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SUMMARY

Electrically conductive appendages from the anaerobic bacterium Geobacter sulfurreducens, recently iden-
tified as extracellular cytochrome nanowires (ECNs), have received wide attention due to numerous potential
applications. However, whether other organisms employ similar ECNs for electron transfer remains unknown.
Here, using cryoelectron microscopy, we describe the atomic structures of two ECNs from two major orders
of hyperthermophilic archaea present in deep-sea hydrothermal vents and terrestrial hot springs. Homologs
of Archaeoglobus veneficus ECN are widespread among mesophilic methane-oxidizing Methanoperedena-
ceae, alkane-degrading Syntrophoarchaeales archaea, and in the recently described megaplasmids called
Borgs. The ECN protein subunits lack similarities in their folds; however, they share acommon heme arrange-
ment, suggesting an evolutionarily optimized heme packing for efficient electron transfer. The detection of
ECNs in archaea suggests that filaments containing closely stacked hemes may be a common and wide-

spread mechanism for long-range electron transfer in both prokaryotic domains of life.

INTRODUCTION

In anoxic environments, from aquatic sediments to the human
gut, respiring bacteria naturally transfer electrons across
micron-scale distances beyond their outer membranes to distant
and insoluble terminal electron accep’(ors.1'3 It is hypothesized
that long-range electron transfer played an important role in mi-
crobial metabolism on the early earth, when iron as Fe(ll) was the
most accessible transition metal, with Fe(lll) being a potential
electron acceptor owing to the presence of small amounts of
Fe(lll) at low levels of oxygen.” Fe(lll) could have been present
as hematite or magnetite, necessitating the presence of extra-
cellular nanowires so that the different Fe(lll) compounds could
be used as terminal electron acceptors. Other processes
benefiting from bacterial nanowires include direct interspecies
electron transfer (DIET), which paves the way for energetic
coupling between different species in diverse anaerobic microbi-
al communities.® For instance, recent reports indicated that
nanowire-mediated DIET prevails in certain anaerobic digesters
and can provide electrons for the reduction of CO, to CH,.°
Furthermore, microbial nanowire-mediated DIET has also been
reported to contribute to the key environmental processes,

such as anaerobic oxidation of methane coupled to sulfate
reduction,”® anaerobic photosynthesis,9 and anoxic, dark car-
bon fixation.'® However, the molecular underpinnings of long-
distance electron transfer have only been identified in the soil
bacterium Geobacter sulfurreducens.’

G. sulfurreducens has been extensively studied as a model or-
ganism to understand the structure and function of conductive
extracellular nanowires. The identity of the conductive filamen-
tous appendages enabling extracellular electron transfer (EET)
has been a topic of active debate.' " With major technological ad-
vances in cryoelectron microscopy (cryo-EM), % the microbial
nanowires in G. sulfurreducens have been shown to be polymer-
ized filamentous extracellular cytochromes, containing either
OmcS, "> OmcE,'® or OmcZ."” On the other hand, the notion
that these extracellular filaments are 3-nm diameter “e-pili,”
containing only the N-terminal chain of the type IV pilin, PilA-N,
has now been debunked with the determination of an actual
structure for the PIlA filament, showing that it is composed of
two chains and is incompatible with electron transport.’®'®

The multi-heme c-type cytochromes OmcS, OmcE, and
OmcZ have protein structures that are ~80% loops, lacking
extensive secondary structure and a conserved structural fold.
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However, comparing the heme arrangements in the polymerized
filaments, these three extracellular cytochrome nanowires
(ECNSs) fall into two different categories. OmcE and OmcS have
very similar heme arrangements, and their hemes are insulated
from solvent by a protein shield, consistent with a model where
nanowires link a cell to a nearby metal oxide particle.'® In
contrast, OmcZ possesses an entirely different heme arrange-
ment, with each subunit containing a branched solvent-exposed
heme in addition to the linear chain of hemes so that networks of
OmcZ filaments may form a conductive biofilm with a multiplicity
of paths for electron flow."” With the large number of multi-heme
cytochromes found in prokaryotic genomes, and the observed
significant difference in heme arrangements, it is likely that
conductive ECNs have arisen multiple times during evolution,
and it was hypothesized that species other than Geobacter sul-
furreducens could also produce ECNs."'" Although multi-heme
cytochromes encoded by methanotrophic archaea were pre-
dicted to mediate DIET,” no evidence of ECN existence outside
of G. sulfurreducens has been presented thus far.

Here, we validate the hypothesis that ECNs are not restricted
to G. sulfurreducens and discover such filaments in the second
prokaryotic domain of life, the archaea. Using cryo-EM, we
determined atomic structures of extracellular cytochrome fila-
ments from two species of hyperthermophilic archaea, Pyrobac-
ulum calidifontis and Archaeoglobus veneficus, belonging to two
different phyla. Our observations suggest that ECNs may be
ubiquitous in both prokaryotic domains and mediate long-range
EET in diverse microbial communities.

RESULTS

Multi-heme c-type cytochrome filaments exist in
archaeal strains

In archaea, genes encoding multi-heme c-type cytochrome were
previously predicted in two major phyla, Euryarchaeota (orders
Archaeoglobales and Methanosarcinales) and Crenarchaeota
(orders Thermoproteales and Desulfurococcales).'® To identify
potential ECN candidates among the predicted multi-heme
c-type cytochrome proteins, we applied the following filters
that matched the expected features of ECNs: the proteins had
to possess a predicted signal peptide, lack predicted transmem-
brane regions (outside of the signal peptide), be encoded with
other multi-heme c-type cytochromes in the same strain, and
lack sequence homology to an annotated enzyme fold. From
a set of multi-heme c-type cytochromes that matched our
criteria, for validation, we selected three ECN candidates from
P. calidifontis (order Thermoproteales), A. veneficus (order
Archaeoglobales), and Methanolobus tindarius (order Methano-
sarcinales). Cryo-EM analysis showed that P. calidifontis and
A. veneficus each expressed an ECN: P. calidifontis ECN
(PcECN) showed no obvious similarity to any previously deter-
mined protein fold; A. veneficus ECN (AVECN) also presented a
new protein fold although distantly related to c552-family cyto-
chromes (see below).

Cryo-EM of P. calidifontis ECN

We grew wild-type (WT) P. calidifontis (DSM 21063)>° using so-
dium thiosulfate as the electron acceptor under microaerobic
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conditions. This environment promotes not only the production
of cytochrome filaments but also other types of cell appendages,
including biofilm-promoting TasA-like bundling filaments,?" type
IV pili, and conjugation pili (PDB: 8DFT). Images of ECN seg-
ments were easily separated from other types of filaments in
reference-free 2D classifications. Unlike Geobacter OmcS fila-
ments, PCECN does not display a sinusoidal morphology (Fig-
ure 1A). An averaged power spectrum from aligned raw particles
shows a meridional layer line at ~1/(32 A) and a layer line that can
only be arising from a 1-start helix at ~1/(215 A), establishing that
there are ~6.6 subunits per turn of a ~215-,&-pitch 1-start helix
(Figure S1; Table S1).

The final reconstruction reached 3.8-A resolution with the
application of helical symmetry. The 1-start helix was right
handed, determined by the hand of « helices in the protein
subunit, with a rise and rotation per subunit of 32.4 A and
54.7°, respectively. The C, tracing at such a resolution was
straightforward, and after accounting for the protein density,
the map showed that each ECN subunit contains four hemes.
Finding the correct protein was unambiguous, as the
P. calidifontis strain only encodes four proteins having more
than two CxxCH heme-binding motifs: ABMW89 (four motifs),
ABMW9O2 (three motifs), A3MW94 (eight motifs), and
A3MW099 (eight motifs). Therein, ASMW94 and ASMW99 are
excluded owing to the much larger number of predicted
heme molecules per subunit. AlphaFold2?? predictions of
ABMW89 and A3BMW92 were compared with the cryo-EM
map. All side chains of ABMW92 agreed with the cryo-EM
map. The presence of four hemes per subunit in the experi-
mental map, but only three CxxCH heme-binding motifs in
ABMWO2, is explained by the filament model (see below).
The AlphaFold2 prediction for ASMW89, the only protein hav-
ing four heme-binding motifs, on the other hand, does not
have an overall protein fold matching the cryo-EM map (Fig-
ure S2). Thus, ABMW92 was uniquely identified as the ECN
protein in P. calidifontis. The model starts at position 24 of
the predicted protein, suggesting that ABMW92 is N-terminally
processed. Consistent with this observation, ABMW92 has a
strongly predicted (p = 0.97) signal peptide®® with a signal
peptidase | cleavage site between positions Ala20 and Thr21
(Figures S3A and S3B). These results suggest that PCECN is
externalized using the Sec secretion system.

Interestingly, the PCECN model has a considerably higher per-
centage of secondary structure content (15% o helices and 18%
B strands; Figure 1C) compared with G. sulfurreducens ECNs:
OmcS has 13% a. helices and 6% B strands, OmcE has 19% o he-
lices and 3% B strands, and OmcZ has 18% «. helices and 4% B
strands. We have previously shown that G. sulfurreducens ECNs
do not have a conserved protein fold, """ presumably because
the key selection during evolution would be on maintaining the
closely stacked heme arrangements, which would be possible
without a conserved protein fold. We then asked whether
PcECN has a structural fold similar to other known protein
structures because its secondary structure content is ~10%
higher. However, neither DALI** (distance matrix alignment) nor
Foldseek® could identify a known experimentally determined
structure having a similar fold, suggesting that PCECN has a
fold never before seen in existing databases.
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Figure 1. Cryo-EM of P. calidifontis ECN

(A) Cryo-EM image of cell appendages from P. calidifontis cells. Different species of filaments were observed and labeled correspondingly: PcECN (green ar-
rowheads); archaeal bundling pili subunit, AbpA (white arrowheads); B-form DNA (black arrowhead). Scale bars, 50 nm. The upper left is a two-dimensional class
average of the PCECN, showing the helical rise of 32 A between adjacent subunits.

(B) The cryo-EM reconstruction (left) with backbone trace of the PCECN subunits (right). The heme molecules and their corresponding cryo-EM densities are

shown in red. Each PcECN subunit is colored differently.

(C) The atomic model of one repeating subunit of PCECN. The protein backbone trace is green, and the heme molecules are shown in ball and stick representation

inred.

(D) A close-up view of the filament to show the heme array in PCECN, with the minimum observed edge-to-edge distances indicated between adjacent porphyrin
rings. Heme molecules are labeled with numbers in circles, “+1” and “—1” indicate protein subunits above and below the central subunit, respectively.
(E) The heme array in PCECN and the histidines coordinating these hemes. The histidines are colored by protein subunits using the same color scheme as in (B).

Despite having no protein fold similarity, the heme arrange-
ments in the PCECN model are strikingly similar to those in the
G. sulfurreducens OmcS and OmcE filaments. The neighboring
heme porphyrin rings in the PCECN adopt either face-to-face
antiparallel or T-shaped conformations, and those conforma-
tions take place alternately along the filament (Figures 1C
and 1D). Furthermore, the edge-to-edge distances between
porphyrin rings are comparable to OmcS and OmcE, ranging
from4.2106.4 A (Figure 1D), suggesting a similar electron trans-
fer mechanism. In addition, similar to OmcS and OmcE, one
heme (heme 3) per PcECN subunit is coordinated by H116 of
the same subunit and H73 of an adjacent subunit (Figure 1E).
Notably, the optimal growth condition for P. calidifontis is
90°C, significantly higher than that for G. sulfurreducens
(80°C). The required extra thermostability of PCECN may be
contributed by two intra-subunit disulfide bonds that were not
observed in G. sulfurreducens ECNs (Figure S4). Furthermore,
similar to other extracellular filaments of hyperthermophilic
archaea, including type IV pili,”®*” bundling pili*' and flagella,®
but unlike OmcS and OmcZ of G. sulfurreducens, PCECN appear
to be glycosylated.

Cryo-EM of A. veneficus ECN

To obtain AVECNs, we grew WT A. veneficus cells (DSM
11195)?° with sodium sulfite as the electron acceptor. Cryo-EM
analysis of the AVECN (Figure 2) showed that the filament has
a strong sinusoidal morphology with a pitch of ~350 A. An aver-
aged power spectrum from aligned raw particles showed a
meridional layer line at ~1/(33 A), establishing a helical rise of
~33 A and therefore a helical twist of ~34°. After refining those
parameters in the helical and subsequent non-uniform refine-

ment, a ~4.1-A-resolution reconstruction, judged by model:map
Fourier shell correlation (FSC) (Table S1), was generated.

By tracing the protein chain, it was apparent that each AVECN
subunit also contains four heme molecules (Figures 2B-2E), as
was found for the PCECN. Interestingly, 17 proteins with three
or more CxxCH motifs are present in the A. veneficus proteome.
Among them, the AlphaFold predictions of only three, F2KMU7,
F2KMU8, and F2KPF5, have a similar protein fold to the experi-
mental chain trace and roughly agree with the cryo-EM map. Af-
ter further investigation, F2KMU7 was excluded because it has a
helix-rich region (residues 120-150) that cannot be explained by
the cryo-EM map. Similarly, F2KPF5 was also excluded because
it does not have enough residues to fit a loop region in the cryo-
EM map (residues 131-151 in F2KPF5, whereas the correspond-
ing loop in F2KMU8 contained residues 136-164). F2KMUS8 can
be fully built into the cryo-EM map and was therefore uniquely
identified as the AVECN protein in A. veneficus (Figure S2).
Similar to the PCECN, AVECN has a predicted N-terminal signal
peptide®® with the cleavage site located between Ser26 and
Leu27 and is thus also likely transported across the membrane
through the Sec secretion system (Figures S3C and S3D).

The AVECN has an even higher percentage of secondary
structure content than PcECN, with 29% o helices and 15%
B strands (Figure 2C). Strikingly, even with 44% of the residues
in either o helices or B strands, DALI>* and Foldseek?® failed to
identify a similar known experimentally determined protein fold.
The AVECN fold was also unrelated to the fold of PcECN (Fig-
ure 1C). Within a single ECN subunit, four heme molecules are
surrounded by a few sparsely distributed o helices. At the
same time, the C-terminal region (residue 190-250) forms an
extended “arm-like” architecture projecting out from the body
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Figure 2. Cryo-EM of A. veneficus ECN
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(A) Cryo-EM image of cell appendages from A. veneficus cells. Different filaments were observed and labeled correspondingly: AVECN (cyan arrowhead); B-form
DNA (black arrowheads). Scale bars, 50 nm. The upper right is a two-dimensional class average of the AVECN filament, showing the helical rise of 33 A between

adjacent subunits.

(B) The cryo-EM reconstruction (left) with backbone trace of the AVECN subunits (right). The heme molecules and their corresponding cryo-EM densities are

shown in red. Each AVECN subunit is colored differently.

(C) The atomic model of one repeating subunit of AVECN. The protein backbone trace is cyan, and the heme molecules are shown in ball and stick representation

in red.

(D) A close-up view of the filament to show the heme array in AVECN, with the minimum observed edge-to-edge distances indicated between adjacent porphyrin
rings. Heme molecules are labeled with numbers in circles, “+1” and “—1” indicate protein subunits above and below the central subunit, respectively.
(E) The heme array in AVECN and the histidine coordination of the hemes. The histidines are colored by protein subunits using the same color scheme as in

(B) and (C).

of the subunit, composed of multiple antiparallel § stands
(Figure 2C).

The stacking arrangements of heme porphyrin rings in AVECN
are similar to those in PCECN and both the OmcS and OmcE fil-
aments from G. sulfurreducens, in terms of edge-to-edge dis-
tances (Figure 2D) and alternately antiparallel and T-shaped
stacking patterns. The most striking feature in AVECN relates
to how heme molecules are coordinated: three out of four hemes
in every AVECN subunit are coordinated by residues from two
adjacent subunits: heme 1 is coordinated by H50 of the same
subunit and H165 of the subunit above, heme 2 is coordinated
by H85 of the same subunit and H32 of the subunit beneath,
and heme 4 is coordinated by H189 of the same subunit and
H108 of the subunit beneath (Figure 2E). This extensive heme
sharing is not observed in bacterial ECNs and may be a strategy
to increase filament stability and facilitate electron transport be-
tween repeating cytochrome subunits. Another factor contrib-
uting to AVECN thermal stability could be N-linked glycosylation,
which is even more abundant than in PCECN (Figure S4).

Conserved heme stacking path in ECNs

It has been shown that there are preferred heme-heme pairing
motifs used in proteins capable of efficient electron transfer.'®”
Specifically, two major clusters were observed for the rotation
angles and minimum edge-to-edge distances between
porphyrin rings from two heme molecules: (1) ~3-5 A distance
and ~170°-180° rotation, corresponding to the antiparallel
heme pair, and (2) ~4-6 A distance and ~110°=150° rotation,
corresponding to the “T-shape” heme pair (Figure 3A). The anti-
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parallel heme pairs were often called “stacked” hemes in the
past.?®*° Here, we refer to them as antiparallel heme pairs to
describe their packing nature more accurately. For instance,
heme pairs in the well-studied Shewanella small tetra-heme cy-
tochrome®' and flavocytochrome ¢3° all fall into the preferred
clusters. All possible porphyrin pairs in AVECN and PcECN fall
into those two clusters, and in addition, the two types of heme
stackings always occur alternately, that is, antiparallel —
T-shape — antiparallel — T-shape... This observation also ap-
plies to G. sulfurreducens OmcS and OmcE filaments but is
not entirely true in the OmcZ filament, as it has solvent-acces-
sible heme molecules that break this stacking pattern
(Figure 3A).

We then asked whether ECNs have evolved an optimized
heme stacking path along the filament for long-range electron
transfer, despite having no protein fold similarity. We compared
all possible four-heme arrays, with the first two hemes being an
antiparallel pair, in AVECN, PcCECN, OmcS, OmcE, and OmcZ. To
mainly focus on the heme location and ignore differences intro-
duced by heme in-plane rotation, only five atoms per heme mole-
cule, the iron and four N- atoms surrounding it, were used for this
analysis. Strikingly, all such arrays, except those in OmcZ, are
remarkably similar, with an RMSD (root-mean-square deviation)
smaller than 1.1 A (Figure 3B). This small RMSD is almost at the
level of experimental error in the determination of the atomic co-
ordinates being used in the comparisons. These results suggest
that when an ECN wraps a solvent-inaccessible electron trans-
port path, there is an optimized mode of heme stacking, with
alternating antiparallel and T-shaped arrangements. In contrast,
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Figure 3. Conserved heme stacking in ECNs

(A) The heme-heme orientation plot. One heme can be aligned to the adjacent heme by a rotation and a translation. Only 25 non-hydrogen atoms in the porphyrin
ring are used in the alignment. The heme (ID: HEC or HEM) pairs in all PDB structures were analyzed. Example of “antiparallel” and “T-shaped” pairs are shown.
The minimum distances refer to the smallest distance between two porphyrin rings, regardless of the atom type. The angle 6 was determined from the alignment
rotation matrix between heme pairs. For example, 6 = 0° means two porphyrin rings are perfectly parallel, while 6 = 180° means two porphyrin rings are perfectly
antiparallel (flipped). All porphyrin ring pairs with a minimum distance less than or equal to 8 Aare shown. The porphyrin ring pairs in Geobacter, Pyrobaculum, and
Archaeoglobus ECNs are shown in red, green, and cyan, respectively.

(B) All-against-all comparison of all four-heme arrays in structures of ECNs. All possible four-heme arrays with the heme arrangements of “antiparallel” —
“T-shaped” — “antiparallel” were extracted from structures of ECNs for this comparison. Tetra-heme ECNs, such as PCECN, AvECN, and OmcE, possess two of
such four-heme arrays along the filament structure. On the other hand, hexa-heme ECN OmcS has three different arrays. The octa-heme ECN OmcZ, the only
leaky ECN structure, also has three arrays owing to a solvent-accessible heme adopting a quite different pose breaking the conserved heme arrangements. The
matrix is based on the pairwise RMSD comparison of 20 atoms between two arrays (five atoms per heme, including the iron and four surrounding nitrogen atoms).
The resulting RMSD is shown in color, as indicated in the left bar. Extreme RMSD values are highlighted by larger dot sizes to emphasize very similar and different

heme arrangements.

for an ECN that includes solvent-accessible hemes, OmcZ, a
different pattern of hemes is present.

Evolution has optimized the four-heme array present in
various protein families

Heme stacking patterns have been suggested to be similar in
diverse protein families.*® Because the four-heme arrays are
conserved among fully insulated ECNs (those with a solvent-
exposed heme only at filament ends) and because those ECNs
transfer electrons on a micron scale, we wondered whether
this type of four-heme array can be found in other protein families
that transfer electrons over shorter distances. Therefore, we
analyzed all multi-heme (both heme and heme c) entries in the
PDB, identified all four-heme arrays similar to those seen in
ECNs, and searched for the four-heme array in each PDB entry
with the smallest RMSD compared with the input template
(AVECN). To our surprise, among all the identified four-heme ar-
rays, OmcZ has the largest RMSD of 1.7 A, and all other four-
heme arrays have an RMSD between 0.6 and 1.1 A compared
with AVECN. The results are similar if different four-heme arrays
found in ECNs (such as OmcE or OmcS) are used as the refer-
ence. All those cytochromes detected were then analyzed by
the DALI server,>* and only one example in each protein fold is
displayed in Figure 4. Despite no recognizable fold similarity
and functional divergence, including fully insulated ECNs, a

leaky ECN (OmcZ2), nitrite reductase, sulfite reductase, NrfB,
photosynthetic cytochrome ¢552, hydroxylamine oxidoreduc-
tase, Mtr complex, and three types of oxidoreductases, this
four-heme array pattern is ubiquitous in nature, suggesting that
this is an evolutionarily optimized heme orientation for efficient
electron transfer.

ECN homologs are widespread in archaea

We next examined the genomic loci containing the ECN-encod-
ing genes in P. calidifontis and A. veneficus. This analysis was
particularly revealing for P. calidifontis, in which the ECN gene
is interspersed between apparent operons for respiratory nitrate
reductase and cytochrome c biogenesis system, Ccm (Figure 5A).
The nitrate reductase is a multicomponent integral membrane
protein complex responsible for reduction of nitrite to ammonia,
an energy-generating process supporting the growth of many hy-
perthermophiles, including Pyrobaculum, in extreme volcanic or
geothermically active environments, such as terrestrial hot
springs and deep-sea hydrothermal vents.***° In contrast, the
Ccm system is responsible for translocation of heme across the
membrane and its covalent ligation to an apo-cytochrome ¢.*°
Thus, based on its genomic neighborhood, it is likely that
PcECN participates in nitrate reduction and that its maturation
depends on the Ccm machinery. Indeed, P. calidifontis has
been shown to use nitrate as a final electron acceptor.””
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P. calidifontis ECN

Nitrite reductase (4Q10)

Figure 4. Similar four-heme array present in various protein families

Mtr complex (6R2Q)

&

s

~—d
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red. The identified four-heme arrays with minimum RMSD within the structure are enveloped in green.

Notably, PCECN has a predicted C-terminal transmembrane
domain (residues 361-380), which was not present in our cryo-
EM map, suggesting that it has been proteolytically processed
prior to ECN assembly. The protein region upstream of the trans-
membrane domain does not carry canonical archaeosortase or
exosortase recognition motifs.*® However, immediately up-
stream of the PCECN gene, there is a gene encoding a putative
serine protease, which is predicted to have an N-terminal Sec
signal sequence and a C-terminal membrane anchor domain
(Figure 5A), suggesting that the catalytic protease domain is
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located on the outside of the cell. Thus, it is likely that the C-ter-
minal transmembrane domain of PCECN is processed by the
adjacently encoded serine protease, following the incorporation
of the heme molecule and maturation of the PcECN subunit.
Compared with PCECN, the genomic environment of the AVECN
gene was less informative (Figure 5A). The gene is followed by a
second copy of the AVECN-like gene (Arcve_0080; the corre-
sponding proteins are 52% identical) and a gene encoding
another multi-heme protein (Arcve_0079). However, the three-
gene cassette is embedded among genes without apparent
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(A) ECN-encoding genomic loci in P. calidifontis and A. veneficus. ECN genes and functionally related genes are shown as red and pink arrows, respectively,
whereas unrelated genes are shown in gray. Abbreviations: PrsA, Fe-S, 4Fe-4S cofactor-containing component of the polysulfide/nitrite reductase; PsrB/NrfC,
4Fe-4S cofactor-containing component of the polysulfide/nitrite reductase; PsrC/NrfD, polysulfide/nitrite reductase membrane component; CytC, cytochrome ¢
family protein; CcmAEFG, cytochrome ¢ biogenesis system components A, E, F, and G; RHH, ribbon-helix-helix DNA-binding protein; Glu-tRNA red, glutamyl-
tRNA reductase; HD phosph, HD-superfamily phosphohydrolase; Thr synth, threonine synthase; rad. SAM, radical SAM superfamily enzyme; PIN, PIN-domain
nuclease; alF2, archaeal translation initiation factor 2.

(B) Mid-point rooted maximum likelihood phylogeny of AVECN homologs. Tree branches are colored according to the organism taxonomy, with the taxon names
indicated next to the corresponding clades. Note the horizontal transfers from Methanosarcinales to Archaeoglobales and Syntrophoarchaeales are shown as
pink and magenta inserts, respectively, within the green clade. The position of AVECN is indicated by yellow line and green star. Blue circles denote approximate
likelihood ratio test (aLRT) branch supports higher than 90%. The scale bar represents the number of substitutions per site.

(C) Sequence motifs conserved in AVECN homologs. Archaeal groups are represented by 3 sequences each, whereas bacterial homologs are represented by 7
sequences. The name of each sequence includes GenBank accession number followed by a species name. In the case of Borgs, the sequences were down-
loaded from the supplemental information of Al-Shayeb et al.>” Conserved His and Cys residues are highlighted on red background. The numbered His residues
shown above the alignment correspond to the AVECN sequence. The horizontal line separates sequences belonging to the two major clades identified in the

phylogeny shown in (B).

involvement in energy-generating processes or cytochrome matu-
ration (e.g., threonine synthase or translation initiation factor 2).
To explore the phyletic distribution of the two archaeal ECN
homologs, we performed PSI-BLAST searches queried with
the corresponding sequences against the non-redundant
GenBank protein sequence database. Whereas the homologs
of PCECN were not detected outside the archaeal order Desul-
furococcales (genera Pyrobaculum and Pyrodictium), AvVECN
were distributed more broadly (Figure 5B). In particular, AVECN
homologs are widespread not only among other hyperthermo-
philic members of order Archaeoglobales but also among
alkane-degrading archaea of the order Syntrophoarchaeales
and methane oxidizers of the family Methanoperedenaceae
(also known as ANME-2d; order Methanosarcinales).>® Further-
more, AVECN homologs are conserved in multiple Borgs, a
group of recently discovered extremely large (up to 1 Mbp) linear
megaplasmids associated with methane-oxidizing Methanoper-
edens archaea.®” Each Borg element contained two tandemly
encoded ECN copies, similar to A. veneficus (Figure 5A).
Notably, it has been suggested that Borgs provide Methanoper-

edens archaea access to genes that encode proteins involved in
redox reactions and energy conservation and thereby assist in
modulating greenhouse gas emissions.®” We hypothesize that
AVECN homologs play an important role in these processes by
mediating long-range electron transfers. More distant homologs
of AVECN are also present in diverse bacteria and hyperthermo-
philic archaea of the order Desulfurococcales (Figure 5B). In
maximum likelihood phylogenetic analysis, AVECN homologs
split into two major clades, with one clade including the archaeal
proteins from the Archaeoglobales, Syntrophoarchaeales, and
Methanoperedenaceae, including Borgs, and the other clade
comprising bacterial and Desulfurococcales homologs. Notably,
the branching pattern of the tree suggests that Archaeoglobales
ECNSs, including AVECN, have evolved from the Syntrophoarch-
aeales, which in turn have emerged from Methanoperedena-
ceae. Similarly, ECN homologs of Borgs have evidently been ac-
quired from the Methanoperedenaceae host on a single
occasion, followed by duplication and diversification within
Borgs. Several more recent horizontal gene transfer events
from Methanoperedenaceae to Archaeoglobales and
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Syntrophoarchaeales were also detected (Figure 5B; DataS1). In
the second clade, Desulfurococcales subclade emerges from
within the diverse bacterial homologs, suggesting a bacteria-
to-archaea horizontal gene transfer.

To analyze whether AVECN homologs in other archaea and
bacteria are likely to form ECNs, we assessed the conservation
of the amino acid motifs involved in heme attachment and coor-
dination (Figure 5C). Whereas in Archaeoglobales, Syntro-
phoarchaeales, and Methanoperedenaceae, as well as Borgs,
all motifs were well conserved, in bacterial and Desulfurococ-
cales homologs, the motifs containing AVECN heme-coordi-
nating H32 and H108 were largely missing, suggesting functional
divergence. The conservation of the heme-coordinating motifs in
AVECN homologs of Methanoperedens, Syntrophoarchaeales,
and Borgs strongly suggests that these ecologically important
archaea will produce structurally similar ECNs.

Evolutionary link between AvECN-like proteins and
c552-family cytochromes

Although structure-based searches queried with ECN subunits
failed to identity structural homologs, sensitive profile-profile
searches queried with AVECN yielded a significant, albeit partial,
hit to a c552-family protein from a purple sulfur photosynthetic
bacterium Thermochromatium tepidum.“® Similarly, when the
AVECN homolog from a Planctomycetes bacterium was used
as a query, cb52 from T. tepidum was again identified as the
best hit (HHsearch probability of 100%; Figures S5A and S5B).
To further explore this potential relationship, we manually
compared the structures of AVECN and c552 cytochrome
(PDB: 5ZE8). When AVECN was aligned to ¢552 by four shared
heme molecules, a set of « helices in AVECN overlapped quite
well with part of the N-terminal domain (Pfam-13435) of c552
(Figures S5C-S5E), further supporting an evolutionary relation-
ship between AVECN and c552 and suggesting that the two pro-
tein families have shared a common ancestor.

DISCUSSION

Starting from a bioinformatics approach aimed at finding poten-
tial extracellular cytochrome filaments in archaea, we identified
three culturable organisms that appeared to be good candidates
for having such filaments. We identified ECNs in two of these
archaeal organisms, P. calidifontis and A. veneficus, and deter-
mined their atomic structures. Does this mean that ECNs are
never produced by the third organism, M. tindarius? We think
not, as it is quite possible that such filaments might be expressed
by M. tindarius under different cultivation conditions. On the
other hand, is it possible that P. calidifontis and A. veneficus
are the only two archaeal species expressing such extracellular
cytochrome filaments? This seems highly unlikely, and our re-
sults strongly suggest that such ECNs are ubiquitous in both
bacteria and archaea that rely on long-range electron transfer
for metabolism. This is consistent with the identification of
numerous archaeal AVECN homologs in Archaeoglobales, Syn-
trophoarchaeales, and Methanoperedenaceae. Our results
also establish that the extracellular cytochrome filaments that
have been found in G. sulfurreducens are not unique.
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Unlike G. sulfurreducens cytochrome filaments that lack sub-
stantial amounts of secondary structure and contain ~80% loops,
PcECN and AVECN have significantly higher percentages of sec-
ondary structures at 33% and 44%, respectively. Generally, a
low percentage of secondary structure is a common feature
seen in electron-transporting multi-heme cytochromes,*' mainly
owing to the pressure of evolutionary selection focused on closely
stacked heme arrangements for efficient electron transfer, rather
than on a conserved protein fold. Interestingly, despite a relatively
higher percentage of secondary structure, a similar protein fold for
either PCECN or AVECN cannot be identified among known protein
structures using conventional methods, such as DALI, suggesting
that ECN structures are still very sparsely sampled. Nevertheless,
sensitive profile-profile HMM comparisons pointed toward an
evolutionary relationship between AVECN and c552-family pro-
teins, suggesting that at least some ECNs have evolved from
non-filamentous multi-heme cytochrome proteins.

Despite no fold similarity among the five structurally character-
ized ECNs, the heme path in insulated nanowires, which includes
all existing structures of ECNs except for OmcZ, share a strik-
ingly similar pattern, with alternating antiparallel and T-shaped
arrangements. Although we have not been able to directly mea-
sure the conductivity of the PCECN and AVECN (see Limitations
of the study), given the quaternary structure of the ECNs and the
highly conserved heme packing, it is very likely that the two
archaeal ECNs function in long-distance electron transfer with
a similar conductivity as the OmcS and OmcE filaments. We
also think that the existence of these filaments must be due to
a strong selection given the biosynthetic cost, and the extracel-
lular bacterial flagellar filament provides a good example. In
stirred liquid culture, where motility conveys no advantage, bac-
terial cells lose the flagellar filament within only 10 days as a
result of mutations in any of the large number of flagellar genes.*?
The conclusion was that mutants that fail to synthesize flagellin
have a growth rate advantage of ~2% owing to the high biosyn-
thetic cost of producing flagellin when it is not needed. Similarly,
we would expect that there would be a large metabolic penalty
for producing extracellular cytochrome polymers that can be mi-
crons long in the absence of an important role played by these
polymers in long-range electron transport.

When looking at four-heme arrays, the RMSD among all insu-
lated ECNs is less than 1.1 A. Similar four-heme arrays can also
be identified in multi-heme enzymes, implying that this arrange-
ment is an optimal path for efficient electron transfer. This leads
to another question: do the hemes always pack in antiparallel
and T-shape alternatively in insulated ECNs? Conceivably,
from a protein folding perspective, having more than two antipar-
allel c-type hemes could be rather challenging because each
heme needs to be coordinated by two histidines and two thio-
ether linkages from two cysteines. However, nothing seems to
prevent a multi-heme cytochrome from having continuous
T-shape packing of hemes, and it has recently been suggested
that the electron transfer rate between T-shape hemes is similar
to or less than an order of magnitude faster than that between
antiparallel ones.*>™*° The current absence of evidence is not ev-
idence of absence, and more structures of insulated ECNs are
needed to address whether cytochrome nanowires containing
a continuous T-shape packing of hemes exist.
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In Geobacter, the expression of ECNs (OmcS, OmcE, and
Omc2) is tightly linked to a type IV pilus made of two chains,
PilA-N and PilA-C. The pilin was proposed to form a periplasmic
endopilus,’ formerly called a pseudopilus, possibly functioning
as a pump to aid the export of cytochrome filaments through a
Type 2 Secretion System (T2SS).'® However, it is unclear in
archaea how ECNs are assembled and secreted to the extracel-
lular space. Interestingly, the presence of the N-terminal signal
sequences and signal peptidase cleavage sites suggests that
pre-ECN subunits are externalized through the Sec pathway to
the cell exterior. In the case of PCECN, the proximity of the
gene to the cytochrome ¢ biogenesis and maturation system,
Ccm, further suggests that following the externalization, the
pre-ECN subunits undergo maturation and heme loading by
the Ccm machinery. These observations provide testable hy-
potheses for future research. The genetic neighborhood analysis
suggests that PCECN is involved respiratory nitrate reduction,
consistent with the evidence that P. calidifontis can use nitrate
as a final electron acceptor.”® The terminal acceptors of long-
range electron transfer through AVECNs remain unclear. Howev-
er, in the case of Methanoperedenaceae, it has been shown that
for methane oxidation, these archaea can transfer electrons
extracellularly to a number of soluble and insoluble electron ac-
ceptors, including sulfate, nitrate, and metal oxides.*® The con-
servation and broad distribution of AVECN homologs in Metha-
noperedens, Syntrophoarchaeales, and Borgs suggest that
long-range electron transfer associated with methane oxidation
occurs through structurally similar ECNs, contributing to the
modulation of greenhouse gas emissions.

Recent advances in cryo-EM have made it possible to directly
and routinely determine a protein filament’s atomic structure, al-
lowing unambiguous protein identification.”" It is thus not sur-
prising that the application of these methods to both bacteria
and archaea continue to show the existence of previously un-
characterized, functionally diverse extracellular filaments at an
increasing rate.”'*” We therefore expect that further studies of
bacteria and archaea will reveal the existence and structure of
many more ECNs. Given the enormous potential for such nano-
wires in applications such as biomedical devices, nanoelec-
tronics, and bioenergy, we expect that further basic research
in this area will be fruitful.

Limitations of the study

One of the limitations of this study is the lack of conductivity
measurements for the archaeal extracellular cytochrome fila-
ments. However, there are enormous experimental challenges
in this regard. Most conductivity measurements are performed
on air-dried samples.”®° The implicit assumption must be
that the atomic structure of these filaments is unchanged from
solution. However, we know from more than 80 years of struc-
tural biology that this cannot be the case,”' and protein structure
is only maintained in a fully hydrated state, which is either in so-
lution or in a crystal in solution. There are two “competing”
models for conductivity in extracellular filaments. One is that it
arises from the stacking of aromatic residues in type IV pili,
and the other is that it is due to stacked hemes. In both, a partic-
ular atomic structure needs to be precisely maintained to sup-
port such conductivity. Thus, air drying of type IV pili or cyto-
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chrome filaments would unavoidably lead to the loss of atomic
basis for conductivity. Consequently, there is little physiological
relevance to the conductivity measured from denatured air-dried
filaments.

There are additional limitations with existing techniques for
measuring conductivity. For all insulated ECNs, hemes are
only exposed at two ends of the filaments. Therefore, for a
meaningful measurement, the electrodes would need to be
perfectly aligned to physically touch exposed hemes at both
ends of a filament, which is nearly impossible. Recently,
OmcZ filaments have been stated to be 1,000x-fold more
conductive than OmcS*® despite their similar heme-heme pack-
ing. We hypothesized that the branched hemes in OmcZ, with a
solvent-exposed heme in each subunit, accounted for the
higher-measured conductivity.'” Another problem in such con-
ductivity measurements is that one does not really know what
filaments are being measured. For example, Pyrobaculum pro-
duces at least three other extracellular filaments in addition
to the cytochrome polymer. The atomic structures of two of
them are already known,”'*? and those filaments would be
indistinguishable from cytochrome filaments under AFM
(Atomic Force Microscopy), a technique used for the conductiv-
ity measurements. It is also apparent that DNA can be found in
extracellular preparations of cytochrome filaments.'®'® Inter-
estingly, extracellular DNA has previously been reported to be
conductive;”® therefore, even the most careful attempts to mea-
sure conductivity of extracellular filaments may be thwarted by
the DNA contamination.

In summary, current technology does not exist for reliably
measuring the conductivity of individual fully hydrated filaments
of known composition. We believe that the development of such
technology will be important.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Tryptone Gibco Cat #: 211705
Yeast extract Gibco Cat #: 212750

Phosphotungstic acid (PTA)
Uranyl acetate solution

Electron Microscopy Sciences
Electron Microscopy Sciences

Cat #: 19502-1
Cat #: 22400-2

Sodium thiosulfate Sigma-Aldrich Cat #: 217263
Sodium chloride Sigma-Aldrich Cat #: S9888
Potassium chloride Sigma-Aldrich Cat #: P9333
Magnesium chloride Sigma-Aldrich Cat #: M8266
Ammonium chloride Sigma-Aldrich Cat #: 326372
Calcium chloride Sigma-Aldrich Cat #: C4901
Potassium phosphate dibasic Sigma-Aldrich Cat #: P3786
Ammonium iron(ll) sulfate hexahydrate Sigma-Aldrich Cat #: 203505
Resazurin sodium salt Sigma-Aldrich Cat #: R7017
Sodium bicarbonate Sigma-Aldrich Cat #: S6014
Sodium sulfite Sigma-Aldrich Cat #: S0505
Sodium acetate Sigma-Aldrich Cat #: S2886
Sodium sulfide Sigma-Aldrich Cat #: 431648
Deposited data

G. sulfurreducens Omc$S cryo-EM model Wang et al.'* PDB 6EF8

G. sulfurreducens OmcE cryo-EM model Wang et al.’® PDB 7TFS

G. sulfurreducens OmcZ cryo-EM model Wang et al.’” PDB 8D9M
G. sulfurreducens type IV pilus cryo-EM model ~ Wang et al.'® PDB 7TGG

T. tepidum c552-family protein Chen et al.*’ PDB 5ZE8

T. nitratireducens nitrite reductase Lazarenko et al.>* PDB 4Q10

S. oneidensis oxidoreductase Mowat et al.”® PDB 1SP3

E. coli NrfB Clarke et al.”® PDB 2P0B

B. fulgida hydroxylamine oxidoreductase Akram et al.>” PDB 6T5E

S. baltica Mtr complex Edwards et al.*’ PDB 6R2Q

K. stuttgartiensis hydrazine dehydrogenase Akram et al.® PDB 6HIF

W. succinogenes sulfite reductase Hermann et al.*® PDB 4RKN

T. potens oxidoreductase Costa et al.®® PDB 615B

P. calidifontis ECN, cryo-EM map This paper EMD-27911
P. calidifontis ECN, atomic model This paper PDB 8E5F

A. veneficus ECN, cryo-EM map This paper EMD-27912
A. veneficus ECN, atomic model This paper PDB 8E5G
Experimental models: Organisms/strains

Pyrobaculum calidifontis Amo et al.?° DSM 21063
Archaeoglobus veneficus Huber et al.® DSM 11195
Methanolobus tindarius Konig et al.®’ DSM 2278

Software and algorithms

cryoSPARC
ChimeraX
Phenix

Punjani et al.%?

Pettersen et al.®®

Afonine et al.®*

https://cryosparc.com
https://www.cgl.ucsf.edu/chimerax
https://phenix-online.org

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Coot Emsley et al.%® https://www2.mrc-Imb.cam.ac.uk/personal/pemsley/coot
MolProbity Williams et al.®® http://molprobity.biochem.duke.edu

AlphaFold2 Jumper et al.?? https://alphafold.ebi.ac.uk

DeepTracer Pfab et al.®” https://deeptracer.uw.edu/

DeepTracer-ID Chang et al.®® https://deeptracer.uw.edu/deeptracerid-new-job
Foldseek van Kempen et al.>® https://search.foldseek.com/search

DALI Holm et al.?* http://ekhidna2.biocenter.helsinki.fi/dali/

IHRSR-spider Egelman®® https://joachimfranklab.org/research/software/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Fengbin
Wang, jerrywang@uab.edu.

Materials availability
This study did not generate any new unique reagents.

Data and code availability
® Protein models built from cryo-EM maps have been deposited at Protein Data Bank and are publicly available as of the date of
publication. The corresponding cryo-EM maps have been deposited at the Electron Microscopy Data Bank. The Entry IDs are
listed in the key resources table. Microscopy raw data reported in this paper will be shared by the lead contact upon request.
® This paper didn’t generate any original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Organism/Strain: P. calidifontis growth condition

Pyrobaculum calidifontis DSM 21063 cells were purchased from the DSMZ culture collection and grown in 1090 medium (0.1% yeast
extract, 1.0% tryptone, 0.3% sodium thiosulfate, pH 7) at 90 °C without agitation. Preculture (30 mL) was started from a 200 pL cryo-
stock, grown for 2 d and then diluted into 200 mL of fresh medium. When OD600 reached ~0.2, the cells were collected by centri-
fugation (Sorval SLA1500 rotor, 7,000 rpm, 10 min, 20 °C).

Organism/Strain: A. veneficus growth condition

Archaeoglobus veneficus DSM 11195 cells were purchased from the DSMZ culture collection. Three A. veneficus cultures (40 mL
each) were grown at 75°C in 100 mL serum bottles under strict anaerobic conditions in DSMZ medium 796, as described
previously.?®

Organism/Strain: M. tindarius growth condition
Methanolobus tindarius DSM 2278 was purchased from the DSMZ culture collection. M. tindarius cells (40 mL) were grown at room
temperature in a 100 mL serum bottle under strict anaerobic conditions in DSMZ medium 233, as described previously.®’

METHOD DETAILS

P. calidifontis filament preparation

The resultant pellet was resuspended in 4 mL of phosphate-buffered saline (PBS) buffer, and the cell suspension was vortexed for
15 min to shear off the extracellular filaments. The cells were removed by centrifugation (Eppendorf F-35-6-30 rotor, 7,830 rpm,
20 min, 20 °C). The supernatant was collected and the filaments were pelleted by ultracentrifugation (Beckman SW60Ti rotor,
38,000 rpm, 2 h, 15 °C). After the run, the supernatant was removed, and the pellet was resuspended in 200 pL of PBS.

A. veneficus filament preparation

After three days of incubation, cultures were mixed and the majority of cells were removed by centrifugation (Eppendorf F-35-6-30
rotor, 7,830 rpm, 20 min, 20 °C). The supernatant was recovered, and filaments were collected and concentrated by
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ultracentrifugation (158,728 x g, 3 h, 15 °C, Beckman 45 Ti rotor). After the run, the supernatant was carefully removed, and the pellet
was resuspended in 300 uL of PBS.

M. tindarius filament preparation

After four days of incubation, cells were removed by centrifugation (Eppendorf F-35-6-30 rotor, 7,830 rpm, 20 min, 20 °C). The su-
pernatant was recovered and filaments were collected and concentrated by ultracentrifugation (158,728 x g, 3 h, 15°C, Beckman 45
Ti rotor). After the run, the supernatant was carefully removed, and the pellet was resuspended in 300 uL of PBS.

Cryo-EM conditions and image processing

The cell appendage sample (ca. 3.5-4.5 pl) was applied to glow-discharged lacey carbon grids and then plunge frozen using an EM
GP Plunge Freezer (Leica). The cryo-EMs were collected on a 300 keV Titan Krios with a K8 camera (University of Virginia) at 1.08 A
pixel and a total dose of ca. 50 e/A2. First, patch motion corrections and CTF estimations were done in cryoSPARC.%%"%"" Next, par-
ticles 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. After this, the P. calidifontis dataset had 101,864 particles left with a shift of 36 pixels
between adjacent boxes, while the A. veneficus dataset had 92,602 particles left with the same 36-pixel shift. Next, the possible he-
lical symmetries were calculated from an averaged power spectrum for each filament species generated from the raw particles. There
is only one possibility for helical symmetry for both filaments, and the volume hand was determined by the hand of a-helices in the
map.%%? After that, 3D reconstruction was performed using "Helical Refinement" first, and then using "Non-uniform Refinement".
The resolution of each reconstruction was estimated by Map:Map FSC, Model:Map FSC, and dge.”® The final volumes were then
sharpened with a negative B-factor automatically estimated in cryoSPARC, and the statistics are listed in Table S1.

Model building of P. calidifontis and A. veneficus ECNs

The density corresponding to a single P. calidifontis ECN subunit was segmented from the experimental cryo-EM density using
Chimera.”* Without using prior knowledge, placing heme molecules into the cryo-EM map at this resolution is challenging, especially
while ligands are not included in AlphaFold predictions. Therefore, to better refine heme interacting areas at this resolution, bond/
angle restraints for the heme molecule itself, His-Fe, and Cys-heme thioester bonds were restricted based on the geometries ob-
tained in high-resolution crystal structures such as NrfB°® (PDB 2P0B) and NrfHA”® (PDB 2J7A). Similar refinement strategies
have been used for G. sulfurreducens ECNs."*"%'” MolProbity®® was used to evaluate the quality of the filament model. Similar to
the model building of P. calidifontis cytochrome filaments, the single subunit map of A. veneficus was segmented. The subsequent
3D reconstructions and refinement are similar to the P. calidifontis case. The refinement statistics of both PcECN and AvECN are
shown in Table S1.

Structural analysis of heme molecules in heme containing PDBs

All structural coordinates with heme ligand (HEC or/and HEM) were downloaded from the Protein Data Bank. All possible heme pairs
were then filtered with a minimum distance less than or equal to 8 A between two porphyrin rings, using the "contact" command in
UCSF-ChimeraX.®® For each qualified pair, the rotation matrix between two hemes was generated in ChimeraX using the "align" com-
mand. The rotation angle 6 was then calculated from the rotation matrix with the following equation, where tr is the trace of the rotation
matrix. For the four-heme array analysis, the RMSD value between different four-heme arrays were also generated in ChimeraX using

the "align" command.
|8] = arccos (1‘:’(,‘?)7—1)

Homology searches and phylogenetic analysis

Homologs of PCECN and AVECN were collected by PSI-BLAST (5 iterations, inclusion E-value threshold of 1e-06) against non-redun-
dant protein sequence database at NCBI. Due to large number of homologs, the highly similar bacterial sequences in the obtained
dataset were then filtered to 50% identity over 80% of protein length using MMseq2.”® All sequences shorter than 200 aa and longer
than 400 aa were purged to discard partial sequences and to avoid potential problems with sequence alignment. This dataset was
supplemented with ECN homologs from Borgs, which were identified using AVECN as a query in BLASTP searches (default param-
eters) against the Borg proteomes obtained.®” Each of the following Borgs contained two AVECN homologs: Borg-Black, Borg-Blue,
Borg-Brown, Borg-Olive, Borg-Orange and Borg-Purple. Multiple sequence alignment was built using MAFFT with the G-INS-1
option. The poorly conserved positions were removed using trimal with the gap threshold of 0.2.”” Maximum likelihood phylogenetic
analysis was performed using 1Q-Tree v1.6.12°% with the best amino acid substitution model selected for the alignhment being
WAG+|+G4. Brach support was assessed using the nonparametric SH-aLRT test. The phylogeny was visualized using iTOL v6.”°
Sensitive searches based on comparison of profile hidden Markov models (HMM) were performed using HHsearch from the HH-suite
package v3.%° Signal peptides and signal peptidase | cleavage sequences were predicted using SignalP v6.2°
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Figure S1. Fourier shell correlation (FSC) calculations and average power spectrum, related to Figures 1 and 2
(A) The map:map FSC calculation of P. calidifontis ECN (0.143 cutoff).

(B) The average power spectrum from PcECN raw particles aligned to the same axis.

(C) The map:map FSC calculation of A. veneficus ECN (0.143 cutoff).

(D) The average power spectrum from AvECN raw particles aligned to the same axis.
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Figure S2. ECN protein identification from cryo-EM maps, related to Figures 1 and 2

(A) AlphaFold2 predictions of multi-heme cytochromes containing three or more CxxCH motifs in P. calidifontis were docked into the cryo-EM map corresponding
to a single protein subunit. The color codes are as follows: « helices are yellow, B sheets are blue, and loops are green.

(B) AlphaFold2 predictions of multi-heme cytochromes containing three or more CxxCH motifs in A. veneficus were docked into the cryo-EM map corresponding
to a single protein subunit. The color code is the same as in (A). The area of the AlphaFold2 predictions that cannot be possibly adjusted and fit into the map are
highlighted by red arrows.
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A PcECN 1-MKKFPALITTLLLLAVFVAA.'TYGPPYSYNHPTNCISCHSNSTGTANSQALSGLTSGPAAGACDPSQOECVWSHQVLKGTD 80
PcECN 81 VWKKC INCHVA IWNS INSGPGNVHSGLLNSYGCACHAVAHVGYGNPTDGYTACIYFYVPRLSTATPGYFGAKPTLDFRNV 160
PcECN 161 YICFKGTPEGTYTFSGNAPTSLMQLLESKGEVTVKALLVGYDKYANGTVKAKSSAADFLETDFFSALEQAGIFRYEWGTA 240
PcECN 241 SGAVLKNPSVRTHPLTEEAPNGET IVMGVFDIHTGDF I LVAPYAPYSRAPYYLPVAVNPGVAACFNCHFVYQGQLGTAKYV 320
PcECN 321 MEVGGVWK IGI PADVLNSLTDPHK I VMPAAQAAGGGVAPNLSLVALLATATLLGGAFLALRRRAQ 385

AcECN 81 CGECHRTSVVGTFASGDGTSATPGQEAHAAAT IACMACHEFGPNGNAPYSGAPVAGGFDNVTTDTASSPYNYDNGDTTYG 160
AcECN 161 TKEAHQTF IERAVEDKTLIDSNEACIACHTYVPVKINWTHKVSLEFNCTYEYNTGTSGVTTHYNVTNWTVNGTRYTTVFG 240
AcECN 241 NTTGNGSVNDASNWPGWYPYSW 262

Figure S3. Protein sequences and cryo-EM densities of the heme c area in PCECN and AvECN, related to Figure 3

(A) Protein sequence of PCECN. CxxCH or CxCH motifs are highlighted in the cyan shade. The other histidines outside those motifs coordinating heme ¢ are
highlighted in green. The predicted signal peptide is in the black dashed line box. The predicted transmembrane region, not seen in the cryo-EM map, is
highlighted in red shade.

(B) Zoomed-in views of the heme c area in PCECN. From left to right, heme 1 to heme 4. The protein-heme color scheme remains the same compared with
Figure 1. Two cysteines and histidines bound to heme ¢ are also labeled.

(C) Protein sequence of AVECN. CxxCH motifs are highlighted in the cyan shade. The other histidines outside CxxCH motifs coordinating heme c are highlighted in
green. The predicted signal peptide is in the black dashed line box.

(D) Zoomed-in views of the heme c area in AVECN. From left to right, heme 1 to heme 4. The protein-heme color scheme remains the same compared with
Figure 2. Two cysteines and histidines bound to heme ¢ are also labeled.
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Figure S4. Potential factors contributing to the thermal stability of ECNs, related to Figure 4

(A) Disulfide bonds in P. calidifontis ECN. The full atomic model of one P. calidifontis ECN subunit is shown on the left with the cryo-EM density corresponding to a
single cytochrome subunit. Two disulfide bonds were observed and highlighted in yellow circles. Those two sites are magnified on the right.

(B and C) Surface modifications of PCECN (B) and AvECN (C) filaments. The density accounted for by atomic models is colored in gray, and the extra density is
colored in magenta. The protein backbones of ECN filaments are shown in ribbons with protein cryo-EM densities.
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Figure S5. A. veneficusECN may have evolutionary link to cytochrome ¢552, related to Figure 5

(A and B) Results of the HHsearch analysis queried with the sequences of AVECN (A) and AvECN-like protein from a Planctomycetota bacterium (B). The GenBank
accession number of (B) is MCH2104266. H(h), « helix; E(e), B strand; C(c), coil.

(C) Heme-based sequence alignment of A. veneficus ECN and T. tepidum cytochrome c552. Secondary structures are labeled: « helices in rounded rectangles,
B sheets in arrows, and loops in dashed lines.

(D) The individual structures of A. veneficus ECN, T. tepidum cytochrome c552, and their alignment. Four hemes used for the alignments in both structures are
highlighted in purple. The unused heme molecular in T. tepidum cytochrome ¢552 is colored orange. Proteins are colored gray.

(E) The individual structures of A. veneficus ECN, T. tepidum cytochrome ¢552, and their alignment. Hemes are hidden in this panel. The labeled secondary
structures in (C) are colored accordingly. Other unaligned secondary structures are kept gray. A magnified view of the aligned helices is shown on the right.
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