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ABSTRACT The discovery of bacterial conductive structures, termed nanowires, has intrigued scientists for almost a decade.
Nanowires enable bacteria to transfer electrons over micrometer distances to extracellular electron acceptors such as insoluble
metal oxides or electrodes. Nanowires are pilus based and in Geobacter sulfurreducens are composed of the type IV pilin subunit
PilA. Multiheme c-type cytochromes have been shown to attach to nanowire pili. Two hypotheses have been proposed for elec-
tron conduction in nanowires. The first (termed the metal-like conductivity or MLC hypothesis) claims that the pilus itself has
the electron-conductive properties and the attached cytochromes mediate transfer to the final electron acceptor, whereas the
second hypothesis (termed the superexchange conductivity or SEC hypothesis) suggests that electrons are “hopping” between
heme groups in cytochromes closely aligned with the pilus as a scaffold. In their recent article in mBio, Vargas et al. [M. Vargas,
N. S. Malvankar, P.-L. Tremblay, C. Leang, J. A. Smith, P. Patel, O. Snoeyenbos-West, K. P. Nevin, and D. R. Lovley, mBio 4(2):
€00210-13, 2013] address this ambiguity through an analysis of strain Aro-5, a G. sulfurreducens PilA mutant lacking aromatic
residues in the nonconserved portion of PilA. These residues were suspected of involvement in electron transport according to
the MLC hypothesis. The G. sulfurreducens mutant had reduced conductive properties, lending important support to the MLC
hypothesis. The data also highlight the need for further and more conclusive evidence for one or the other hypothesis.

THE QUEST FOR A CLEAR NANOWIRE ELECTRON
TRANSPORT MECHANISM

issimilatory metal-reducing bacteria (DMRB) may generate

nanowire structures that help them exploit insoluble Mn and
Fe oxides as electron acceptors for the oxidation of organic matter
in anoxic soils and sediment (1). Understanding how protein-
based nanowires are able to conduct electrons is intriguing, as
proteins are generally considered to be electrical insulators.
DMRB have been employed in microbial fuel cells and in biore-
mediation techniques, and bioengineered nanowires have been
proposed for future use in nanobioelectronics (2). Recently, a po-
tential role for nanowires in pathogenesis was shown when
nanowire-producing bacterial biofilms were identified in bone
samples from patients suffering from bisphosphonate-related os-
teonecrosis of the jaw (3). Hence, a complete understanding and
control of electron transport in nanowires could have great impli-
cations for the management of environmental processes, the con-
struction of bioelectrochemical systems, the fighting of pathogen-
esis, and the development of the next generation of electronics.

METAL-LIKE OR SUPEREXCHANGE NANOWIRE
CONDUCTIVITY—AROMATIC RESIDUES VERSUS MULTIHEME
CYTOCHROMES

Nanowire conductivity was first demonstrated in Geobacter sul-
furreducens by conducting-probe atomic force microscopy of in-
dividual nanowire pili (2). In addition, the conductive properties
of G. sulfurreducens biofilms were measured with microbial fuel
cells. In situ measurements showed a conductivity of 5mS cm ™1,
which is comparable to that of synthetic organic metallic conduc-
tors such as polyaniline (4, 5). Sheared off G. sulfurreducens nano-
wires displayed a conductivity of 4 uS cm ™! and had a tempera-
ture dependence similar to that of organic metals (5). By using
scanning tunneling microscopy, nanofabricated electrodes, and
conducting-probe atomic force microscopy, a number of other
studies have demonstrated nanowire conductivity of 1 S cm~! in
Shewanella oneidensis pili (1, 6). The metal-like conductivity
(MLC) and SEC hypotheses were put forward to explain the
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mechanism of electron transport in nanowires, and a great deal of
effort has since been put into providing conclusive evidence to
support one or the other hypothesis (5, 7). One group of scientists
suggested that PilA itself has the propensity to transport electrons
through stacking of aromatic residues, aligning the pi orbitals in
the quaternary structure of the pilus, and allowing the electrons to
be conducted through these pi-pi interchain stackings, conferring
metal-like properties (5). According to this hypothesis, it was sug-
gested that the role of attached multiheme cytochromes is to me-
diate direct contact with the electron acceptors and transfer the
electrons from the pilus nanowire to the metal (5). Other evidence
supported the superexchange conductivity (SEC) hypothesis. It
was observed that acetate oxidation was carried out at a finite rate
and that biofilms of finite thickness would grow on anodes. These
data supported a finite rate of electron transfer between aligned
cytochromes, as described by the SEC hypothesis (7). Further re-
inforcement of this hypothesis was obtained from indications of
reversible oxidation and reduction of biofilm-associated redox
factors based on spectroelectrochemical, conductivity, and cyclic
voltammetry measurements (7). The debate has been going on
without any conclusive or overwhelming evidence excluding ei-
ther hypothesis (8-10).

SITE-DIRECTED MUTAGENESIS OF PILA LEADS THE WAY

The work presented by Vargas et al. (11) is based on a quintuple-
mutant PilA protein from G. sulfurreducens. Vargas et al. targeted
the five aromatic residues in the C-terminal part of PilA for ala-
nine substitutions on the basis of the hypothesis that the aromatic
residues of the G. sulfurreducens PilA C-terminal region are in-

Published 7 May 2013

Citation Boesen T, Nielsen LP. 2013. Molecular dissection of bacterial nanowires. mBio
4(3):€00270-13. doi:10.1128/mBi0.00270-13.

Copyright © 2013 Boesen and Nielsen. This is an open-access article distributed under
the terms of the Creative Commons Attribution-Noncommercial-ShareAlike 3.0
Unported license, which permits unrestricted noncommercial use, distribution, and
reproduction in any medium, provided the original author and source are credited.

Address correspondence to Thomas Boesen, thb@mb.au.dk.

mBio mbio.asm.org 1


http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
mbio.asm.org

Commentary

volved in pi-pi stacking and electron conductivity, reasoning that
the conductive properties would be impaired by mutagenesis.
PilA from G. sulfurreducens deviates from known structures of
type IV pilins (T4Ps) in the apparent lack of a C-terminal head
domain. The PilA mutant was shown to have proper decoration
(similar to the wild type) with multiheme c-type cytochrome
OmcS, as demonstrated by immunoelectron microscopy. The
mutant showed diminished conductivity and a lowered ability to
reduce Fe(IlI) oxide, demonstrating that association of cyto-
chromes is not enough for efficient reduction to occur. Only 10%
of the current production of the control was observed in mutant
biofilms when using a graphite anode as an electron acceptor, and
current levels of the mutant were comparable to that of a pilA-
deficient mutant strain. Likewise, conductivity measurements in
biofilms grown on gold electrodes showed a 10-fold reduction in
conductivity compared to that of the control. Taken together,
these data suggest that pili have to be conductive for effective
long-range electron transfer, which supports the MLC hypothesis.
This is consistent with the hypothesis that the aromatic amino
acids replaced with alanine in the mutant account for the conduc-
tivity observed in nanowires. Structural studies have been initi-
ated in the Lovley lab to further substantiate this proposal.

ONE MORE STEP IS TAKEN, BUT ADDITIONAL STEPS ARE
NEEDED

Although the analyses presented by Vargas et al. (11) are impor-
tant contributions to the elucidation of electron conductivity in
nanowires and the results can be interpreted as supporting the
MLC hypothesis, some important issues need to be addressed.
First, the brute force approach of mutating five amino acids in a
small protein might have unintentional effects on the structural
integrity of the protein studied. Aromatic residues are normally
important for stabilization of the hydrophobic core of protein
domains, and mutagenesis could also affect the correct packing in
the hydrophobic core of the pilus. The data presented indicate that
the mutant produces structurally intact nanowires and that mul-
tiheme cytochromes can attach to the nanowires, but the align-
ment of associated cytochromes might well be impaired by the
mutations. Careful analysis of the functional roles of the individ-
ual aromatic residues mutated in the study by Vargas et al. is
necessary to follow up on these results. Second, as mentioned by
Vargas et al., structural studies resulting in an atomic model for
PilA and the nanowire pilus are essential to fully explain the role of
aromatic residues in pilus conductivity and could provide a satis-
fying mechanism for electron transfer through nanowires. Al-
though this is presumably a hard task, it is a necessary next step.
G. sulfurreducens PilA aligns quite well with Pseudomonas aerugi-
nosa PAK pilin, for which a high-resolution crystal structure is
known (12). On the basis of the sequence alignment presented by
Vargas et al., four of the five mutated aromatic residues can be
identified in the known crystal structure (Fig. 1). By inspection of
the positions of these amino acids in the context of the monomeric
pilin and in the polymeric pilus, it can be seen that two of the
aromatic residues (corresponding to F53 and Y56 in unprocessed
G. sulfurreducens PilA) are located at the base of the head domain
and point toward the hydrophobic core of the pilus (13). The two
remaining residues (corresponding to Y61 and F80 in unpro-
cessed G. sulfurreducens PilA) are located at the bottom and top,
respectively, of the head domain of PAK pilin and point outward
from the pilus. These residues could have an “anchoring” function
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FIG1 Cartoon representation of the P. aeruginosa PAK pilin structure (blue)
docked into the cryoelectron microscopy density map (gray) of the type IV
pilus of Neisseria gonorrhoeae to show the positions of the residues correspond-
ing to four of the five mutated aromatic residues in G. sulfurreducens PilA in the
context of the pilus. Residues corresponding to F53 and Y56 are shown in space
fill and are colored red. These residues point toward the hydrophobic core of
the pilus. Residues corresponding to Y61 and F80 are shown in space fill and
are colored orange. These residues are located at the bottom and top of the
head domain of the pilin, and they are pointing outward from the pilus. The
figure was made with UCSF Chimera (14) and Protein Data Bank entries 2HIL
and 10QW, as well as EMDB entry EM-1236.

-

in the head domain. All four residues are located in the highly
conserved T4P “core” structure, and they do not show a continu-
ous stacking of the identified aromatic residues in either the
monomer or the pilus polymer. This raises the intriguing possi-
bility that conducting nanowire pilus structures deviate substan-
tially from known T4Ps. We thus eagerly await the determination
of the first nanowire pilin structure.
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