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Cryo-EM structure of an extracellular Geobacter
OmcE cytochrome filament reveals tetrahaem
packing

Fengbin Wang'’, Khawla Mustafa?’, Victor Suciu®3, Komal Joshi4, Chi H. Chan?, Sol Choi®*4,

Zhangli Su®5, Dong Si®3, Allon I. Hochbaum ®2¢™, Edward H. Egelman®'™ and Daniel R. Bond ®42<

Electrically conductive appendages from the anaerobic bacterium Geobacter sulfurreducens were first observed two decades
ago, with genetic and biochemical data suggesting that conductive fibres were type 1V pili. Recently, an extracellular conductive
filament of G. sulfurreducens was found to contain polymerized c-type cytochrome OmcS subunits, not pilin subunits. Here we
report that G. sulfurreducens also produces a second, thinner appendage comprised of cytochrome OmcE subunits and solve
its structure using cryo-electron microscopy at ~4.3 A resolution. Although OmcE and OmcS subunits have no overall sequence
or structural similarities, upon polymerization both form filaments that share a conserved haem packing arrangement in which
haems are coordinated by histidines in adjacent subunits. Unlike OmcS filaments, OmcE filaments are highly glycosylated. In
extracellular fractions from G. sulfurreducens, we detected type IV pili comprising PilA-N and -C chains, along with abundant
B-DNA. OmcE is the second cytochrome filament to be characterized using structural and biophysical methods. We propose
that there is a broad class of conductive bacterial appendages with conserved haem packing (rather than sequence homology)

that enable long-distance electron transport to chemicals or other microbial cells.

Geobacter are capable of a highly flexible mode of anaero-

bic respiration in which environmental metal oxides and
insoluble electron acceptors outside of the bacterial cell serve
as the sole electron acceptors. These electrogenic organisms
can transmit electrons to extracellular Fe(III), Mn(IV), U(VI)},
Tc(VII)?, V(V)’, high-molecular-weight humic substances’, elec-
trodes® and directly to other cells®” via a complex series of redox
proteins that include conductive filamentous appendages®. While
Geobacter spp. are central to natural and technological processes
such as metal cycling’, subsurface remediation'’"?, waste treat-
ment” and emerging energy generation applications’"", the
identity and bioelectronic properties of the extracellular conduc-
tive biomolecules enabling these technologies remain a topic of
active debate.

The multihaem c-type cytochromes OmcE, OmcS and OmcZ
are typically the most abundant proteins sheared from the G. sul-
furreducens cell surface after growth with metal oxides or electrode
surfaces, and mutants lacking these cytochromes are defective in
many aspects of extracellular electron transfer'®'"”. However, previ-
ous studies concluded that such cytochromes are unnecessary for
G. sulfurreducens long-range extracellular conductivity, based on
the hypothesis that Geobacter also possesses conductive non-haem
‘nanowires. These appendages, referred to as ‘e-pili, are proposed
to be built entirely from the N-terminal chain of the typeIV pilin,
PilA-N, and to be capable of metallic-like conductivity due to elec-
tronic coupling between aromatic amino acids®-**.

Dissimilatory metal-reducing bacterial species such as

Recent findings suggest a more complex model of extracellular
structures produced by G. sulfurreducens. Cryo-electron micros-
copy (cryo-EM) reconstructions at near-atomic resolution show
that OmcS forms filaments containing a haem core** and that
these filaments are conductive”, while scanning probe imaging and
spectroscopy data suggest that OmcZ polymerizes into a distinct fil-
ament”. The typelIV pilus of G. sulfurreducens is a non-conductive
filament found in extracellular preparations. This pilus is composed
of two chains (PilA-N and PilA-C) lacking the closely spaced aro-
matic residues that were originally proposed to support long-range
electron transport in the PilA-N-only pilus model*. Consistent with
the presence of cytochrome appendages, energy-dispersive X-ray
spectroscopy imaging also found iron-rich fibres extending from G.
sulfurreducens cells”. Based on these data, a more exhaustive struc-
tural analysis of extracellular conductive filaments is warranted™.
To date, the only atomic structure of an extracellular cytochrome
filament*>* reported is for the OmcS cytochrome.

While biochemical and structural data are available for OmcS,
OmcE has proved more difficult to characterize despite evidence
that it plays a crucial role in extracellular respiration. G. sulfurredu-
cens mutants lacking omcE (GSU0618) are defective in reduction of
Fe(III) oxides, Mn(IV) oxides'®, electrodes®"*?, U(VI)* and humic
acids™. G. metallireducens omcE (Gmet_2896) mutants are also
defective in Fe(IIT) oxide® and riboflavin reduction®. During ‘direct
interspecies electron transfer, when G. metallireducens respires by
transmitting electrons to G. sulfurreducens, G. metallireducens
omcE is essential but can be partially replaced by the addition of
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conductive minerals***-**. Transcriptional data also indicate the
involvement of OmcE in extracellular conductivity, because G.
sulfurreducens expression of omcE increased threefold with Fe(III)
oxides and as much as ninefold with electrodes compared with
growth using soluble electron acceptors'®**’. Growth of G. metalli-
reducens with Fe(III) oxides also upregulated omcE 4.4-fold* and, in
the absence of an abiotic conductive medium to aid direct electron
transfer to G. sulfurreducens, G. metallireducens omcE expression
increased ninefold™*.

The study of extracellular filaments, and their roles, in Geobacter
spp. is challenging owing to the complex regulatory relationships
between typeIV pili and extracellular cytochrome production.
Deletion of the pilA-N gene (GSU1497) or other outer membrane
proteins affects which cytochromes and filaments are produced
by Geobacter”*"-*>. Mutations within pilA-N alter the ratios of
extracellular OmcS and OmcZ, which changes the measured con-
ductivity of extracellular filament preparations”***. These effects
suggest that some cytochromes might interact with pili*® similar
to how Francisella®, Vibrio®, Dichelobacter'” and Escherichia coli*
use a typeIV pilus biogenesis system for secretion of virulence fac-
tors. Because the expression of omcS and omcZ is influenced by
the PilS/PilR two-component regulatory system and intracellular
cyclic dinucleotide pools, both of which can be affected by PilA lev-
els”>*>*", manipulation of pilA or omcS often results in unexpected
changes in extracellular cytochrome levels*'.

In this work we determine the unstudied OmcE cytochrome
structure by cryo-EM. We constructed G. sulfurreducens strains
containing three different omcS mutations that were intended to
alter the electronic structure of haem chains within OmcS, but a
serendipitous outcome was that these omcS mutations resulted in an
enrichment of extracellular OmcE filaments.

Results

Detection of OmcE in extracellular preparations. To study the
details of charge transport within OmcS filaments, we made muta-
tions that would perturb electron transport along the haem core.
We engineered three G. sulfurreducens strains that each expressed
a different single OmcS variant altering a histidine coordinating a
haem within OmcS (H357M, H41M and H38M)*>>. Both H357 and
H41 coordinate the same haem in OmcS, while H38 coordinates a
different haem. After shearing of proteins from cells and recovery
by ammonium sulfate precipitation as previously described”’, OmcS
or OmcS-like filaments (see below) were observed as bundles and
aggregates, along with a mixture of other fibres. Strikingly, after
centrifugation at 8,000g for 30 min and treatment with DNasel, the
only structures observed using cryo-EM were thinner than OmcS
and represented a previously uncharacterized cytochrome filament
(Fig. 1 and Extended Data Fig. 1). This suggested to us that cells
were compensating for a partial or complete loss of function in
OmcS by expressing a different cytochrome filament.

Cryo-EM of the OmcE filament. To characterize these thin fila-
ments we used cryo-EM (Fig. 1a) and determined the structure
to 4.3 A resolution. An averaged power spectrum from raw seg-
ments (Extended Data Fig. 2) showed a meridional layer line at ~1/
(344), corresponding to the rise per subunit in the filament, and
another layer line near the equator at ~1/(207 A) corresponding to
the 207 A pitch of a one-start helix. These observations provided
the initial helical parameters used to generate a ~4.3-A-resolution
reconstruction as judged by Map:Map Fourier shell correlation
(FSC). The Model:Map FSC (using the model generated below)
gave a similar resolution estimation (Extended Data Fig. 3 and
Supplementary Table 1). The filament differed from OmcS in both
size and morphology, with a rise per subunit of ~34 A with 6.1 sub-
units per turn (a twist of ~59°) (Extended Data Fig. 2) compared
with the 46.7 A rise per subunit and 4.3 subunits per turn of OmcS.

These filaments did not show as clear a sinusoidal morphology as
OmcS filaments. Filaments were ~40 A at their widest point com-
pared with the ~50 A of OmcS, and the density map clearly showed
that they contained four haems per subunit as compared with six
per OmcS subunit.

OmcE fit into the cryo-EM map with a real-space correlation
coefficient (RSCC) of 0.7 (Extended Data Fig. 5). To test the hypoth-
esis that the filament was OmcE, we used AlphaFold2 to compare
predicted structures for all eight tetrahaem proteins encoded in the
G. sulfurreducens genome against the experimentally determined
density map. Highly accurate protein structure prediction is now
possible with AlphaFold2, even if the protein of interest has mini-
mal sequence identity or similarity with proteins of known struc-
ture™. Four tetrahaem cytochromes had very different folds and
were excluded (Extended Data Fig. 4a,b) as being potential subunits
in the filament. The remaining four cytochromes (OmcE, OmcP,
GSU1787 and GSU3221) roughly matched the dimensions of the
subunit in the map, and were investigated further.

Of these four cytochromes, only OmcE has eight histidine
residues near the Fe densities to assemble bis-coordinated haems
(Extended Data Fig. 4) and was determined to be the correct pro-
tein, with a much higher real-space correlation coefficient com-
pared with the second-best fit protein, which was OmcP (0.70
versus 0.35).

Using mass spectrometry analysis, we confirmed that the thin
filament was OmcE by showing that OmcE, but not OmcP, was
present in the samples used to obtain the cryo-EM map (Extended
Data Fig. 5). Consistent with this conclusion, others have reported
transcriptional data showing that omcE expression levels are tenfold
higher than omcP or GSU1787 (ref. **) under the conditions we used
to obtain filaments. Furthermore, omcE also had a similar operon
structure to the nanowire omcS, with an NHL-domain protein
upstream of the cytochrome and no lipoproteins or accessory cyto-
chromes to suggest that it was part of an integral membrane porin-
cytochrome complex'”. GSU1787 and GSU3221 cytochromes
were detected in our mass spectroscopy data, which suggests that
they either exist in a non-filamentous form in the isolates or that
they form filaments that are of far lower abundance and therefore
remain undetected in the cryo-EM image analyses.

Sequence and structural comparison of OmcE and OmcS.
Because OmcE filaments are only the second experimentally deter-
mined cytochrome appendage atomic structure, our next question
was whether OmcE shares any sequence or structural homology
with OmcS. At the sequence level, OmcE had no detectable homol-
ogy to OmcS, with ~10% sequence identity (Extended Data Fig. 6).
Alignment of their cryo-EM three-dimensional (3D) structures
also suggested no similarities in the fold, although both proteins
are mainly composed of random coil domains (OmcE has ~3% of
residues in B-strands and ~17% in helices, leaving ~80% in coils and
turns).The haems in OmcE are bis-His coordinated, as are those in
OmcS (Fig. 1c,d). The minimum edge-to-edge distances between
haems are also similar, ranging from 3.5 to 4.0 A, suggesting similar
electron transport behaviours in OmcE and OmcS filaments, and
both structures have one interfacial haem per subunit coordinated
by histidine ligands from an adjacent subunit.

Closer inspection of the quasi-one-dimensional arrangement
of the haem chains along the filament core in OmcE and OmcS
filaments revealed a further similarity. Despite the lack of overall
backbone structural homology between the two proteins, the posi-
tions of the four haems in OmcE, as well as their coordinating his-
tidines, aligned with the first four haems of OmcS (Fig. 2c). While
the sequence similarity between both cytochromes was low, 28 atom
pairs could be aligned between OmcE (200 residues) and OmcS
(406 residues), with a root mean squared deviation (RMSD) of
~1.1 A. When comparing atom pairs across most of the OmcE model,
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Glycosylation

OmcE filament

Fig. 1| Cryo-EM of OmcE filaments. a, Representative cryo-EM image of purified OmcE filaments (black arrows) from the OmcS-H357M-producing variant
strain of G. sulfurreducens, taken from the 35,976 images recorded. Lacey carbon grids were used for cryo-EM imaging (carbon film indicated by white arrow).
The sample was treated with DNase | before freezing. Scale bar, 200 A. b, 2D class average of the OmcE filament, showing the increase of 34 A between
adjacent subunits. ¢, The surface of the reconstruction (transparent grey) with backbone trace of the OmcE subunits. A zoomed-in region of the circle is
shown on the right, with haems and their coordinating histidines labelled. d, The haem array in OmcE, with the minimum observed edge-to-edge distances
indicated between adjacent haems. The haem from the adjacent subunit is shown in blue.

RMSD

28 Atom pairs: 1.1 A

183 Atom pairs: 19 A

3D superposition

1 2 3 4 17 2!

H230 H58"', H107 , H208 , H2307', H58
h ) h ) h ) ) h ) h )
o o o o o
H149 4 H205 4 H31 H55 H1497" H205™

H429 , H41*', H268 , H360 , H76 , H172
o o o h o o
o o o o S o
H282 ¥ H357 4 H135 4 Hie9 / H27 7 Ha3s
1 2 3 4 5 6

Fig. 2 | OmcE versus OmcS, very different protein structures but almost identical haem packing. a, Backbone traces of single OmcE and OmcS subunits.
Haem molecules are shown as sticks. b, Alignment of OmcE and OmcS proteins. The RMSDs of aligned and total atom pairs are shown. ¢, Comparison of
haem chains in OmcE and OmcS filaments. The OmcS filament is aligned to the OmcE subunit on the left containing haems 1-4. d, Bis-histidine coordinations
for the six haems aligned in c. Iron atoms in haem are shown as orange circles, and imidazole side chains of the histidines are represented by blue circles.

the RMSD increased to 19 A between 185atom pairs (Fig. 2a,b).  between OmcE and OmcS. To the best of our knowledge, the coordi-
The four CxxCH haem-binding motifs and the additional distal nation of a haem in one subunit by a histidine in an adjacent subunit
histidines coordinating the haems accounted for almost all of the  in both the OmcE and OmcS filaments seems to be unique among
residues in the 28 C, pairs that could be aligned with a 1.1 A RMSD  all c-type cytochrome structures solved to date. The conservation
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of haem arrangements between OmcS and OmcE raises the pos-
sibility that the haems are dictating the protein fold rather than
the protein determining the position of the haems. This would be
consistent with the exquisite conservation of haem arrangements,
despite a lack of any sequence or structural homology between
OmcS and OmcE.

There was one exception to the conserved 3D histidine align-
ment: OmcE-H58 was structurally aligned in three dimensions to
OmcS-H41 at haem2, where they each coordinated haems of the
adjacent protein subunit (Fig. 2d). However, in a sequence-based
alignment (Extended Data Fig. 6a), OmcE-H58 aligned to
OmcS-H172. This was due to the backbone positions of OmcE-H58
and OmcS-H172 being close, but their side-chain conformations
diverged to coordinate the next monomer’s haem2*' in OmcE and
haem 6 in OmcS, respectively (Fig. 2d).

Stacking arrangement of haem pairs. Given how well the four
haems could be superimposed between OmcE and OmcS, we asked
whether this represented a preferred haem-haem pairing motif
used in proteins capable of efficient electron transfer. For exam-
ple, closely related redox partners, such as cytochrome ¢554 and
hydroxylamine oxidoreductase (HAO), have conserved tetrahaem
cores with structural similarities™. Similarly, chains of haem have a
similar arrangement in multihaem proteins involved in conversion
of nitrogen and sulfur compounds, despite substantial divergence in
overall protein structures and sequences™.

To compare OmcE haem orientations with haem cpairs avail-
able in the Protein Data Bank (PDB), we looked at all 853 entries
containing haem ¢ (HEC) as a ligand, and retained all pairs with
a minimum edge-to-edge distance <6A. We applied a 6 A dis-
tance limit as an arbitrary cut-off, because longer distances are
less efficient in regard to electron transfer processes. We defined
the rotation angle in a haem pair as the rotation required, along
with a translation, to bring one haem into alignment with that of
the other haem in the pair, including haem side chains (Fig. 3a).
In OmcS and OmcE filaments, all haem pairs were either
‘parallel-stacked’—that is, at an angle of nearly 180°—or rotated
from each other by about 140°. When we looked at the rotation
angle for the haems in our PDB dataset and plotted these against
the edge-to-edge distances between each HEC pair, a clear clus-
tering pattern was observed (Fig. 3b). This suggested that there
are preferred haem-haem orientations in most known multihaem
structures. Most of the minimum distances fell within the range
3-4 A, suggesting strong selection for a few key orientations at
haem-haem distances supporting efficient electron transfer.

Similar to OmcE and OmcS, rotation angles of porphyrin ori-
entations in HEC pairs identified from the PDB data mostly clus-
tered near 170-180° and 110-140°, with a smaller clustering around
50-60° for more distantly spaced haems. Interestingly, with only
one exception, there were no haem-haem pairs with an angle of
rotation 0-5.5°. The exception, PDB 6BTM, was done at a resolu-
tion of 3.4 A where the haem cannot be positioned unambiguously
if previous knowledge from high-resolution crystal structures has
not been used.

The clustering we identified suggests that what was previously
referred to in the literature as ‘parallel’ haem pairs would be more
accurately described as ‘anti-parallel’ pairs: one haem must be rotated
nearly 180° to align with the neighbouring haem. Similarly, a much
larger number of haem pairs was identified with rotation angle
110-140° compared with those in the minor cluster at a roughly
complementary angle of 50-60°. The minimum edge-to-edge dis-
tances were also greater in the 50-60° cluster, suggesting an orienta-
tion preference for densely packed bis-coordinated haem pairs at
obtuse angles. Notably, all haem pairs of OmcS and OmcE that form
cytochrome filaments fell into the two major clusters characteristic
of closely spaced haems.

Post-translational modifications in OmcE. In OmcS filaments,
two modification sites (T82 and T119) were directly detected in
the cryo-EM map (EMD-9046), even though additional densities
associated with modifications were not obvious when looking at
the surface of the map. Unlike OmcS, OmcE filaments have read-
ily apparent multiple additional densities on the filament surface
due to post-translational modifications, which we hypothesize
are glycosylations (Extended Data Fig. 6b,c). Although we cannot
unambiguously determine the identity of the post-translational
modifications, due to the flexibility and limited resolution of these
putative glycans, potential modification sites included S83, N86,
N87, N132 and T184. The presence of multiple post-translational
modifications would explain discrepancies between the predicted
mass of OmcE and its behaviour as a larger-than-expected protein
in both SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
MALDI coupled with time-of-flight mass spectrometry (MALDI-
TOF)'. Because sugars do not bind SDS, the decreased mass/charge
ratio of glycosylated OmcE would slow migration and the addition
of between five and ten sugar molecules would account for the extra
~1-2kDa reported in MALDI". Glycosylation would also be con-
sistent with the presence of a 17-gene cluster immediately down-
stream of omcE that contains glycosyltransferases, nucleotide-sugar
epimerases and transporters commonly associated with transloca-
tion of sugars to the periplasm (Extended Data Fig. 7).

Extracellular pili and DNA in sheared preparations. Cell append-
ages, such as bacterial pili**”, typically remain in the supernatant
after sample centrifugation at 8,000¢ for 30 min in preparation for
deposition on cryo-EM grids, but many filaments segregated to the
pellet during centrifugation. For a more complete characteriza-
tion of filaments produced in our experiments, we used a milder
centrifugation (5,000¢ for 1 min) to remove cell debris and visual-
ized all extracellular filaments without using DNasel treatment.
In 5,665cryo-EM images from these preparations, four distinct
filament species were observed. We classified these filaments using
two-dimensional (2D) averages (Fig. 4a,b): (1) OmcE filaments
~40 A in diameter; (2) mutated OmcS or OmcS-like filaments ~50 A
in diameter; (3) TypeIV pili ~75 A in diameter; and (4) B-DNA fila-
ments ~25 A in diameter.

Type IV pili were not previously observed in preparations used to
determine the atomic structure of wild-type OmcS filaments®, pos-
sibly due to centrifugation steps used in that study. Type IV pili from
G. sulfurreducens, composed of PilA-N and PilA-C chains, were pre-
viously detected only when PilA was overexpressed®. In our experi-
ments, we did not overexpress PilA-N/C but still observed these
filaments. If pili are involved in OmcS maturation or secretion, it is
possible that mutations in OmcS would affect periplasmic incorpo-
ration of haem or retraction of PilA.

We generated a 3D reconstruction of native PilA filaments
with a resolution of ~4.1A, yielding an unambiguous tracing of
both PilA-N and PilA-C chains in the cryo-EM map (Fig. 4c and
Supplementary Table 1) consistent with the previously reported
structure of the overexpressed pilus®. The presence of PilA-N/C
typelIV pili is also consistent with their high sequence coverage
from mass spectrometry of filament isolates (Extended Data Fig. 5).

Conductive bacterial appendages were previously proposed to
be typelIV pili comprised solely of the PilA-N chain®, despite the
lack of a power spectrum, 2D averages or 3D reconstructions veri-
fying their identity in cryo-EM or negative-stain images. We anal-
ysed previously published images of putative PilA-N filaments from
Malvankar et al.* and showed that they are OmcS filaments, based
upon the power spectrum observed (Extended Data Fig. 8). Models
for electron conduction in putative PilA-N filaments are predi-
cated on the assumption of close-stacking aromatic rings***¢-,
However, these models mainly rely on a 2006 study of the typeIV
pilus from Neisseria gonorrhoeae, which fitted a crystal structure
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Fig. 3 | Orientation plot for HEC pairs. a, One haem in a pair can be aligned to the other by a rotation and a translation. The rotation angle, 8 is shown. For
example, as shown in Fig. 2c, rotation angle 8 between haem1and haem 2 is ~130°, between haem 2 and haem 3 is ~175° and between haem 3 and haem 4
is ~140°. b, The haem (HEC only, ligand ID: HEC) pairs in all PDB structures were analysed. Minimum distances refer to the least distance between haem
pairs, regardless of atom type. The angle, # was determined from the alignment rotation matrix between haem pairs. For example, §=0° means that two
haems are perfectly parallel while #=180° means that two haems are perfectly anti-parallel (flipped) during alignment. All haem pairs with minimum
distance <6 A are shown. Haem pairs in OmcE and OmcS filaments are highlighted in green and red, respectively.

B-DNA

Fig. 4 | Mixtures of OmcS variant (H357M), extracellular T4P, DNA and OmcE filaments. a, Representative cryo-EM image of filaments sheared

and precipitated from an overproducing OmcS-H357M variant strain of G. sulfurreducens, taken from the 17,105 images recorded. The sample was not
treated with DNase | before freezing and was not centrifuged to remove aggregates as in Fig. 1. Other than OmcS filaments, other species of filaments
were observed and labelled correspondingly: OmcE filaments (black arrow), OmcS filaments (blue arrows), PilA-N-C type IV pili (orange arrows) and
extracellular B-form DNA (white arrows). Scale bar, 200 A. b, 2D averages of the four different filaments in a, showing that these various filaments are

readily distinguishable. ¢, A ~4.1A cryo-EM reconstruction of type [V pili, with ribbon model of the PilA subunits containing two chains, PilA-N (cyan) and
PilA-C (orange). d, A ~10 A cryo-EM reconstruction of DNA filaments showing a clear pitch of ~36 A with ribbon model of B-DNA.
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into a very-low-resolution (12.5A) cryo-EM reconstruction®.
High-resolution structures of bacterial typeIV pili*****-* have sub-
sequently become available revealing that there is a partial melting
of the N-terminal helix, a feature that would prevent continuous
stacking of aromatic residues in the Geobacter model. Furthermore,
high-resolution structures of the Geobacter typeIV pilus, obtained
using either overexpression of PilA-N and PilA-C* or native expres-
sion as we report here, also show partial melting of the N-terminal
helix. Based on these higher-resolution structures, we conclude that
there is no evidence that Geobacter PilA behaves differently from
any other bacterial typeIV pilins studied to date.

One recent study proposed that unidentified ~3 nm filaments
observed in G. sulfurreducens cryo-EM preparations used to deter-
mine the larger ~4-5nm OmcS structure were ‘presumably’ com-
posed of PilA-N*, in seeming contradiction to the 7.5nm PilA-N/C
filament identified here and in other studies®. Several points call
into question that proposed identification. First, electron micro-
graphs from that study” were not made public, which precludes
comparisons with OmcE or DNA structures. Second, we contend
that because the PilA-N chain is highly hydrophobic™ (Extended
Data Fig. 9), a filament formed from PilA-N alone would most
probably be insoluble’®. We have never observed, by cryo-EM, a
filament composed solely of the PilA-N chain.

When DNase I was not added to our preparations, a large num-
ber of DNA filaments was seen in all micrographs (Fig. 4a,b). 2D
averages clearly show the ~36A pitch (Fig. 4b) expected from
B-form DNA, and a ~10-A-resolution 3D reconstruction was fit
well with a B-DNA atomic model (Fig. 4d). Such DNA may be
due to cell lysis during shearing, or having been secreted as a com-
ponent of the extracellular matrix during biofilm formation”. It
has not escaped our notice that this ubiquitous DNA is similar in
dimensions and morphology to many of the filaments previously
described as pili nanowires, and propose that DNA might contrib-
ute to limited conductivity in biofilms, the extracellular matrix or
individual filaments™. Future studies isolating conductive filaments
should include DNase as a control measure, to discount the contri-
bution of extracellular DNA to the observed properties.

Discussion

We determined the atomic structure of a previously uncharacter-
ized cytochrome filament composed of OmcE and show that, in
addition to OmcS polymers, other extracellular filaments are pro-
duced by G. sulfurreducens.

Although the overall protein fold, size and helical pitch of hexa-
haem OmcS and tetrahaem OmcE are quite different, there is a high
degree of alignment of the four haems of OmcE with the first four
in OmcS, as well as the corresponding CxxCH motifs that incor-
porate these haems into the cytochrome. Both proteins lack sub-
stantial amounts of secondary structure, a feature consistent with
many multi-heam c-type cytochromes. However, lacking secondary
structure does not mean disordered, because disordered regions
of the protein would not appear in the averaged 3D cryo-EM map
and the full chains of OmcS and OmcE can be traced from these
maps. Mutations, insertions and deletions in loops and coils could
thus easily occur, providing they did not perturb the local coordi-
nation of haem groups. This decreased selective pressure on most
residues could explain the high mutation rate observed within
multihaem cytochrome sequences, such as between cytochromes
of closely related G. sulfurreducens PCA and KN400 strains where
25.8 non-synonymous changes per 1,000 bases were found in OmcE
compared with an average of only 5.6 per 1,000 across the rest of the
proteome”.

A lack of secondary structure content is a feature seen in other
electron-transporting, multihaem cytochromes such as Shewanella
baltica MtrA, in which 80% of the protein is loops™, similar to other
MtrA homologues™. MtrA, a decahaem cytochrome, also shares

the paired-stack haem arrangement motif with OmcS and OmcE
filaments, with haem pairs falling into the two major motif clus-
ters (Fig. 3b), and it functions as a transmembrane electron conduit
in Shewanella spp. This motif is present in other multihaem cyto-
chromes, such as S. oneidensis small tetrahaem cytochrome (STC/
CctA) and E. coli NrfB, both of which lack substantial sequence
identity with MtrA™. The low sequence similarity and high fidel-
ity of the haem arrangement between these proteins suggest that
haem packing is the functional feature conferring high conductiv-
ity and rapid respiration rates. Indeed, electron transfer rates in
the direction of extracellular electron transfer are calculated to be
similar in OmcS filaments and the MtrAB transmembrane com-
plex’. Moreover, the clustering of haem pair rotation angles and
edge-to-edge distances (Fig. 3b) reveals conserved arrangements
of haem across all domains of life. This arrangement could be
preferred for biosynthetic reasons—for example, representing an
optimal solution to a steric or reaction selectivity limitation on the
density of haem incorporation into the apoprotein. The anti-parallel
orientation of haem pairs in the 110-140° and 170-180° clusters
suggests such a preference for opposing thioether linkages within
haem pairs. Alternatively, the arrangement could be optimal for
long-range electron transport and represent a selective pressure for
evolution. Whether this class of multihaem cytochromes resulted
from convergent or divergent evolutionary processes is unclear, but
the haem structure appears highly conserved in proteins requiring
rapid electron transport for their function.

What is the role of the modifications observed on the exterior of
the OmcE and OmcS filaments? Glycans on the surface might pro-
tect against protease cleavage, minimize damage from free radicals
produced as a by-product of cytochrome peroxidase activity or alter
binding to metal oxide electron acceptors. In archaeal filaments, it
has been suggested that glycosylation plays a major role in protec-
tion of these extracellular appendages in extreme environments”.
Regardless of their function, the potential of bis-coordinated haems
should be relatively insensitive to the protein environment sur-
rounding the haem, let alone to distant modifications such as glyco-
sylation. We do speculate, however, that the material coating OmcE
could cause artefacts during laboratory conductivity measurements,
by increasing contact resistance due to greater charge tunnelling
distances.

Previously, overexpression of PilA-N and PilA-C was used to
produce extracellular PilA filaments®. We confirm here that the
native PilA pilus of G. sulfurreducens is composed of two chains,
PilA-N and PilA-C, in strains in which the only genetic changes are
residues within OmcS. This PilA structure was previously proposed
to form a periplasmic pseudo-pilus, possibly to aid export of cyto-
chrome filaments*>**. Whatever their true function in G. sulfurredu-
cens, PilA pili and cytochrome filament levels are evidently tightly
linked. Mutations affecting OmcS assembly allowed easier detection
of PilA pili and OmcE polymers, while pilA-N mutations in pre-
vious studies decreased production of OmcS polymers. Given the
importance of PilA in controlling omcS, omcB, omcAHG, omcOP
and pgcA expression via PilS/PilR-dependent and cyclic di-GMP/
cyclic AMP-GMP-dependent regulatory networks*®’%, changes in
typeIV pilin subunits should always be expected to affect electron
transfer phenotypes and production of conductive appendages in
Geobacter experiments.

The in situ identification of extracellular filaments from G.
sulfurreducens has largely been based on atomic force micros-
copy (AFM) height/diameter measurements, although the size of
presumptive PilA-N pili has varied among fixed (~3nm)®, desic-
cated (3-5nm)*, air-dried (~3nm)”, spin-coated (~4-6nm)®,
solvent-evaporated (~2nm)” and humidified (3-4nm)** prepara-
tions on highly oriented pyrolytic graphite, Pt, Au and mica. We
do not think that these measurements are well suited for identifi-
cation. Negative-stain transmission electron microscopy (TEM)*
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and AFM* of dried samples usually does not preserve structure,
because shrinkage can readily occur. Quantitative analysis in TEM
has shown that the thickness can be reduced to 60% of the native
value®. Strong adsorption to substrates combined with dehydra-
tion can severely flatten filaments, affecting height measurements
in AFM. Tip-convolution artefacts are common in AFM even when
measurements are done in solution*', which impacts observed fila-
ment diameter, and AFM of dried specimens usually does not reveal
the internal structure or periodicities. Even during high-resolution
cryo-EM of frozen/hydrated proteins, interpretation of diameter is
not simple given the contrast-transfer function and ambiguities in
defining outer edges from noisy images. Accurate dimensions can
instead be derived from atomic models built into high-resolution
cryo-EM maps for comparison (Extended Data Fig. 10), or descrip-
tions can be based upon more robust measures of periodicities
within these filaments such as helical pitch or rise per subunit.

Having an atomic structure, the definition of diameter can
still be ambiguous. The atomic structure for OmcS filaments
has a diameter of 5.0-7.5nm (Extended Data Fig. 10)**. In the
atomic structure, while the local’ diameter of OmcS is 5.0nm,
the smallest cylinder that would include all sinusoidal undula-
tions would have a diameter of ~7.5nm (Extended Data Fig. 10).
Even a value of 5.0 nm is an approximation, because OmcS does
not have a smooth surface and contains hydrogen atoms that
enlarge the diameter, and that does not consider the larger hydro-
dynamic radius including tightly bound waters. As an example,
despite these atomic predictions of a 5-7nm diameter, a recent
paper”” measured dried OmcS filaments by AFM at 3.5nm. Due to
the growing diversity of extracellular filaments, each of potential
diameter 2-7 nm (including DNA, pili, OmcE, OmcZ and OmcS),
additional information will now be required for conclusive identi-
fication in experiments. The understanding of long-range electron
transport in bacteria will probably advance when conductivity
data can be reliably linked to the internal structure of the filament
under analysis. At the present time, however, the likelihood that
published G. sulfurreducens strains produce multiple extracellular
filaments, and the presence of DNA in most samples, means that
measures of conductivity attributed to a specific protein need to be
treated with some caution.

There are more than 75other multihaem cytochromes in the
G. sulfurreducens genome alone, many with an operon structure
similar to OmcS, OmcE or OmcZ. Since we now know that the
helical symmetry for multihaem cytochrome filaments appears
to be determined by the haem arrangement rather than by details
of the protein fold, a possibility exists that the bundles presumed
to be OmcS might actually be composed of the hexahaem cyto-
chrome GSU2501, which was also detected in the sample by mass
spectrometry (Extended Data Fig. 5). This will be a question for
future studies. Finding homologues or predicting whether related
organisms are capable of producing similar extracellular filaments
is severely limited by the rapid rate of multihaem protein sequence
divergence. Our work suggests that unexpected commonalities exist
among these cytochromes, including conserved haem arrange-
ments and haem-binding motifs. The early success with machine
learning-based tools such as AlphaFold means that it might soon be
possible to scan genomes of distant relatives or uncultivated genera
for structural homologues based on the universal characteristics of
this growing cytochrome nanowire family.

Methods

G. sulfurreducens mutant construction and filament preparation. Geobacter
sulfurreducens PCA was obtained from the DSMZ culture collection (no. DSMZ
12127). G. sulfurreducens colonies were isolated from agar plates (1.5%) in anoxic
basal medium, with acetate (20 mM) as the electron donor and fumarate (40 mM)
as the electron acceptor, under a H,/CO,/N, (5:20:75) atmosphere in an anaerobic
workstation 500 (Don Whitley). The pH of the medium was adjusted to 6.8,
buffered with 2 g1~ NaHCO, and purged with N,/CO, gas (80:20) passed over a
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heated copper column to remove trace oxygen. Liquid cultures were grown without
the addition of agar. All cultures were grown at 30°C.

The omcS gene was deleted using a SacB-sucrose counterselection strategy
to generate a scarless gene deletion®. The primers used to amplify and clone
the flanking regions of omcS to generate the omcS deletion mutant are listed in
Supplementary Table 2. The ~1.5kb flanking sequences of omcS were combined
by overlap PCR and blunt-end cloned into SacB-encoding plasmid pK18mobsacB
using Smal.

The omcS sequences with mutations encoding variants H38M, H41M and
H357M were synthesized and cloned into the pTwist-Amp vector by Twist
Biosciences (listed in Supplementary Table 3). Expression of omcS mutants was
under the control of a moderate- (acpP, pTn7m) or higher-expression (ppcA
pTn7-Geo7) promoter when subcloned into either pTn7m or pTn7-Geo7 using
Ndel and ApaLl. The omcS mutant genes were integrated with 25 base pairs
downstream of the glmS gene in the omcS deletion strain, using a targeted
Tn7-based strategy by tri-parental mating with E. coli conjugative donor strain
MFDpir and Tn7 mobilization machinery encoded in pTns3 (refs. **).

For all experiments, G. sulfurreducens variants were revived from frozen stocks
anaerobically and grown from single-colony picks on 1.5% agar plates (NBFA
medium) containing 20 mM acetate donor and 40 mM fumarate acceptor®’. NBFA
liquid medium is composed of 20 mM acetate donor and 40 mM fumarate acceptor,
0.38gl™! potassium chloride, 0.2 gl ammonium chloride, 0.069 gl"! monosodium
phosphate, 0.04 gl calcium chloride dihydrate, 0.2 gl"' magnesium sulfate
heptahydrate, 2.0gl™" sodium bicarbonate and 10 ml of mineral mix*. Resazurin and
cysteine were omitted. NBFA media were sterilized and degassed using 80:20 N,/CO,.
All chemicals were purchased from Fisher Scientific unless otherwise noted.

Cells from fully grown cultures of G. sulfurreducens were pelleted after
reaching stationary phase via centrifugation at 4,600g for 25 min at 4°C. Cells were
resuspended in 50 mM Tris-HCI (pH 7.5) followed by mechanical shearing to
detach the extracellular filaments using a Waring Commercial Blender (no. 7011S)
at a low-speed setting for 5min*’. Centrifugation at 10,000g for 15 min removed
cells, and filaments were precipitated from the supernatant with 10% ammonium
sulfate overnight at 4 °C while stirring, followed by centrifugation at 17,000g for
1 h. The final filament pellets were resuspended in 10 ml of Tris-HCI buffer. To help
remove contaminants, filament samples were dialysed with 300kDa dialysis tubing
(Biotech CE, Repligen) against ultra-pure water (pH 4.3).

Gel analysis of filament samples. To separate them via sodium-dodecyl sulfate
unambiguously (SDS-PAGE), filament samples were mixed with reducing sample
buffer with 0.3% w/v final concentration of SDS and 1.5% v/v final concentration
of p-mercaptoethanol (TCI America). All samples were heated for 5min at 100°C
and then cooled and spun at 2,500¢ for 1 min before loading into the gel. Filament
samples were run on 4-16% Tricine-SDS-PAGE gels® prepared using Acryl/Bis
(37.5:1.0, 40% w/v) solution (VWR), with an initial voltage of 30 V for 20 min and
subsequent voltage step of 200V for 3h. A Spectra multicolour broad-range protein
ladder (ThermoFisher) was used to reference the molecular weight of protein
bands. Gels were stained with either silver stain® or 3,3',5,5'- tetramethylbenzidine
(TMB)*" after washing with ultra-pure water. f-Mercaptoethanol addition was
omitted for haem (TMB) staining samples.

In-solution tryptic digestion. The filament samples were centrifuged at 8,000g

for 30 min, and supernatants were dialysed with 300kDa dialysis tubing against
ultra-pure water. Concentrator 30kDa units (Spin-X UFE, Corning) were used to
obtain a protein concentration of >0.2 mgml™ and remove remnant salts and other
small-molecular-weight contaminants. Filaments obtained following concentration
were digested in solution using Trypsin Gold (Promega). Following the Promega
protocol, 100 ug of trypsin was resuspended in 50 mM acetic acid to reach 1 ugpl™
and diluted to 20 uygml™ in a solution of 40 mM ammonium bicarbonate in 10%
acetonitrile. Fifty microlitres of filament samples was reduced by 5 ul of 100 mM
DL-dithiothreitol (Sigma-Aldrich), and samples were heated for 5min at 95°C
followed by 20 min incubation at 37 °C. Next, 20 ul of 100 mM iodoacetamide
(Sigma-Aldrich) was added to all filament samples with incubation in the dark for
1 h. The reaction was then diluted with 150 ul of 50 mM Tris-HCI (pH 7.5) buffer
before the addition of 10 ul of trypsin and overnight incubation at 37°C.

Mass spectrometry of filament samples. The in-solution tryptic digestion of
filament samples was quenched after overnight incubation by the addition of 25 ul
of 5% formic acid, before characterization by matrix-assisted laser desorption
ionization (MALDI) time-of-flight (TOF)/TOF (UltrafleXtreme, Bruker) in
positive-ion mode. The matrix solution was freshly prepared with a saturated
solution of a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich) dissolved in a

2:1 solution of ultra-pure water/acetonitrile®. The collected mass spectra were
analysed using mMass protein identification software”~*.

Cryo-EM conditions and image processing. The cell appendage sample (~2.0-
2.5 pl) was applied to glow-discharged lacey carbon grids and then plunge-frozen
using an EM GP Plunge Freezer (Leica). Cryo-EMs were collected on a 300keV/
Titan Krios with a K3 camera (University of Virginia) at 1.08 A per pixel and a
total dose of ~50 e A2. Motion corrections and contrast transfer function (CTF)
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estimations were done in cryoSPARC”~". Particles were auto-picked by ‘Filament
Tracer. All auto-picked particles were subsequently 2D classified with multiple
rounds, and all particles in bad 2D averages were removed. The OmcE dataset

had 346,826 particles remaining with a shift of 35 pixels between adjacent boxes,
while the PilA dataset had 112,011 particles remaining with a shift of six pixels.
Potential helical symmetries were calculated from an averaged power spectrum for
each filament species generated from the raw particles. For each filament species,
the actual helical symmetry was then determined in cryoSPARC by trial and error
until amino acid side chains and the hand of a-helices were seen’”. The resolution
of each reconstruction was estimated by Map:Map FSC, Model:Map FSC and d,,
(ref. '°). Final volumes were then sharpened with a negative B-factor automatically
estimated in cryoSPARC, and the statistics are listed in Supplementary Table 3.

Model building of PilA filaments. The density corresponding to a single PilA
complex was segmented from the experimental cryo-EM density using Chimera'"'.
A single PilA (PilA-N + PilA-C) from 6VK9 was used as the starting model,

and real space refined in PHENIX'””. Using the determined helical symmetry, a
filament model was generated in Chimera and refined against the full cryo-EM
map using PHENIX real-space refinement. MolProbity'”” was used to evaluate

the quality of the filament model. The refinement statistics are shown in
Supplementary Table 1. The RMSD between our filament model and 6VK9 was
0.3 A over 163 atom pairs.

Model building of OmcE filaments. The hand of OmcE filaments was determined
by the hand of an a-helix. The hand assignment also agreed with the AlphaFold2
(ref. *) models of OmcE and its three structurally related homologues. To
determine which cytochrome protein best fit into the cryo-EM map, the fit of
OmcE and homologues were separately estimated and real space refined against
the map in PHENIX'””. OmcE was the best fit with a large RSCC difference
compared with the second-best fit protein, OmcP (0.7 versus 0.35). To better
refine haem-interacting areas at this resolution, bond/angle restraints for the haem
molecule itself (His-Fe) and Cys-haem thioester bonds were restricted based on
the geometries obtained in high-resolution crystal structures such as NrfB'** (PDB
2P0B) and NrfHA'® (PDB 2]J7A). MolProbity'” was used to evaluate the quality of
the filament model. The refinement statistics are shown in Supplementary Table 1.

Structural analysis of HEC pairs. All structural coordinates with HEC were
downloaded from PDB. All potential haem pairs were then filtered with a
minimum distance <6 A, with the ‘contact’ command in UCSE-ChimeraX'®*.

For each qualified pair, the rotation matrix between two haems was generated in
ChimeraX using the ‘align’ command. Rotation angle @ was then calculated from
the rotation matrix with the following equation, where tr is the trace of the rotation

matrix:
tr(R) — 1
|6] = arccos (%)

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The 3D reconstruction for OmcE has been deposited in the Electron Microscopy
Data Bank with accession code EMD-25879, and the atomic model has been
deposited in PDB with accession code 7TFS. The 3D reconstruction for PilA-N/C
has been deposited in the Electron Microscopy Data Bank with accession code
EMD-25881, and the atomic model has been deposited in PDB with accession code
7TGG. Other atomic models used in the study were PDB 2P0B, 2]7A and 6VK9.
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OmcS (pTn7m::H41M) OmcS (pGeo7::H38M)

Extended Data Fig. 1| Cryo-EM images of the purified OmcE filaments. Representative cryo-EM images of the purified OmcE filaments (black arrow)
from the pTn7m::OmcS-H41M variant strain (a, from 5,269 images recorded) and pGeo7::0mcS-H38M variant strain (b, from 442 images recorded).
The two-dimensional class averages of the OmcE filaments are shown on the top right of each. The sample was treated with DNase | and clarified via

centrifugation prior to freezing. Scale bar, 200 A.
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Extended Data Fig. 2 | Averaged power spectra from different filaments. All power spectra were generated from raw images aligned to the same axis.
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Extended Data Fig. 3 | Fourier Shell Correlation (FSC) calculations of OmcE and PilA filaments. (a) The map:map FSC calculation of OmcE filament
(0.143 cutoff). (b) The model:map FSC calculation of OmcE filament (0.38 cutoff). (¢) The map:map FSC calculation of PilA filament (0.143 cutoff).
(d) The model:map FSC calculation of PilA filament (0.38 cutoff). The 0.38 threshold is used as it is \/0.143.
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(b) Docking of a single subunit into the cryo-EM map. The parts not fitting into the map are labeled by black arrowheads. (¢) The cryo-EM map was
filtered to 6 A resolution and set to a very high threshold, so the only densities shown (magenta) are the centers of heme molecules. Bis-His coordination
of hemes is shown, and only histidines in OmcE coordinate all four hemes. The poorly coordinated hemes are indicated by black arrowheads.

(d) The OmcE atomic model fits into the ~4.3 A cryo-EM map, with protein Ca trace and ligand displayed. (e) Fitting of four heme co-factors into the

corresponding cryo-EM densities.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Mass spectrometry data of isolated filament samples. a) Silver (for protein) and (b) 3,3’,5,5’- tetramethylbenzidine (for heme)
stained SDS-PAGE gels of the four mutants used in this study: pTn7m::OmcS_H41M, pGeo7::0mcS_H38M, pTn7m::OmcS_H357M, pGeo7::0mcS_
H357M. Approx. 10 different gels were run during the purification procedure, with the gel shown being the final one. Cryo-EM images of pTn7m::OmcS_
H357M were used for OmcE structure determination. OmcE has the highest sequence coverage (¢) of the four tetraheme cytochromes with similar
predicted folds, OmcE, OmcP, GSU1787, GSU3221, from protein sequencing mass spectrometry of in-solution digests of the isolated filament samples.
OmcP was not detected in this analysis. (d) Mass spectrum and (e) sequence matching data of pTn7m::OmcS_H357M filament isolate digest. Underlined
sequences are matched peptides from the digest. Red residues are those likely to be chemically modified during sample preparation (see Materials and
Methods), as indicated in (e).
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Extended Data Fig. 6 | Comparisons between OmcE and OmcS. (a) All seven histidines in OmcE that coordinate heme molecules within the same subunit
are highlighted with red stars. These seven histidines in OmcE have been aligned, based upon the structures, to seven histidines in OmcS, and the order

of these residues in the primary sequence is the same in both proteins. The histidine in OmcE that coordinates a heme molecule in an adjacent subunit is
labeled with a green star. The structurally aligned histidine in OmcS is marked with a blue star. (b,c) All volumes were filtered to 10 A for a clear display.
The density accounted for by atomic models is colored in gray, and the extra density is colored in red. The backbones of OmcE (a) and OmcS (b) filaments
are shown, and they are colored in magenta and yellow, respectively. (b,c) All volumes were filtered to 10 A for a clear display. The density accounted for

by atomic models is colored in gray, and the extra density is colored in red. The backbones of OmcE (b) and OmcS (c) filaments are shown, and they are
colored in magenta and yellow, respectively.
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Extended Data Fig. 7 | The omcE genomic region. Organization of the omcE genomic region, showing the 17-gene cluster downstream containing
glycosyltrasferases, undecaprenyl-phosphate transferases and sugar modification enzymes. Similar gene clusters exist downstream of all Geobacter omcE

homologs.
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Extended Data Fig. 8 | Analysis of previous images shows OmcS, not PilA, filaments. An averaged power spectrum has been computed from the
filaments in Malvankar et al., mBio 6, €00084 (2015), Supplemental Figure S1, labeled ‘Transmission electron micrograph of pili of Geobacter sulfurreducens
strain Aro-5'. The power spectrum shows a periodicity of ~ 1/(200 A) marked by the yellow arrows, indicating that these filaments are actually composed
of the cytochrome OmcS and are not pili.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology


http://www.nature.com/naturemicrobiology

ARTICLES NATURE MICROBIOLOGY
a Cc

TMHMM posterior probabilities for WEBSEQUENCE surface lipophilicity
%
w ]
0.8 — -20 +10
=
g os /
S [ L
% o4 | ! e
Il
0.2 ‘ .
0 1] |
10 20 30 40 50 60 70 80 %0 < & X
transmembrane inside outside &

PilA-N only

hypothetical model PilA-N+PilA-C

Extended Data Fig. 9 | PilA-N chain is highly hydrophobic. (a) Transmembrane predictions of PilA-N by TMHMM?2. The first ~25 residues are predicted
to be signal peptide and would be cleaved in the mature protein. (b) PilA-C domains bury hydrophobic surface of PilA-N. The hydrophobic residues (Val,
Leu, lle, Met, Phe, Pro and Try) in PilA-N are shown in ball and stick representation in red. The outer globular domain (PilA-C) is shown in yellow for

two neighboring subunits. It can be seen that these N-terminal hydrophobic residues get buried by the C-terminal chain when the filament is formed,
suggesting that a filament composed of only PilA-N would contain too many surface-exposed hydrophobic residues to be soluble. (¢) The hydrophobicity

(or lipophilicity) can be compared between a model for a PilA-N only filament (left) and the observed PilA-N/C filament (right). The rather hydrophobic
surface for the PilA-N model suggests that it might not be soluble.
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Extended Data Fig. 10 | Diameter estimations of four different filaments from atomic models. The atomic models without hydrogens are shown with
atoms represented by spheres having the appropriate van der Waals radii.
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