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Microbial nanowires: type IV pili or
cytochrome filaments?
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Highlights
Early studies using low-resolution imaging
methods and dehydrated samples erro-
neously identified extracellular Geobacter
nanowires as type IV pili (T4P).

Models for conductive T4P used an in-
complete pilin subunit, containing only
PilA-N, and were based on crystal and
nuclear magnetic resonance (NMR)
structures of monomeric T4P. It is now
known that when T4P subunits polymer-
ize there is a significant conformational
change.

Cryo-electron microscopy (cryo-EM)
structures of the Geobacter T4P show
that its pilin subunit contains two poly-
peptide chains, PilA-N plus PilA-C, and
that the aromatic residues in PilA-N are
not close enough to each other to permit
electron hopping.
A dynamic field of study has emerged involving long-range electron transport by
extracellular filaments in anaerobic bacteria, with Geobacter sulfurreducens
being used as a model system. The interest in this topic stems from the potential
uses of such systems in bioremediation, energy generation, and new bio-based
nanotechnology for electronic devices. These conductive extracellular filaments
were originally thought, based upon low-resolution observations of dried samples,
to be type IV pili (T4P). However, the recently published atomic structure for the
T4P from G. sulfurreducens, obtained by cryo-electron microscopy (cryo-EM), is
incompatible with the numerous models that have been put forward for electron
conduction. As with all high-resolution structures of T4P, the G. sulfurreducens
T4P structure shows a partial melting of the α-helix that substantially impacts the
aromatic residue positions such that they are incompatible with conductivity.
Furthermore, new work using high-resolution cryo-EM shows that conductive
filaments thought to be T4P are actually polymerized cytochromes, with stacked
heme groups forming a continuous conductive wire, or extracellular DNA. Recent
atomic structures of three different cytochrome filaments from G. sulfurreducens
suggest that such polymers evolved independently on multiple occasions. The
expectation is that such polymerized cytochromes may be found emanating from
other anaerobic organisms.
High-resolution structures of three differ-
ent extracellular Geobacter filaments re-
veal cytochrome polymers with stacked
hemes that form an insulated chain
capable of conducting electrons.

Analysis ofGeobacter extracellular prep-
arations reveal putative T4P nanowires
to be either DNA or filaments of the cyto-
chrome OmcZ.
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Overview
While most respirations use soluble electron acceptors such as oxygen or nitrate, some
anaerobic bacteria are capable of respiration using insoluble metals, minerals, electrodes,
and even other cells as electron acceptors. G. sulfurreducens has been intensively studied
due to its ability to transfer electrons to extracellular acceptors that can be many microns
from the cell and through thick biofilms. Over 15 years ago, extracellular conductive filaments
extending from Geobacter were found to be required for this long-range electron transport
[1]. Early data suggested that these filaments were T4P [1–6]: mutations disrupting T4P pro-
duction disrupted Geobacter electron transport [1], and mutations in the pilA gene encoding
the T4Pmajor pilin, which substituted aromatic residues thought to mediate electron transport,
altered the apparent conductivity in these extracellular filaments [7]. Thus, extracellular conduc-
tivity in G. sulfurreducens was attributed to T4P, and the e-pili hypothesis has since been
echoed in hundreds of papers. Major technological developments in cryo-EM [8–11] have
resulted in an atomic structure for the Geobacter type IV pilus [12,13] (Figure 1), which is
incompatible with the models for electron transport in e-pili. Furthermore, cryo-EM of the
G. sulfurreducens conductive filaments reveal that these are in fact cytochrome filaments and
not T4P. The atomic structures of these cytochrome filaments provide a plausible mechanism
for electron transport [13–15]. Together, these studies have completely reshaped our understand-
ing in this field.
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The historical notion that microbial nanowires are composed of T4P
G. sulfurreducens and other anaerobic soil bacteria rely on long-range electron transport to carry
out respiration. The presence of extracellular filaments inGeobacter cultures, and of T4P genes in
theGeobacter genome, led researchers to propose that T4P mediate long-range charge transfer
[1]. T4P are thin filaments of 6–8 nm in diameter, with lengths of microns or more [16], and are
thus able to connect bacteria with distant cells, surfaces or other electron acceptors. While pro-
teins are known to be poor electron conductors [17], T4P have conserved aromatic residues that,
it was argued [18], could be positioned along the inner length of the pilus such that electrons
could hop from one aromatic side chain to the next. This is the ‘e-pilus’ hypothesis [1]. In the
absence of a structure for the polymerized G. sulfurreducens T4P, computational models were
generated to predict the e-pilus structure and its electron transport mechanism. However,
these models relied on two assumptions which have since proved to be incorrect. One is that
the G. sulfurreducens e-pilus is built entirely from the PilA-N gene product, which we now
know to be less than one half of the pilin subunit. The second is that the secondary structure bear-
ing the conserved aromatic residues responsible for electron transfer is a continuous α-helix
within the e-pilus. Cryo-EM has revealed the true structure of the G. sulfurreducens T4P [12,13],
which is incompatible with electron conductivity.

All type IV pilins share a common architecture, with a hydrophobic N-terminal α-helical domain
and a globular C-terminal domain (Figure 1). While many structures of both the T4P monomer
and polymer show a largely β-stranded globular C-terminal domain [16], a recent structure of a
type IV pilin from Gram-positive bacteria has shown that the C-terminal domain can be purely
α-helical [19]. The sequence of the N-terminal hydrophobic domain of the pilin is highly
TrendsTrends inin MicrobiologyMicrobiology

Figure 1. A timeline for structures of bacterial type IV pilins and pili. The first crystal structure of a detergent solubilized type IV pilin was in 1995. In 2006 a higher-
resolution 2.3 Å crystal structure was combined with a low-resolution cryo-electron microscopy (cryo-EM) reconstruction of a pilus to generate a filament model. A
structure of detergent-solubilized Geobacter sulfurreducens PilA-N protein was determined by nuclear magnetic resonance (NMR) in 2015, showing that it looks the
same as the N-terminal portion of other type IV pilins, but lacks a globular C-terminal domain. The field of cryo-EM was transformed, starting about 2012, with the
introduction of direct electron detectors, making near-atomic resolution routinely possible. Direct electron detectors led to seven atomic models for T4P. For all these
filament structures, the cryo-EM map reveals a partially melted N-terminal helix (red). In 2021 a cryo-EM reconstruction of filaments produced when PilA-N and PilA-C
are overexpressed in G. sulfurreducens showed that these two chains form the subunit in the pilus. While this is the first example of a two-polypeptide pilin subunit, the
G. sulfurreducens pilus is otherwise unexceptional, having the canonical T4P structure, including the partially melted N-terminal helix. In 2022 the structure of a naturally
expressed G. sulfurreducens pilus showed that it was indistinguishable from the overexpressed one. Species mentioned in the figure (left to right): Neisseria
gonorrhoeae, Pseudomonas aeruginosa, Geobacter sulfurreducens, Neisseria meningitidis, Klebsiella oxytoca, Escherichia coli, Thermus thermophilus.
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conserved, while the C-terminal globular domain is highly variable. It has been suggested that
archaeal T4P and flagellar filaments are homologs of bacterial T4P [20,21], but a more accurate
statement, based upon a number of recent atomic structures for these archaeal filaments, is that
the N-terminal domain alone and not the entire pilin of archaeal filaments is a homolog of the
N-terminal domain in the bacterial proteins. This is because the C-terminal domains in the
archaeal T4P and flagellar filaments have an Ig-fold and show no homology to any C-terminal
domains in the bacterial T4P, suggesting that both the bacterial and archaeal T4P may have
resulted from gene fusions, combining these two domains.

TheG. sulfurreducens PilA protein was purported in many early papers [22–25] to be the product
of the pilA-N gene, which almost entirely lacks the globular C-terminal domain that is present in all
T4P filaments that have been solved at high resolution [26] (Figure 1). We now know that there are
two PilA genes in G. sulfurreducens, pilA-N and pilA-C, that together encode a PilA-N/C subunit
that contains two chains [12]. A truncated pilin composed of only the PilA-N chain, if it could
polymerize on its own, would produce a pilus much thinner than the 6–8 nm T4P filaments
seen for other bacteria. Early identification of Geobacter filaments as T4P used atomic force
microscopy (AFM) [1], a very low-resolution imaging method susceptible to many artifacts [27]
due to the dehydration of the Geobacter samples. A published electron micrograph of negatively
stained ‘pili’ from G. sulfurreducens in Malvankar et al. [18] has now been analyzed to show that
these are not in fact T4P but are instead polymers of the cytochrome OmcS [13].

A preprint claims that 3 nm diameter filaments from the extracellular fraction of G. sulfurreducens
imaged by cryo-EM were formed from PilA [28] but the published paper (Filman et al.) is less
certain, stating that these filaments were ‘presumably’ composed of PilA [29]. After almost
4 years, the electron micrographs used in Filman et al. have been deposited in a public repository
(https://empiar.org/11228). These thinner filaments are quite sparse, and the published micro-
graph in Filman et al. showing two thin filaments was not representative. Out of 538 good micro-
graphs, only 19 contained images of these filaments, typically only one thin filament for each of
these 19 micrographs, although the images are filled with OmcS filaments. This contrasts greatly
with the assertion that putative PilA filaments account for 90% of the extracellular filaments
expressed by Geobacter sulfurreducens, as judged by AFM [30]. While it is impossible to be
conclusive given the very sparse data set, our best estimate is that these filaments are DNA, as
observed in other Geobacter sulfurreducens preparations [12,13].

In the absence of empirical structures for the putatively conductive e-pili, a number of atomic
models were proposed for the G. sulfurreducens filament, built from only the PilA-N chain
[18,25,31–33], as well an atomic model for the Shewanella oneidensis T4P [32] that was also
suggested to be conductive. A hypothetical filament formed from the truncated G. sulfurreducens
PilA-N pilin is likely to be extremely hydrophobic and insoluble [12,13] as its many hydrophobic
residues would be exposed to the aqueous environment. An experimental high-resolution structure
of a 3 nmGeobacter filament comprised of the PilA-N gene product alone has never been reported.
In almost all of these models, the explanation for the hypothetical conductivity is electron hopping via
aromatic side chains on the N-terminal α-helix in PilA, which are stacked in these filament models. All
of these models are built using an early cryo-EM reconstruction (Figure 1) of the Neisseria
gonorrhoeae T4P [34] or a computational model of the Pseudomonas aeruginosa pilus [35]. The
N. gonorrhoeae T4P model was built by docking a crystal structure of the detergent-solubilized
monomeric pilin [36] into a 12 Å resolution cryo-EM reconstruction of the polymeric type IV pilus
[34]. Importantly, this low-resolution reconstruction did not resolve the N-terminal α-helices in the
filament core, which were modeled as the curved but continuous α-helices seen in the crystal
structure. With the advent of high-resolution cryo-EM, it was subsequently shown that the
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N-terminal helix is partially melted in the assembled filament for N. gonorrhoeae as well as for
the closely related Neisseria meningitidis T4P [37,38] (Figure 1). A very similar melting of the
N-terminal α-helix has been observed in all subsequent cryo-EM structures of T4P: in the
P. aeruginosa pilus [37], the Klebsiella oxytoca T2SS PulG endopilus (previously called pseudopilus)
[39], the Enterohemorrhagic Escherichia coli (EHEC) PpdD T4P [40], and two distinctly different T4P
from Thermus thermophilus [41], suggesting that it is a universal feature of all bacterial T4P.

The very hydrophobic N-terminal half of the N-terminal domain is actually a transmembrane
α-helix (Figure 1) that is embedded in the bacterial inner membrane before polymerization of
T4P. Thus, the continuous N-terminal α-helix observed in the crystal structures likely represents
the membrane-anchored form of the protein. The melting of the α-helix is thought to occur to
allow subunit packing within the pilus filament.

The cryo-EM structure of theG. sulfurreducens T4P is incompatible with electron
transfer
A cryo-EM structure of the G. sulfurreducens T4P was recently published, revealing features that
call into question its role in electron conduction. First, these pili are not 3 nm filaments comprised
of the 60 amino acid PilA gene product, but are in fact 6.5 nm diameter filaments containing two
chains, the products of pilA, now more aptly called pilA-N, plus the neighboring pilA-C gene
[12,13]. PilA-N and -C associate to form a canonical pilin structure with a hydrophobic
N-terminal α-helix and a globular β-sheet C-terminal domain. The presence of the two chains is
consistent with the conclusion from archaea that the bacterial type IV pilins may have resulted
from a gene fusion. It is also consistent with the observation that the pilin C-terminal domain in
at least one Gram-positive bacterium lacks homology with those of Gram-negative bacteria
[19]. Second, as seen for all other T4P, the N-terminal α-helix of the G. sulfurreducens PilA-N/C
filaments is partially melted (Figure 1), positioning the conserved aromatic side chains such that
they could not possibly facilitate electron hopping along the filament. Consistent with this obser-
vation, the PilA-N/C filaments were shown to be nonconductive [12]. The G. sulfurreducens T4P
cryo-EM structure was obtained from extracellular filaments produced when the pilA-N and pilA-C
genes were overexpressed [12]. It has been argued that these filaments, not previously reported,
are artifacts of overexpression [42]. This is a rather unusual argument, as most crystallographic
structures deposited in the Protein Data Bank have come from overexpressed protein. But in a
second paper, amino acid substitutions in another protein (the cytochrome OmcS) that were
expected to disrupt electron transport led to the appearance of naturally expressed PilA-N/C
filaments, as well as filaments formed from another cytochrome, OmcE [13].

If theG. sulfurreducens T4P is in fact a 6.5 nm filament, what is the identity of the ~3 nm filaments
in the dried samples imaged by AFM [12,13]? It is possible that these are either the polymerized
cytochrome OmcZ [15,43] or extracellular DNA molecules (eDNA), known to be highly abundant
in bacterial biofilms [44–46]. In fact, cryo-EM of Geobacter preparations has now revealed the
~36 Å pitch and double-helical structure for some ~3 nm filaments [12,13], consistent with
eDNA rather than PilA-N T4P, as proposed based upon AFM observations (Figure 2). It is also
most likely that these filaments are the highly abundant OmcS polymers, as a recent paper
described such OmcS filaments as having a 3.5 nm diameter when measured by AFM of dried
samples [43].

Recently discovered cytochrome polymers
If T4P are not capable of long-range extracellular electron transport, how does this occur
in G. sulfurreducens and other anaerobic bacteria? A major breakthrough in our understanding
of bacterial electron conduction occurred when high-resolution cryo-EM was first used to
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Figure 2. The onlyGeobacter sulfurreducens extracellular filaments observed thus far by high-resolution cryo-electronmicroscopy (cryo-EM). Themulti-
heme cytochrome filaments OmcS, OmcE, and OmcZ are the microbial nanowires that have been mistakenly called e-pili. The actual type IV pilus from G. sulfurreducens
has a subunit containing two polypeptide chains, PilA-N and PilA-C. These pili are normally not seen extracellularly.What is frequently seen inG. sulfurreducens extracellular
preparations are thin filaments that have been shown to be DNA.

Trends in Microbiology
reconstruct the extracellularG. sulfurreducens filaments [14]. It was found that these filaments are
polymers of a hexaheme cytochrome, OmcS. Several earlier papers had actually suggested an
important role for this cytochrome [47–49]. The bound hemes in OmcS form a continuous
chain through the filaments that can be many microns long, providing a mechanism for long-
range electron transport [18]. The details of how the electrons are conducted along the heme
Trends in Microbiology, Month 2022, Vol. xx, No. xx 5
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chain, such as whether there is a quantum cloud of electrons due to their delocalization [50],
hopping of electrons, or coherent transport [51], still remains to be determined. These different
conduction models are all consistent with the stacked-heme structures in the cytochrome
filaments, while none of these models are consistent with the spacing of aromatic residues in
the partially melted helix of the PilA-N/C filament.

Multiple cytochromes have been previously observed to stack together, such as in the MtrABC
complex [52,53], but cytochrome filaments have never been observed previously. What is
novel in the OmcS filament is that a His residue in one subunit coordinates a heme in an adjacent
subunit, forming a seamless conductive heme chain, with the surrounding protein acting as an
insulator [53]. Knowing the structure of the OmcS filament, it was a simple matter to analyze pre-
viously published images of ‘e-pili’ [18] and show that they are actually OmcS filaments [13].

As mentioned, one of the foundations for the hypothesis that the conductive extracellular
filaments in Geobacter were made of PilA involved genetic manipulation of PilA. What we now
understand is that there are complex regulatory interactions among different gene products
involved in long-range electron transport in Geobacter. Mutations in pilA have now been shown
to decrease the production of OmcS and increase the production of a different filament,
composed of another cytochrome, OmcZ [43]. OmcZ is an octaheme cytochrome, and OmcZ
filaments have even greater apparent conductivity than OmcS [43]. An atomic structure for the
OmcZ filament, solved using cryo-EM, can explain this much greater apparent conductivity due
to a branched, rather than linear, heme chain in the filament, resulting in one surface-exposed
heme in every subunit, creating an array of electron paths rather than a single linear path from
one end of the filament to the other [15]. Notably, mutations in omcS designed to disrupt the
electron transfer chain result in the appearance of a third cytochrome polymer, formed from
OmcE [13].

What can we learn from comparing these three cytochrome polymers? One of the most striking
observations was that while OmcS is a hexaheme protein, and OmcE is a tetraheme protein, the
four hemes in OmcE can be superimposed on the first four hemes in OmcS, revealing a remark-
able degree of similarity. While there is no apparent sequence or structural similarity between
the OmcS and OmcE proteins (in fact, the root mean square deviation between the two chains
is ~19 Å, what one might expect from two random proteins), 28 backbone atoms in one can
be aligned to the corresponding atoms in the other with only 1.1 Å rms deviation [13], which is
almost at the level of experimental error. Not coincidentally, these are the backbone atoms
involved in the coordination of the heme groups. The picture that has emerged is that the role
of the cytochrome proteins is to coordinate the hemes, position them so as to form a chain,
and to insulate the heme chain. Providing that these criteria are met, the intervening sequences
between the heme-coordinating motifs are free to diverge in both sequence and structure.
This conservation of a heme chain framework suggests that OmcE and OmcS have a common
ancestor, but one would never detect this homology with sequence- or even structure-based
searches.

The octaheme OmcZ filament differs from OmcS and OmcE filaments, such as having a
branched, rather than linear, arrangement of hemes. In addition, all of the hemes in OmcZ are
coordinated by histidine residues located within the same subunit. The large differences between
OmcZ, on the one hand, and OmcE and OmcS, on the other, suggest that polymers of multi-
heme cytochromes may have arisen independently at least twice in evolution. Since the
G. sulfurreducens genome encodes more than 75 multi-heme cytochromes, we suspect that
yet other cytochrome polymers might be formed by this organism under different conditions.
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Outstanding questions
How is electricity actually conducted in
cytochrome-stacked nanowires: elec-
tron hopping or electron quantum
cloud?

Are there other long-range electron
transfer mechanisms in biological sys-
tems in addition to stacked multiheme
cytochromes?

How are cytochrome stacked heme
nanowires assembled?

What is the role of T4P in cytochrome
nanowire assembly?

Do other Geobacter species and other
microbes also express cytochrome
heme-stacked nanowires?
The identification of three distinct extracellular cytochrome filaments capable of conducting
electrons, together with the high-resolution structure of the nonconductive Geobacter T4P,
overwhelmingly support a model in which long-range electron transport in G. sulfurreducens is
mediated by cytochrome filaments and not by T4P.

Role of T4P in Geobacter long-range electron transport
While it is clear that PilA is involved in long-range electron transport in Geobacter, several
studies have suggested that it has a role in nanowire secretion, but does not itself, under
normal conditions, form the extracellular conductive filaments [54,55]. This was previously
stated by Lovley inter alia in 2009 [56]: ‘These results suggest that pili may not be directly
involved in the homogenous ET (electron transfer) (step 3), owing to conductivity of the ΔpilA
biofilm, but that pili may play a structural role in formation of thick biofilms and in localization
of extracellular c-type cytochromes’. Such a structural role would explain the requirement for
these T4P in expression of extracellular Geobacter cytochrome filaments. Most probably,
PilA-N and PilA-C together form a periplasmic filament analogous to the type II secretion
endopilus [57], which is necessary for both the assembly and export of these cytochrome poly-
mers [12,14]. While these short filaments confined to the periplasmic space have been called
pseudopili, we prefer the term endopili, just as the periplasmic flagellar filament in spirochetes
has been referred to as an endoflagellum [58]. Endopili, by definition, are not normally extracel-
lular, but are contained within the periplasmic space and probably function as a dynamic piston
or Archimedean screw in transporting substrates through the periplasmic space and into the
extracellular environment [39]. With overexpression of a major endopilin such as PulG, endopili
can be found as extracellular filaments [39]. Understanding the exact role that PilA-N/C
filaments play in the expression of cytochrome filaments will be an important topic for future
research.

Concluding remarks
The study of microbial long-range electron transport has been of great interest for many reasons,
including potential uses in bioremediation, energy generation, and nanotechnology. Incredible
advances in cryo-EM over the past 10 years [8–11] have transformed structural biology, and
reaching a near-atomic level of resolution when studying macromolecular complexes and
filaments has become routine. In fact, these advances have extended beyond proteins to assem-
blies of small peptides [59]. This means that unambiguous identification of extracellular filaments
can be made based upon their atomic structures, as opposed to characterization of these
filaments by their diameters. We have also learned for G. sulfurreducens that genetic manipu-
lation can be problematic, as it is now clear that mutations in one protein can change the
expression levels of other proteins [13,43]. Therefore, phenotype cannot be simply related to
genotype. With the new high-resolution results, it has become clear that long-range extracellu-
lar electron conduction in G. sulfurreducens occurs via cytochrome filaments and not e-pili,
prompting a reconsideration of most previous literature in this field. Given the ubiquity
of multi-heme cytochromes, we have a reasonable expectation that cytochrome filaments
will prove to be rather widespread in biology, and not limited to G. sulfurreducens (see
Outstanding questions).
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