D.L. (2004) Distance
dependence of interactions between charged centres in proteins with
common structural features. FEBS Lett. 576, 77–80.

[36] Xavier, A.V. (2002) A mechano-chemical model for energy transduction in
cytochrome c oxidase: the work of a Maxwell’s God. FEBS Lett. 532, 261–266.

[37] Brennan, L., Turner, D.L., Messias, A.C., Teodoro, M.L., LeGall, J., Santos, H. and
Xavier, A.V. (2000) Structural basis for the network of functional
cooperativities in cytochrome c3 from Desulfovibrio gigas: Solution structures
of the oxidised and reduced states. J. Mol. Biol. 298, 61–82.

[38] Messias, A.C., Kastrau, D.H.W., Costa, H.S., LeGall, J., Turner, D.L., Santos, H. and
Xavier, A.V. (1998) Solution structure of Desulfovibrio vulgaris (Hildenborough)
ferrocytochrome c3: Structural basis for functional cooperativity. J. Mol. Biol.
281, 719–739.

[39] Pieulle, L., Morelli, X., Gallice, P., Lojou, E., Barbier, P., Czjzek, M., Bianco, P.,
Guerlesquin, F. and Hatchikian, E.C. (2005) The type I/type II cytochrome c3

complex: an electron transfer link in the hydrogen-sulfate reduction pathway.
J. Mol. Biol. 354, 73–90.

[40] Louro, R.O., Bento, I., Matias, P.M., Catarino, T., Baptista, A.M., Soares, C.M.,
Carrondo, M.A., Turner, D.L. and Xavier, A.V. (2001) Conformational
component in the coupled transfer of multiple electrons and protons in a
monomeric tetraheme cytochrome. J. Biol. Chem. 276, 44044–44051.

[41] Harada, E., Fukuoka, Y., Ohmura, T., Fukunishi, A., Kawai, G., Fujiwara, T. and
Akutsu, H. (2002) Redox-coupled conformational alternations in cytochrome
c3 from D. vulgaris Miyazaki F on the basis of its reduced solution structure. J.
Mol. Biol. 319, 767–778.

[42] Louro, R.O. and Paquete, C.M. (2010) Molecular details of multielectron
transfer: the case of multiheme cytochromes from metal respiring organisms.
Dalton Trans. 39, 4259–4266.

[43] Roden, E.E. and Lovley, D.R. (1993) Dissimilatory Fe(III) reduction by the
marine microorganism Desulfuromonas acetoxidans. Appl. Environ. Microbiol.
59, 734–742.

[44] Pereira, I.A., Pacheco, I., Liu, M.Y., Legall, J., Xavier, A.V. and Teixeira, M. (1997)
Multiheme cytochromes from the sulfur-reducing bacterium Desulfuromonas
acetoxidans. Eur. J. Biochem. 248, 323–328.

[45] Louro, R.O., Catarino, T., LeGall, J. and Xavier, A.V. (1997) Redox-Bohr effect in
electron/proton energy transduction: cytochrome c3 coupled to hydrogenase
works as a ‘proton thruster’ in Desulfovibrio vulgaris. J. Biol. Inorg. Chem. 2,
488–491.

[46] Louro, R.O. (2007) Proton thrusters: overview of the structural and functional
features of soluble tetrahaem cytochromes c3. J. Biol. Inorg. Chem. 12, 1–10.

[47] Gordon, E.H., Pike, A.D., Hill, A.E., Cuthbertson, P.M., Chapman, S.K. and Reid,
G.A. (2000) Identification and characterization of a novel cytochrome c3 from
Shewanella frigidimarina that is involved in Fe(III) respiration. Biochem. J. 349,
153–158.

[48] Leys, D., Meyer, T.E., Tsapin, A.S., Nealson, K.H., Cusanovich, M.A. and Van
Beeumen, J.J. (2002) Crystal structures at atomic resolution reveal the novel
concept of ‘‘electron-harvesting’’ as a role for the small tetraheme cytochrome
c. J. Biol. Chem. 277, 35703–35711.

[49] Coursolle, D. and Gralnick, J.A. (2010) Modularity of the Mtr respiratory
pathway of Shewanella oneidensis strain MR-1. Mol. Microbiol. 77, 995–1008.

[50] Paquete, C.M., Saraiva, I.H., Calcada, E. and Louro, R.O. (2010) Molecular basis
for directional electron transfer. J. Biol. Chem. 285, 10370–10375.

[51] Turner, K.L., Doherty, M.K., Heering, H.A., Armstrong, F.A., Reid, G.A. and
Chapman, S.K. (1999) Redox properties of flavocytochrome c3 from Shewanella
frigidimarina NCIMB400. Biochemistry 38, 3302–3309.


	The role of intramolecular interactions in the functional control of multiheme  cytochromes c
	1 Introduction
	2 Structural and functional advantages
	3 Cooperative effects
	4 Distance dependence of electrostatic interactions
	5 A functional role for intramolecular interactions
	6 Conclusion
	Acknowledgements
	References


