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Abstract

Extracellular electron transfer via filamentous protein ap-
pendages called ‘microbial nanowires’ has long been studied
in Geobacter and other bacteria because of their crucial role in
globally-important environmental processes and their applica-
tions for bioenergy, biofuels, and bioelectronics. Thousands of
papers thought these nanowires as pili without direct evidence.
Here, we summarize recent discoveries that could help resolve
two decades of confounding observations. Using cryo-electron
microscopy with multimodal functional imaging and a suite of
electrical, biochemical, and physiological studies, we find that
rather than pili, nanowires are composed of cytochromes
OmcS and OmcZ that transport electrons via seamless
stacking of hemes over micrometers. We discuss the physio-
logical need for two different nanowires and their potential
applications for sensing, synthesis, and energy production.
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Introduction—blind men and an elephant:
critical need for multidisciplinary
approaches

In the ancient Indian tale of blind men encountering an
elephant, each man approaches the creature from a
different direction [1]. One finds the trunk, another a

leg, the third the tail, and so on, whereupon they
naturally disagree with each other as to the true
appearance of the elephant. Each person experiences
something different depending on their angle of
approach.

And so it is with microbial nanowires — genetic and
electrical properties of nanowires seem to depend on
the discipline from which you view them. In 2002,
Childers et al. [2] pioneered the field by finding that
Geobacter produce filaments during extracellular electron
transfer. Since then, microbiologists thought that these
‘microbial nanowires’ are pili filaments made up of PilA
protein [3] and that monomeric cytochromes bind to pili
[4] (Fig. 1a). Electrochemists found a cytochrome signal
in biofilms and suggested that pili are a scaffold for these
monomeric cytochromes [5] (Fig. 1a). Biophysicists, like
us, found that the filaments are intrinsically conductive,
and not a scaffold [6,7], but did not know the mecha-
nism. Lack of nanowire structure was everybody’s
elephant in the room. It had become clear that under-
standing the nanowire structure and function would
require an unusually wide range of interdisciplinary
knowledge.

Geobacter sulfurreducens produces current densities in
microbial fuel cells that are among the highest known
for pure cultures [8]. As discovered recently [9], such
high current density is possible because of the unique
ability of Geobacter to produce nanowires in biofilms with
conductivity rivaling synthetic polymers [6,10,11].
Nanowires enable bacteria to transport electrons over
hundreds of cell lengths [6,12]. However, the nanowire
composition, structure, and conduction mechanism had
remained unknown.

The recent discoveries of microbial nanowire structures
have forced us to rethink the aforementioned decade-
old beliefs [9,13]. Rather than pili, we found nanowires
made up of cytochromes with seamlessly stacked hemes
over the entire nanowire length, providing a continuous
path for electrons [9,13] (Figs. 1 and 2).

We have combined cryo-electron microscopy (cryo-EM)
with multimodal atomic force microscopy (AFM), to
determine composition and structure of nanowires in
biofilms to correlate with their conductivity and stiff-
ness [9,13] (Figs. 2 and 3). Mass spectrometry and near-
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Microbial OmcZ nanowires show improved 1 stacking between hemes than OmcS, and protonation enhances m stacking. (a) Hypothesis of pili-
based nanowires versus structural evidence for cytochrome nanowires. (b) Schematic of nanowires helping to export electrons outside the cell (Modified
from the study by Malvankar et al. [22] with permission.). X-ray diffraction of (¢) OmcS and (d) OmcZ nanowires revealed increased intensity for a peak at
d-spacing 3.6 A (pH 10.5 — pH 2), suggesting improved T stacking between hemes that correlated with enhanced conductivity. Inset for (c): Cryo-EM
structure of OmcS nanowires with hemes as stick models colored by chemical elements. (gray carbon, blue nitrogen, red oxygen, orange iron), with van
der Waals radii translucent. Arrangement of hemes (red) in () OmcS and (f) 8-heme proteins. Cryo-EM density is in gray and green for OmcS and OmcZ,
respectively. Edge-to-edge distances within wt-stacking distance (3.5—4 A) between heme pairs in OmcS and 8-heme proteins are shown in blue. (g)

Cryo-EM structure of OmcS protomer and (h) model of OmcZ, colored by residue number, N-terminus (blue) and fading to red at the C-terminus. ((c¢)—(h)

Adapted from the study by Yalcin et al. [9] with permission.). Cryo-EM; cryo-electron microscopy.

atomic-resolution cryo-EM have allowed ‘sequencing’
the protein forming the nanowires without knowing its
identity a priori [13,14]. Many other studies are now
using this approach [15,16]. Multimodal imaging
enabled the discovery of OmcZ nanowires by identifying
their composition using infrared nanospectroscopy—
based chemical imaging [17] and prediction of their
structure with computational modeling [9] (Figs. 1—2).
As proteins are widely considered as nonconductors
[18], these studies will help understand the electron
transport mechanism and why these two different
nanowires are essential for various physiological roles
such as iron reduction [19], current production [20],
and direct interspecies electron transfer [21] (Fig. 4).

Critical need to correlate nanowire structure
with function

Previous studies presumed that nanowires are pili based
on indirect genetic evidence that pi//4 mutant did not
produce filaments and because of a lack of high-
resolution structural methods [3,4]. Therefore, it is
critical to correlate nanowire structure with functional

studies. We have correlated atomic structure with AFM
imaging to confirm that the same OmcS and OmcZ
nanowires were studied for both conductivity measure-
ments and atomic structure determination [9,13]. For
example, AFM revealed an axial height periodicity with
a 20-nm pitch for OmcS nanowires, consistent with the
helical pitch determined by cryo-EM, whereas no such
pitch was observed for noncytochrome filaments
(Fig. 3a,c) [13]. Furthermore, at pH 7, the nanowire
heights for OmcS and OmcZ are 3.6 and 2.5 nm,
respectively, and the nanowires undergo very large
conformational changes to beta sheets at pH 2 that
reduce their diameter to 2.4 and 1.5 nm, respectively [9]
(Fig. 3k). This distinct axial periodicity, and the sub-
stantial thickness difference observed for OmcS and
OmcZ nanowires versus other filaments, were used to
confirm that the same nanowires were studied for both
structural as well as conductivity and stiffness studies.
These studies revealed that in comparison with OmcS
nanowires, noncytochrome filaments show 100-fold
lower conductivity [13] (Fig. 3e—g), whereas OmcZ
nanowires show 1000-fold higher conductivity [9]
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Correlating nanowire structure with electrical and mechanical properties. (a) Multimodal imaging platform, with OmcS nanowire structure and
stacked hemes providing electron transport. (b) Unique globular morphology of OmcZ nanowires revealed by cryo-EM and AFM. Scale bars, cryo-EM,
5 nm; AFM, 20 nm ¢, Secondary structure of the OmcS nanowire with loops in gray, a-helices in red, and beta strands in green. Low pH converts loop and
helices into beta sheets. Low pH enhances (d) conductivity and (e) stiffness of OmcS and OmcZ nanowires (Adapted from the study by Yalcin et al. [9]
with permission.). AFM, atomic force microscopy; cryo-EM, cryo-electron microscopy.

(Fig. 2d). Such correlative imaging studies will ensure
that identical filaments are examined via multiple
methods by first mapping their structural features and
then linking them with different functional properties.

Chemically tuning the nanowire structure
and conductivity

Our previous studies had shown that lowering the pH
enhances nanowire conductivity [6] and alters their
conformation [22]. However, the identity of nanowires
and the underlying mechanism for low pH—enhanced
conductivity were unknown. We have found that
lowering the pH enhances conductivity of OmcS and
OmcZ nanowires by 100-fold because of protein
conformational changes to a B sheet—rich structure [9]
(Fig. 31 and m). X-ray diffraction studies showed that
this structural change improves the stacking of hemes in
nanowires [9] (Fig. 1c—d). This enhanced T stacking
between hemes can increase the effective conjugation
length, yielding a longer mean free path for electrons
that enhances conductivity [24].

Why two nanowires?—physiologically
distinct roles of OmcS and OmcZ

The role of OmcS as nanowires was overlooked because
AomcS biofilms were conductive and produced high
current densities in microbial fuel cells when grown over
prolonged growth conditions. Therefore, we evaluated
the possibility of proteins other than OmcS capable of
forming nanowires in biofilms [9]. Using our AFM-based

multimodal imaging platform, we have found that
growing G. sulfurreducens biofilms, under current-
producing conditions that require an electric field,
stimulates production of OmcZ nanowires that exhibit
1000-fold higher conductivity than OmcS nanowires
(Fig. 2d) [9]. The electric field is maximum near the
biofilm—electrode interface and decreases away from
the electrode. Therefore, OmcZ expression will be
maximum at the interface. This could explain the
maximum accumulation of OmcZ [9] and the highest
metabolic activity [9] observed near the biofilm—
electrode interface (Fig. 4b).

Both OmcS and OmcZ are important for electricity
production: deletion of omeS inhibits electricity pro-
duction during the early stages of biofilm growth [6,26],
whereas deletion of omcZ precludes formation of thick,
high—current density biofilms [20]. In wild-type bio-
films, OmcZ accumulates near the electrode, whereas
OmcS is distributed throughout the biofilm [25]. Based
on all these findings, we propose a new model that
OmcS nanowires are involved in the biofilm growth
during early stages, whereas OmcZ nanowires help
bacteria form 100 pm—thick biofilms because of their
high conductivity (Fig. 4a and b).

The OmcS is also essential for Fe(III) oxide reduction
[19] and direct interspecies electron transfer between
Geobacter co-cultures [21,27], with cells connecting each
other via anti-OmcS—labeled filaments [21]. Analysis of
such anti-OmcS—labeled filaments revealed structure
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Correlating filament structure with conductivity reveals pH-induced conformational changes in nanowires. The AFM height image of (a) OmcS
nanowires from WT strain, (b) noncytochrome filaments from a AomcS strain, and (c¢) a zoomed image of the region shown in (b). Inset in (a): The AFM
phase image overlaid on the height image showing the periodicity. Scale bars: (a), (c), 20 nm; (b), 100 nm (d) The longitudinal height profile for filaments
at locations shown in (a) and (c). (e) The AFM image of noncytochrome filament by AomcS strain across gold electrodes. Scale bar, 500 nm. (f) The
current—voltage profile for individual OmcS nanowires and noncytochrome filaments compared with buffer alone. (g) Comparison of their conductivity. (h)
OmcZ nanowires produced by AomcS strain grown under conditions that overexpress OmcZ. (i) The zoomed image of the OmcZ nanowire shown in the
box in (h). Inset: height of the OmcZ nanowire taken at the red line in (i). (j) The AFM image of nanowires by W51W57 strain labeled with anti-OmcZ
immunogold. Inset: heights of the nanowire (red) and gold nanoparticle (blue) at locations shown in (j). Scale bars: (h), 100 nm, (i), 20 nm, (j), 100 nm. (k)
Relative heights and pH-induced reduction in the nanowire diameter. Infrared nanospectroscopy of OmcS nanowires at (I) pH 7 and (m) pH 2 showing low
pH—induced beta sheets ((a)—(g) adapted with permission from the study by Wang et al. [13] and (h)—(m) from the study by Yalcin et al. [9]). AFM, atomic

force microscopy.

similar to OmcS nanowires [13]. We therefore propose
that G. sulfurreducens use OmcS nanowires to transfer
electrons to Fe(IIT) oxide (Fig. 4c) and to accept elec-
trons from Geobacter metallireducens (Fig. 4d).

The regulatory role of pili in secretion of
cytochrome nanowires

The nanowires were thought to be type IV pili
composed of PilA protein [3] because Api/A cells did not
produce conductive filaments [6] and could not transfer

electrons to extracellular acceptors such as iron [3] or
electrodes in microbial fuel cells [28]. However, the
presence of PilA in a filament of wild-type cells has not
been established, only inferred from indirect evidence
such as the presence of PilA monomer in filament
preparations that also contain OmcS nanowires [13]. It
is important to note that the conduction along the
length of a single bona fide PilA filament has not been
demonstrated and theoretical studies did not find con-
ductivity in modeled PilA filaments [29,30], except
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Model for physiologically distinct roles of OmcS and OmcZ nanowires. (a) OmcS nanowires (black) are essential for electricity-producing biofilms
during initial stages of growth. (b) OmcZ nanowires (orange) are essential for the formation of thick, mature biofilms capable of high current density. OmcS
nanowires are also essential for (c) iron reduction and (d) direct interspecies electron transfer. Electrons are shown as blue circles.

when hypothesized that aromatic residues are within 3—
4 A of each other [31]. It is possible that synthetic p#/A
could assemble into a filament under artificial condi-
tions [32—34]. However, these individual synthetic fil-
aments’ conductivity has not been shown along their
length, only across their diameter, and their exact
composition and structure is unknown.

We propose that, rather than serving as nanowires, pili
are involved in the translocation of OmcS and OmcZ
nanowires to the outer surface. The deletion of pi/A
inhibits the extracellular translocation of OmcS [23,27]
and OmcZ [23] nanowires, which are essential for
extracellular electron transfer to iron [19] and high—
current density biofilms [20], respectively. Furthermore,
overexpression of PilA is accompanied by over-
production of OmcS [25], OmcZ [20], and extracellular
filaments that result in the formation of highly
conductive biofilms with enhanced current density [25].
Cryo-EM studies did not find any filaments with
structure consistent with type IV pili either in filaments
from current-producing wild-type biofilms or in

previously published images of intact, cell-attached fil-
aments [13]. Analysis of previously published filament
images, that were thought to be pili, showed structure
similar to OmcS nanowires [13]. Furthermore, conduc-
tivity measurements along the length of individual
OmcS and OmcZ nanowires showed values similar to
conductivity values [35,36] for filaments of wild-type
[13] and the W51W57 strain [9], respectively. All
these results suggest that these previous studies,
including some of our own [7], interpreted OmcS and
OmcZ nanowires as pili. It is, therefore, important to
identify the conditions under which G. sulfurreducens can
naturally show pili and determine their composition,
structure, and conductivity to evaluate their exact
function.

Resolving the controversy about nanowires
by reconciling conflicting results

The discovery of OmcZ nanowires helps address the
following concerns about the physiological role of OmcS
nanowires by Lovley and Walker [37], and numbered
the same as recently summarized [38]:
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(1) Long-range electron transport requires the forma-
tion of thick (>50 pm) electrically-conductive bio-
films. The omcS gene deletion has no obvious
impact on current production in biofilms.

The omeS deletion inhibits current production during
carly stages of biofilm growth [26], suggesting that
OmcS nanowires are involved in the current production.
Our discovery of OmcZ nanowires helps to explain how
cells could compensate for the loss of OmcS nanowires
during later stages of thick biofilm growth.

(2) OmcS filaments do not participate in long-range
electron transport as the expression of a pilin gene
in which 5 aromatics were mutated (“Aro5’) gener-
ates a less conductive biofilm; heterologous
expression of pilin genes from other bacteria in
G. sulfurreducens yielded strains expressing pili with
low conductivity, but that expressed even more
outer-surface OmcS.

Pili are required for the secretion of both OmcS and
OmcZ cytochromes and not just OmcS alone [23].
Therefore, it is necessary to evaluate the expression
and localization of both OmcS and OmcZ nanowires,
as well as other outer-surface cytochromes, before
attributing the aforementioned phenotypes solely to
pili.

G. sulfurreducens strain KN400, which expresses much
less OmcS and much more PilA than wild-type
G. sulfurreducens, generates higher current and much
more conductive biofilms.

We found that this strain produces OmcZ nanowires [9]
with 1000-fold higher conductivity than OmcS nano-
wires. This could also explain the ability of KN400 strain
to generate higher current and more conductive bio-
films. Therefore, it is not surprising that OmcS is not
essential for the KN400 strain.

(3) E-pili expression is required for Fe(III) oxide
reduction, but there are substitutes for the deletion
of OmcS, such as magnetite.

Without an atomic resolution structure of a Geobacter
filament composed of PilA, there seems to be no
conclusive proof that Geobacter can make such a filament.
As the deletion of p#/A inhibits the extracellular trans-
location of OmcS [23,27] nanowires, it is not possible to
attribute lack of Fe(III) oxide reduction in a p#Z4 mutant
to pili alone. Furthermore, magnetite is electrically
conductive and is shown to facilitate extracellular elec-
tron transfer [39]. We have previously shown that in a
sediment environment conductive minerals can trans-
port electrons over centimeters, 10,000 times the size of
a cell [40]. Therefore, introducing such conductive
minerals can compensate for the loss of OmcS
nanowires.

(4) Iron corrosion, current production, and syntrophic
growth do not require OmcS filaments emanating
at distances from the cell.

If gene deletion studies show that a cytochrome is not
essential, it does not mean that it has no function under
wild-type growth conditions. Bacteria use multiple ap-
proaches and redundant pathways for growth. The dis-
covery of OmcZ nanowires shows that many
cytochromes could form nanowires, not just OmcS.

(5) There is no correlation between the expression level
of PilA and the secretion of OmcS.

The lack of correlation does not necessarily mean a lack
of causation. Deletion of pi/A inhibits the secretion of
OmcS and OmcZ, establishing that PilA is required for
nanowire secretion [23,27]. No prior studies have ever
quantified the density of either OmcS or OmcZ nano-
wires in current-producing biofilms or visualized their
network to determine the percolation threshold that
determines biofilm conductivity. Therefore, the lack of
correlation between the total amount of OmcS/OmcZ in
biofilms and measured biofilm conductivity does not
mean that cytochrome nanowires do not confer con-
ductivity to biofilms [41].

(6) The culture conditions of Wang and co-workers’
research [13] are not good for the expression of e-

pili [37]. That is the reason that PilA is barely
detectable in their filament preparation.

The culture conditions for current-producing biofilms
[42], that led to discovery of OmcS and OmcZ nano-
wires [9,13], are identical to those previously used by
Lovley and colleagues to evaluate long-range electron
transport in biofilms where they found overexpression
of PilA and OmcZ [20]. Both SDS-PAGE gel and
western immunoblotting confirm the presence of
abundant PilA monomer in our filament preparations
from these biofilms [13]. However, cryo-EM revealed
that all the highly-conductive filaments in current-
producing biofilms are OmcS and OmcZ nanowires
and not pili [9,13].

Outlook

When asked about the importance of discovering con-
ducting polymers that started the field of plastic elec-
tronics, Nobel laureate Alan Heeger offered two basic
answers: (i) they did not previously exist and (ii) they
offer a unique combination of properties not available
from any other known materials [43]. The first
expressed an intellectual challenge; the second
expressed a promise for a wide range of applications.

The discovery and many properties of microbial nano-
wires are just like conducting polymers. Without inter-
disciplinary approaches, none of these discoveries would
have been possible. Moreover, the ability to modulate
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their conductivity by targeted changes in the sequence
or environment is particularly exciting because it can
provide a foundation for a new field of research on the
boundaries between molecular biology, microbiology,
biophysical chemistry, and physics.

These discoveries are creating many opportunities:

First, microbial nanowires are opening the way for un-
derstanding the fundamental chemistry and physics of
electron transport in proteins over micrometer distances
at rates not previously known in biomolecules. Recent
theoretical studies have suggested quantum-coherence
effects in the conductivity of OmcS nanowires [44]
that need to be examined using the atomic structure of
nanowires.

Second, microbial nanowires are providing an oppor-
tunity to address questions that had been of interest,
such as polymerization of cytochrome ¢ in apoptosis
[45] and design of synthetic metalloprotein nanowires
[46—48].

'Third, the ability to function at a low pH is a unique
strength of these materials [9]. There is no other
protein-based electronic material that shows such high
electronic conductivity at low pH, to our knowledge.
Improved conductivity at low pH in polyaniline,
discovered by Nobel laureate Alan MacDiarmid, was
critical for the development of conducting polymer—
based sensors [49]. Therefore, we anticipate that the
discovery of protein-based electronic materials that can
withstand and function in extreme environments will
serve as a foundation for future developments of
biosensor and pH sensors. Improved conductivity will
enhance the performance of protein nanowire—based
devices used for energy harvesting [50,51], sensors
[52], ultra-low power computing [53], and bio-
electronics such as living transistors [6] and super-
capacitors [54].

Finally, microbial nanowires offer promise for achieving a
new class of electronic materials that could exhibit the
electrical and optical properties of metals and semi-
conductors but retain mechanical properties and
demonstrate versatile functionalities of proteins to bring
together synthetic biology with semiconducting tech-
nology [55].
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