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Abstract—Bacteria utilizing insoluble mineral forms of metal oxides as electron acceptors in respiratory processes are wide-
spread in the nature. The electron transfer from a pool of reduced quinones in the cytoplasmic membrane across the
periplasm to the bacterial outer membrane and then to an extracellular acceptor is a key step in bacterial dissimilatory metal
reduction. Multiheme cytochromes ¢ play a crucial role in the extracellular electron transfer. The bacterium Shewanella
oneidensis MR-1 was used as a model organism to study the mechanism of extracellular electron transport. In this review,
we discuss recent data on the composition, structures, and functions of multiheme cytochromes ¢ and their functional com-
plexes responsible for extracellular electron transport in Shewanella oneidensis.
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Under anaerobic conditions, some bacteria utilize
mineral (insoluble) forms of variable-valence metal com-
pounds as electron acceptors. The ability of microorgan-
isms to perform obligatory iron reduction (iron breath-
ing) under anaerobic conditions was shown for the first
time by Balashova and Zavarzin in 1979 [1]. In their
experiments, a bacterium identified as Pseudomonas sp.
was found to be responsible for the reduction of iron
hydroxide and ferrihydrite by molecular hydrogen. In the
late 1980s, Lovely et al. found that Fe(III) and Mn(IV)
serve as the final electron acceptors in the growth of
microorganisms on non-fermentable organic compounds
[2, 3] and showed that these organisms are widespread in
the nature [4-9]. The bacteria that were isolated in these
studies and assigned to the Geobacter and Shewanella gen-
era were later used as model species for investigation of
biochemical and physiological aspects of microbial metal
reduction. This phenomenon, referred to as bacterial dis-
similatory metal reduction (BDMR), plays a great role in

Abbreviations: BDMR, bacterial dissimilatory metal reduction;
ETC, electron transport chain; Fe-NTA, iron nitrilotriacetate;
OMC, outer-membrane cytochrome c¢; rmsd, root-mean-
square deviation.

* To whom correspondence should be addressed.

transformations of such abundant and vitally important
elements as iron and manganese [10, 11]. In some
marine, freshwater, and soil ecosystems, dissimilatory
iron(III) reduction by microorganisms is a key process
coupled to the oxidation of organic matter [9, 12]. The
microbial reduction of Fe(III) might have played an even
more important role in the ancient biosphere, where
Fe(III) was apparently the first and, for a certain period of
time, the main oxidizing agent for organic carbon [13]. It
was hypothesized that dissimilatory Fe(III) reduction
might have been the first type of metabolism [14]. Now,
bacterial metal reduction is considered as a process hav-
ing great biotechnological potential [11, 15] for the man-
ufacturing of fuel cells [16-19], microbial electron trans-
fer chains [20], and bioremediation of soils contaminated
with toxic metals, including radioactive ones, by the
reduction and transformations of these elements into less
soluble forms [15] (for example, of U(VI) into U(IV) [21]
and Tc(VII) into Tc(V) [22]). Recently, the possibility of
bacterial extracellular reduction of graphene oxide has
been reported, this process being considered as an
approach to the preparation of graphene [23].

One of the main questions that has been raised in
studies of BDMR using insoluble metal compounds as
terminal electron acceptors — what is the mechanism of
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electron transfer from the cytoplasmic membrane, in
which reduced quinones serve as the electron source,
across the periplasm and the bacterial outer membrane to
the insoluble substrate localized outside the cell? It
should be noted that all microorganisms for which this
mechanism has been studied are gram-negative bacteria.
Consequently, all known mechanisms of extracellular
electron transport take into account the structural fea-
tures of the cells and cell membranes of gram-negative
organisms. Investigations of BDMR in gram-positive
bacteria are in their infancy [24-29].

KEY MECHANISMS OF EXTRACELLULAR
ELECTRON TRANSPORT

The bacteria Shewanella oneidensis MR-1 and
Geobacter sulfurreducens (the strains DL-1 and KN400
were studied in most detail [15]) are the best-known
model organisms used for investigation of the mecha-
nisms of extracellular electron transport to insoluble and
soluble substrates. The results obtained for these two
organisms and then tested using other gram-negative
metal-reducing bacteria [30-35] suggest several underly-
ing mechanisms of extracellular electron transport [4, 11,
14, 15, 36-38], which can take place simultaneously com-
plementing each other under natural conditions.

The first mechanism involves multiheme cyto-
chromes ¢ whose functional complexes form extended
electron transport chains responsible for electron transfer
from reduced quinones in the cytoplasmic membrane to
redox-active proteins anchored at the extracellular side of
the bacterial outer membrane and then to extracellular
soluble and insoluble substrates ([11, 15, 39-44] and ref-
erences therein). Evidently, this mechanism can take
place only if there is a close contact (shorter than 15-
20 A) between the outer surface of the bacterial cell con-
taining terminal reductases and an extracellular electron
acceptor. In this case, direct electron transfer can occur
between the solvent-exposed heme of extracellular c-type
cytochrome serving as a terminal reductase and the elec-
tron acceptor [45]. For this electron transfer to occur,
cells of dissimilatory metal-reducing bacteria are
equipped with mechanisms for detection of substrates,
taxis to the substrate, and interactions with the surface of
the insoluble substrate [46-48]. The latter step depends
on the ability of the cell to synthesize outer-membrane
cytochromes ¢. Mutants of S. oneidensis, which do not
produce outer-membrane cytochromes, cannot interact
with the surface of insoluble substrates [48].

The second mechanism that supplements and
extends the possibilities of the first mechanism is associ-
ated with the synthesis of soluble low molecular weight
redox mediators (e.g. flavins) secreted by the cell into the
environment [11, 15, 49-54]. This mechanism was stud-
ied in most detail in the bacterium S. oneidensis MR-1
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[49, 51-56]. The level of riboflavin and FMN secreted by
the bacterium S. oneidensis MR-1 depends on the nature
of the electron acceptor and is increased in cell growth on
iron(II1) compounds [56]. It is hypothesized that the
reduction of mediators occurs at the same multiheme
cytochromes ¢ anchored to the outer membrane (here-
inafter, referred to as outer-membrane c-type
cytochromes (OMC)) as those that mediate direct elec-
tron transfer to insoluble acceptors by the first mecha-
nism [54, 55]. This is why flavins do not reduce insoluble
substrates in the absence of OMC. The contribution of
flavins to the overall rate of electron transfer to insoluble
iron oxide is 75-80% [52, 53] or, according to other data,
in the presence of micromolar concentrations of flavins,
the rate of electron transfer by the cytochrome MtrC to
an electrode increased by a factor of ten [54]. The rate of
reduction of soluble extracellular substrates remains
unchanged in the presence of flavins [52, 54].

The third mechanism, which has been extensively
discussed in recent years, is associated with the formation
of electrically conductive pili in some metal-reducing bac-
teria. This concept was considered in most detail for the
bacterium G. sulfurreducens [15, 57-59]. According to this
concept, electrically conductive pili (the length of one
pilus is 10-20 pm) make the major contribution to the
electron transport to insoluble acceptors in G. sulfurre-
ducens. These pili are formed during the growth of bacte-
ria on insoluble Fe(III) oxide [60, 61]. Deletion mutants
of G. sulfurreducens that do not produce pili cannot effi-
ciently reduce iron oxide. According to the data reported
by D. Lovley [15, 57-59], the pili have metallic-like con-
ductivity, which increases as the temperature is decreased.
The protein pilin (PilA) makes the major contribution to
the conductivity of pili [57-59]. It is suggested that the
metallic-like conductivity is possible due to the overlap of
7t orbitals of aromatic residues and electron delocalization
in PilA [57, 59]. This type of conductivity in proteins was
found here for the first time. In biofilms produced on elec-
trodes, pili mediate electron transport over distances of up
to 1 cm (so-called long-range electron transfer) [57, 58].

Multiheme cytochromes ¢ have no effect on the elec-
tron transfer through pili [15, 58], but they are apparent-
ly essential for the electron transfer from pili to acceptors
[58], i.e. they serve as terminal reductases. The key role
was assigned to the octaheme cytochrome OmcS specifi-
cally associated with pili [58, 62, 63]. It also cannot be
ruled out that multiheme cytochromes are involved in
electron transfer from the cytoplasmic membrane to the
pili [58].

In addition, multiheme cytochromes c can serve the
function of accumulating and storing electrons, thus pro-
viding electron transfer from the inner membrane and
proton gradient formation in the absence of acceptors
[58, 62, 64].

Even this cursory analysis of the three mechanisms
under consideration shows that multiheme cytochromes
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play a key role in electron transfer from the cytoplasmic
membrane to the external surface of the outer membrane,
where they are utilized for different purposes. The present
review discusses available data on the composition, struc-
tures, and functions of multiheme cytochromes ¢ and
their functional complexes involved in extracellular elec-
tron transport.

EXTRACELLULAR ELECTRON TRANSPORT
IN THE BACTERIUM Shewanella oneidensis MR-1

The scheme of extracellular electron transport pro-
posed for the gram-negative facultatively anaerobic bac-
terium S. oneidensis MR-1 has been studied in most
detail. S. oneidensis MR-1 can couple the oxidation of
different organic substrates to the reduction of a broad
range of terminal electron acceptors. The acceptors can
be either soluble or insoluble. The reduction of the for-
mer, such as O,, fumarate, nitrate, nitrite, thiosulfate,
and sulfite occurs in the periplasm, whereas the reduction
of the latter takes place outside the cell and requires elec-
tron transport to the surface of the outer membrane and
then to the acceptor. Among the latter acceptors are
Fe(III) and Mn(IV) oxides, including those present in
minerals. Amorphous Fe(IIl) hydroxides, weakly crys-
talline iron oxides (e.g. ferrihydrite 5Fe,0;9H,0), and
highly crystalline iron oxides (e.g. hematite a-Fe,0;,
magnetite Fe;0,, and goethite a-FeOOH) [65] are the
most widespread forms of iron subjected to microbial
reduction. The reduction of such soluble electron accep-
tors as dimethyl sulfoxide (DMSO) and iron citrate, as
well as compounds of chromium(VI), uranium(VI), and
technetium(VII), also occurs extracellularly [42].

The respiratory flexibility of S. oneidensis MR-1 is
provided by the presence of a multicomponent and
branched electron transport chain (ETC). This chain
includes cytochromes ¢ as the main components, which
are encoded by 42 genes identified in the genome of this
bacterium [66]; about 30 cytochromes ¢ contain two or
more c-type hemes. The inactivation of the target genes
and the subsequent phylogenetic analysis of mutants for
the ability to reduce soluble and insoluble iron com-
pounds resulted in the identification of four multiheme
cytochromes ¢ (CymA, MtrA, MtrC, and OmcA) and the
transmembrane protein MtrB as the minimum set of pro-
teins necessary for extracellular electron transport to
insoluble acceptors (mtr, metal reducing; omc, outer-
membrane cytochrome) [32, 67-70].

The genes of four proteins — mtrC, mtrB, mtrA, and
omcA — are arranged in the genome of S. oneidensis MR-
1 in one mtrCAB—omcA—mtrDEF gene cluster, which
includes also a set of mrDEF genes paralogous to mtrCAB
genes (the genes are listed in the order of their localiza-
tion in the cluster) [43]. The expression of the omcA,
mtrCAB, and mtrDEF genes is regulated by different pro-
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moters. This fact suggests that the proteins encoded by
these genes perform different functions in the cell. It was
hypothesized that the MtrCBA complex is synthesized in
individually living cells, whereas the MtrDEF complex is
synthesized during the cell growth in biofilms [41]. In
addition, it was shown that MtrCBA and OmcA have an
enhanced level of expression under anaerobic growth
conditions, whereas MtrDEF exhibits an enhanced level
of expression under aerobic conditions [44].

These proteins together form a chain providing elec-
tron transfer: (i) from the pool of reduced quinones in the
cytoplasmic membrane to the periplasm; (ii) across the
periplasm to the extracellular surface of the outer mem-
brane; (iii) from the outer membrane to the surface of the
insoluble acceptor (iron oxide in Fig. 1).

Electron transfer from cytoplasmic membrane to
periplasm. The protein CymaA is the first protein in the
extracellular electron transport chain. This is a tetraheme
cytochrome ¢ belonging to the NapC/NirT family of
QH,-quinol dehydrogenases [42, 71]. Magnetic circular
dichroism study showed that three c-type hemes of CymA
are coordinated by histidine residues in the proximal and
distal positions, whereas the fourth, high-spin, heme is
coordinated by a water molecule in the distal position.
The presence of a high-spin heme in the CymA molecule
was confirmed by EPR spectroscopy [72]. Spectro-
potentiometric titration showed that the redox potentials
of the low-spin His/His hemes are —110, —190, and
—265 mV, and the potential of the high-spin His/H,O
heme is —240 mV [73]. The spectropotentiometric titra-
tion data were confirmed by cyclic voltammetry of CymA
on gold and graphite electrodes [74].

The three-dimensional structure of CymA is
unknown. A model of CymA was built based on the
known structure of tetraheme quinol dehydrogenase
NrfH from the bacterium Desulfovibrio vulgaris that is
homologous to CymA. According to this model, the pro-
tein consists of one transmembrane o-helix, through
which the protein is attached to the cytoplasmic mem-
brane, and a globular periplasmic domain containing four
c-type hemes (Fig. 2) [42, 71, 75]. By analogy with D.
vulgaris NrfH [76], it was suggested that the high-spin
heme 1 located at the interface between the periplasm and
the cytoplasmic membrane is involved in the quinol-oxi-
dizing site [42] and serves as the entry site for electrons
into the ETC of CymA. Reduced form of menaquinone-
7 (MQ-7, E,, ~ —80 mV), which is the main quinone of
the cytoplasmic membrane under anaerobic growth con-
ditions, serves as the electron donor for CymA [74].
However, protein film voltammetry (PFV) data suggest
that MQ-7 is not only a substrate but also an addition
cofactor for CymA that is necessary for the redox process
to occur. It was hypothesized [74] that CymA has two
quinone-binding sites. One has high affinity for MQ-7
and binds quinone as the cofactor, whereas the other
binding site characterized by low affinity binds reduced
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Fig. 1. Scheme of electron transport in the bacterium S. oneidensis MR-1: from the pool of reduced quinones in the cytoplasmic membrane
to extracellular electron acceptors (e.g. iron(I11) oxide). The hemes in c-type cytochrome molecules are indicated by red points. Formate is
shown as the electron donor, Fdh is formate dehydrogenase. Soluble periplasmic cytochromes FccA, STC, and NrfA, as well as the soluble
fraction of MtrA, can be involved in the electron transfer from CymA to MtrA.

quinones, including those other than MQ-7, as the sub-
strates (electron donors). Residue Lys91 conserved in the
NapC/NirT family of QH,-quinol dehydrogenases locat-
ed near heme 1 is involved in the binding and oxidation of
menaquinol [75].

Comparison of the redox potentials of the hemes of
CymaA and primarily of the high-spin heme 1, which is the
presumed acceptor of electrons (—240 mV) and
menaquinone MQ-7 (—80 mV), shows that the in vivo
observed electron transfer from reduced MQ-7 to CymA is
thermodynamically hindered. This is confirmed by in vitro
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experiments in which the reverse electron transfer from
reduced CymA to MQ-7 takes place [74]. The direction of
the process in the cell is probably determined by the
potential of the NAD/NADH couple (—320 mV), the oxi-
dation of which as the formate dehydrogenase cofactor is
accompanied by the formation of reduced quinones. It
was also hypothesized that the binding of MQ-7 as the
cofactor can influence the potential of the c-type hemes of
CymaA [77]. Thus, the degree of reduction of non-purified
CymA with the redox-active menaquinol analog, 2,3-
dimethoxy-1,4-naphthoquinol (E, = —75 mV) in mem-
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Fig. 2. Model of CymA [75] constructed using the Swiss Modeler server based on the three-dimensional structure of tetraheme quinol dehy-
drogenase NrfH from the bacterium D. vulgaris (PDB ID: 2VRO0) [76] homologous to CymA. The superimposition of the hemes in CymA (in
black) and D. vulgaris NrfH (in gray) is shown. The hemes are numbered according to the position of the heme-binding motifs CxxCH in the
amino acid sequence. Heme 1 is the possible cofactor/substrate MQ-7-binding site. A redox-inactive analog of the substrate — 2-heptyl-4-
hydroxyquinoline-N-oxide — in the structure of D. vulgaris NrfH [76] is shown in orange. Residue Lys91 presumably involved in the binding

and oxidation of the substrate [75] is indicated.

brane fractions of Shewanella sp. strain ANA-3 cells is
25% of the corresponding value achieved using dithionite
(E,, = —660 mV) [75].

The formation of a transmembrane proton gradient
at the cytoplasmic membrane associated with ATP syn-
thesis apparently takes place in the step of feeding elec-
trons into a quinone pool [41, 71]. The subsequent elec-
tron transfer to CymA and then to other electron accep-
tors is not coupled with the energy accumulation in the
cell.

The unique role of CymA in redox processes occur-
ring in the periplasm is that this protein can transfer elec-
trons to a broad range of electron acceptors, thus activat-
ing enzymatic redox systems utilizing different terminal
electron acceptors. It is supposed that, in addition to the
reduction of soluble and insoluble metal compounds,

CymA is involved in the reduction of O,, DMSO,
fumarate, nitrite, and nitrate in the bacterium S. oneiden-
sis MR-1 [49, 67, 78-81], as well as for the reduction of
arsenate in Shewanella sp. strain ANA-3 [75] and S.
putrefaciens [82]. In these processes, the decaheme c-type
cytochrome MtrA and its paralog MtrF responsible for
the metal reduction, the decaheme c-type cytochrome
DmsE involved in the extracellular reduction of DMSO,
fumarate reductase FccA [83], and nitrite reductase NrfA
[42, 84] serve as electron acceptors from CymA.
Periplasmic electron transport. In extracellular
metal reduction processes, the periplasmic decaheme
protein MtrA serves as the electron acceptor from CymaA.
The mtrA gene-deleted S. oneidensis MR-1 cells do not
reduce iron(III) citrate but reduce other electron accep-
tors, such as nitrate, nitrite, etc. [85]. Recombinant
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MtrA was expressed in S. oneidensis and E. coli and was
then isolated, purified, and characterized [70]. The
molecular weight of MtrA is 32 kDa. This protein con-
tains 10 low-spin bis-histidine coordinated c-type hemes
having redox potentials in the range from —100 to —400
mV [70]. The reduced CymA can completely reduce in
vitro MtrA, which is then oxidized by soluble Fe(III)
complexes [86].

The three-dimensional structure of MtrA is
unknown. However, it was shown that the polypeptide
chain of MtrA can be divided into two pentaheme
domains, each domain being homologous to the penta-
heme c-type cytochrome NrfB responsible for the elec-
tron transport in the nitrite reductase complex NrfAB
[42]. The three-dimensional structure of NrfB from E.
coli was determined [87]. NrfB is characterized by a lin-
ear heme arrangement typical of a diverse family of mul-
tiheme cytochromes ¢ [88]. This heme arrangement con-
sists of alternating parallel and perpendicular di-heme
motifs. The distances between the adjacent hemes in the
NrfB molecule are not larger than 6 A, thus providing fast
electron exchange between the hemes that form an ETC.
It was hypothesized [42] that the hemes in the MtrA mol-
ecule are also closely spaced, thus enabling efficient elec-
tron transfer. This conclusion is confirmed by the very
small number of amino acid residues per c-type heme in
the MtrA molecule (34 residues); this number in multi-
heme proteins is, on the average, 60-70 residues per heme
[77]. The length of the five-heme ETC in NrfB is 40 A
[87]. Therefore, in the case of the linear arrangement of
the domains, the length of the 10-heme chain in MtrA is
estimated as 80 A [89].

In the cell, MtrA is involved in the ternary complex
MtrCAB, which also contains the transmembrane porin-
like protein MtrB and the decaheme c-type cytochrome
MtrC anchored to the external side of the outer mem-
brane. The ternary complex is so stable that it was isolat-
ed and characterized [90]. It is assumed that MtrA and
MtrC are inserted inside the MtrB pore from the opposite
sides in such a way as to enable the direct electron trans-
fer from the solvent-exposed heme of one protein to the
nearest heme of another one (Fig. 1) [89]. In addition to
the electron transport, MtrA is responsible for the stabi-
lization of MtrB by protecting it from nonspecific proteo-
lysis with the periplasmic protein DegP [91]. The mecha-
nism of protection is unknown, but it is apparently asso-
ciated with the ability of MtrA to form a stable binary
complex with MtrB in solution (in the periplasm).
According to an alternative hypothesis, MtrA can act as a
chaperone, by binding with the unstructured form of
MtrB in the periplasm and assisting the MtrB folding in
the complex with MtrA [91]. This hypothesis is support-
ed by the fact that MtrB was not inserted into the outer
membrane in the case of the disturbance of MtrA expres-
sion [40, 91]. The protein MtrC does not form a binary
complex with MtrB.
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Small-angle X-ray scattering (SAXS) study showed
that the MtrA molecule has an elongated shape with size
of 104 x 20 x 50 A [92]. This is in agreement with the
assumption of the linear 10-heme ETC about 80 A in
length [89]. The degree of penetration of MtrA into the
MtrB pore is unknown. Amino acid sequence analysis of
MtrB using the PRED-TMBB server predicted the three-
dimensional organization of MtrB [91]. The MtrB mole-
cule comprises 28 -strands forming a transmembrane [3-
barrel. The diameter of the pore inside the barrel is 30-
40 A. The B-strands are linked by 14 long and 13 short
solvent-exposed loops on both sides of the lipid mem-
brane. The long chains are directed toward the periplasm
and are involved in interactions between MtrB and MtrA
[93]. A comparison of the lateral sizes of MtrA and the
diameter of the MtrB pore suggests that MtrA can rather
deeply penetrate into the MtrB pore (Fig. 1). This may be
facilitated by the above-mentioned fact that the MtrB
folding can take place in the complex with MtrA. The
deep penetration of MtrA into the MtrB pore to provide
contact with MtrC is necessary because MtrC having lat-
eral sizes of 70 x 30 A (see below) cannot penetrate inside
the MtrB pore and binds on the surface of the MtrAB
complex localized on the extracellular side of the mem-
brane through interactions with the short loops of the -
barrel of MtrB [93].

The thickness of the outer membrane in the bacteri-
um S. oneidensis is 70-80 A [42, 94]. Therefore, the length
of MtrA (104 A) is sufficient for crossing the membrane to
come into contact with MtrC, but this length is insuffi-
cient for the simultaneous direct contact with CymA serv-
ing as the electron donor for MtrA, because the average
thickness of the periplasm varies, according to different
estimates, from 150 [94] to 235 A [42], whereas the length
of the ETC formed by four hemes of CymA is about 40 A
[75]. Soluble periplasmic proteins that could be involved
in electron transfer between Cym and MtrA are not clear-
ly known. The STC (small tetraheme cytochrome c) and
fumarate reductase FccA (flavocytochrome c;) were sug-
gested as possible candidates. The level of expression of
both proteins increases during growth of S. oneidensis on
Fe(II1) oxide [86]. Moreover, MtrA and FccA are the most
abundant periplasmic c-type cytochromes in .S. oneidensis
during its growth on Fe(III) oxide.

The structure of FccA from Shewanella frigidimarina
was determined (PDBID 1QJD) [95] (Fig. 3). FccA is a
soluble monomeric protein consisting of the following
two domains: the N-terminal domain, which contains
four c-type hemes and is responsible for the electron
transport, and the C-terminal catalytic domain contain-
ing noncovalently bound FAD [96, 97]. In vitro experi-
ments confirmed that FccA can undergo rapid electron
exchange with both MtrA [86] and CymA [90], thus act-
ing as the electron shuttle between the two proteins.
Additionally, FccA can act as a transient electron storage
protein in the periplasm of S. oneidensis cells [86].
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Fig. 3. Arrangement of four c-type hemes forming an electron transport chain in (a) FccA (PDB ID 1D4C) (the FAD molecule present in the
catalytic site is additionally shown), and (b) STC (PDB ID 1M1P). The arrows indicate the distances between the heme iron ions.

The structure of STC from S. oneidensis was deter-
mined (PDB ID IMIP [98]). It can be seen that the
arrangement of hemes and the overall fold of the heme-
binding domain in STC are similar to those in FccA [44].
The hemes are arranged in a linear ETC consisting of
hemes 2 and 3 in a parallel orientation and hemes 1 and 4
located perpendicular to the former two hemes. The
mutual orientation of the hemes and the distance between
them are favorable for efficient electron transfer through
the ETC [88]. However, the construction of organisms
with knockout genes encoding both proteins did not lead
to a decrease in the rate of metal reduction and, there-
fore, did not confirm the involvement of either protein in
this process [42, 86, 89]. Numerous electron transfer
pathways and the interchangeability of proteins in certain
stages can be regarded as one of the possible explanations
of this fact [43, 89]. Recent analysis of interactions of the
three main components of the fraction containing the
periplasmic cytochromes FccA, STC, and ScyA (mono-
heme cytochrome c¢;) with CymA and MtrA by NMR
spectroscopy showed [99] that the interactions of FccA
with CymA and MtrA are characterized by dissociation
constants of 398 and 35 uM, respectively. The correspon-
ding dissociation constants for the interactions of STC are
250 and 572 puM. In addition, the authors of the cited

study confirmed that both FccA and STC can accept
electrons from the reduced forms of CymA and MtrA,
thus providing electron transport in both directions. The
proteins FccA and STC do not interact with each other,
despite their high concentrations in the periplasm and the
overlapping regions of the redox potentials (from —102 to
—238 mV for FccA and from —125 to —215 mV for STC)
[97, 100]. The formation of labile complexes of both pro-
teins with CymA is consistent with the broad substrate
specificity of the latter. The hemes responsible for the
electron transfer to the molecule of the redox partner
were identified for the first time by NMR spectroscopy.
Thus, FccA interacts with CymA and MtrA through
heme 2, whereas STC interacts through the most solvent-
exposed heme 4. In both molecules (FccA and STC), the
surface of the protein globule at the supposed contact site
with the redox partner has a high negative charge.
Therefore, the absence of the interaction between STC
and FccA can be attributed to mutual repulsion. Since the
three-dimensional structures of CymA and MtrA are
unknown, the sites of interaction with FccA and STC
cannot be identified. Instability of the resulting complex-
es and the interactions of FccA and STC with the electron
donor and acceptor through the same heme provide evi-
dence that the extracellular electron transport is not
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accompanied by the formation of stable multicomponent
electron transport protein chains crossing the periplasm
[99].

ScyA oxidizes CymA but does not interact with
MtrA; diheme cytochrome c peroxidase is a possible elec-
tron acceptor for this protein [99, 101].

Pentaheme nitrite reductase NrfA, which is also
expressed under these conditions, is regarded as another
possible electron shuttle between CymA and MtrA [42].
It is known that cytochromes NrfB or NrfH, whose genes
are arranged in a single cluster with the nrf4 gene, act as
electron donors for the well-characterized NrfA from dif-
ferent organisms. However, the genes of these proteins are
absent in the S. oneidensis genome. It was speculated that
the protein CymA homologous to NrfH acts as the elec-
tron donor for NrfA in nitrite reduction [84]. It was also
shown that NrfA from E. coli can exchange electrons with
MtrA heterologically expressed in E. coli [70]. Therefore,
NrfA can transfer electrons from CymA to MtrA in the
absence of nitrite.

The second MtrA molecule can also act as the solu-
ble periplasmic cytochrome ¢, which transfers electrons
to MtrA bound to the membrane through the formation
of a complex with MtrB. It was shown [86] that, contrary
to the earlier assumption, only some MtrA molecules are
present in the membrane fraction, whereas 46% of the
total amount of MtrA in the cell is located in the
periplasm.

Outer-membrane multiheme c-type cytochromes.
Electron transport to an extracellular acceptor. The key
step in the BDMR process is the electron transfer to the
extracellular terminal electron acceptor (soluble or insol-
uble). In the bacterium S. oneidensis, this process is per-
formed by the decaheme c-type cytochromes OmcA and
MtrC localized on the extracellular side of the outer
membrane, as well as by MtrF encoded by the mtrF gene
paralogous to mtrC. The cytochromes MtrC and MtrF
involved in the transmembrane electron transfer com-
plexes MtrCAB or MtrDEF accept electrons from MtrA
(MtrE). Then MtrC or MtrF can transfer electrons either
directly onto the external electron acceptor or to the
other extracellular decaheme cytochrome OmcA [55,
102, 103]. The key role of MtrC and OmcA in BDMR
was confirmed by several experimental data sets. First, it
was shown that the m#C and omcA gene-deleted mutants
are characterized by substantially lower rate of reduction
of insoluble iron and manganese compounds [104]. The
double mutant reduced ferrihydrite at a rate of 14% of the
activity of the wild-type cells [105].

Second, it was shown that the individual genetically
engineered specimens MtrC and OmcA reduce soluble
iron compounds at rates comparable to the rates of their
reduction by whole cells or a membrane fraction of these
cells [102]. In addition to the reduction of soluble sub-
strates, MtrC and OmcA can transfer electrons to a
graphite electrode serving as the insoluble substrate and
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reduce insoluble forms of iron oxide, such as hematite
and goethite [82, 102, 105, 106], the reduction of the lat-
ter occurring at much lower rates, which can be attributed
to both a non-optimal orientation of cytochromes on the
mineral surface and the experimental conditions used
[89].

Finally, atomic force microscopy study showed that
recombinant MtrC and OmcA are bound to the hematite
surface [107] to form single layers. The binding depends
on pH and ionic strength [108]. The interaction of OmcA
with the hematite surface is twice as strong as that of
MtrC [107]. The binding of OmcA to hematite surface
was confirmed by dynamic light scattering and fluores-
cence methods [109]. These data support the ability of
both cytochromes to directly interact with the mineral
surface. The Ser/Thr-Pro-Ser/Thr motif at the C-termi-
nus of the amino acid sequences of MtrC and OmcA was
found to be responsible for the binding of the proteins to
the surface of hematite (Fe,O;) [110], thus providing
hydrogen bonding through serine or threonine hydroxyl
groups.

Properties and structures of MtrC and OmcA. The
proteins MtrC and OmcA each contain 10 low-spin bis-
histidine-coordinated c-type hemes [82, 106] that form
an ETC. The spectropotentiometric titration of MtrC in
solution and the study of this protein by PFV showed that
MtrC is reversibly titrated between the completely oxi-
dized and completely reduced states in the potential
range from +100 to —400 mV [106]. The EPR spectra of
MtrC show signals of both isolated and magnetically
coupled c-type hemes [106]. The hemes in OmcA are
redox-active in the potential range from —180 to
—400 mV. The potentiometric titration curve is charac-
terized by the E,, values of —243 and —324 mV for two
sets of approximately isopotential hemes [82]. A wide
range of redox transitions of c-type hemes in the MtrC
and OmcA molecules (from +100 to —400 mV) confirms
that these proteins are thermodynamically able to reduce
most Fe(IIl) compounds, including such low-potential
minerals as hematite (Fe,O5, E,, = —230 mV) [89]. It was
impossible to determine the potentials of individual
hemes by the above-mentioned methods because of the
similar structures of the hemes and the overlap of the
redox potentials.

Scanning electron microscopy study showed that
MtrC and OmcA differ in the ability to transfer electrons,
and it was concluded that these proteins play different
physiological functions [111]. The protein MtrC is copu-
rified during isolation with OmcA to form a 1 : 2 complex.
The dissociation constant for this complex is 0.5-1 uM
depending on the ionic strength of the solution. The
MtrC—(OmcA), complex was shown to be more active in
the reduction of Fe(IIT)-NTA compared to each of these
individual proteins, which is indicative of an important
role of this complex in electron transport in S. oneidensis
MR-1 [112].
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The three-dimensional structures of MtrF homolo-
gous to MtrC (30% identity in the amino acid sequence)
and OmcA were determined by X-ray crystallography at
3.2 A [105] and 2.7 A [113] resolution, respectively. The
two structures are very similar. The three-dimensional
model of MtrC was constructed relying on the conserved
structure of extracellular multiheme cytochromes of the
MtrC/OmcA family [114]. According to the structural
data, MtrF has an ellipsoid shape with size of 85 x 70 x
30 A. As mentioned above, this fact excludes the possibil-
ity of the deep penetration of MtrF or its homolog MtrC
inside the pore of the transmembrane protein
MtrD/MtrB.

The MtrF molecule consists of four domains (Fig.
4). Domains I and IIT have a Greek key split B-barrel
structure. Domains II and IV are composed mainly of o.-
helices and contain five c-type hemes each. Domains I
and II are superimposed onto domains III and IV with
rmsd of 2.8 A, which suggests that the four-domain deca-
heme structure arose from the duplication of the penta-
heme protomer. The ten hemes in the MtrF molecule are
arranged to form a staggered cross [105] (Fig. 4). The
staggered 65-A chain (the longer crossbeam) comprising
hemes 5,4, 3,1, 6, 8,9, and 10 transects the length of the
protein and is crossed by the 45-A chain (the shorter
crossbeam) composed of hemes 2, 1, 6, and 7. The stag-
gered cross arrangement of hemes found in outer-mem-
brane multiheme c-type cytochromes is unique among
other classes of multiheme cytochromes and is apparent-
ly related to the unique function of these proteins respon-
sible for electron transport to insoluble acceptors. The
heme arrangement consists of three structural motifs
[118]. First, this is the so-called heme stacking motif, in
which the planes of the hemes are parallel to each other,
thus providing the maximum overlap of the m-orbitals of
the hemes and the highest rate of electron transfer
between the hemes [118]. This motif includes hemes 5, 4,
3and 8§, 9, 10, for which the distance between the edges
of the hemes is not larger than 4 A. The second heme
motif found in outer-membrane c-type cytochromes is T-
shaped, in which the planes of the hemes are perpendicu-
lar to each other. This arrangement is observed for hemes
3 and 1 (the distance between the edges of the hemes is
4 A) and hemes 8 and 6 (5 A). The third motif is a chain
of hemes lying almost in one plane. This arrangement is
observed for hemes 2, 1, 6, and 7; the distances between
the edges of the hemes are not larger than 6 A, which also
implies the possibility of efficient direct electron transfer
(tunneling) from each heme to the adjacent one [115].
Direct electron transfer is also possible between hemes 2-
3 and 7-8, which are located at a distance of 11 A [105].

All of the hemes are solvent-exposed. The average
solvent-accessible surface area is 173 + 90 A2 The most
solvent-exposed terminal hemes 5 and 10 (the solvent-
accessible surface area is about 300 A2) are localized at the
opposite ends of the longer crossbeam of the staggered
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cross and can serve as the entry and exit sites for electron
into/from the cytochrome ETC. A detailed analysis of the
MtrF structure, including the search for sites responsible
for protein—protein interactions and the analysis of con-
served residues at the possible protein—protein interfaces,
showed that domains I and IV can be involved in pro-
tein—protein contacts. A cluster of highly conserved
residues, which can be responsible for the binding to
MtrDE, was found near the region of heme 10 on the sur-
face of domain IV. Based on these data, it was concluded
that heme 10 can serve as the entry site for electrons into
the ETC of MtrF from the terminal heme of MtrE [105].
In his case, heme 5 of MtrF is the terminal heme respon-
sible for the electron transfer to the acceptor: OmcA or
variable-valence metal compounds. A high degree of
exposure to solvent of the hemes creates a negative charge
on the surface of MtrF due to the presence of 20 heme
propionate side chains. This charge is compensated by the
binding of about 18 Ca?" ions to each MtrF molecule.

The Greek key split B-barrel structure found for
domains I and III is characteristic of flavin-binding
domains. Therefore, it was hypothesized that domains I
and III might be responsible for the binding of extracellu-
lar flavins followed by the reduction of the latter with the
participation of one or two adjacent hemes. Hemes 2 and
7 located at the distance of 14 A from the centers of
domains I and III can perform electron transfer to the
flavins bound to these domains [105]. If this is the case,
OmcA and MtrC/MtrF can play the following two roles
in the respiratory process: perform direct electron trans-
fer to the acceptor, and cyclic reduction of low molecular
weight mediators (flavins in the case of S. oneidensis MR-
1), which also transfer electrons to the terminal acceptor
[89].

As mentioned above, OmcA is structurally very sim-
ilar to MtrE. The same molecular organization and the
ETC structure were found in yet another extracellular c-
type cytochrome, the undecaheme cytochrome UndA
[116], which probably performs functions analogous to
OmcA in Shewanella sp. strain HRCR-6 [117]. All three
structures are characterized by a four-domain structure,
with hemes being arranged in a unique staggered cross
motif. An extra eleventh heme in UndA (heme 7) is
involved in the shorter crossbeam of the staggered cross
immediately next to heme 8 (heme 7 in OmcA and MtfA)
and is perpendicular to the latter (Fig. 5). The arrange-
ment and orientation of hemes 5 in the three structures
are the least conserved, which supports the hypothesis
that these hemes are responsible for the interactions of
the c-type cytochromes under consideration with elec-
tron acceptors of different nature [113, 116].

Despite the similarity of the three-dimensional
structures, each extracellular multiheme cytochrome has
a number of distinguishing features associated apparently
with different functions of these proteins in the cell. The
3-D structure-based amino acid sequence alignment of
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Fig. 4. a) Three-dimensional structure of S. oneidensis MtrF (PDB 1D 3PMQ). Domains I and 111 having a Greek key split $-barrel structure
are shown in cyan and violet, respectively; domains II and IV containing 10 hemes (the hemes are shown in red, the heme iron atoms are rep-
resented by orange spheres) are shown in green and blue, respectively. b) Arrangement of hemes in the MtrF molecule; the orientation corre-
sponds to the orientation of the molecule in Fig. 4a. Terminal hemes 5 and 10 are shown in blue and green, respectively. The distances between
the edges of the c-type hemes [105] are given. The potentials of hemes in mV are given in parentheses [120].
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Fig. 5. Arrangement of hemes in UndA molecules [116]. The hemes in UndA are shown in black; the iron atoms are represented by spheres.
The hemes are numbered according to the position of the heme-binding motifs CxxCH in the amino acid sequence. For the sake of compar-
ison, the superimposition of the hemes in UndA and MtrF (shown in gray) is presented. The numbering of the hemes in MtrF is given in paren-

theses.

MtrEF, UndA, and OmcA revealed insertions and deletions
in each protein, which shield the heme propionate groups,
thus influencing the electronegativity of the surface and,
as a consequence, the interaction of the c-type
cytochrome with the substrate surface [113]. A change in
the nearest environment of the hemes leads also to a
change in their redox properties, which accounts for the
different electrical conductivity of the decaheme
cytochromes MtrC and OmcA noted earlier [111].
Besides, it was shown that OmcA exists as a dimer in crys-
tals (Fig. 6). Despite the small interface surface area
between the monomers in the OmcA dimer (about 500 A?)
and low stability of the dimer, the formation of the dimer
can play a substantial role in the formation of the ETC.
The formation of the OmcA dimer results in contact
between terminal hemes 5 of different monomers and the
formation of a 113-A 20-heme chain. The possibility of
the existence of this dimer on the cell surface was con-
firmed by the isolation of the MtrC—(OmcA), complex
from S. oneidensis cells [112]. In the OmcA dimer, only
hemes 10 remain free and can form contacts both with
MtrC by accepting electrons and with the surface of the
electron acceptor (e.g. hematite). The above-mentioned
Thr-Pro-Ser motif responsible for the binding to the
hematite surface is present in the OmcA structure just

between hemes 9 and 10 [113], thus providing a short con-
tact between heme 10 and Fe(III) ions of the acceptor.

It should be noted that UndA, which presumably
performs the same functions in the cell as the protein
OmcA, exists in the crystal as a monomer [116].
Complexes of UndA with soluble substrates — Fe(III) cit-
rate and Fe-NTA — were obtained by soaking crystals of
free UndA in a solution of the corresponding ligand, and
their three-dimensional structures were determined
[116]. In both complexes, the acceptor molecules are
bound near solvent-exposed heme 7. In the resulting
complex, the distance between the porphyrin ring of
heme 7 and Fe(III) ions was not larger than 8.5 A, which
implies the possibility of direct electron transfer from the
heme to the acceptor. The solvent accessibility of the
heme (the solvent accessible surface area of the heme is
123 10\2) suggests that this interaction is nonspecific [116].

Attempts to obtain crystals of the binary complexes
of UndA and MtrF with soluble electron shuttles, such as
FMN and riboflavin, by soaking and co-crystallization
failed [105, 116], despite the fact that UndA, MtrF, and
MtrC reduce flavins at rates comparable to or higher than
those of the reduction of soluble Fe(I1I) compounds [102,
105, 116], and the saturation of MtrF with FMN was
achieved already at 10 uM FMN concentration [105].
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Energetics of electron transport in the MtrF mole-
cule. To describe the electron transfer through the heme-
containing ETC of OMC by molecular dynamics, the
redox potentials of the individual hemes of MtrF were
calculated (Fig. 4b) [118-120]. The calculated redox
potentials of the hemes of MtrF vary within 350 mV (from
70 to —280 mV), which correlates with the potentiomet-
ric titration data for MtrF in solution (from 0 to
—260 mV) [105]. The potential difference between hemes
10 and 5 (the electron entry and exit sites) does not
exceeds 50 mV, which suggests the possibility of electron
transport in both directions. Hemes 4 and 9 have the low-
est potentials (—270 and —280 mV, respectively) [120].
The non-compensated negative charges of the nearby
propionate groups of adjacent hemes 3 and 8 make a sub-
stantial contribution to a decrease in the potential of
these hemes [118]. To understand the role of low-poten-
tial hemes and estimate their effect on the overall rate of
electron transport, the energy profile for electron transfer
through the 10-heme ETC of MtrF was constructed [118-
120]. The energy profile for the main ETC (10 —» 9 —
8 > 6—>1—3—4—5)ischaracterized by the presence
of two symmetrically located maxima corresponding to
thermodynamic barriers with a height of about 0.2 eV
localized at low-potential hemes 4 and 9. In this case, the
electron transfer involves two steps accompanied by an
increase in the free energy of the system (uphill steps
10 > 9 and 3 — 4), which should lead to a substantial
decrease in the rate of electron transport. Analysis of the
rates of electron transfer between adjacent hemes [118]
shows that low-potential hemes 4 and 9 are involved in
stacking motifs, which are characterized by the maximum
electron transfer rate. The presence of low-potential
hemes in these packing motifs leads to a decrease in the
electron transport rate, due to which this rate approxi-
mates the rate of electron transfer through other elements
of the ETC. As a result, the maximum rate of electron

heme 5

heme 10

113 A
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transfer through the main ETC 10 9 -8 -6 > 1 —»
3 — 4 — 5 approaches 10*-10° s7!, which is higher than
the maximum measured rate of electron transfer to the
insoluble electron acceptor mediated by the MtrCBA
complex (8500 s~') [93]. Therefore, the last extracellular
electron transport step involving the electron transfer to
the acceptor is the rate-limiting step, and a decrease in
the electron transfer rate due to uphill steps has no effect
on the overall rate of the process.

On the other hand, the presence of hemes 4 and 9
with redox potentials in the range from —270 to —280 mV
in the main ETC of MtrF gives the possibility of reducing
low-potential electron acceptors, for example flavins (E,,
of about —200 mV), at these sites [19]. The possibility of
this process is confirmed by high solvent accessibility of
hemes 4 and 9 (the solvent accessible surface area is
226 A? for heme 4 and 231 A2 for heme 9 [116]).

Heme 2 (E = —60 mV) and particularly heme 7 (E =
70 mV) located near the potential flavin-binding domains
I and III [120] proved to be too high-potential to be
involved in the reduction of flavins, as expected in [105].
However, it was shown [121] that the binding of FMN to
MtrC leads to a 100 mV shift toward positive potentials of
the one-electron reduction of FMN to semiquinone,
resulting in that the reduction of FMN at hemes 2 and 7
is thermodynamically more feasible.

Therefore, the branched ETC and the presence of
low-potential hemes in this chain underlie the structural
basis of the polyfunctionality of proteins of the
MtrC/OmcA family, which has been observed earlier in
biochemical experiments.

The determination of the three-dimensional struc-
tures of OMC made it possible to estimate the possible
length of the extracellular part of the ETC, which
includes the MtrC protein (65 A) and the OmcA dimer
linked to the former protein through hemes 10 (113 A).
The length of this ETC may be as great as 200 A.

heme 5

<<

Fig. 6. Arrangement of hemes in the OmcA dimer. The distance between hemes 5 of different monomers is 9 A; the length of the possible elec-
tron-transport chain is 113 A (the distance between the iron atoms of hemes 10) [113].
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WIDESPREAD OCCURRENCE
AND UNIVERSALITY OF THE MECHANISM
OF EXTRACELLULAR ELECTRON TRANSPORT
SHOWN FOR THE BACTERIUM S. oneidensis

An analysis of 19 complete Shewanella genomes
made it possible to annotate gene clusters responsible for
the metal reduction in bacteria of this genus [117, 122]. It
was shown that (i) the mtrCAB-omcA gene cluster is pres-
ent in all published genomes of the Shewanella genus; (ii)
in some species, such as . putrefaciens and S. baltica, the
omcA gene is replaced with undA in the mtrCAB-undA
gene cluster; (iii) the mtrCAB-omcA-mtrDEF gene cluster
is present only in closely related strains of .S. oneidensis;
(iv) in some species (e.g. S. halifaxensis), the cluster
includes genes of nine proteins: mtrD-mtrF-mtrE-omcA-
undA-omcA-mtrC-mtrB-mtrA.

In addition to bacteria of the Shewanella genus,
mtrCAB homologs were found in the genomes of the
Fe(1ll)-oxidizing bacteria Aeromonas hydrophila,
Ferrimonas balearica, and Rhodoferax ferrireducens [122].
As in the case of the Shewanella bacteria, the mtrCAB
genes in these organisms are grouped in a common cluster,
in which they are arranged in the same sequence mtrC-
mtrA-mtrB. In the bacterium A. hydrophila, the cluster
includes only the mfrCAB genes, whereas the omcA or undA
genes and their homologs are absent. This indicates that
the proteins encoded by these genes are not necessary for
BDMR. In the bacteria F. balearica and R. ferrireducens,
a gene cluster contains mtrCAB together with two copies of
the cymA gene, which serves as the primary electron
acceptor from the pool of reduced quinones. In S. onei-
densis, cymA is not involved in the m#r gene cluster.

The mtrCAB gene cluster was found also in six marine
bacteria of the Vibrio genus, in which metal reduction was
not observed earlier. It was speculated [122] that the pres-
ence of mtrCAB is evidence that these bacteria can utilize
Fe(III) in the respiratory process in the absence of other
electron acceptors.

The mtrCAB genes were also identified in the genomes
of the Fe(Il)-oxidizing bacteria Rhodopseudomonas palus-
tris and Sideroxydans lithotrophicus ES-1, which utilize
FeCO; or FeS as electron donors, which attests to the
reversibility of the electron transport performed by the
MtrCAB complex [89, 122].

Despite the fact that the mechanism of extracellular
electron transport discussed for bacteria of the Geobacter
genus [15, 16] differs from that for Shewanella, homologs
of the mtrAB gene cluster were found in the Geobacter
genomes [40, 123]. However, it was noted [122] that the
mtrC gene is absent in this cluster in the bacterium
Geobacter sp. M21 containing mtrAB homologous genes.
Therefore, proteins produced by this cluster cannot be
unambiguously related to the metal reduction.

The above-considered data show that the mtrCAB
gene cluster is widespread in bacteria performing respira-
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tory metal reduction, being responsible for the reversible
electron exchange between the bacterial cell and the
extracellular electron acceptor/donor. However, this
pathway is apparently not universal, and other mecha-
nisms of extracellular electron transport are possible too.

A part of this cluster, to be exact, genes homologous
to mtrAB, are even more widespread in genomes of gram-
negative microorganisms. The MtrAB protein complex,
which is the transmembrane porin-like protein MtrB with
the inserted soluble periplasmic electron-transfer protein
MtrA encoded by these genes, is regarded as a prototype
of the universal protein module for electron transfer
across bacterial outer membranes [40, 89]. This transfer
may be not directly related to metal reduction, the elec-
tron transfer from the external side of the outer mem-
brane to other extracellular acceptors can be mediated by
specific reductases. Thus, it was shown that the extracel-
lular reduction of DMSO in the bacteria Shewanella is
provided by the electron-transport module DmsEF
homologous to MtrAB [124].

Homologs of the MtrAB complex were found in
genomes of Geobacter bacteria [123], in which they are
probably involved in electron transfer to pili.

CONCLUSION

Extracellular electron transport is a key step in bac-
terial dissimilatory metal reduction. This process is stud-
ied in most detail in the bacterium S. oneidensis MR-1.
Multiheme c-type cytochromes play a decisive role in this
process in S. oneidensis. The extracellular electron trans-
port involves the following three main steps: (i) the oxida-
tion of reduced quinones in the cytoplasmic membrane
and the electron transfer to the periplasm; (ii) electron
transfer from the periplasm across the outer membrane to
outer-membrane c-type cytochromes; (iii) electron
transfer from the surface of the bacterial cell to the extra-
cellular acceptor. The first step is performed with the par-
ticipation of the universal quinol dehydrogenase CymA
and a number of nonspecific periplasmic c-type
cytochromes. The second step is performed with the par-
ticipation of the transmembrane complex MtrCAB. The
latter contains the periplasmic decaheme c-type
cytochrome MtrA inserted into the transmembrane
porin-like protein MtrB to form the MtrAB protein mod-
ule responsible for electron transfer across the cell mem-
brane to the outer-membrane c-type cytochrome MtrC.
The structures of the MtrAB complex and the proteins
involved in this complex have not been determined.
Taking into account the widespread occurrence of pro-
teins homologous to MtrA and MtrB in genomes of bac-
teria performing extracellular electron transport to differ-
ent extracellular acceptors, this complex can be consid-
ered as a prototype of the universal protein module for
electron transfer across bacterial outer membranes. The
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outer-membrane decaheme c-type cytochrome MtrC
accepts electrons from MtrAB, thus playing a key role in
electron transfer to an extracellular acceptor. The S. onei-
densis genome contains yet another set of genes paralo-
gous to mtrCAB — mtrDEF. The proteins MtrC/MtrF can
transfer electrons both directly to the terminal acceptor
and to another decaheme c-type cytochrome OmcA or its
analog, the undecaheme c-type cytochrome UndA. The
determination of the structures of three outer-membrane
multiheme c-type cytochromes from bacteria of the
Shewanella genus became a key issue in the understand-
ing of the mechanism of extracellular electron transport.
The proteins MtrF, UndA, and OmcA have similar three-
dimensional structures consisting of four domains. The
structures of two domains are typical of flavin-binding
sites. The other two domains contain 10(11) hemes
arranged in a unique staggered cross motif, which has no
analogs in other multiheme c-type cytochromes. The
unique structure of the branched ETC formed by hemes
provides the possibility of simultaneous involvement of .S.
oneidensis OMC in several processes, including electron
transfer from the outer cell membrane to an insoluble
acceptor through the main chain and the reduction of
soluble electron shuttles (e.g. flavins) involving hemes of
the additional chain located near the flavin-binding
domains.

Genomic analysis of gram-negative bacteria showed
that proteins homologous to MtrC, MtrA, and MtrB are
widespread in bacteria of the Shewanella genus, like in
other gram-negative dissimilatory metal-reducing bacte-
ria. This is evidence of the widespread occurrence of the
mechanism of extracellular electron transport formulated
for the bacterium S. oneidensis. However, alternative
mechanisms are also possible. One of these mechanisms,
apparently, takes place in bacteria of the Geobacter genus.
Extension of the range of studied organisms, the inclusion
of archaea and gram-positive bacteria using dissimilatory
metal reduction, will provide deeper understanding of the
mechanisms of bacterial dissimilatory metal reduction.
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