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Microbial extracellular electron transfer (EET) via surface appendages called microbial nanowires is
important in a wide range of globally significant environmental phenomena and for applications in
bioremediation, bioenergy, and biofuels. Since 2005, these nanowires have been thought to be type IV
pili composed solely of PilA-N protein. However, structural analyses demonstrated that during EET,
rather than pili, cells produce nanowires made up of cytochromes OmcS and OmcZ. The micrometer-
scale OmcS nanowires show seamless heme stacking along the length of the filament, allowing for
efficient electron transfer to extracellular acceptors or syntrophic partner cells.

Polymerization of cytochromes is important in several biological processes, such as apoptosis, and
for the development of bioelectronic materials. Although it has been known for more than half a
century that cytochromes can form polymers, synthetic polymerization methods have yielded only
short oligomers. Nevertheless, the physiological relevance of OmcS and OmcZ filaments has been
strongly questioned, despite previous studies showing that OmcS and OmcZ are essential for EET to
minerals and synthetic electrodes, respectively. Furthermore, the underlying polymerization
mechanism of these cytochrome filaments is unknown, and their existence beyond G. sulfurreducens
has not been established.

In this work, we explain previous results which demonstrated that perturbations to the type IV pili
proteins in G. sulfurreducens had a strong influence on EET phenotypes. We find that G. sulfurreducens
binds PilA-N to PilA-C to assemble heterodimeric pili which remain periplasmic under nanowire-
producing conditions that require EET. PilA-N-C filaments lack ni-stacking of aromatic side chains,
previously hypothesized as a mechanism by which pili could efficiently transport electrons. These G.

sulfurreducens pili show substantially lower conductivity than cytochrome nanowires. In contrast to



surface-displayed type IV pili, PilA-N-C filaments show structure, function, and localization akin to type
2 secretion pseudopili. Secretion of OmcS and OmcZ nanowires is lost when pilA-N is deleted and
restored when PilA-N-C filaments are reconstituted. Substitution of pilA-N with type IV pilins of other
microorganisms also causes loss of secretion of OmcZ nanowires. These findings have important
implications for understanding EET in diverse bacteria and for efforts to design and assemble synthetic
protein nanowires.

Our work also shows that metal coordination across inter-protomer interfaces is essential for OmcS
nanowire biogenesis and EET in vivo, and enables pH-controllable reversible nanowire assembly in vitro.
We thus show that chemically tuning metal-ligand coordination and protein-protein interfaces yields
nanowires with controllable assembly. Our studies reveal a novel cytochrome polymerization
mechanism distinct from previous examples of cytochrome assembly in engineered or disease
conditions. Harnessing the ability of bacteria to construct self-assembling and environment-sensing
supramolecular structures functional in acidic conditions and at high temperatures could yield stimuli-
responsive bioelectronics.

Finally, we have examined genetic patterns in species encoding OmcS-like sequences, identifying a
previously unknown gene cluster that colocalizes with OmcS-like sequences in diverse environmentally
significant bacteria. We find that Geoalkalibacter subterraneus and Anaeromyxobacter dehalogenans also
use OmcS-like nanowires for EET through the action of these gene clusters. Combining cryo-electron
microscopy and structural modeling with functional studies, we show that these bacteria produce
distinct OmcS-like nanowire structures with varied conductivity and redox properties. As OmcS-like
sequences and this related gene cluster are widespread, this work suggests a specialized biogenesis
system for cytochrome nanowires across diverse species and environments.

Overall, this work advances understanding of the biological context in which OmcS filaments are
assembled, the protein-protein interactions within these filaments necessary for their function in EET,

and the prevalence of these filaments in diverse environmentally important species.
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Introduction
1.1 Extracellular electron transfer in environmentally abundant bacteria

Cellular respiration is a series of oxidation and reduction reactions key to the metabolism of cells
across multiple domains of life’. Well-studied respiration mechanisms mostly require the terminal
electron acceptor in these chains of reactions to be a small molecule that can enter the cell membrane,
with a common example being molecular oxygen?.

Many microbes inhabit environments where membrane-ingestible terminal electron acceptors are
rare. Some of these microbes have developed mechanisms for utilizing terminal electron acceptors
outside the cell - often minerals in the environment? or other microbes®*. This requires cells to export
electrons generated by intracellular metabolic reactions outside of the cell membrane. The terminal
electron acceptors that these cells access may be micrometers® ¢ or centimeters’ away - distances that
vastly exceed the size of a single cell.

The mechanism by which cells efficiently move electrons during this process of extracellular
electron transport (EET) is of interest for several reasons, including but not limited to:

(1) Animproved knowledge of microbes involved in significant biogeochemical processes®'°
(2) The potential to harness microbial EET for bioremediation and power generation'

(3) Aninterest in engineering biomaterials and cells that can interface with electronics'¢

1.2 G. sulfurreducens as a model system for microbial EET

One vein of research into microbial EET has focused on species of Geobacter, a genus of gram-
negative bacteria that are abundant in aquatic sediments'’. These bacteria show the ability to export
electrons extracellularly to minerals in the environment', to syntrophic partners cells in cocultures,
and to anodes® and cathodes?! in microbial electrochemical and fuel cells. Many of these studies have
utilized Geobacter sulfurreducens as a model system, due to its established culture methods? %, relative
genetic tractability? %, and the high current density it produces in microbial fuel cells®.

Initial characterization of G. sulfurreducens EET identified that micrometer-scale filaments on the

outer cell surface, termed “microbial nanowires,” were required for the reduction of extracellular



insoluble minerals such as Fe(lll) oxide®. These nanowires were proposed to be protein polymers of PilA-
N, sometimes referred to as PilA, a homolog of the N-terminal domain of type IV pilin proteins. In other
species, these type IV pili (T4P) are extracellular filaments that primarily play a role in bacterial
attachment and motility?” %8, The hypothesis that G. sulfurreducens EET was performed by pili, i.e., PilA-N
homopolymers, was originally based on observations that pilA-N was highly transcribed during EET, and
that deletion of PilA-N abolished the presence of extracellular filaments on the cell surface and
prevented EET to minerals®.

Subsequent studies demonstrated that other alterations to pilA-N impacted cells’ capacity to
perform EET to multiple terminal electron acceptors?*?, altering the functional properties of G.
sulfurreducens biofilms32 and of purified preparations of extracellular filaments®* 34— in particular
affecting their observed electronic conductivity. Perturbations of other type IV pilus system proteins in
G. sulfurreducens have also been shown to negatively impact EET** 3¢, In order to explain how PilA-N
filaments could directly mediate EET by transporting electrons over micrometer-scale distances, it was
hypothesized that Geobacter pili assembled into a unique-among-T4P structure that positioned
aromatic amino acids within ni-stacking distances®”-3%, Such a structure was proposed to represent a
unique mechanism by which protein filaments could mediate long-distance electron transport without
the need for metal cofactors.

Along with T4P proteins, several c-type cytochromes - a type of redox-active protein post-
translationally modified with covalently bound iron-containing heme porphyrin moieties — were known
to be essential for G. sulfurreducens EET under various conditions, and deletion of many others
negatively impacted cells’ EET capacity*. Of particular note, OmcS was found to be essential for EET to
insoluble Fe(lll) oxides* and OmcZ was found to be essential for the formation of thick (ca. 100 um),
conductive biofilms in microbial fuel cells*'. As cytochromes were not known to form micrometer-scale
filaments, one model proposed that long-distance electron transport in Geobacter EET was performed
by pili*>*, In this view, cytochromes such as OmcS and OmcZ were thought to bind to pili and facilitate
only the final electron transfer reactions, between pili and terminal electron acceptors. Though the

assertion that Geobacter extracellular filaments were PilA-N polymers was not widely contested, a



competing model argued that cytochromes arranged along pili filaments were directly responsible for
the observed electron transport behavior in Geobacter filaments* . These competing models were
controversial, in large part because the structures of Geobacter pili and the cytochromes essential for

EET remained unknown.

1.3 Characterization of G. sulfurreducens OmcS

OmcS had been shown to be essential for G. sulfurreducens EET to Fe(lll) oxide* and deletion of
OmcS also impacted cell growth utilizing other extracellular electron acceptors®, including syntrophic
partner cells™. G. sulfurreducens grown in microbial fuel cells, e.g., on graphite anodes at a potential of
+300 mV vs. standard hydrogen electrode (SHE), were slower to form thick, highly conductive biofilms
when the omcS gene was deleted®. Localization studies of OmcS, conducted viaimmunogold labeling,
reported that OmcS was detected along extracellular filaments; this was interpreted as having
visualized monomeric OmcS protein ‘decorating’ PilA-N filaments*’. An engineered strain that formed
highly cohesive biofilms with enhanced EET properties was reported to produce an elevated abundance
of OmcS and display an elevated number of extracellular filaments on the cell surface; the filaments
were presumed to be PilA-N filaments*,

OmcS was characterized® in vitro in a study which reported challenges solubilizing the protein — as
a result, OmcS was purified by a procedure which included detergent extraction in 5% sodium dodecyl
sulfate (SDS), followed by heating to 100 °C in the presence of trace SDS. The OmcS thus obtained was
reported to show little defined secondary structure content as assayed by circular dichroism (CD)
spectroscopy (estimated ~10% a helices, no noted (3 sheet content). The protein was shown to contain
six covalently bound heme moieties, consistent with the number of c-type cytochrome-characteristic
heme binding motifs in the primary protein sequence. Electron paramagnetic resonance (EPR)
spectroscopy indicated that all six heme irons were coordinated by two histidine residues. The midpoint
potential observed for the OmcS prepared in this manner was -212 mV vs. SHE — comparable to model

compounds with bis-histidine-ligated, solvent-exposed hemes®*>2,



1.4 Molecular structure of OmcS filaments

Cryogenic electron microscopy (cryo-EM) was used to characterize filaments prepared from G.
sulfurreducens cells, including cells that were grown in microbial fuel cell environments where EET is
required for bacterial growth (Figure 1.1A)*. The OmcS protein assembled in the filament showed ~13%
a and 34, helices and ~6% {3 strands; the remaining ~81% of the protein was arranged in coils lacking
any defined secondary structure motif. Protomers within the filament are arranged in a one-start helix
with a rise of 46.7 A and a rotation of -83.1° per subunit (Figure 1.1B-C). This arrangement of the
protomers gives rise to a continuous chain of hemes along the length of the filament. The heme groups
of OmcS are arranged in parallel-stacked pairs, with each such pair forming T-stacked arrangements
with the neighboring heme pairs - both within individual protomers and across the protomer interfaces

in the filaments (Figure 1.1D). This continuous arrangement of iron-containing heme groups along the

~200 A

Figure 1.1. Structure of microbial nanowires reveals closely stacked hemes in an OmcS filament.

A, Cryo-EM image of the purified wild-type electrically conductive filaments showing a sinusoidal
undulation, with a pitch of ~200 A shown in (B). Scale bar, 200 A. B, The surface of the reconstruction
(transparent gray) with superimposed ribbon models of the OmcS subunits with three subunits in the
center in three different colors. C, Each subunit contains six hemes closely stacked over the micrometer
lengths of the filaments. D, A zoomed region of the box shown in (C) with the minimum observed edge-
to-edge distances indicated between hemes numbered in circles. The distance between two hemes in
adjacent subunits (heme 1 and heme 6') is comparable to the distances between parallel-stacked hemes
within a subunit (heme 2:heme 3 and heme 4:heme 5).

This figure and its accompanying legend have been reproduced from Wang et al. >,



micrometer length of the filament was proposed to be the key feature that allowed these filaments to
efficiently move electrons along their length during EET.

Protomer interfaces were proposed to be stabilized by forces including protein-protein interactions
at the large inter-subunit interface (Figure 1.2A). Of particular note was a metal coordination spanning
the protomer interface, between residue histidine 16 of one subunit and a heme in the adjacent subunit
(Figure 1.2B). This interaction appeared to be a key structural factor in the polymerization of OmcS, in
addition to the energetic favorability of the parallel stacking of hemes from different protomers at the
subunit interfaces (Figure 1.2C).

The initial structural studies of G. sulfurreducens extracellular filaments reported high-resolution
structures of only homopolymers of OmcS>* >4, Failure to obtain a structure for PilA-N filaments was
explained by one group as resulting from experimental challenges®’. Some have questioned the

biological relevance of OmcS filaments®>>” — particularly since cytochromes have been known to form

Figure 1.2. Subunit interface interactions within OmcS Filament.

A, The large interface in the filament (~2,600 A2 per subunit) is due to the complementarity between the
upper portion of the bottom subunit (red) and the lower portion of the top subunit (green). Residues in
one subunit strongly interact via hemes shown in the dashed circle and rectangle, and corresponding
zoomed images are shown in (B) and (C), respectively. B, Histidine 16 of the bottom subunit is
coordinating the iron atom in heme 5’ of the top subunit. The cryo-EM densities corresponding to
histidine 16, histidine 332’, and heme 5’ are shown in a mesh. C, The stacking of heme 6’ from a top
subunit with heme 1 from the subunit below.

This figure and its accompanying legend have been reproduced from Wang et al. >,



short polymers under synthetic conditions®®*'. Others have argued instead that the putative PilA-N
filaments had been misidentified®3. The assertion that previous reports of putative PilA-N filaments are
in fact characterizations of cytochrome filaments, including OmcS filaments and the subsequently-
described®? OmcZ filaments, has been offered as an alternate explanation for previously reported

mutations to G. sulfurreducens pilA that affected the properties of extracellular filaments®.

1.5 Scope of this work
The studies described here consider three key topics pertaining to the discovery of extracellular

OmcS filaments in G. sulfurreducens:

Chapter 2 shows that in wild-type G. sulfurreducens, PilA-N and PilA-C form the heterodimeric
subunit of a periplasmic filament required for the proper localization of nanowire-forming
cytochromes. This helps to explain how the underlying perturbation of pilA and related
proteins in previous studies have led to the observed differences in the properties of G.

sulfurreducens extracellular filaments during EET.

Chapter 3 demonstrates that protein-heme metal coordination interactions can be
manipulated to control self-assembly of OmcS filaments in vitro and that specifically disrupting
inter-subunit metal coordination interactions in vivo prevents G. sulfurreducens cells from

assembling OmcS filaments and utilizing them for EET.

Chapter 4 considers the potential for EET-performing microbes beyond G. sulfurreducens to
utilize OmcS-like filaments. In particular, this chapter uses cryogenic electron microscopy to
determine the structure of OmcS-like filaments produced by Geoalkalibacter subterraneus and
compare them to G. sulfurreducens OmcS filaments, thereby identifying key conserved features

between these homologous structures that suggest a broadly conserved functional role.



G. sulfurreducens PilA-N assembles heterodimeric PilA-N-C filaments involved in
cytochrome nanowire export

This chapter is a reformatted presentation of a published article: Gu, Y.*, Srikanth, V.*, Salazar-Morales,
A.l, Jain, R., O'Brien, J.P., Yi, S.M,, Soni, R.K., Samatey, F.A,, Yalcin, S.E. and Malvankar Nikhil, S. “Structure
of Geobacter pili reveals secretory rather than nanowire behaviour.” Nature 597, 430-434 (2021).

* These authors contributed equally.

Some materials published with the article, which can be accessed here, have been omitted for brevity.
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(emphasis added):
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2.1 Summary

Extracellular electron transfer by Geobacter species via surface appendages called microbial
nanowires’ is important in a wide range of globally-important environmental phenomena®® and for
applications in bioremediation, bioenergy, biofuels and bioelectronics. Since 2005, these nanowires
have been thought to be type IV pili composed solely of PilA-N protein® >4 However, structural analyses
demonstrated that during EET, rather than pili, cells produce nanowires made up of cytochromes
OmcS**>* and OmcZ%2. Here we show that G. sulfurreducens binds PilA-N to PilA-C to assemble
heterodimeric pili which remain periplasmic under nanowire-producing conditions that require EET*2
Cryo-electron microscopy revealed that C-terminal residues of PilA-N stabilize its copolymerization with
PilA-C via electrostatic and hydrophobic interactions that position PilA-C along the outer surface of the
filament. PilA-N-C filaments lack m-stacking of aromatic side chains and show conductivity 20,000-fold
lower than OmcZ nanowires. In contrast to surface-displayed T4P, PilA-N-C filaments show structure,
function, and localization akin to type 2 secretion pseudopili®* . Secretion of OmcS and OmcZ
nanowires is lost when pilA-N is deleted and restored when PilA-N-C filaments are reconstituted.
Substitution of pilA-N with T4P of other microorganisms also causes loss of secretion of OmcZ
nanowires. As all major phyla of prokaryotes employ T4P-like systems®, this novel nanowire
translocation machinery may have widespread impact in identifying the evolution and prevalence of
diverse electron-transferring microorganisms and in determining the nanowire assembly architecture

for designing synthetic protein nanowires.

2.2 Introduction

T4P-like filaments are employed by almost all major phyla of prokaryotes for diverse functions such
as adhesion, motility, protein secretion, and interspecies communication®. Electronically conductive
filaments on the surface of the common soil bacteria Geobacter sulfurreducens, known as microbial
nanowires, have been implicated in a wide range of globally-important environmental processes such
as nutrient and element cycling, bioremediation, corrosion, and generation of methane and electricity>:.

These filaments were thought to be T4P composed of PilA-N protein®* because ApilA-N mutants lack



these conductive filaments®? and do not transfer electrons to extracellular acceptors such as iron oxide®
or electrodes in microbial fuel cells®’. However, this hypothesis of the PilA-N filaments functioning as
nanowires>’ is open to question®® because:

(1) the deletion of pilA-N also inhibits the extracellular translocation of OmcS%%° and OmcZ%,
which form nanowires essential for extracellular electron transfer to iron oxide* and
electrodes* respectively;

(2) the presence of PilA-N in a filament of wild-type cells has not been established, only
inferred from indirect evidence such as the presence of PilA-N monomer in filament
preparations that also contain OmcS nanowires?;

(3) conduction along the length of a purified PilA-N filament has not been demonstrated; and

(4) theoretical studies did not find significant conductivity in a hypothetical PilA-N filament

structure’®”" except when aromatic residues were assumed within 3-4 A of each other’

23 Results
2.3.1 Splitting of pilA into pilA-N and pilA-C

The G. sulfurreducens genome contains two neighboring genes related to pilA° (Figure 2.1A). The
first gene is annotated as pilA-N (GSU1496) because this 61-amino acid protein shows high amino acid
sequence identity to the N-terminal 53 amino acid a-helix of previously reported type IV pilin proteins,
but lacks the C-terminal globular domain found in T4P% 73 (Supplementary Figure 2.1). Immediately
downstream of pilA-N is a gene annotated as pilA-C (GSU1497) because it was thought to be the C-
terminal globular domain missing from PilA-N® 73 (Figure 2.1A). These two genes are functionally
related: pilA-C deletion mutants show reduced expression and lower stability of PilA-N%74, Similar to
ApilA-N cells, a reduced abundance of OmcS and OmcZ was observed outside of ApilA-C cells in one
study’. The unusually short length of PilA-N, the adjacent location of pilA-N and pilA-C in the genome of
Geobacter species, and their co-expression® 7®, suggested that a recent evolutionary event split an
original, longer pilA gene into pilA-N and pilA-C’* 73, PilA-N was hypothesized to be the only protein

within G. sulfurreducens pili>7® due to the lack of sequence similarity between PilA-C and the globular



domain of type IV pilin proteins — even though all globular domains of T4P show low sequence
conservation (Supplementary Figure 2.1), but high structural conservation, extending to the predicted
structure of PilA-C”. Gene fission of pilins is widespread in Desulfuromonadales species including
Geobacteracae and other iron-reducing bacteria”. Our phylogenetic analysis of a fused PilA-N and PilA-
C sequence showed an independent line of descent along with PilA-N-C subunits of other Geobacter
species, indicating that Geobacter PilA-N-C are evolutionarily distant from both T4P and pseudopili of
type 2 secretion systems (T2SS) (Figure 2.1B, Supplementary Figure 2.2, Supplementary Figure 2.3). As
gene fission is a major contributor to the evolution of multi-domain bacterial proteins’s, we
hypothesized that G. sulfurreducens pili could consist of a filamentous assembly of PilA-N and PilA-C
heterodimers.

2.3.2 Discovery and identification of pili

We grew G. sulfurreducens wild-type (WT) cells using anodes of microbial fuel cells as sole electron

acceptors”’. These conditions require extracellular electron transport over hundreds of cell lengths and

a 5
DR o -
z pos AomcS
<
pilB  piT-4 piC  piS piR N O F 2 5] Msomez
NP\ ol <
¢ Q = Anti-PilA-N z
< ; g 2
(S S S m— — 2
(] =
; S £ 4
< Anti-PilA-C
pilB  pilT  pilC  piS  piR pilA & 0
g Anti-GroEL PilA-N PilA-C
b g
EspG Vibrio cholerae
GspG 5
G. sulfurreducens Pelobacter propionicus pili filaments

PulG
K. oxytoca

Geobacter bemidjiensis

GspG Burkholderia G. sulfurreducens

cepacia i 2
YopT P. aeruginosa Geobacter lovleyi
GepG .. Geobacter o 73: o
'seudopilin i mcS
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Figure 2.1. Discovery and identification of G. sulfurreducens pili.

a, Genomic organization of T4P biosynthesis genes in G. sulfurreducens and M. xanthus. b, Phylogenetic
tree derived from amino acid sequence alignments (see Supplementary Figure 2.1, Supplementary
Figure 2.2, Supplementary Figure 2.3). ¢, Immunoblot for subcellular fractionation of PilA-N (~6.5 kDa)
and PilA-C (~11 kDa) in WT cells. EC: extracellular, PP: Periplasm, CY: Cytoplasm, IM: Inner-membrane,
OM: Outer-membrane. d, Immunoblot for PilA-N and PilA-C in cell lysates with quantification in e.
Control: Cytoplasmic protein GroEL. f, Negative-stain TEM image of WT G. sulfurreducens cell showed
only OmcS filaments on the cell surface. g, Pili-like filaments emanated from AomcS cell. Scale bars, f,
100 nm and g, 200 nm.
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therefore represent an ideal nanowire-producing condition*%3, Purified filament preparations from WT
cells grown under these nanowire-producing conditions failed to show either PilA-N or PilA-C using
immunoblotting (Supplementary Figure 2.4), in agreement with our previous cryogenic electron
microscopy analyses that did not find any T4P-like filaments®* 78, We further analyzed subcellular
fractions of WT cells with anti-PilA-N antibodies and found that PilA-N is mainly associated with the
inner membrane but is absent from the extracellular fractions. PilA-C is also similarly membrane-
associated and absent from the extracellular fractions of WT cells*® (Figure 2.1C). Control experiments
using antibodies against the cytoplasmic protein GroEL confirmed that there is little or no cross-
contamination in these subcellular fractions, as only cytoplasmic fractions showed GroEL
(Supplementary Figure 2.5). These studies suggested that G. sulfurreducens PilA-N and PilA-C are
ultimately anchored to the inner membrane, akin to T2SS pseudopili that form a membrane-associated
filament structure to secrete proteins via elongation and retraction cycles® . Similar to the
overexpression of pseudopilins causing the pseudopilus filaments to extend beyond the outer
membrane®* %8, we hypothesized that G. sulfurreducens filaments may extend outside the cell surface if
PilA-N and PilA-C proteins were present at levels higher than that observed in WT. Both AomcS and
AomcZ cells, lacking nanowire-forming cytochromes, showed an elevated abundance of PilA-N and
PilA-C, and indeed we found pili-like filaments on the surfaces of these cells by negative-stain
transmission electron microscopy (Figure 2.1D-G, Figure 2.2A-C). Overexpressing PilA-N and

PilA-C from a plasmid in WT G. sulfurreducens also yielded extracellular pilus-like filaments (Figure 2.3)
with a smooth morphology distinct from the sinusoidal morphology of cytochrome nanowires> 62
(Figure 2.1F-G, Figure 2.4A-B). In contrast to cytochrome nanowires®> % or T4P®' which need to be
removed from cells via vortexing or blending, these pili-like filaments were loosely attached to cells,
akin to pseudopili®’, and were shed in the media. Therefore, cell-free supernatant of AomcS cells was
concentrated to obtain PilA-N-C filament preparations that minimized cellular and cytochrome

contamination (Figure 2.2).
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Figure 2.2. Identification of PilA-N and PilA-C in pili.

a, b, Immunoblot of filament preparation and whole cells lysate for PilA-N (a) and PilA-C (b). M, marker.
For gel source data, see Supplementary Figure 2.17 and Supplementary Figure 2.8 for PilA-N and PilA-C,
respectively. ¢, d, TEM image (c) and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) resolution (d) of PilA-NC filaments purified from AomcS cells. M, marker. Scale bar, 200 nm (a). For
gel source data, see Supplementary Figure 2.9. e, f, Inmunoblot and corresponding mass spectrometry
analysis for PilA-C (e) and PilA-N (f) containing band. For gel source data, see Supplementary Figure
2.10.
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Figure 2.3. Overexpressing PilA-N and PilA-C in WT G. sulfurreducens yielded pili-like filaments on
the bacterial surface.

a, Immunoblot of whole-cell lysate showing overexpression of PilA-N and PilA-C under induced
conditions. For gel source data, see Supplementary Figure 2.11. b, ¢, Negative-stain TEM images of wild-
type cells under uninduced (b) and induced (c) conditions. d, Zoomed image of pili-like filament shown
in c. Scale bars, 200 nm (b, ¢), 50 nm (d).
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Figure 2.4. PilA-N recruits PilA-C to form a heterodimer that polymerizes into a filament.

a, Cryo-EM micrograph, b, 2D average and c, resolution distribution of PilA-N-C filament. Scale bars: a,
30 nm, b, 5nm. PilA-N (gold) and PilA-C (cyan) form d, a heterodimer that polymerizes into e, a filament.
f, Charge interactions between S61 of PilA-N and A1 of PilA-C. g, Hydrophobic interactions between
PilA-N and PilA-C.
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2.3.3 PilA-N and PilA-C form a heterodimeric pilin

Analysis of cryo-EM images of these pilus-like filaments, using the iterative helical real space
reconstruction approach, yielded a map at ~3.8 A resolution according to the “gold standard” map:map
and 3.9 A according to the model:map Fourier Shell Correlation (FSC; Supplementary Figure 2.6). The
overall structural features of the filament are similar to T4P, with a helical core and globular head
domain arranged within a right-handed helix with helical rise of ~10.4 A and rotation of 89.1° (Figure
2.4B). At such resolution, the C, backbone could be traced to determine that the asymmetric unit
contained ~160 amino acids. The protein constituents of the filaments were identified by combining

mass spectrometry and immunoblotting with bioinformatic analysis, revealing PilA-N and PilA-C

g Ll i & s Iy
a PiIA-NLETLIELLIVVAIIGILAAIAIPQESA@V\KA@NSAASSDLBNL;ETALESA@ADDQ‘ITXPPES
S

b PilA-C AGKIPTTTMGGKDETEKPSTNVSVSYFTTNGATSTAGTVNTDYAVNTKNSSGN

» » 5
NTSNIWYIENDAWKGKAVSDSDVTALGTGDVGKSDFSGTEWKSQ
P4

Figure 2.5. De novo atomic model of PilA-N-C filament fit into the cryo-EM map.

a, PilA-N and PilA-C sequences. b—f, Zoomed view of the regions indicated in a for PilA-N (b) and PilA-C
(c-f). g, h, Zoomed view of electron microscopy density and aromatic amino acids in PilA-N—C filament.
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exclusively (Figure 2.2C-F). The PilA-N sequence could be threaded through the helical core of the map
and the PilA-C sequence could be threaded through the globular domains on the outer surface (Figure
2.4D, Figure 2.5). Overall, the excellent agreement between the model and the map, the good fit of side
chains, and the refinement statistics (Table 2.1) confirm that PilA-N and PilA-C form a heterodimer that

polymerizes into a filament (Figure 2.4E).

Figure 2.6. Contacts between PilA-N (orange) & PilA-C (cyan).

a, Pilus model. b, PilA-C translucent, showing protrusions of PilA-N. ¢, Heterodimer showing C-terminal
residues 57-61 of PilA-N protruding to the right into PilA-C. d, Flaps of PilA-C (thick coils) enclosing
protrusion of PilA-N. Four glycines (red balls) could provide hinges that may enable flaps to open.
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Table 2.1. Cryo-EM data collection, refinement, and validation statistics for PilA-N-C filament.

PilA-N-C filament
(EMDB-21225)

(PDB 6VK9)

Data collection and processing
Magnification 165,000
Voltage (kV) 300
Electron exposure (e-/A?) 62
Defocus range (um) 0.8-2.5
Pixel size (A) 0.822
Symmetry imposed 89.1°/10.4 A
Initial particle images (no.) 280,000
Final particle images (no.) 100,000
Map resolution (A) 3.8

FSC threshold 0.143
Map resolution range (A) 36-44
Refinement
Initial model used (PDB code) N/A
Model resolution (A) 3.9

FSC threshold 0.5
Model resolution range (A) N/A
Map sharpening B factor (A? 127
Model composition

Non-hydrogen atoms 19,792

Protein residues 2,640

Ligands N/A
B factors (A2)

Protein N/A

Ligand N/A
R.m.s. deviations

Bond lengths (A) 0.01

Bond angles (°) 1.699
Validation

MolProbity score 1.91

Clashscore 7

Poor rotamers (%) 0.7
Ramachandran plot

Favored (%) 90.06

Allowed (%) 9.64

Disallowed (%) 0
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PilA-N is composed of two a-helices, with segments F1-L16 forming an N-terminal helix and S25-
F51 forming a C-terminal helix, linked by a short coil (Figure 2.4D). A staggered helical array of PilA-N
subunits forms the core of the PilA-N-C filament (Figure 2.4E). PilA-C consists of four anti-parallel (3-

strands surrounded by a web of loops (Figure 2.4D). It binds at the second a-helix of PilA-N via an
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Figure 2.7. Comparison between K. oxytoca pseudopili (PDB code 5WDA), P. aeruginosa T4P (PDB
code 5XVY), G. sulfurreducens PilA-N-C filament and G. sulfurreducens PilA-N-alone filament
model.

a, Helical arrangement with P and P + 4 subunits shown in the same color. b, Hydrophobicity surface
colored from yellow (hydrophobic) to blue (hydrophilic). ¢, Interactions between PilA-N determines the
structure as 1-start, 3-start and 4-start helix. d, Interactions between PilA-N and PilA-C, which is
consistent with the studies on monomers that mutating E39 or E60 could disrupt the interactions while
mutating E48 showed no disruption.
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extensive network of electrostatic and hydrophobic interactions that stabilizes the PilA-N/PilA-C
heterodimer. In addition to extensive contacts between PilA-C and the C-terminal helix of PilA-N, the C-
terminal 5-residues of PilA-N protrude and are held between two "flaps" of PilA-C (Figure 2.6). The N-
terminus of PilA-C (Ala1) interacts with the C-terminus of PilA-N (Ser61) via hydrogen bonding or
possibly a salt bridge (Figure 2.4F). Our structure explains the yeast two-hybrid assay with PilA-N and
PilA-C monomers3® which found that reversing the charged sites in PilA-N at [D39,R41,K44] and E60
inhibits its interaction with PilA-C by disrupting electrostatic interactions or introducing clashes
between the monomers — whereas reversing the charges at K30, E48 and [D53,D54] does not (Figure
2.7D).

In addition to electrostatic interactions, hydrophobic interactions - such as the interactions
between L47 from PilA-N and Y43 from PilA-C (Figure 2.4G) — also appeared critical for filament stability.
The filament is mainly organized via the interactions between adjacent PilA-N subunits (Figure 2.7A,0),
with little direct interaction between copies of PilA-C within the filament. The PilA-N-C filament did not
show the post-translational modifications previously reported for the PilA-N monomer®, Rather, we
observed N-terminal methylation of PilA-N (Figure 2.8) as seen in other T4P?' and extra density around
S94 for PilA-C. A glycoprotein detection assay suggested this density could be attributed to an O-linked
glycosylation (Figure 2.8B-D). Such glycosylation on a serine residue near the C-terminus is commonly
observed in other T4P®# where it is important in pilus biogenesis®. As the N-terminus of PilA-N is
primarily composed of hydrophobic residues, binding to PilA-C prevents the exposure of the
hydrophobic side chains to the aqueous environment (Figure 2.4E, Figure 2.7B).

2.3.4 PilA-N-C filaments are pseudopili-like

A comparison of T4P structures revealed that G. sulfurreducens PilA-N-C filaments lack several
hallmarks of T4P structure® and instead show similarity to the structure of type 2 secretion system
pseudopili®” (Figure 2.9A-B). Firstly, a salt bridge between N-terminal F1 and E5 of neighboring subunits
is highly conserved among all T4P and is crucial for their stability and assembly®® (Figure 2.9B). However,
this salt bridge is absent in G. sulfurreducens PilA-N-C filaments. Instead, the amine of F1 interacts with

E5 from the same subunit to neutralize the buried charge. Adjacent PilA-N subunits are primarily
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stabilized by hydrophobic interactions (Figure 2.9B). Such interactions between neighboring protomers
have been observed in the pseudopili from Klebsiella oxytoca®. Secondly, the a- loop in the globular
head domain, which is involved in the subunit-subunit interactions in assembled T4P filaments®, is
absent in the PilA-N-C filament. Thirdly, the D-region in the globular head domain contains a disulfide
bridge that is essential for assembly of some T4P filaments® but is notably absent in pseudopili® and in
PilA-N-C (Figure 2.9A). The lack of disulfide bridges, combined with the observation that PilA-N-C
filaments are easily detached under the conditions where they extend from the cell, suggested that the
biological function of PilA-N-C filaments is not as a durable, extracellular structure like T4P, but rather as
a comparatively fragile, periplasmic assembly akin to type 2 secretion pseudopili®. Purified PilA-N-C

filaments further exhibit melting of secondary structure features, denaturation, and disassembly at
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Figure 2.8. Post-translational modifications in PilA-N-C filament.

a, Lack of post-translational modification in Y32 of PilA-N. Mass spectra of PilA-N did not show any
modified peptide in AYNSAASSDLR with expected mass of 1.154 kDa. Inset, MS/MS spectra showed no
modification on Y32 in PilA-N. b, Mass spectra showed methylated peptide
FTLIELLVVAIIGILAAIAIPQQFSAYR with mass 3.044 kDa. Inset, MS/MS spectra showed N-terminal
methylation. ¢, Cryo-EM map for PilA-C showing an extra density on Ser94, suggesting a post-
translational modification. d, Gel of purified filaments showing glycosylated PilA-C (left lane) and
positive control using horseradish peroxidase (right lane).
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much lower temperatures than T4P# (Figure 2.10). PilA-N-C filaments are very loosely attached to cells
and readily dissociated into pilin subunits under the buffer conditions widely used to purify T4P, or
upon the addition of mild detergents such as deoxycholate. All these studies demonstrate substantially
lower stability of PilA-N-C compared to T4P filaments.

Likely due to this reduced stability, G. sulfurreducens PilA-N-C pili do not show any behaviors
consistent with typical T4P functions such as adhesion and twitching motility (Figure 2.9C-D), even
under the artificial conditions which result in their display on the cell surface. WT, AomcS and AomcZ
mutant strains showed very low attachment to glass, comparable to ApilA-N cells (Figure 2.9C).
Replacing G. sulfurreducens pilA-N with T4P-forming P. aeruginosa pilA (Gs-Pa) increased the attachment
by 100-fold (Figure 2.9C). G. sulfurreducens strains displayed negligible twitching motility compared to P.
aeruginosa (Figure 2.9D) and were comparable to P. aeruginosa ApilA. These data are therefore more
consistent with WT G. sulfurreducens expressing periplasmic pseudopili rather than surface-displayed

T4P filaments.
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Figure 2.9. G. sulfurreducens PilA-N-C pilus is structurally similar to a type 2 secretion
pseudopilus and does not show structure or functions of T4aP.

a, The globular domain of the PilA-N-C pilin protomer lacks hallmarks of T4P (PDB ID: 5XVY) - disulfide
bridge (green), four beta strands motif (blue) and D-region (magenta), consistent with pseudopili (PDB
ID:502Y). b, Hydrophobic interactions are the main interactions between PilA-N chains, similar to
pseudopili, whereas T4P is additionally stabilized via electrostatic interactions between F1 and E5.
Comparison of ¢, bacterial adhesion to glass and d, twitching motility. Error bars represent s.d. (n=3).
Core aromatic residues in the e, theoretical model of PilA-N filament and f, cryo-EM structure of PilA-N-
Cfilament. g, AFM image of a PilA-N-C filament (red) bridging gold electrodes and corresponding
height profile at location shown by a black line. Scale bar, 200 nm. h, Current-voltage curve and i,
corresponding conductivity comparison for individual PilA-N-C filaments (n=4) vs. OmcS nanowires.
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Figure 2.10. Thermal stability comparison between filaments of G. sulfurreducens PilA-N-C with P.
aeruginosa T4P.

a, b, Circular dichroism spectra for P. aeruginosa T4P (a) and G. sulfurreducens PilA-N-C filaments (b)
showing thermal denaturation. ¢, d, TEM images of P. aeruginosa T4P (c) and G. sulfurreducens PilA-N-C
filaments (d) treated at the temperatures indicated for 5 minutes. Scale bars, 200 nm.
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2.3.5 PilA-N-C show low electron conductivity

Biologically relevant electron transport along extracellular PilA-N-only filaments has long been
postulated as a unique function of Geobacter T4P, separate from other classical T4P pilus functions®.
However, computational studies predicted very low conductivity in a theoretical PilA-N-only filament
model using either the NMR monomer structure or a hypothetical homology-based model that has not
been observed in nature’®”'. Furthermore, there is no direct experimental evidence to support the
existence of PilA-N filaments consistent with these hypothetical structures in WT Geobacter. It has been
proposed that thin filaments observed in some cryo-EM images are PilA-N filaments (Figure 2.11A)%
However, our analysis of such images revealed that the morphologically similar filaments we observed
are DNA and not pili (Figure 2.11B-E).

Some theoretical models of PilA-N had suggested that aromatic side chains could be 3-4 A from

each other to form m-stacking interactions®”- 3¢ (Figure 2.9E). A computational study based on these

b Thin Filaments are DNA and not pili

e
Porei s

Figure 2.11. Cryo-EM reconstruction suggests that the previously claimed ‘PilA-N-alone’ filament
could be DNA.

a, Cryo-EM image of filaments claimed to be PilA-N alone by Filman et al.** b, Cryo-EM images showed
similar filaments in our OmcS filament preparations. Scale bars, 20 nm (a, b). Black arrows represent
OmcS filaments in a, b. ¢, Two-dimensional average showed no helical features consistent with T4P.
Scale bar, 5 nm. d, e, Cryo-EM density map (d) and docking with DNA molecule (e) (PDB code 1BNA),
suggested the identity of the filaments to be DNA.
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theoretical models of n-stacked PilA-N has predicted conductivity of 65-330 mS/cm’2. However,
conductivity measurements and theoretical studies yielded very low conductivity (~1 uS/cm) in
synthetic proteins containing such m-stacking of aromatic side chains®. Furthermore, the cryo-EM
structure of the PilA-N-C filament showed that ~10 A gaps exist between aromatic residues along the
PilA-N core of the filament (Figure 2.9F). Because electron transfer rate exponentially decreases with
increasing distance’?, the PilA-N-C structure thus suggested very low conductivity for these pili, as
predicted by theoretical studies of a similar PilA-N structure based on other T4P structures’™ 7",

To further evaluate whether G. sulfurreducens pili can function as nanowires, the direct current
conductivity of individual PilA-N-C filaments was compared with OmcS nanowires. Atomic force
microscopy (AFM) was used to locate individual pili bridging two gold electrodes (Figure 2.9G). AFM
showed smooth-surfaced structures with 6-nm heights (Figure 2.9G), consistent with the filaments
characterized by cryo-EM. Our purified pilus samples did not contain other filament-forming proteins
such as OmcS and OmcZ as confirmed by mass spectrometry (Figure 2.2). Our conductivity
measurements of individual filaments fully hydrated in buffer yielded low current values® (Figure 2.9H).
The observed conductivity was ~1 mS/cm, 20-fold lower than OmcS nanowires®® measured under
conditions identical to pilus measurements (Figure 2.91). As OmcZ nanowires are 1000-fold more
conductive than OmcS nanowires®?, our measurements show that G. sulfurreducens pili are 20,000-fold
less conductive than OmcZ nanowires. Previous physiological studies have shown that AomcS cells
cannot transfer electrons to extracellular iron*>* and electrodes®**' whereas AomcZ cells cannot
transfer electrons to electrodes beyond a few monolayers of cells. The AomcS cells can adapt after
prolonged growth on electrodes, but not AomcZ cells*>4'. As both AomcS and AomcZ cells were found
to show PilA-N-C filaments on their surfaces (Figure 2.1G), these studies suggest that PilA-N-C filaments
are unlikely to function as nanowires and that the above-mentioned phenotypes can be explained by
the presence and absence of OmcS and OmcZ nanowires®, It remains possible that synthetic pilA-N
assembles into a filament under artificial conditions3. However, these synthetic filaments'
conductivity has not been demonstrated along their length, only across their diameter, and we found

very low conductivity along the length of individual PilA-N-C filaments (Figure 2.9H-I). Furthermore,

23



such PilA-N-only filaments are unlikely to be responsible for biologically relevant electron transfer
considering that we did not find any filament containing PilA-N located extracellularly under nanowire-
producing conditions.

2.3.6 Nanowire secretion requires PilA-N-C pili

The lack of either nanowire or typical T4P functions suggests that the biological role of PilA-N-C
filaments is not compatible with previous descriptions of Geobacter T4P function. In addition to classical
T2SS, the G. sulfurreducens genome also contains an incomplete T2SS, lacking typical components of the
machinery®*. Deletion of the T2SS pseudopilin gene for the atypical T2SS was not found to affect the
translocation of outer-surface cytochromes®. Furthermore, other species that use classical T2SS for
extracellular translocation of ¢c-type cytochromes® do not show any secretion defect in the absence of
pilis. In G. sulfurreducens, deletion of pilA-N does inhibit the extracellular translocation of OmcS and

OmcZ% %, underscoring the involvement of pili in the secretion of nanowire-forming cytochromes. Our
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Figure 2.12. Geobacter sulfurreducens PilA-N-C pili are involved in the translocation of OmcS and
OmcZ nanowires.

a, Immunoblot for subcellular fractionation of OmcS (about 45 kDa) and OmcZ, (about 30 kDa) in wild-
type cells. EC, extracellular; PP, periplasmic, showing the lack of secretion of OmcS and OmcZ; in the
ApilA-N strain. For gel source data, see Supplementary Figure 2.12. b, Negative-stain TEM images
showed that the ApilA-N strain lacked OmcS filaments. Scale bar, 200 nm. ¢, Lack of nanowire-forming
OmcZ; in filament preparations of a strain in which pilA-N was replaced with pilA of P. aeruginosa (Gs-Pa
cells). Cells still produce intracellular OmcZ, (about 50 Da). For gel source data, see Supplementary
Figure 2.13. Gs, Geobacter sulfurreducens; Pa, P. aeruginosa. d, TEM image of ApilA-N cell expressing

P. aeruginosa pilA. Scale bar, 200 nm. e, f, Model for PilA-N-C-assisted secretion of nanowires in wild-
type cells (e) and extracellular extension of PilA-N-C pili in the absence of nanowires in AomcSand
AomcZ cells (f).

24



subcellular localization experiments revealed that both OmcS and OmcZ are present in the extracellular
fraction of WT cells but remain in the periplasm for ApilA-N cells (Figure 2.12A). These results suggested
a translocation defect for OmcS and OmcZ in ApilA-N. Consistent with these studies, transmission
electron microscopy (TEM) imaging showed OmcS nanowires on the surface of WT cells (Figure 2.1F)
but not on the surface of ApilA-N cells (Figure 2.12B). Notably, in-trans expression of an episomal copy of
WT pilA-N and pilA-C in ApilA-N reassembled the PilA-N-C filaments on the bacterial surface and
restored the secretion for both OmcS and OmcZ nanowires (Figure 2.13). As the primarily periplasmic
localization (Figure 2.1C) and the filament structure (Figure 2.9A) of the PilA-N-C are similar to T2SS
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Figure 2.13. Expression of PilA-N-C filaments restores the secretion of OmcS and OmcZ
nanowires in ApilA-N cells.

a, AFM images of ApilA-N/PilA-N-C cell showed pili on the surface of the cell. b, Zoomed-in image of
ApilA-N/PilA-N-C cell. ¢, Height analysis of the pili consistent with PilA-N-C filament. d, e, ApilA-N/PilA-
N-C cell showed the secretion of OmcS (d) and OmcZ (e) nanowires. Scale bars, 1 um (a), 300 nm (b),
100 nm (d, e). f, Height analysis of filaments at locations shown in e showed the diameter consistent
with OmcS and OmcZ filaments. g, Immunoblotting with OmcS antibody showing the restoration of
secretion defect in OmcS nanowires in ApilA-N/PilA-N—C cells. FP, filament preparation; PP, periplasmic
fraction; M, marker. For gel source data, see Supplementary Figure 2.19. h, i, TEM image of filament
preparation from ApilA-N showing no filament (h) and OmcS filaments from ApilA-N/PilA-N-C (i). Scale
bars, 200 nm (h, i). ApilA-N/PilA-N-C: in-trans expression of an episomal copy of wild-type pilA-N and
pilA-C in ApilA-N.
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pseudopili®, these cytochrome localization studies further suggest that PilA-N-C filaments could be
functioning similar to pseudopili by translocating the OmcS and OmcZ nanowires from the periplasm to
the outer cell surface.

To further evaluate the function of the PilA-N-C filament, we analyzed the localization of
cytochromes in mutant G. sulfurreducens strains in which the chromosomal pilA-N gene was replaced by
pilA of P. aeruginosa® (Gs-Pa) (Figure 2.12C-D). This strain cannot transport electrons extracellularly to
iron oxides or to electrodes in microbial fuel cells*®. Our TEM images showed T4P-like filaments in Gs-Pa
(Figure 2.12D). However, we found that filament preparations from electrode-grown Gs-Pa cells did not
show the extracellular form of OmcZ (OmcZ,)* that assembles into nanowires®? and only showed the
periplasmic form of OmcZ (OmcZy,), confirming that the cells were able to produce OmcZ but could not
secrete it (Figure 2.12C). This lack of OmcZ, could explain why these strains cannot transfer electrons to
electrodes as OmcZ; is essential for electricity production*'. In contrast, OmcS was translocated
extracellularly by Gs-Pa*°, similarly to a strain in which pilA-N and pilA-C genes were fused®”. Our studies
thus show that the unique PilA-N-C filament structure is essential for the translocation of OmcZ
nanowires, while the translocation of OmcS can be rescued as long as a T4P is present because surface-
displayed T4P filaments are also capable of protein secretion®® by localizing secreted proteins along or
inside pili*® *°. In contrast, Geobacter pili are capable of secreting cytochromes without being displayed

on the cell surface, in a manner analogous to T2SS pseudopili®* 78,

24 Discussion

Together, our findings unambiguously establish that PilA-N and PilA-C assemble into filaments that
are involved in the proper localization of OmcS and OmcZ nanowires, and could explain the defect in
extracellular electron transfer by strains with modified PilA-N3*%°7 because nanowire-forming OmcS and
OmcZ are essential for extracellular electron transfer to iron oxide and electrode, respectively®. The
unique structure of the PilA-N-C filament, its observed periplasmic location under nanowire-forming
conditions, and its marked instability in comparison to all previously described T4P strongly suggest

that PilA-N does not assemble an extracellular filament that directly mediates electron transfer and is
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unlikely to form a stable filament by itself under natural conditions. Further biochemical
characterization of the apparent DNA observed in extracellular fractions via cryo-EM could help clarify
whether extracellular DNA could be responsible for previous reports of putative PilA-N-only filaments in
G. sulfurreducens extracellular fractions. We hypothesize that PilA-N-C filaments participate in the
translocation of OmcS and OmcZ nanowires from the periplasm to the extracellular environment. In the
presence of cytochrome nanowires, the PilA-N-C filament remains periplasmic and may function
analogously to pseudopili® by translocating nanowires to the cell surface (Figure 2.12E). In the absence
of cytochrome nanowires, cells produce elevated levels of PilA-N and PilA-C, resulting in extension of
PilA-N-C filaments outside the cell surface in a manner similar to type 2 pseudopili (Figure 2.12F). This
model is consistent with our observation that PilA-N-C filaments are present on the cell surface only
when these two proteins are present in higher-than-WT amounts, particularly when nanowire forming
cytochromes are absent (Figure 2.1D-G). It further reconciles previous findings that ApilA-N or ApilA-C
cells could not produce conductive filaments®? and cannot transfer electrons extracellularly® ¢,
suggesting a previously unknown secretion machinery for the extracellular translocation of OmcS and

OmcZ nanowires.

25 Methods
2,5.1 Bacterial strains and growth conditions.

Geobacter sulfurreducens wild-type strain PCA (designated DL-1) (ATCC 51573)%, the pilA-N knock
out strain (designated as ApilA-N)32, omcS knock-out mutant strain*® (designated as AomcS), the omcZ
knock-out mutant strain*' (designated as Aomc2), G. sulfurreducens strains in which pilA-N was replaced
by pilA of either P. aeruginosa®® (designated as DL1-PA or Gs-Pa) or G. uraniireducens'® (designated DL1-
Uranii or Gs-Gu), Pseudomonas aeruginosa WT strain PAO1, and Pseudomonas aeruginosa strain ApilA,
were obtained from our laboratory culture collection. G. sulfurreducens cultures were maintained at 30
°C or at 25 °C under strictly anaerobic conditions in growth medium supplemented with acetate (10
mM) as the electron donor and fumarate (40 mM) as the electron acceptor. As described previously*?,

the G. sulfurreducens cells were grown in sterilized and degassed NBAF medium’’, which contained the
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following: 0.04 g/L calcium chloride dihydrate, 0.1 g /L, magnesium sulfate heptahydrate, 1.8 g/L
sodium bicarbonate, 0.5 g/L sodium carbonate, 0.42 g/L potassium phosphate monobasic, 0.22 g/L
potassium phosphate dibasic, 0.2 g/L ammonium chloride, 0.38 g/L potassium chloride, 0.36 g/L sodium
chloride, and vitamins and minerals as listed in O’Brien et al.”. 1 mM cysteine was added as an oxygen
scavenger. G. sulfurreducens cells were grown under nanowires-producing conditions as previously
described?, or grown using anodes of microbial fuel cells as sole electron acceptors”™. The latter
conditions require extracellular electron transport over hundreds of cell lengths and are therefore ideal
nanowire-producing conditions that require long-range electron transport®2

2.5.2 PilA-N-C overexpression

GSU1496 and GSU1497 were synthesized (Genscript) and cloned into pRKS-Geoi®. Transformation
was performed as described previously®. WT cells were cultured as previously described® and
supplemented with kanamycin (200 ng/mL) and vanillate to a final concentration of 500 pM.

2.5.3 Sequence alignment and phylogenetic analysis

Amino acid sequences of pilins were obtained from UniProt and NCBI databases. For PilA-N-C pilin
sequences, the truncated pilins (PilA-N or homologs) were manually fused with PilA-C proteins,
excluding the signal peptides (based on the annotation from UniProt). Multiple sequence alignments of
pilins were generated in MEGA X' using the MUSCLE algorithm. The aligned file was used as an input
for maximum likelihood approach phylogenetic analysis using the PhyML 3.0'°? online service provided
by ATGC. The substitution model was automatically selected using Smart Model Selection (SMS)'® and
the Akaike Information Criterion (AIC) was used to evaluate the model. Distance and branching order
were constructed via the BioNJ algorithm and optimized via nearest-neighbor interchange. The
bootstrap analysis was performed to evaluate the reproducibility, and the values were determined from
100 replicates. Final figures were generated using the ggtree'® package implemented in R'®,

2.5.4 PilA-N-C filament and OmcS/OmcZ cytochrome nanowire purification and biochemical
characterization

Both AomcS and AomcZ cultures were grown until stationary phase, and then centrifuged at 8,000 x
g for 20 minutes to separate cells from the media. The supernatant was then passed through a 0.22 um

filter, to remove the remaining cells, and concentrated with a 100 kDa cut-off Amicon concentrator
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(MilliporeSigma). The sample was diluted in phosphate-buffered saline and centrifuged at 100,000 x g
for one hour. The pellet was resuspended in 20 mM Sorensen’s buffer at pH 7.2 and used for cryo-EM.

For mass spectrometry, the sample was incubated with 2.5% styrene maleic acid (SMA) copolymer
solution at room temperature and gently agitated on an orbital shaker. The sample was then
centrifuged again at 100,000 x g and the pellet was collected and resuspended in 20 mM tris-HCl at pH
7.4. The sample was further purified using a gel filtration column packed with Sephacryl S-500 HR resin
(Cytiva). Elution fractions were evaluated with negative-stain transmission electron microscopy and
polyacrylamide gel electrophoretic separation. The final purified filament-containing sample was used
for mass spectrometry analysis.

In contrast to PilA-N-C filaments that were purified from the cell-free supernatant, both OmcS and
OmcZ nanowires were purified by blending the cells as described previously>*¢2

2.,5.5 Cell and protein normalization for comparative expression studies

Bacterial strains were grown to late exponential or stationary phase unless specified. For filament
preparations, samples were normalized to the initial wet weight of the bacterial pellet. Equal volumes
(1/20% of the final filament preparation protein) was loaded on the gels for comparison. Additional care
was taken to collect the samples at a similar growth phase and optical density when comparing
different strains.

2.5.6 SDS-PAGE

Samples were boiled in 1X SDS sample buffer that included B-mercaptoethanol for 12 minutes. The
samples were run on a 16% tricine protein gel (Thermo Fisher Scientific) initially at constant voltage of
30V for 2 hours before changing to 190 V for 30 minutes, at 4°C. Precision Plus Protein Prestained
molecular weight standards (Bio-Rad) and Low Range Protein Ladder (Thermo Scientific) were used to
compare the molecular weight of cytochromes in the filament preparations. Gels were stained with
Coomassie R-250 stain for 1 hour (Thermo Scientific), and de-stained in deionized water overnight.

2.5.7 Immunoblotting

Polyclonal anti-PilA-N, anti-PilA-C, anti-OmcS and anti-OmcZ antibody was synthesized by LifeTein

by immunizing two rabbits with synthetic peptide sequences containing a targeted epitope on the
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native protein, and then affinity-purifying the serum against that peptide sequence. The antibody was
used at a dilution of 1:5000 for immunoblotting. Filament samples were normalized to the initial cell
mass of the starting material.

2.5.8 Mass spectrometry

For LC-MS/MS analysis of filaments, all the bands visible in SDS-PAGE were extracted from protein
gels and digested with trypsin. Proteomic analysis of the cleaved peptides was performed by the
Proteomics Mass Spectrometry Facilities at Yale University and Columbia University.

In-gel digestion. As described previously'®, filament samples were separated on 4-12% gradient
SDS-PAGE, and stained with SimplyBlue (Thermo Fisher Scientific). Protein gel slices were excised and
subjected to in-gel digestion. Gel slices were washed with 1:1 (acetonitrile: 100 mM ammonium
bicarbonate) for 30 minutes; gel slices were then dehydrated with 100% acetonitrile for 10 minutes until
gel slices had shrunk, at which point excess acetonitrile was removed, and slices were then dried in a
speed-vac for 10 minutes using no heat. Gel slices were reduced with 5 mM DTT for 30 minutes at 56 °C
in an air thermostat, the tube was chilled down to room temperature, and the sample was alkylated
with 11 mM IAA for 30 minutes in the dark. Gel slices were then washed with 100 mM ammonium
bicarbonate and 100 % acetonitrile for 10 minutes each. Excess acetonitrile was removed and dried in a
speed-vac for 10 minutes with no heat, and gel slices were then rehydrated in a solution of 25 ng/ul
trypsin in 50 mM ammonium bicarbonate, on ice, for 30 minutes. Digestions were performed overnight
at 37 °Ciin an air thermostat. Digested peptides were collected and further extracted from gel slices in
extraction buffer (1:2 vol/vol) 5% formic acid/acetonitrile) with high-speed shaking in an air thermostat.
Supernatant from both extractions were combined and dried down in a speed-vac. Peptides were
dissolved in 3% acetonitrile/0.1% formic acid.

LC-MS/MS analysis. A Thermo Scientific™ UltiMate™ 3000 RSLCnano system and Thermo Scientific
EASY Spray™ source with a Thermo Scientific™ Acclaim™ PepMap™100 2 cm x 75 pm trap column and
Thermo Scientific™ EASY-Spray™ PepMap™ RSLC C18 50 cm x 75 pum ID column were used to separate
desalted peptides with a 5-30% acetonitrile gradient in 0.1% formic acid over 100 minutes at a flow rate

of 250 nL/min. The column temperature was maintained at a constant 50 °C during all experiments.
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A Thermo Scientific™ Orbitrap Fusion™ Tribrid™ mass spectrometer was used for peptide MS/MS
analysis. Survey scans of peptide precursors were performed from 400 to 1500 m/z at 120K FWHM
resolution (at 200 m/z) with a 2 x 10° ion count target and a maximum injection time of 50 ms. The
instrument was set to run in top speed mode with 3-second cycles for the survey and the MS/MS scans.
After a survey scan, tandem MS was performed on the most abundant precursors exhibiting a charge
state from 2 to 6 of greater than 5 x 10% intensity by isolating them in the quadrupole at 1.6 Th. CID
fragmentation was applied with 35% collision energy, and resulting fragments were detected using the
rapid scan rate in the ion trap. The AGC target for MS/MS was set to 1 x 10* and the maximum injection
time limited to 45 ms. The dynamic exclusion was set to 45 seconds with a 10 ppm mass tolerance
around the precursor and its isotopes. Monoisotopic precursor selection was enabled.

Data analysis. Raw mass spectrometric data were analyzed using the MaxQuant environment'”’
v.1.6.1.0, employing Andromeda for the database searches using default settings with a few
modifications. The default was used for first search tolerance and main search tolerance: 20 ppm and 6
ppm, respectively. MaxQuant was set up to search with the reference Geobacter sulfurreducens database
downloaded from UniProt. MaxQuant performed the search based on trypsin digestion with up to 2
missed cleavages. Peptide, site, and protein FDR were all set to 1%. The following modifications were
used as variable modifications for protein identifications and quantification: oxidation of methionine,
acetylation of the protein N-terminus, and deamination of asparagine or glutamine. Results obtained
from the MaxQuant output combined folder were loaded into Scaffold (Proteome Software) for data
visualization. Spectral counts were used for analysis to compare the samples.

2.5.9 Cryo-EM data collection and image processing

The PilA-N-C filament sample (3.5 pL) was applied to 400 mesh C-flat grids and plunge-frozen by a
Vitrobot Mark IV (FEI). Frozen grids were imaged on a Titan Krios operating at 300 kV equipped with a K2
summit detector (Gatan). Micrographs were recorded with super resolution mode at 0.822 A/pixel, with
a total dose of ~62 e”/A2 fractioned into 27 frames. A defocus range of 0.8 um — 2.5 um was used to
collect ~7560 images in total. All movies were first motion-corrected with MotionCorr implemented in

RELION 3'%, summing a total dose of ~20 e~ by using frames 2-10. The contrast transfer function (CTF) of
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motion-corrected images was estimated by GCTF v1.08'%. Filament segments were manually picked
with RELION, and all the helices were further segmented into ~280,000 particles using a box size of 400
A and inter-box distance at 31.5 A including 3 asymmetric subunits to save computational time. After
2D classification, ~160,000 particles were selected for further data processing. Averaged power spectra
and the power spectra of the class average were analyzed to determine the helical symmetry with
SPRING''°. The helical symmetry was first deduced from Fourier-Bessel indexing and then compared
with a simulated power spectrum. After trial and error, a helical rise of 10.5 A and twist of 89.0° were
imposed for the final reconstruction. All of the ~160,000 particles were used to generate a consensus
map in RELION™" using the iterative helical real space reconstruction algorithm'2, A simulated helical
lattice (relion_helix_toolbox)'! with the deduced helical symmetry was used as a starting reference,
since featureless cylinder gave a suboptimal reconstruction. An initial reconstruction at ~4.5 A was
produced and filtered to 10 A to be used as the reference for 3D classification (K=4, tau=20) to address
heterogeneity in the particles. After 3D classification, 100,000 particles were combined for the final
refinement and gave rise to a ~4.2 A reconstruction. After iteratively applied CTF refinement until no
further improvement of resolution was achieved, the particles were polished with the Bayesian
polishing framework''® implemented in RELION, which further improved the resolution to ~3.8 A based
on the gold standard FSC.

2.5.10 Bioinformatic analysis

About ~160 C, atoms were successfully traced from the subunit density and this estimated protein
length was used for bioinformatic analysis. The proteome (n=81491) of G. sulfurreducens was obtained
from NCBI and proteins with a length of 150 - 190 residues were selected (n=3992). All 3992 candidates
were further examined using the TMHHM2 server and only proteins predicted to have a single
transmembrane domain were kept for further analysis. Using a Python script, proteins with a predicted
TM helix longer than 20 amino acids within the first 60 residues were maintained and 13 potential

candidates were used for further analysis.
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2.5.11 Model building and refinement

The protomer density was segmented in UCSF Chimera''* and the C, backbone trace was manually
constructed using Coot'">. Based on the mass spectrometry and bioinformatic analyses and side chain
density visible in the map, PilA-N and PilA-C were determined to be the constituents of the protomer
and an all-atom model of the protomer was constructed and then refined using
phenix.realspace_refine''. This refined protomer model was further extended to into a filament model
in Chimera and refined against the filament density map using phenix.realspace_refine. The refined
model was finally manually inspected and adjusted in Coot.

2.5.12 Atomicforce microscopy

To visualize cells, 10 pL of buffer solution containing cell samples were deposited on mica. The
excess buffer was absorbed with filter paper. The sample was air-dried and was mounted on a metal
puck (Oxford Instrument, Cypher ES). To visualize individual filaments, 5 uL of buffer solution containing
filaments were deposited on a silicon wafer insulated by a 300 nm silicon dioxide dielectric layer with
gold electrodes patterned by electron beam as described previously>3. AFM experiments were
performed using soft cantilevers (OMCL-AC240TS-R3, OLYMPUS) with a nominal force constant of 2 N/m
and resonance frequencies of 70 kHz. The free-air amplitude of the tip was calibrated with the Asylum
Research software and the spring constant was captured by the thermal vibration method. The sample
was imaged with a Cypher ES scanner using intermittent tapping (AC-air topography) mode. AFM
showed that gold electrodes were bridged with individual filaments to facilitate conductivity
measurements (Figure 2.9G). All AFM image analyses for cells and filaments were performed using
Gwyddion'”. The AFM height cross section has been analyzed using IGOR Pro software (WaveMetrics).

2.5.13 Electrode fabrication

Electrodes made of gold separated by a 300 nm non-conductive gap were designed using electron
beam lithography as described previously*:. Interdigitated electrode devices were designed in Layout
Editor, a computer-aided design program. Two layers of resists (50-nm-thick poly(methyl methacrylate)
and 60-nm-thick UV-curable resist) were then sequentially spin-coated onto the cleaned substrate.

Circuit patterns including nanoelectrodes separated by nano-sized gaps, microscale fan outs, and
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contact pads were transferred from a quartz mold to the UV resist with nanoimprint lithography in a
homemade imprint chamber. The residual UV-resist layer and the poly(methyl methacrylate) underlayer
were removed by reactive ion etching with fluorine-based (CHF;/0,) and oxygen-based gases
respectively.

2.5.14 Conductivity measurement

All direct current measurement was carried out on interdigitated devices with a 300 nm gap. A
single filament bridging two electrodes was first identified by AFM and the contact electrode was
recorded. The device was then transferred to the stage of a probe station connected to a semiconductor
parameter analyzer. A sweeping voltage from -1V to 1 V was first applied to estimate the range of
current response. Then, by selecting the proper sensitivity for current detection, a stepwise voltage was
applied with 50 mV increments. Each filament was measured within a proper low voltage range (<0.25
V) to maintain the linear behavior of the current-voltage (I-V) curve. Each measurement was made over
a long waiting period to ensure the stability of the current (> 200 s) and a lack of faradic currents or
electrochemical leakage as is normally evident in a buffering system. The conductance (G) was
extracted by fitting the current-voltage curve with a linear function and was further converted into
conductivity (o) by applying the relationship 0=G (L/nr*) where r is the radius of the pilus and L is the
distance between two electrodes.

2.5.15 Cell attachment assays

Mid-log cells were inoculated at a 1/100 dilution into 10 mL glass tubes of fresh NBAF media. Cells
were incubated for 4 days (until approximately mid-log phase) at 30°C. Cultures were gently inverted 5
times and planktonic cells were decanted. Tubes were washed with Mili-Q water and remaining cells
were stained with 10 mL of 0.1% crystal violet for an hour and then washed with Mili-Q water. Crystal
violet was dissolved utilizing 10mL of 1% acetic acid for an hour and measured at 580 nm using a
NanoDrop 2000c spectrophotometer.

2.5.16 Subcellular fractionation

G. sulfurreducens cells were fractionated using a previously published protocol®*® with the following

modifications. 300 mL of late-log phase culture grown in NBAF was pelleted at 6000 x g for 15 minutes
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at 4 °C. The supernatant was filtered through a 0.22 um filter and concentrated via a 10 kDa cut off
Amicon concentrator. The final concentrate was labelled as the extracellular fraction. Other fractions
were prepared as described previously®.

2.5.17 Twitching motility assay

Twitching assays were performed by stab-inoculating P. aeruginosa and G. sulfurreducens strains in
LB agar and NBAF agar plates, respectively®. Three colonies were stab-inoculated for each strain, and the
diameter of the twitching zone was measured. P. aeruginosa strains were incubated overnight at 37 °C
and then left at room temperature for 24 hours before removing the agar to measure the twitching
zone. G. sulfurreducens strains were incubated in strict anaerobic conditions for 7 days at 30 °C before

removing the agar.
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2.7 Appendix

The following pages contain the supplementary figures published with the manuscript, some of

which are referred to directly within this chapter.
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Supplementary Figure 2.1. Amino acid sequence alignment of T4P-like proteins.

Amino acid sequence alignment of the T4P-like proteins from different species showed that N-terminal
are highly conserved, while the C-terminal is divergent. Sequence conservation is rendered in red, and a
darker color represents a higher conservation score. For Geobacter-related species, PilA-N and PilA-C
sequences were fused together for comparison. Black arrow shows the location where the PilA-N
sequence ends. This sequence alignment was used to construct the phylogenetic tree shown in

Supplementary Figure 2.2.
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Yts1G Y. enterocolitica
PulG K. oxytoca
EspG V. cholerae

GspG B. cepacia
GspG G. sulfurreducens

91

XcpT P, aeruginosa
GspG M. loti
TTE1265 T. tengcongensis
OxpG G. sulfurreducens
PulG G. sulfurreducens

93

PilA M. xanthus

S00854 S. oneidensis
PilA R. metalliredurans

NE1308 N. europaea
PilA P._aeruginosa

FimA D. nodosus
PilA P. fluorescens

0.2 s PpdD E. coli
— 100[ PilE N. meningitidis
PilE N. gonorrhoeae
67 PilA-N-C G. bemidjiensis
PilA-N-C P. propionicus
PilA-N-C G. sulfurreducens

PilA-N-C G. lovieyi
PilA-N-C G. metallireducens
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Supplementary Figure 2.2. Phylogenetic analysis of pilin amino acid sequence.
Phylogenetic analysis of pilin amino acid sequence alignment of the T4aP (blue) and T2SS pseudopili
(green) from different species. For Geobacter-related species, PilA-N and PilA-C sequences were fused
together for comparison (shown in red). Numbers represent bootstrap values for each branch.
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Supplementary Figure 2.3. Rooted tree representation of the phylogenetic analysis.

Rooted tree representation of the phylogenetic analysis of pilin amino acid sequence alignment of the
T4aP (green) and T2SS pseudopili (blue) from different species. For Geobacter-related species, PilA-N

and PilA-C sequences were fused together for comparison (shown in red).



Protein Name MW (kDa) Coverage(%) iBAQ (x 109
GSU3305 10 67 317
GSU3402 10 57 127
GSU0360 46 75 72.8

GroL 58 88 69.2
GSU3547 27 69 66.1
OmcZ 49 23 524
CpoB 3 71 44.2
Eno 46 78 40.1
PpcA 10 27 35.9
GSuU0872 16 76 35.3
GInA 53 86 324
DegP 50 81 31.3
GSU2429 39 74 29
GSU0800 29 63 28.1
OmcE 24 22 221
OmpB 140 58 21
OmcC 81 41 20.9
OmcB 77 19 7.8
OmcQ 36 16 0.24
OmcP 30 16 0.23
OmcS 45 25 0.17
Omcl 37 4 0.15

Supplementary Figure 2.4. Lack of pili filaments under nanowire-producing conditions that

required long-range electron transport.

Solution mass spectrometry analysis of filament preparation from electrode-grown WT cells did not

show either PilA-N or PilA-C.

EC| PP

CY MEC
-
. -
-
-
—

a-
GreEl o

ApilA-N

PP

Supplementary Figure 2.5. Subcellular fractionation controls.

Immunoblot showing control for subcellular fractionation studies using cytoplasmic protein GroEL. EC:

Extracellular, PP: Periplasmic and CY: Cytoplasmic fractions. M: Marker.
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Supplementary Figure 2.6. lllustration of cryo-EM map quality.

a, The gold standard FSC calculated by RELION using 0.143 cutoff estimated the map to have a

resolution at 3.8 A. b, Map to model FSC using 0.5 criterion estimated the map resolution to be 3.9 A. ¢,
The per-residue real space correlation coefficient plot of the atomic model against the map for PilA-N. d,

The per-residue real space correlation coefficient plot of the atomic model against the map for PilA-C.
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Supplementary Figure 2.7. Full-length gel showing lack of pili proteins in extracellular fractions.

Immunoblot for subcellular fractionation of PilA-N and PilA-C in WT cells. Ex: extracellular, PP: Periplasm,

CY: Cytoplasm, IM

: Inner-membrane, OM: Outer-membrane.
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Supplementary Figure 2.8. Full-length gel showing overproduction of PilA-C in mutants lacking
cytochrome nanowires.

Immunoblot of PilA-C in WT, AomcS and AomcZ cells.
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Supplementary Figure 2.9. Full-length SDS-PAGE gel of PilA-N-C filaments purified from AomcS
cells.
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Supplementary Figure 2.10. Full-length immunoblot for PilA-N and PilA-C containing band
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Supplementary Figure 2.11. Full-length immunoblot for overexpressing PilA-N and PilA-Cin WT

G. sulfurreducens yielded pili-like filaments.
Immunoblot of whole cell lysate showing overexpression of a, PilA-N and b, PilA-C under induced

conditions.
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Supplementary Figure 2.12. Full-length gel showing lack of OmcZ nanowires in extracellular
fractions of ApilA-N cells.

Immunoblot for subcellular fractionation of OmcZ in WT cells and ApilA-N cells. EC: extracellular, PP:
Periplasm, CY: Cytoplasm, IM: Inner-membrane, OM: Outer-membrane.
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Supplementary Figure 2.13. Full-length gel showing lack of OmcZ; in filament preparations of G.
sulfurreducens strains in which pilA-N was replaced with pilA of P. aeruginosa (Gs-Pa).
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Supplementary Figure 2.14. Lack of polar mutations in ApilA, AomcS and AomcZ strains.

Lack of polar mutations in ApilA, AomcS and AomcZ probed by reverse transcriptase — polymerase chain
reaction (RT-PCR) using primers of downstream gene. Markers shows molecular weights in bp.

a-OmcZ a-OmcS
1:2000 1:2000

Supplementary Figure 2.15. Specificity of cytochrome antibodies using controls AomcS and
AomcZ.
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Supplementary Figure 2.16. Effect of periplasmic contamination in previous studies.

Side-by-side comparison of extracellular cytochrome preparation protocol used by Liu et al.*® and the
protocol used in this manuscript for outer-membrane (OM) and periplasmic (PP) fractions. The
extracellular cytochrome preparation by Liu et al. seems to contain periplasmic contamination as
evident by similarity with our periplasmic fractions.

MW
(kDa)

Cell Lysate

Supplementary Figure 2.17. Full-length gel of whole cell lysate showing overproduction of PilA-N
in mutants lacking cytochrome nanowires.

Immunoblot of PilA-N in WT, AomcS and AomcZ cells grown at 25°C (left lanes) and 30°C (right lanes).
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Supplementary Figure 2.18. Full-length gel of whole cell lysate showing overproduction of PilA-N

and PilA-C in mutants lacking cytochrome nanowires.
Immunoblot of GroEL, PilA-N, and PilA-C in WT, AomcS and AomcZ cells. M: Marker.
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a-OmcS a-OmcS a-OmcS

Supplementary Figure 2.19. Inmunoblotting with OmcS antibody showing the restoration of
secretion defect in OmcS nanowires in ApilA-N/PilA-N-C cells.

FP: Filament preparation. PP: Periplasmic fraction. M: Marker.
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Supplementary Table 2.1. Namdinator remodeling results.

Namdinator remodeling, did not improve the Ramachandran statistics.

Stats Input model Refinement after Namdinator
Clash Score 16.05 18.05

Favored 83.85% 80.82%

Ramachandran Outliers 0 0.3%

Rotamer Outliers 0 0.65%

CCvalue 0.84 0.86

Supplementary Table 2.2. ISOLDE remodeling results.

ISOLDE remodeling improved the statistics significantly.

Stats Input model Refinement after ISOLDE
Clash Score 16.05 6.63

Favored 83.85% 90.06%

Ramachandran Outliers 0 0

Rotamer Outliers 0 0

CCvalue 0.84 0.84
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Inter-subunit metal coordination in OmcS nanowires is essential for EET in vivo
and enables reversible assembly in vitro

This chapter is a reformatted presentation of a submitted manuscript:

Srikanth, V.*, Yi, S.M.*, Salazar-Morales, A.l.*, Guberman-Pfeffer, M.J., Jain, R., O'Brien, J.P., Gu, Y., Dahl,
P.J., Yalcin, S.E., Frenkel, A.l, Batista, V.S., Brudvig, G.W., & Malvankar, N.S. “Controllable assembly of
Geobacter cytochrome nanowires via tuning metal coordination is essential for extracellular electron
transfer.”

* These authors contributed equally.

The complete author contribution description accompanying this manuscript is reproduced below

(emphasis added):

V.S. established methods for nanowire depolymerization and self-assembly by carrying out gel
filtration, UV-vis, CD and TEM characterization, and purified and characterized nanowires for
these studies. S.M.Y. performed EPR spectroscopy and XAS data analysis. M. J.G-P performed molecular
dynamics simulations to assess filament stability as a function of pH. A.L.5-M. and R.J. constructed the
H16A mutant strain and A.l.S-M. performed biochemical and functional characterization of the strain.
S.M.Y. purified OmcS nanowires for EPR and XAS. J.P.O. performed initial nanowire purification and UV-
vis and CD spectroscopy. Y.G. assisted with CD and TEM characterization. P.J.D. performed initial
molecular dynamics simulations to compute dihedral angles under the guidance of V.S.B. S.E.Y.
contributed to analysis and interpretation of UV-vis data. A.l.F. guided XAS measurements and data
analysis, and G.W.B. guided EPR measurements. N.S.M. supervised the project. V.S., S.M.Y., and N.S.M.

co-wrote the manuscript with input from all authors.
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3.1 Summary

Polymerization of cytochromes is important in several biological processes, such as apoptosis, and
for development of bioelectronic materials. Although it has been known for more than half a century
that cytochromes can form polymers, synthetic polymerization methods have yielded only short
oligomers. In contrast, common soil bacteria Geobacter have evolved micrometer-long filaments of
cytochrome OmcS, which show seamless stacking of hemes for efficient electron transfer to
extracellular acceptors or syntrophic partner cells. However, the underlying polymerization mechanism
and its physiological relevance are unknown. Here we show that cytochrome polymerization is essential
for bacterial survival and is driven by pH-tunable inter-protomer metal coordination. We thus
demonstrate the controllable synthesis of cytochrome nanowires that have a remarkable ability to
function in extreme environments.

Microbial extracellular electron transfer is essential for a wide range of globally-important
environmental processes and for applications in bioenergy, biofuels, bioelectronics, and
bioremediation. Since 2005, type IV pili have been thought to mediate long-range (>10 um) EET in
diverse species. However, recent studies revealed that during EET, conductive “nanowires” on the
surface of Geobacter sulfurreducens are made up of cytochromes OmcS and OmcZ - whereas pili remain
intracellular, show low conductivity, and are required for the secretion of cytochrome nanowires. Out of
111 cytochromes, only OmcS and OmcZ are essential for EET — to minerals and electrodes, respectively.
Nevertheless, the physiological relevance of OmcS and OmcZ filaments has been strongly questioned.
Furthermore, the filaments’ underlying polymerization mechanism is unknown. Here, we show that pH-
tunable metal coordination across inter-protomer interfaces is essential for OmcS nanowire biogenesis
and EET in vivo, and enables reversible nanowire assembly in vitro. Electron paramagnetic resonance
and X-ray absorption spectroscopies reveal that hemes partially lose their axial histidine coordination at
low pH, a finding supported by UV-visible (UV-vis) and circular dichroism spectroscopies. Our studies
suggest that inter-protomer metal coordination provides a latch to direct subunit orientation, driving
nanowire assembly. We thus show that chemically tuning metal-ligand coordination and protein-

protein interfaces yields nanowires with controllable assembly. Our studies reveal a novel cytochrome
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polymerization mechanism distinct from previous examples of cytochrome assembly in engineered or
disease conditions. Harnessing the ability of bacteria to construct self-assembling and environment-
sensing supramolecular structures functional in acidic conditions and at high temperatures could yield

stimuli-responsive bioelectronics.

3.2 Introduction

In most cells, the biochemical chains of redox reactions that define the energy harvesting pathways
of life''® take place wholly within cellular compartments. The relevant electron transport mechanisms
are commensurate with the 1-2 nanometer length scales across which these reactions occur, relying on
electron tunneling/hopping between molecules and the diffusion of small electron carriers''* 2,
However, many environmental microbes exhibit the remarkable capacity to expand their electron
transport chain to span micrometers® 322" or even centimeters'??'?, reaching electron acceptors and
syntrophic partner cells over distances vastly exceeding the size of a single cell. Understanding the
ability of diverse bacteria to perform extracellular electron transport to and from organisms and
inorganic materials in their environment is critical — both for understanding environmentally important
biogeochemical processes, and for unlocking the potential of these biophysical mechanisms for
applications in engineering, renewable energy devices, and mixed biotic-abiotic systems'2'3,

Several longer-range EET processes are mediated by extracellular appendages referred to as
microbial nanowires> %24, Studies of the nanowires used by Geobacter sulfurreducens (Figure 3.1A) to
transfer electrons over micrometers to extracellular minerals*, syntrophic partner cells', or electrodes
in bioelectrochemical systems® identified that PilA, the hypothesized protein building block of these
filaments, was critical for certain EET processes involving microbial nanowires> %, These claims inspired
debate over whether aromatic amino acids in PilA could give rise to electron transport along such
putative filaments***, or whether instead EET in Geobacter was likely to be mediated by the abundant
cytochromes produced in the biofilms performing EET* 3!, Direct structural and biochemical studies of

the nanowires obtained from cells under conditions requiring EET demonstrated the existence of
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protein polymers consisting of multiheme outer membrane cytochromes OmcS>*>* and OmcZ®%. To
date, the only experimentally determined high-resolution structures available for microbial nanowires
from G. sulfurreducens are those of OmcS filaments. However, the physiological role and natural
assembly of cytochrome nanowires has been questioned>> %3,

Further driving interest in OmcS filaments'32 '3 is the fact that protein-based electronic

nanomaterials have the potential to offer features critically needed for the next-generation of

bioelectronics, including mechanical flexibility, controlled biological properties, and mixed electronic
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Figure 3.1. Histidine 16 is required for OmcS filament assembly and EET.

A, TEM image of intact OmcS nanowires emanating from a Geobacter sulfurreducens CL-1 cell (scale bar,
200 nm). B, Cryo-EM structure of OmcS nanowires (PDB ID: 6EF8) showing the stacked hemes (grey)
along the filament core (scale bar, 20 nm), and C the inter-subunit site of heme iron coordination
associated with residue His16 (scale bar, 5 A). D, H16A mutation in omcS abolishes OmcS filament
production in strain CL-1 (scale bar, 200 nm). E, Growth on insoluble Fe(lll) oxide shows reduced ability
of strain H16A (teal) to transfer electrons extracellularly compared with the parent CL-1 strain (pink),
similar to cells in which the omcS gene was deleted (purple). Error bars show standard deviation, n =3
biological replicates.
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and ionic conductivity'*. Aside from protein-based microbial nanowires, proteins have long been
considered to be electronic insulators, transferring electrons over only 1-2 nanometers and losing
functionality under non-physiological conditions'>'*. OmcS nanowires can transport electrons
efficiently over micrometers due to their long-range seamless arrangement of hemes stacked within
edge-to-edge distances of ~3.5-6 A (Figure 3.1B)**%*. Cryogenic electron microscopy showed that the six
bis-histidine ligated hemes in each OmcS protomer are arranged in three parallel-stacked pairs, with
each heme pair perpendicular to the other pairs in a T-shaped geometry. The interface between
subunits shows axial coordination of heme 5 in each subunit by histidine 16 (His16) in the neighboring
subunit (Figure 3.1C). This long-range polymerization of OmcS was itself surprising, given that
supramolecular assemblies of heme proteins had been studied for over fifty years® prior without any
indication that such an assembly could be physiologically required for cell respiration. Prior studies have
examined the engineering potential of cytochrome c oligomerization that relies on a protein domain-
exchange mechanism>*®'. However, this mechanism does not appear compatible with the OmcS cryo-
EM structures, as the OmcS protomers within the filament do not appear to have multiple domains that
could be exchanged during the polymerization process. Therefore, a novel mechanism must be invoked
to explain the formation of OmcS nanowires. The inter-subunit metal coordination observed in OmcS
had previously been observed in other cytochrome dimers'*® %, but no prior work had suggested that
such an interaction could support the incorporation of thousands of monomers into a stable
micrometer-scale assembly.

In this work, we address fundamental questions about the physiological role of OmcS filaments in
G. sulfurreducens EET, and advance our understanding of the biophysical mechanism by which OmcS
filaments are assembled. To directly understand the biological function of OmcS nanowires, we made a
targeted mutation to the His16 residue responsible for inter-protomer metal coordination in the cryo-
EM structures. If the well-established physiological importance of OmcS* %% were to be attributable
solely to OmcS monomers — and OmcS polymers were to be considered biologically irrelevant® - then
this nanowire-disrupting mutation should have no effect on EET. Instead, we find that disruption of

inter-protomer metal coordination affects OmcS nanowire biogenesis and that the resultant lack of cell-
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attached OmcS filaments results in a defect in extracellular reduction of insoluble Fe(lll) oxide.
Furthermore, we find that His16 is required for localization of OmcS to the outer membrane and that WT
OmcS expressed in cells is not monomeric when localized to the outer membrane. This finding is
incompatible with previous models which proposed that OmcS mediates EET via monomers localized
extracellularly along non-cytochrome filaments. Our experiments thus provide direct evidence that
polymerization of cytochromes into nanowires is essential for EET.

To determine the mechanism of OmcS polymerization, we directly probe the role of metal
coordination in the oligomerization of OmcS. Iron-coordinating histidine residues become
deprotonated to form imidazolate at high pH; at low pH they form imidazolium, potentially disrupting
histidine-metal coordination interactions'? ¥, We find that, due to the flexible nature of ligation'#?,
controlling the protonation of these residues via pH manipulation drives reversible disassembly and
self-assembly of OmcS nanowires, and we confirm via a suite of complementary spectroscopic methods
that these transitions between monomers and polymers are accompanied by the expected changes in
metal coordination without denaturation of the OmcS protein. We further utilize computational
modelling to compare the strength of the inter-subunit metal coordination interactions to the strength
of protein-protein interactions at the subunit interfaces and find that the strength of these interactions
is comparable. Our findings suggest a model wherein inter-protomer metal coordination serves as a

latch to stabilize the relative orientation of subunits during nanowire assembly.

3.3 Results

3.3.1 His16 is necessary for in vivo OmcS polymerization and EET to Fe(lll)

We substituted His16 for an alanine in the omcS gene of OmcS-overexpressing CL-1 strain*® G.
sulfurreducens, creating strain H16A. Unlike wild-type CL-1 cells (Figure 3.1A), strain H16A cells do not
display any OmcS-like filaments (Figure 3.1D). As the omcS gene is essential for reduction of insoluble
Fe(lll) oxide®47:4°, we further examined whether the absence of OmcS filaments would affect this EET
process. We found that strain H16A cells have a reduced ability to transfer electrons extracellularly to

Fe(lll) oxide (Figure 3.1E) compared with the parent CL-1 strain.
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Compared to strain CL-1, H16A cells also produce a lower amount of OmcS protein (Figure 3.2A,
Figure 3.3). Despite this difference in observed protein abundance, the transcription level of omcS in the
mutant strain was higher than in the parent strain (Figure 3.3A-B), indicating that an inability to
polymerize impacts the stability of OmcS protein in vivo. To further understand how the H16A mutation
impacted potential assembly of OmcS filaments, we assayed subcellular fractions of the H16A and CL-1
strains for the presence of OmcS protein. We detected OmcS protein in the cytoplasmic, periplasmic,
and outer-membrane associated fractions of strain CL-1 - but found no OmcS associated with the outer
membrane in strain H16A (Figure 3.2C). This suggested that OmcS may be required to polymerize in
order to be properly localized to the outer membrane.

Since we have observed that OmcS filaments are stable in the presence of SDS if they are not
heated, we devised a simple assay to check whether or not the OmcS we observed in the subcellular
fractions was in a monomer form. We further evaluated the subcellular fractions using SDS-PAGE with
and without the heat treatment that is usually applied when preparing SDS-PAGE samples, creating

quasi-“native” and “denatured” versions of each fraction. By including purified filamentous and
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Figure 3.2. Comparative localization of wild-type and H16A OmcS suggests no role for OmcS
monomers in EET.

A, RT-gPCR analysis of RNA extracted from strains CL-1 and H16A indicates that OmcS transcripts are
more abundant in the mutant. B, Immunoblotting of subcellular fractions of strains CL-1 and H16A
indicates that the H16A mutation prevents localization of OmcS to the outer membrane. C,
Immunoblotting of whole cell lysates (20 pg protein each lane) after five days of growth in fumarate
media indicated that strain H16A produces a lesser abundance of OmcS protein than strain CL-1
(quantified immunoblot signal visualized, see Figure 3.3).
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monomeric samples of OmcS (see subsequent results sections), we could correlate the appearance of
OmcS at the expected molecular weight to a high abundance of either polymeric or monomeric OmcS
in a sample; samples which showed ~50 kDa OmcS only in the denatured version of a sample indicated
that OmcS was present in a polymerized form (Figure 3.4C).

The amount of OmcS protein in the subcellular fractions is greatly reduced compared to our control

for monomeric OmcS, making it difficult to detect OmcS in any of the “native” subcellular fractions even
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Figure 3.3. Assessment of OmcS production in CL-1 and H16A strains cultured in NBAF liquid
media.

A, Agarose gel visualization of RT-PCR products produced from omcS, recA, pilA-N, and pilR transcripts
present in total RNA extracted from strain CL-1 or H16A cells after either 3 or 5 days of growth. B,
Relative abundance of omcS transcripts normalized to recA transcript, as assayed by RT-gPCR. C-F,
Immunoblots and subsequent densitometry analysis illustrating the abundance of OmcS and GroEL
proteins in whole cell lysates of strain CL-1, AomcS, and H16A; lanes from each strain correspond to
comparable culture volumes. G-H, Immunoblot and subsequent densitometry analysis visualizing
OmcS abundance in outer surface preparations, periplasmic fractions, or whole cell lysates of strains CL-
1 and H16A. 1, Typical growth curve illustrating cell density observed when growing strains CL-1 and
H16A in liquid media.
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Figure 3.4. Assessment of OmcS and PilA-N protein abundance in subcellular fractions from
strains CL-1 and H16A.

A, Anti-OmcS immunoblot of soluble component of the subcellular fractions presented in Figure 3.2B;
lack of meaningful signal in any lanes indicates that OmcS present in these fractions is not well
solubilized in these samples. B, Anti-PilA-N immunoblot of the same, soluble component of the
subcellular fractions, indicated that soluble PilA-N was present in these samples, though notably not in
outer membrane-associated or extracellular fractions. C, Heme staining visualization of c-type
cytochromes and anti-OmcS immunoblot of the insoluble component of subcellular fractions from
strains CL-1 and H16A, here compared when samples were or were not boiled prior to resolution in
SDS-PAGE. Purified OmcS filament and monomer samples are provided for comparison and to illustrate
the differential effect of heating or not heating the sample on monomeric and polymeric OmcS.
Molecular wieght standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
D, Anti-PilA-N immunoblot of the same, insoluble component of the subcellular fractions.
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from compartments (e.g., cytoplasm) where the protein would be very likely to be presentin a
monomer form. However, fractions which contained polymeric OmcS showed a clear difference
between the “native” and “denatured” conditions with ~50 kDa OmcS being absent in the “native”
condition and present in the “denatured” condition. This differentiation indicated that in the CL-1 strain,
OmcS appears to already be in a polymeric state in the periplasmic and outer membrane associated-
fractions. Together, our results indicate that the ability to polymerize is necessary for the proper
localization of OmcS, and that monomeric OmcS is not present at or beyond the outer membrane,
where OmcS is known to be involved in EET.

3.3.2 Nanowires disassemble into monomers at low pH

Having established the role of inter-protomer metal coordination in biological OmcS filament
assembly, we sought to further understand the role of metal coordination in in vitro filament stability.
We purified nanowires from G. sulfurreducens CL-1%, which produces a high abundance of OmcS (Figure

3.5). Nanowires exhibit a sinusoidal morphology with a pitch of approximately 20 nm in negative-stain

A B C [Protein Name | MW (kDa) Coverage (%) IBAQ (x108)
kDa o OmcS 45 53 79.7

19 ) kDa HybL 62 71 15.8

100 - 75 — GSU2493 32 82 15.6

70 -t - - GSU3547 24 83 9.2

55 - 50— - OmpB 140 56 8.6

40 . & 37— . GSU3242 8 42 8.4

35

25 - D Matched peptides in OmcS shown in bold.

1 MKKGMKVSLS VAAAALLMSA PAAFAFHSGG VAECEGCHTM HNSLGGAVMN
51 SATAQFTTGP MLLQGATQSS SCLNCHOHAG DTGPSSYHIS TAEADMPAGT
101 APLOMTPGGD FGWVKKTYTW NVRGLNTSEG ERKGHNIVAG DYNYVADTTL
151 TTAPGGTYPA NQLHCSSCHD PHGKYRRFVD GSIATTGLPI KNSGSYQNSN
‘I 5 - 201 DPTAWGAVGA YRILGGTGYQ PKSLSGSYAF ANQVPAAVAP STYNRTEATT
251 QTRVAYGQGM SEWCANCHTD IHNSAYPTNL RHPAGNGAKF GATIAGLYNS
301 YKKSGDLTGT QASAYLSLAP FEEGTADYTV LKGHAKIDDT ALTGADATSN
351 VNCLSCHRAH ASGFDSMTRF NLAYEFTTIA DASGNSIYGT DPNTSSLQGR
401 SYNEMTAAYY GRTADKFAPY QRALCNKCHA KD

25

Figure 3.5. Sodium dodecyl sulfate polyacrylamide gel electrophoresis and mass spectrometry
analysis of OmcS samples used in this work.

A, Resolution on a 4-12% bis-tris non-reducing polyacrylamide gel of OmcS samples used for TEM, CD,
and UV-visible spectroscopy characterizations, showing that the majority of the protein in the sample
has a mobility suggesting a mass of approximately 45 kDa, consistent with the expected molecular
weight of OmcS with six covalently bound heme moieties. B, SDS-PAGE analysis of OmcS samples used
for EPR (and EXAFS) characterizations shows a similar profile, and the dominant band was extracted,
subjected to tryptic digest, and analyzed by LC-MS/MS shown in the following C, iBAQ scores for
identified proteins and D, matched peptides in the OmcS sequence.
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TEM imaging that remains unchanged from pH 12 to 2.3 (Figure 3.6A-B), consistent with the cryo-EM
structures (Figure 3.1B)**>* Several protein-denaturing agents or specific reagents expected to disrupt
histidine-metal interactions'* ** have no apparent effect on the filaments, demonstrating the high
stability and robustness of OmcS nanowires (Figure 3.7A-E). However, nanowires disassemble into
monomers at pH 1.8 (Figure 3.6C). Treatment with guanidine-HCl, extended heating with detergent, or
disruption of metal coordination with imidazole'** also results in disruption of the OmcS filaments
(Figure 3.7F-H). The pH 1.8-treated OmcS shows a monodisperse elution profile in gel filtration
corresponding to a smaller molecular size than was observed for the intact filaments (Figure 3.6D),
consistent with the TEM results.

We examined the secondary structure of filamentous and depolymerized OmcS via circular
dichroism spectroscopy (Figure 3.6E, Figure 3.8A). CD can readily capture structural changes in proteins,
as exemplified by our analogous measurements of horse heart cytochrome c and of PpcA, a tri-heme
periplasmic cytochrome ¢ from G. sulfurreducens (Figure 3.8B-C). Our measurements of horse heart

cytochrome c are consistent with prior work™®, Our far-UV CD spectra of OmcS nanowires show a mostly
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Figure 3.6. Disassembly of OmcS nanowires at low pH.

A, B, TEM images of purified OmcS filaments at pH 12 (A) and in a dense film at pH 2.3 (B). C, At pH 1.8,
filaments disappear in TEM (A-C, scale bar, 50 nm) and D, gel filtration of pH 1.8-treated OmcS indicates
a large decrease in particle size consistent with filament disassembly. E, F, CD spectra showing that
secondary structure content (E) remains similar, but the heme environment (F) is altered upon low-pH
OmcS filament disassembly (red).
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coil structure', consistent with the cryo-EM structure® >4, OmcS depolymerized at pH 1.8 shows
secondary structure content similar to the filamentous state. These studies provide no indication that
the depolymerization induced substantial structural change in OmcS.

The CD spectra in the Soret band region reflect the heme environment'# %, Intact OmcS
nanowires show a bisignate Cotton effect centered at 415 nm which is suppressed in OmcS
depolymerized into monomers (Figure 3.6F, Figure 3.8D). PpcA also shows similar behavior, but horse
heart cytochrome ¢ does not, suggesting that the high-pH presence and low-pH suppression of strong
CD features in this region could be unique to multiheme cytochromes with hemes in close proximity to
one another (Figure 3.8D-F). Such Cotton effects are attributable to excitonic coupling of the hemes and

are sensitive to the heme environment'%"2, Therefore, the lack of a Cotton effect in OmcS monomers

suggests a large change in the heme environment upon depolymerization.

Figure 3.7. OmcS filaments remain intact under many conditions but can be disrupted by several
specific chemical treatments.

A, Crude-extracted OmcS filament samples in pH 10.5 ethanolamine solution (scale bar, 400 nm) retain
their appearance when equilibrated against a similar solution with the addition of 200 mM sodium
azide (B, scale bar, 200 nm) or 5 mM sodium cyanide (C, scale bar, 200 nm), which were considered
reagents that specifically targeted metal coordination interactions in cytochromes ¢, or with the
addition of 4 M urea (D, scale bar, 600 nm), which was considered a generic protein denaturant.
Filaments are also unaffected by the addition of 100 mM histidine (E, scale bar, 1 uM), but addition of 4
M imidazole, which was expected to disrupt metal coordination interactions via a similar mechanism,
leads to the disappearance of nearly all filaments in TEM (F, scale bar, 200 nm). OmcS filaments can also
be mostly or completely disrupted by some generic protein-denaturing conditions, e.g., addition of 4 M
Gdm-HCI (G, scale bar, 400 nm) or incubation for 2 hours at 80 °C in the presence of 0.01% Triton X-100
(H, scale bar, 200 nm).
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3.3.3  UV-vis spectroscopy suggests loss of histidine coordination in OmcS monomers

OmcS filaments remain dispersed in solution at pH 10.5, but sediment into a hydrogel after
centrifugation in a variety of low ionic strength solutions from pH 3-10 (Figure 3.11A-C). Intact OmcS
nanowires show characteristic features of oxidized c-type cytochromes with low spin (LS) hemes, with a
strong Soret absorption at ~410 nm and broad Q-bands at ~530 nm and ~565 nm' (Figure 3.9A-B,
Figure 3.10A-C). In contrast, OmcS monomers exhibit a visible color change (Figure 3.11D). The Soret
band blue shifts by ~20 nm to ~390 nm and decreases in maximum intensity, whereas intensity in the
350 nm region typically associated with the 6 peak'®® increases. The Q-band absorptivity is also blue-
shifted, by roughly 30 nm. Blue shifts in the Soret and Q-bands have been attributed to the appearance
of high spin hemes in other cytochromes ¢ due to loss of metal coordination'>*2, pH-depolymerized
OmcS monomers also exhibit the appearance of a new absorption band around 635 nm (Figure 3.9C),

likely the porphyrin — Fe(lll) charge transfer (CT) band observed in high spin hemes'®> 133134 PpcA also

A Circular Dichroism of OmcS B Circular Dichroism of PpcA C Circular Dichroism of Horse Heart
: in Far UV Region in Far UV Region Cytochrome C in Far UV Region
A 1 bl 1 T 0T —— Phosphats pH 7.0
S 4 ] — © \ Phasphate pH 2.3
£ - £ 0 \ E \ — Cammpizs
] o = T \ Corate pH 2
“E 5 i b /f‘ Phesphate pH 12.0 NE L E |
g | / Ethanalarmine pH 10.5 S -w ] A
[~ Jry ——  Trigthanalamine pH 8.0 - g 0 1
'g I Phosatate pH 7.0 é \ Phasphate pH 7.0 'E W
= 15 —— Acelate pH 3.6 = =40 \ Phasphate pH 3.1 = W /
s : ——  Phosphate pH 3.4 ) 1 —— Phosphate pH 2.3 Ll B e s
= a0 Frcephata pH 2.3 ey '-., — CitrstepH 2.3 - ‘&c . \/
o) ——  Phosphats pH 1.6 g ——  Phosphate pH 1.8 T
=25
200 220 240 260 230 200 220 240 260 260 200 220 20 ) )
Wavelangth (nm) Wavelength (nm) Wavelangth (nm)
D Circular Dichroism of OmcS E Circular Dichroism of PpcA F Circular Dichroism of Horse Heart
in Soret Band Region in Soret Band Region .. Cytochrome C in Soret Band Region
e —— Phosphate pH 7.0 < —_— l-'haspn ate pH 7.0
T . Phosphite gH 3.1 R trale H 23
E —— Phasphate pH 2.3 E w —— Phosphatn pH 23
~ Cilrate pH 2.3 LT
§ /\ Phospheta pH 18 § os
o = o ——
£ 2 —
E - — E s
" = /‘m -
‘¢;_. - ‘O_ 1.0
= = 15
[ g s
= ' 20 ' ' ' . '
p 5 - M P 8 400 420 40 440 380 400 420 440 60
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3.8. Circular dichroism spectroscopy indicates that OmcS secondary structure is relatively
invariant across a wide pH range, while heme environment-related features appear unique to
intact nanowires.

A, Molar ellipticity of OmcS in the far-UV region does not vary significantly across a broad pH range. Tri-
heme cytochrome ¢ PpcA (B) and mono-heme horse heart cytochrome ¢ (C) show changes in far-Uv CD
as the pH was lowered. Molar ellipticity in the Soret band region shows that the OmcS absorptivity (D)
was relatively invariant as a function of pH or buffer, except when the pH was lowered such that the
filament was depolymerized. PpcA (E) and horse heart cytochrome c (F) have distinct features at
circumneutral pH compared to filamentous or depolymerized OmcS. The intensity of the features for
PpcA and horse heart cytochrome ¢ show a more straightforward pH titration effect that is dissimilar to
the binary behavior of OmcS. Phosphate, citrate, etc. as indicated in these and other plots refer to dilute
solutions of the pure acid form titrated with HCl or NaOH, see methods.
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shows a bimodal absorption feature near the Soret region when equilibrated at low pH, but horse heart
cytochrome ¢ shows only the expected blue shift'*>. This suggests that the combination of the blue shift
with the change to the absorption feature shape at low pH is unique to multiheme cytochromes (Figure
3.10D-l) and could potentially arise from unique interactions between the protein, high spin hemes, and
solvent at low pH.

We purposely denatured a low-pH OmcS sample by adding sodium dodecyl sulfate, an anionic
detergent widely used to disrupt protein folding, to differentiate between depolymerization and
denaturation. Notably, the UV-vis absorptivity of denatured OmcS is substantially different from that of
OmcS monomers (Figure 3.9D). The bimodal peak shape in the Soret region collapses into a single peak
with a similar maximum position near 390 nm. The lack of the bimodal absorption feature in SDS-
denatured OmcS confirms that this unique spectral property arises from heme interactions involving

the protein residues and structure, and thus further demonstrates that low pH alone does not cause

denaturation of OmcS.
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Figure 3.9. OmcS shows features suggestive of high spin hemes when depolymerized at low pH.

A, Low-pH depolymerization of OmcS results in a blue shift of the Soret absorbance, a decrease in peak
intensity, substantial broadening due to peak overlap and an increase at 350 nm near the & peak region
(red). B, Q band absorption of pH-depolymerized OmcS is blue-shifted similarly to the Soret absorbance,
and also decreased in maximum intensity (red). C, pH-depolymerized OmcS exhibits a charge transfer
band in the region of 630 nm that is absent in the intact filament. D, Overall shape of UV-vis spectral
features in the Soret and 6 peak overlap region (ca. 350 nm) observed in pH-depolymerized OmcS (red)

collapse to a single peak in SDS-treated sample at low pH (purple). (Results of SDS addition at pH 1.8 are
similar to those for pH 2.3).
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Figure 3.10. UV-visible spectroscopy shows changes associated with OmcS depolymerization that
appear typical for multiheme cytochromes c equilibrated at low pH.

A, B, C, Absorptivity of OmcS in the region of the Soret (A), Q (B), and CT (C) bands does not appear
significantly affected by the phase separation or precipitation behavior. Blue shifts in the Soret and Q
bands, and appearance of the CT band, are observed when the filament is depolymerized at low pH. D,
E, F, Absorptivity of PpcA in the region of the Soret (D), Q (E), and CT (F) bands shows three distinct
spectra, suggestive of only low spin hemes in phosphoric acid pH 7-3.1, a mixture of low- and high spin
hemes in citric acid pH 2.3, and a further increase in the proportion of high spin hemes in phosphoric
acid pH 2.3-1. The shape of the Soret band absorption at low pH is similar to that of depolymerized
OmcS. G, H, I, Absorptivity of horse heart cytochrome c in the region of the Soret (G), Q (H), and CT (I)
bands shows spectral shifts previously attributed to appearance of high spin heme at low pH, lacking
the complex feature in the Soret region.
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A piperidine phosphate ethanclamine B triethanolamine phosphate phosphate
pH 12 pH 12 pH 10.5 pH 8 pH7 pH 3.1

150 mM C D 150mm
ethanolamine acetate ethanolamine phosphate
pH 10.5

pH 3.8 pH2 pH 1.8

Figure 3.11. Characterization of OmcS filament phase separation, precipitation, and color
change.

Ca. 10 uM OmcS filament samples were exhaustively dialyzed against the indicated solutions and
subsequently diluted 1:4 in the indicated buffer, then centrifuged. A, Solutions with low ionic strength
in the approximate pH ranges of 2-3 and 10-12 result in nanowires remaining dispersed after
centrifugation. B, Solutions with low ionic strength in the approximate pH range 3-10 result in
nanowires separating from the solution into a gel-like phase. Based on the cytochrome-characteristic
color, this material likely contains a significant amount of water. C, Certain buffering agents, as well as
high ionic strength solutions, result in a sedimentation of nanowires into a highly compact pellet. D,
Low pH solutions that depolymerize the filaments result in a color change in the sample which appears
as a decrease in color intensity at low OmcS concentrations and a change in color from red to brown at
high OmcS concentrations. The pictured sample for the 150 mM ethanolamine pH 2 condition consists
only of the material not precipitated after the dialysis step (see Figure 3.14). Buffering agent
concentration and type are as described in methods below, except where indicated.
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3.3.4 EPRspectroscopy reveals features unique to filamentous OmcS and a more
homogeneous heme environment at the physiological pH

We have used low-temperature (< 10 K) X-band electron paramagnetic resonance spectroscopy to
directly characterize the electronic configuration of Fe(lll) ions at the centers of the heme cofactors'>'’.
The EPR analysis allows us to further probe specific changes in metal coordination implicated in
filament disassembly. A previous EPR study of OmcS was performed using samples purified under
extreme conditions using SDS detergent and boiling*’, which likely resulted in non-native,
depolymerized OmcS. Here we performed EPR spectroscopy under conditions that maintained intact
OmcS nanowires. As the cryo-EM structure of the OmcS nanowires® was solved at pH 10.5, we first
analyzed the EPR spectrum at pH 10.5 to assign spectroscopic species to hemes of the intact nanowire

structure. The EPR spectrum at pH 10.5 shows characteristic low spin (S = 1/2) ferric heme features
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Figure 3.12. EPR spectroscopy reveals appearance of high spin heme subpopulation associated
with depolymerization of OmcS.

Representative structures for simulated low spin hemes: A, Highly anisotropic low spin, with
perpendicular dihedral angle between two imidazole ring planes of histidine, B, LS1, with parallel
dihedral angle between two imidazole ring planes, C, LS2, with deprotonated, anionic form of one of
the imidazole rings, and D, LS3, with hydroxide ligand. E, Representative structure for simulated high
spin heme. F, Spectrum at pH 2 (red) and overlay of spectra at pH 7 (green) and pH 10.5 (blue) with g-
values on the top x-axis. G, Deconvolution of spectrum at pH 10.5. Experimental spectrum (grey) is
overlaid with sum of simulation of heme components (red) with two HALS hemes (light blue and green)
and three LS hemes (blue, purple, and pink). H, Deconvolution of the pH 2 spectrum. Experimental
spectrum (black) is overlaid with the sum of the simulation of heme components (red).
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(Figure 3.12A-D,F-G), consistent with the cryo-EM structure. We deconvoluted the EPR spectrum at pH
10.5 (Figure 3.12F-G, Table 3.1 and Table 3.2) to distinct ferric heme features for bis-histidinyl
coordination with either perpendicular (large gma.x1 and 2) or parallel (LS1) alignment of imidazole-ring
planes found for the axial histidine ligands'’. Other ferric heme signals identified are indicative of an
axial coordination by an anionic histidine or imidazolate' 8 (LS2) and of metal coordination involving
a hydroxide ligand'*>? (LS3). Thus, the EPR spectrum of intact OmcS filaments is substantially different
than the spectrum reported for detergent- and heat-treated OmcS*, emphasizing the unique electronic
structure of filamentous OmcS. We also measured EPR spectra of OmcS filaments in a pH 7 solution and
found a more homogenous heme environment in this condition due to the disappearance of signals for

hemes coordinated by imidazolate (Figure 3.12F and Figure 3.13).
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Figure 3.13. EPR spectroscopy reveals a more homogenous heme environment at pH 7 compared
to pH 10.5.

A, B, Overlay of spectra at pH 7 and 10.5 in full (A) and zoomed near g=3 (B). C, Experimental pH 7
spectrum (grey) is overlaid with sum of simulation of heme components (red) shown separately below.
As the pH is lowered from 10.5 to 7, heme species LS2 with imidazolate diminish in signal intensity and
converge into LS1 hemes with g,=2.98, decreasing the five heme environments observed at pH 10.5 to
only three major species: a HALS species with only one gmax value of 3.40 and two low spin species, LS1
(g-=2.98) and L3 (g,=2.52). The g, =2.98 peak for the more rhombic low spin species is highly
asymmetric, indicating contributions from minor heme species. This reduced number of heme species
is likely due to increased protonation and hydrogen-bonding at pH 7 that could cause heme 3 and 6 at
pH 7 to have similar dihedral angles, making both HALS species nearly identical, giving one large gmax
signal. The absence of LS2 heme signal at pH 7 is consistent with instability of the anionic form of
histidine at lower pH.

64



Table 3.1. Principal g-tensor values of heme species contained in OmcS nanowires determined by
simulations of the X-band EPR data at different pH conditions.

9: 9y 9x
pH 10.5
Large gmax1 3.5199 1.7896 0.5331
Large gmax2 3.4072 2.044 0.7041
LS1 3.0995 2.2019 1.5322
LS2 2.8734 2.1858 1.8054
LS3 2.487 22514 1.8268
pH7
Large gmax 3.42953 1.79154 0.762921
LS1 2.98924 2.19152 1.51517
LS2 2.51809 2.24881 1.81346
pH 2
HS 2.0114 5.8698 5.8427
LS1 2.9676 2.1571 1.4372
LS2 2.6169 2.2299 1.8596

Table 3.2. Ligand field parameters of heme species in OmcS nanowires determined by

simulations of the X-band EPR data.

V/A AN >(a,b,c)? V/A
pH 10.5
Large gmax1 0.78 1.15 0.999 0.29
Large gmax2
LS1 1.62 24 1 0.29
LS2 1.97 1.47 0.999 0.5
LS3 4.08 11.33 1 0.44
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3.3.5 EPRand X-ray absorption spectroscopy confirm the loss of an axial histidine ligand in
depolymerized OmcS

At pH 2, an axial EPR signal (g,# gy,= g.) is observed near g = 6 from a high spin (HS) ferric heme with
S=5/2 (Figure 3.12E-F,H). This resonance signal indicates a tetragonal symmetry of the high spin heme
due to the 4-fold symmetry of the porphyrin-ring around the magnetic z-axis'*> '*® and is indicative of
loss of an axial histidine ligand. The sample used for TEM, CD, and UV-vis characterizations, when
prepared in this pH 2 condition, exhibits noticeable precipitation (Figure 3.14A). The fraction of the
sample which remains well-solubilized shows UV-vis spectral shifts similar to pH-depolymerized OmcS
(Figure 3.14B-D). The observed insolubility may limit pH-induced depolymerization in this condition,
yielding a mixture of filamentous and pH-depolymerized OmcS. X-ray absorption spectroscopy (XAS) is
another powerful method to probe the role of ligand binding on heme conformation'® '®'. We found
the rising-edge energy positions of heme irons in OmcS at 7118.8 eV and 7120.6 eV for pH 10.5 and pH
2, respectively, at the 1 inflection point (Figure 3.15A-B). Thus, our work shows that the high spin heme
irons in OmcS at pH 2 are shifted ~1.8 eV higher in energy compared to the low spin heme irons at pH
10.5 in @a manner similar to hydroxy-myoglobin, which also shows a comparable edge-shift (~4 eV) due

to spin-state change'®. Extended X-ray Absorption Fine Structure (EXAFS) spectra for OmcS nanowires
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Figure 3.14. OmcS filaments in pH 2 ethanolamine exhibit UV-visible spectroscopic features
suggestive of high spin along with readily visible precipitation.

A, Dialysis of approximately 10 pM OmcS filament sample against pH 2 150 mM ethanolamine solution
results in precipitation of material without any centrifugation and light scattering visible as apparent
turbidity of the mixture. B, C, Attempts to measure the UV-vis absorption spectrum of this sample were
hindered by the aforementioned scattering, so measurements were made of the absorptivity of both
the portion of the sample which remained in solution (“unmixed”) and for the sample after suspension
of the visible aggregates (“mixed"”) in the region of the Q (B) and CT bands (C). Both the mixed and
unmixed sample show some evidence of the blue shift of the Q bands and appearance of the CT band
which was observed in more homogenous samples of pH-depolymerized OmcS. (D) Overall UV-visible
spectrum collected from the mixed sample suggests a blue shift in the Soret band from the ~410 nm
low spin position, against a background of very high scattering. Data in this panel is presented without
any baseline correction, see methods.
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at pH 10.5 display a first peak which corresponds to an Fe-N distance'® '® of 1.88 A (Figure 3.15C-D,
Table 3.3).

The ligand coordination number, averaged over all heme iron ions determined from EXAFS is 3.4 +
0.7 for OmcS nanowires at pH 10.5. Given that four porphyrin-ring nitrogens and two imidazole-rings
axial nitrogens contribute to the EXAFS spectrum (Figure 3.15A inset), this result indicates that the axial
Fe-N bonds are much weaker than those of the porphyrin-ring nitrogens and, consequently, have much
larger bond length disorder compared to the equatorial ones, preventing their detection by EXAFS'®*
164 In contrast, EXAFS at pH 2 shows 5.3 + 1.0 ligands, indicating that, in addition to the 4 equatorial
ligands from the porphyrin ring, a contribution from an axial ligand (from an imidazole ring) is also
detectable. This finding of a strong contribution of one axial ligand partner for heme irons in OmcS at
pH 2, in contrast to weak contributions of two axial ligands for heme irons at pH 10.5, explains the more

intense 1 peak in EXAFS at pH 2 than at pH 10.5 (Figure 3.15C-D). These EXAFS results therefore
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Figure 3.15. XAS confirms a loss of histidine coordination in depolymerized OmcS.

A, Fe K-edge XAS data for OmcS in pH 10.5 (blue) and pH 2 (red), ferric (Fe**) iron standard (grey), and
mixed ferrous and ferric (Fe*, Fe**) iron standard (black dotted line). B, The Fe K-edge first-derivative
spectra with first inflection-point energies. C, Magnitudes of Fourier transforms (FTs) of the k*-weighted
Fe K-edge EXAFS spectra for OmcS and iron standards (k-range: 1.5-8 A") show an increased intensity in
pH 2 for a larger Fe-N coordination. D, FTs of the EXAFS data and fits for OmcS at pH 2 (red) and 10.5
(blue).
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suggest that the loss of an axial histidine ligand at low pH leads to a stronger N-Fe bond from the
remaining axial ligand. Thus, the EPR and EXAFS results confirm that the observed low-pH
depolymerization of OmcS was associated with the loss of histidine ligands from the heme iron centers.
Table 3.3. Structural parameters (coordination numbers (CN), bond lengths, and their mean

square deviations for Fe-N pairs) obtained from EXAFS analysis for OmcS nanowires at pH 10.5
and 2.

Sample CN R (A) o2 (AY
pH 2 53+ 1.0 1.84+0.02 0.0042 (fixed)
pH 10.5 34+07 1.88 +0.02 0.0042 + 0.0030

3.3.6 Controllably reversible nanowire assembly

Low-pH disassembly of nanowires is reversible as evinced by the reappearance of the typical
filament morphology in TEM at higher pH (Figure 3.16A). A fraction of such samples shows the same pH-
dependent bulk behavior that we observed for filaments extracted from Geobacter (Figure 3.17A-B). We
compared TEM images of these re-polymerized filaments to images of untreated filaments. Power

spectrum analysis of the untreated and re-polymerized filaments’ helical symmetry indicates no
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Figure 3.16. Repolymerized OmcS recovers filament-like characteristics in a pH-dependent
manner.

A, TEM imaging of a pH-depolymerized sample after incubation at pH 12 shows reappearance of typical
OmcS filament morphology (scale bar, 500 nm). B, UV-visible spectroscopy indicates that blue shifts
associated with low-pH depolymerization of OmcS were reverted as the pH-depolymerized sample was
incubated in solutions of increasing pH. Reference curves are provided for “intact” OmcS nanowires (pH
2.3 data from Figure 3.9A) and “depolymerized” OmcS (pH 1.8 data from Figure 3.9A). C, CD
spectroscopy shows the filament-specific Cotton effect in the Soret region was partly recovered. D, pH
1.8-depolymerized OmcS was dialyzed to pH 2.3, incubated for an extended period to allow for OmcS
repolymerization (green), and resolved by gel filtration. The chromatogram (at 280 nm) of this partially
repolymerized sample is compared with that of intact OmcS filaments (blue) and pH-depolymerized
samples (orange) at pH 2.3 (identical to Figure 3.6D).
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substantial structural difference between the in vitro self-assembled OmcS nanowires and those
assembled in vivo. (Figure 3.18). The UV-vis spectral shifts observed in pH-depolymerized OmcS are
reverted in the pH range 2-3.5 (Figure 3.16B, Figure 3.19A-C). The reversibility of these changes further
suggests that disrupting the OmcS nanowires by incubation at low pH did not denature the protein.
SDS-PAGE indicates that the low-pH incubation described here did not chemically degrade OmcS
(Figure 3.19D). The CD spectra of the ‘re-polymerized’ OmcS shows partial recovery of the Cotton effect
(Figure 3.16Q).

We further assessed the degree of self-assembly in pH-depolymerized OmcS via gel filtration.

Incubating a pH 1.8-treated sample at pH 2.3 for an extended period, rather than resolving it on the
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Figure 3.17. Characterization of OmcS phase separation in “repolymerized” samples shows
partial recovery of filament-like properties.

OmcS filament samples purified from G. sulfurreducens (ca. 10 uM) were dialyzed against 50 mM
phosphate pH 1.8 followed by the indicated solutions, then were diluted 1:4 in the indicated buffer and
centrifuged. A, Solutions in which intact filaments were soluble show no pellets; the solution color
appears similar to the starting material at high pH and is intermediate at pH 2.3. B, Solutions in which
intact filaments formed gels or precipitated exhibit sedimentation of some part of the repolymerized
sample. Except at pH 7, the predicted pl of OmcS, the solution in these “repolymerized” samples also
retains some color after centrifugation, consistent with the notion that some OmcS monomers with
different solubility properties than the nanowires are present under these conditions. Buffering agent
concentration and type are as described in methods. C, D, E, Chromatograms showing the sample
absorption at 280, 380, and 410 nm vs. retention volume for the intact (C), depolymerized (D), and
repolymerized (E) samples shown in Figure 3.16D. A410/Ass0 < 1 indicates a blue shift in the Soret region
vs. intact OmcS filaments, cf. Figure 3.9A.
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column immediately, causes a substantial shift in the elution profile (Figure 3.16D) wherein roughly
one-third to one-half of the OmcS protein elutes in the void volume of the column - indicating a large
molecular weight species similar to in vivo-assembled OmcS filaments. Spectroscopic analysis of
absorbances at different wavelengths during gel filtration further suggested that the high molecular-
weight species contains only low spin hemes, indicating that the filament form of OmcS is always
associated with low- spin heme species (Figure 3.17C-E). The low-molecular weight species also present

in this mixture appears to still contain some hemes that remain in a high spin state at pH 2.3.

Figure 3.18. Power spectra of in vivo- and in vitro-assembled OmcS filaments indicates that the
helical assemblies are identical.

A, B, 2D average of untreated OmcS filaments isolated from Geobacter and imaged at pH 12 (A, scale
bar, 5 nm) and the power spectrum derived from this average (B, scale bar, 0.01 A".C,D, 2D average of
repolymerized OmcS filaments imaged at pH 12 (c, scale bar, 5 nm) and power spectrum (D, scale bar,
0.01 A7) indicates that the helical parameters of the in vitro assembled filaments are identical. E, F,
overlay of 2D averages (E, scale bar, 5 nm) and power spectra (F, scale bar, 0.01 A with layer lines
corresponding to the characteristic helical rise (red) and pitch (green) of OmcS filaments indicated. G, H,
I, J, Display of 2D averages and power spectra of helical particles extracted from TEM images without
prior alignment of the particles, to confirm that no alignment errors obscured helical features or led to
erroneous power spectra. Panels are analogous to A, B, C, and D, respectively, with corresponding scale
bars.
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Figure 3.19. UV-visible spectroscopy indicates spectral changes associated with OmcS
depolymerization are reverted when the sample is returned to higher pH in a range of solutions;
SDS-PAGE indicates that none of the electronic absorption changes described in this study are a
result of proteolytic degradation.

A, B, C, Absorptivity changes associated with pH-depolymerization of OmcS in the region of the Soret
(A), Q (B), and CT (C) bands partially disappear in the pH range 2.3 - 3.8 and appear completely reverted
at higher pH. Remaining differences in spectra do not appear to be substantial, but rather could be
attributable to variation in concentration from handling errors or spectrum baseline issues due to
increased scattering under certain conditions. Buffering agent concentration and type are as described
in methods. D, Resolution on a 4-12% bis-tris non-reducing polyacrylamide gel of horse heart
cytochrome ¢, PpcA, and pH-depolymerized OmcS samples stored in the indicated solutions for several
weeks indicate that all proteins retained their expected mobilities. There is therefore no evidence that

any spectral changes observed at low pH are due to acid hydrolysis or other degradation of the protein
samples.

71



3.3.7 Computational studies suggest that His16 serves as a “latch” to direct protein subunit
orientation during nanowire assembly

We have also evaluated the contribution of non-bonded protein-protein interactions to the
reversible polymerization process by analyzing the binding energy of the OmcS inter-protomer
interface at neutral and acidic pH. Our computational analysis provides fundamental understanding of
the essential role of metal coordination for filament self-assembly. Notably, irrespective of whether
His16 crosslinking is included in the computation, the surface binding energy between monomers
becomes less favorable by ~67 kcal/mol upon protonation (Figure 3.20, Table 3.4). This change in the
binding energy is primarily due to van der Waals and polar solvation (i.e., electrostatic) forces and is
comparable to the previously reported imidazole(N)-Fe coordination bond strength of ~20-32
kcal/mol', The overall stabilization due to non-bonding interactions is significant (i.e., comparable to
the strength of metal-coordination interactions), supporting a mechanism wherein His16 metal
coordination serves as a “latch” to stabilize the polymerized conformation at the inter-protomer
interface once the OmcS subunits come together via protein-protein interactions. Our computational

studies show that pH-induced changes in the metal-coordination and protein-protein affinity at the
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Figure 3.20. OmcS filament assembly is energetically more favorable at neutral pH than in acidic
conditions.

Bar chart, binding free energy analyses of the nonbonded protein-protein interactions between the
subunits of an OmcS dimer modelled at neutral and low pH (with the His16 crosslink detached in the
latter condition). Total energy shown at left is the sum of components shown at right, indicating that
inter-protomer association is less favorable in the low-pH condition. Inset, relative contribution of free
energy components to the change in the total binding free energy upon protonation and His
detachment; most of the change is driven by electrostatic and van der Waals interactions.
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subunit interface are of similar magnitude and can work together to drive nanowire self-assembly in
vitro.
Table 3.4. MM-GBSA binding energies and error analysis (in kcal/mol) describing energetic

contributions of non-bonded interactions at the inter-protomer interface for different states of
protein side chain residue protonation and of the His16 cross-link.

Standard Protonation, Fully Protonated, Fully Protonated,
His Attached His Attached His Detached
Avg. St. Dev. St.Error Avg. St. Dev. St.Error Avg. St. Dev. St. Error
AGping -178.5 89 1.2 -116.1 274 3.9 -111.7  40.0 58
AVDW -1789 9.2 1.2 -136.4 24.0 34 -147.1  35.1 5.1
A(EEL+ GB) 23.0 71.6 9.2 36.4 377.5 54.1 525 582.3 84.1
ASURF -225 05 0.1 -16.1 2.6 04 -17.2 4.1 0.6

*Note: St. Dev. and St. Error are computed as the square-root of the sum of the squares of these
guantities over multiple trajectory segments for both simulations with OmcS fully protonated. Similarly,
the St. Dev. and St. Error for the A(EEL+GB) (i.e., polar solvation) term are computed as the square-root
of the sum of the squared St. Dev. or St. Error for the EEL and GB terms.

34 Discussion

Since 2005, many studies of G. sulfurreducens microbial nanowire samples have asserted that the
protein filaments being studied were exclusively type IV pili. The discoveries of OmcS and OmcZ
nanowires>*>*%2in filament preparations suggest an alternate interpretation of this prior work. Recent
studies have suggested that previous studies measured cytochrome nanowires®* %%, that the role of
T4P in G. sulfurreducens extracellular electron transfer is their involvement in the proper assembly and
localization of cytochrome filaments, and that T4P filaments do not exist outside wild-type cells under
nanowire-producing conditions that require EET'®. It has been argued instead that Geobacter nanowire
samples used in previous studies®* > '9”17° do not contain cytochrome nanowires in any significant
quantity'®®. However, in that study, cells were grown with soluble electron acceptors and not under
conditions that require EET'®. Our studies show that cytochrome nanowires are utilized by living cells

during EET.
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Related to the assertion that G. sulfurreducens uses T4P rather than cytochrome filaments for EET,
the physiological role of OmcS filaments in G. sulfurreducens electron transfer has been questioned due
to previous studies which proposed a model where monomeric OmcS ‘decorated’ extracellular T4P
filaments*>#. The primary evidence for this model was immunogold detection of OmcS, which was
performed via TEM of whole cell samples, where gold particles were observed to be localized to
extracellular protein filaments*’. The authors of this work asserted that the spacing of gold particles
observed in their micrographs directly established the spacing of OmcS monomers ‘aligned’ on T4P
filaments, though no direct evidence was provided that the visualized filaments are in fact T4P.
Fundamental to these analyses was an underlying assumption that the labeling efficiency of OmcS in
theirimmunogold experiment was 100%, which to our knowledge is not supported by any evidence
either in this literature or elsewhere, and represents a fundamental misunderstanding of this technique.
A far simpler, alternate explanation is that these authors observed gold nanoparticles localized to
extracellular protein filaments in their immunogold experiment designed to detect OmcS because the
extracellular protein filaments visualized in their experiment were OmcS filaments. However, the model
of OmcS monomers involved in EET that arose from this literature has persisted. Our direct
characterization of subcellular fractions instead suggests that OmcS monomers are not present at or
beyond the outer membrane, and therefore cannot play a role in EET. The finding that the H16A mutant
cannot localize OmcS to the outer membrane further supports the notion that only the filament form of
OmcS is directly relevant to the function of this outer membrane cytochrome.

We also highlight uncertainty about the protein identity of Geobacter protein nanowires in order to
note that characterizations of pH manipulations in samples which may have or were known to contain
OmcS filaments have been widely reported®* 297, However, those earlier studies focused on the
measured conductivity of nanowires, often utilizing approaches optimized for inorganic nanomaterials
where intact OmcS filaments were deposited on electrode surfaces and pH-altering treatments were
applied afterward. These approaches could have caused filament morphology to be retained, unlike our
observations of OmcS equilibrated in solution at low pH. Compared to our observations, previous

measurements of OmcS extracted by boiling in the presence of trace SDS* reported qualitatively similar
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UV-vis spectra and protein secondary structure content. However, differences in the heme environment
characterized by CD and EPR in that study, compared to our measurements, suggest that the previous
study’s preparation method yielded a non-native protein structure. Other systems, including
cytochrome ¢-554'% and hemoglobin'", show metal coordination changes at low pH. However, the
disassembly and self-assembly of OmcS filaments in solution due to reversible changes in histidine
coordination and the energetic favorability of inter-protomer association represents a novel method to
chemically tune the assembly of nanowires that is distinct from manipulating monomeric, non-
conductive proteins. Previous experimental studies have shown that constraints provided by the
protein structure on the metal-ligating methionine residue in cytochrome ¢ contribute to the energetic
stability of this coordination interaction; changes in this coordination interaction toggle the function of
cytochrome ¢ between one in respiration and one in apoptosis'’2. Our computational studies showing
the commensurate energetics of the His16 interaction with the heme iron from the adjacent subunit
and the protein-protein interactions at the subunit interface suggests that in the case of OmcS, the
protein structure could be considered as providing entatic control to maintain the polymerized state
once the filament is assembled.

In addition to helping explain how soil bacteria use protein nanowires to transport electrons for
respiration and energy sharing with electron acceptors®? and syntrophic partners' that are hundreds of
micrometers away, our studies suggest microbial nanowires are a new class of metalloproteins that can
reversibly self-assemble highly functional nanostructures in response to environmental conditions.
These nanowires further represent a nanoscale laboratory for fine-tuning of catalytic and electron
transfer rates by rationally engineering the cofactors and amino acid residues. Non-natural amino acid
ligands serving as histidine analogs'” have been shown to change the catalytic properties of
metalloenzymes'”* 74, Therefore, similar to monomeric metalloproteins'’, our studies provide the
foundation for targeted substitution of ligands as a promising strategy to systematically fine-tune the
reactivity, conductivity, and assembly of microbial nanowires based on our insight into the relationship
between metal coordination and filament assembly. Such rational design could achieve different

regimes of electron transport for a new field of metalloprotein-based self-replicating and highly resilient
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electronic materials for a wide range of applications including artificial photosynthesis, catalysis, and
bioelectronics.

Aggregation of heme proteins has long been established as a process that can negatively impact
the biology of living cells. Among the most well-known examples is the aggregation of hemoglobin into
filamentous structures, which leads to some forms of sickle cell disease in humans'’6. Cytochrome
polymerization has also been suggested to impact the nucleic acid-binding properties of cytochromes
in eukaryotic mechanisms of cytochrome-mediated apoptosis'”’. Our work shows that OmcS
polymerization is required for proper function of this cytochrome in cellular respiration. This differs from
prior studies of polymerization that was either synthetic, a cause of biological dysfunction, or an event
associated with biological function of cytochromes in a process other than electron transfer. Our finding
that metal coordination of heme irons is central to this functional polymerization of OmcS relates
somewhat to studies that have shown structural protein-heme interactions can have implications for
the function of cytochromes'’8, However, our work again distinguishes itself as the first direct
exploration of the role of protein-heme metal coordination interactions in assembling a molecular wire
capable of electron transport over micrometer-scale distances.

The aggregation behavior of assembled OmcS filaments may play a role in effective electron
transport in nanowire networks in vivo. The pH-dependence of this aggregation behavior also suggests
arole for electrostatic interactions. Such interactions can be exploited to generate multidimensional
hierarchical protein nanostructures'’®. We anticipate that understanding of protein-protein interactions
as well as protein-metal interactions will be needed in order to design useful higher-order structures
based on cytochrome nanowires, similar to how our computational studies provide insight into the
transition between OmcS monomers and polymers. The more homogenous heme environment found
in OmcS nanowires at pH 7 also suggests that evolution has optimized the nanowire structure to
function efficiently under these physiological conditions. Hemes in more similar electronic
environments present a lower energy barrier for electron transfer. Therefore, more homogeneous heme
environments will confer greater electron transport efficiency to the nanowire. Overall, our direct

demonstration that cytochrome nanowires are involved in biological EET underscores the need for
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further study of these nanowires’ biophysical properties to aid understanding of the electron transport
modes they enable.

In conclusion, our present studies advance understanding of cytochrome nanowires and their
biological role in microbial EET. These developments could also help to create next-generation
electronics technology using synthetic biology for broad applications - ranging from programmable
living cells to implantable electronic devices — and enable the harnessing of latent metabolic diversity in

microbial communities toward uses in bioremediation and renewable energy applications.

3.5 Methods

3.5.1 Bacterial strains and growth conditions

Geobacter sulfurreducens strain CL-1%® and was used to obtain the OmcS nanowires. G.
sulfurreducens cultures were maintained at 25 or 30 °C under strictly anaerobic conditions in sterilized
and degassed NBAF growth medium?, supplemented with 1 mm cysteine and with resazurin
occasionally omitted as described previously>>. NBAF media is composed of 0.38 g/liter KCl, 0.2 g/liter
NH,CI, 0.42 g/liter KH,PO4, 0.22 g/liter K;HPO,, 0.36 g/liter NaCl, 0.04 g/liter CaCl»2H,0, 0.1 g/liter
MgS0.-7H,0, 1.8 g/liter NaHCO;, 0.5 g/liter Na,CO3-H,0, and 1.0 mL/liter of 1 mM Na,SeO,. Media was
supplemented with a) 10 mL/liter of a chelated mineral mix composed of 1.5 g of nitrilotriacetic acid
(NTA), 0.1 g/liter MnCl,-4H,0, 0.5 g/liter FeSO,7H,0, 0.17 g/liter CoCl,-6H,0, 0.1 g/liter ZnCl,, 0.03 g/liter
CuS045H,0, 0.005 g/liter AlIK(S04)2-12H,0, 0.005 g/liter H3BOs, 0.09 g/liter Na,MoO,, 0.05 g/liter NiCl,,
0.02 g/liter NaWO,-2H,0, and 0.10 g/liter Na,SeO,; and b) 15 mL/liter DL vitamin mix composed of 0.002
g/liter biotin, 0.005 g/liter pantothenic acid, 0.0001 g/liter cyanocobalamin, 0.005 g/liter p-
aminobenzoic acid, 0.005 g/liter nicotinic acid, 0.005 g/liter thiamine, 0.005 g/liter riboflavin, 0.01 g/liter
pyridoxine HCl, and 0.002 g/liter folic acid. Acetate was added as electron donor to a final concentration
of 10 mM and fumaric acid was added as an electron acceptor to a final concentration of 40mM. For
media containing Fe(lll) (100 mM) as electron acceptor, a non-chelated mineral mix was used; an Fe(lll)
solution was prepared by neutralizing an FeCl; 0.4M solution with NaOH. Precipitated Fe(lll) was washed

and then resuspended in dH,0 for further use.
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G. sulfurreducens PpcA was recombinantly expressed in BL21(DE3) Escherichia coli constitutively co-
expressing c-type cytochrome maturation genes ccmA-H'" and cultured at 30 °C in 2xYT medium as
previously described'®'. S17-1 Escherichia coli cells were grown in LB media supplemented with 50
pg/ml kanamycin for selection at 37 °C.

3.5.2 mRNA extraction

For mRNA extraction, Geobacter sulfurreducens strains were grown to mid- and late-log phase as
previously described2 Cells were treated with RNAprotect Bacteria Reagent (Qiagen) and then
harvested at 4 °C with centrifugation at 5,000 x g for 10 minutes. Cells were resuspended in TE buffer
containing lysozyme and proteinase K to obtain the genomic material. An on-column DNAse digestion
was performed according to the manufacturers protocol (Qiagen, RNeasy Plus Mini Kit) to eliminate
DNA traces, and then mRNA was eluted. Triplicates were made from this mRNA extraction for
downstream analysis via reverse transcription-quantitative polymerase chain reaction (RT-qPCR).

3.53 RT-qPCR

To verify any expression defect in H16A, we compared gene expression of omcS, recA, pilA-N, and
pilR using previously published primer sets'2, A total of 1 ug of mRNA was used as template to
synthesize cDNA following SuperScript First-Strand’s (Invitrogen) protocol, using random hexamer as
primers, and then treating with an RNAse to remove traces of mRNA. A 1:5 dilution from the mRNA
product was made to be used as template to amplify omcS, recA, pilA-N, and pilR amplicons using GoTaq
G2 Master Mix (Promega) for RT-PCR analysis; KAPA SYBR Fast qPCR Master Mix Kit (KAPA Biosystems)
was used for RT-qPCR analysis. A 53 °C annealing temperature was used for RT-PCR and 60 °C for RT-
gPCR. RT-gPCR analysis was performed in a CFX Opus 384 Real-Time PCR System (Bio-Rad) with the
following settings: Enzyme Activation 95 °C for 30 seconds; Denaturing 95 °C for 3 seconds; Annealing
60 °C for 30 seconds for 40 cycles. Melt curve analysis was performed from 65-95 °C.

Primer pairs for RT-qPCR analysis'®:
pilA-F: ATCGGTATTCTCGCTGCAAT
pilA-R: AATGCGGACTCAAGAGCAGT

pilR-F: TTTCCGGGAGGATCTCTTTT
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pilR-R: TTATGATGCGGTCGCTGTAG
omcS-F: TGGTTGGCGAAGGCATAGG
omcS-R: CCATCAAGAACAGCGGTTCC
recA-F: CACCGGCATAATCTCCAAGT
recA-R: ATCTTGCGGATATCGAGACG

3.5.4 Protein purification, preparation, and biochemical characterization

For presented electron microscopy images and analyses, as well as gel filtration analysis, circular
dichroism and UV-visible spectroscopies, and presented photographic images, OmcS nanowires were
separated from stationary-phase G. sulfurreducens cells using a modified version of a previously
described protocol®3. Cells collected via centrifugation were resuspended in 150 mM ethanolamine
(ETA), pH 10.5 solution and then blended for two minutes on the low setting using a commercial unit
(Waring). Cells and cell debris were removed via centrifugation, the remaining solution was retained,
and Triton X-100 was added to a final concentration of 0.05%. Detergent-insoluble contaminants were
removed via ultracentrifugation and the remaining solution was dialyzed against 20 mM
triethanolamine, pH 8.0. OmcS nanowires were collected via centrifugation and resuspended in 20 mM
ethanolamine, pH 10.5. The presence, integrity, and expected morphology of nanowires in the initial
OmcS sample thus obtained was verified via negative-stain TEM. Recombinantly expressed PpcA was
purified from E. coli periplasmic fractions using cation exchange chromatography followed by gel
filtration as previously described'. Horse heart cytochrome ¢ was obtained commercially
(MilliporeSigma).

For comparisons of the properties of OmcS, PpcA, and horse heart cytochrome c in different buffers,
equal aliquots of one original sample of each protein were dialyzed exhaustively against the indicated
solutions as a method to ensure the concentrations of the measured samples were approximately
equal. All buffers used for these characterizations were prepared by dissolving the appropriate free or
concentrated buffering agent, rather than a salt form thereof, in double-distilled water and adjusting
the pH as needed with concentrated NaOH or HCI. Concentration of ethanolamine, triethanolamine,

piperidine, and citric acid solutions used was 20 mM; concentration of phosphoric and acetic acid
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solutions was 50 mM. After all other characterizations were completed, samples were treated at 95 °Cin
2.5% SDS for 20 minutes and the protein concentration estimated via the standard bicinchoninic acid
(BCA) assay, but the results showed buffer-dependent variation that did not correlate with the signal
intensity in any spectroscopic characterization. Resultantly, the approximate concentration of each
protein in characterizations which were performed in an equimolar manner (aside from handling errors
and relative dilutions occurring during dialysis) was estimated based on the calculated concentration of
the original sample for each protein species calculated from the averaged results from the BCA for each
protein across all buffers used in the study. The starting OmcS sample, as well as selected OmcS, PpcA,
and horse heart cytochrome ¢ samples used in spectroscopic characterizations, were further analyzed
via sodium dodecyl sulfate-polyacrylamide gel electrophoretic separation by mixing the samples with
4X LDS sample buffer (Thermo Fisher Scientific) with no added reducing agent, incubating the sample
at 95 °C for 20 minutes, and then loading the samples on a 4-12% bis-tris polyacrylamide gel (Thermo
Fisher Scientific). Samples were resolved alongside a PageRuler Prestained Protein Standard, 10 to 180
kDa (Thermo Fisher Scientific) for 37 minutes at 200 V and then visualized using Novex SimplyBlue
staining reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions, followed by
imaging using a ChemiDoc imaging system (Bio-Rad). Samples for immunoblotting were whole cell
lysates prepared from cultures of strain CL-1 and H16A grown in NBAF media and sampled at the
indicated time points, with each gel lane loaded with 20 ug of total protein. These samples were
resolved on a 4-20% TGX (tris-glycine) gel and transferred using an iBlot2 Western Blot Transfer system
(Thermo Fisher Scientific) utilized in accordance with the manufacturer’s instructions. The polyclonal
anti-OmcS primary antibody (LifeTein) was synthesized by immunizing two rabbits with a synthesized
peptide sequence containing residues 323-339 of the mature OmcS protein (EGTADYTVLKGHAKIDD)
and then affinity-purifying the serum against that peptide sequence. The primary antibody was used at
a dilution of 1:2000 for immunoblotting. Visualization was achieved using an Immun-Star Goat Anti-
Rabbit-Alkaline Phosphatase Detection Kit (Bio-Rad) and a ChemiDoc imaging system (Bio-Rad),

following the manufacturer’s instructions. Quantification was performed using ImageJ software.
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For EPR and EXAFS studies, as described previously>3, OmcS nanowires were separated from
bacteria by vortexing for 1 minute and extracted via centrifugation® and maintained in 150 mM
ethanolamine buffer at pH 10.5 in a manner similar to structural studies on bacterial filaments®',
dialyzed into 50 mM tris-HCI, 150 mM NaCl buffer for pH 7 EPR studies and in and 150 mM ETA in pH 2
for pH 2 EPR studies. Cell-free filament preparations were imaged first with TEM and SDS-PAGE and
liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis of filament preparations
to ensure sample quality as described previously®.

3.5.5 Transmission electron microscopy imaging

Carbon film-coated copper grids, mesh size 400 (Electron Microscopy Sciences), were cleaned by
treatment in a PDC-001-HP plasma cleaner (Harrick Plasma) on the medium setting for 30 seconds. 5 uL
of OmcS samples were deposited onto the carbon film face of the grid and incubated for 10 minutes to
allow proteins in the sample to adhere to the surface, then the remaining solution was removed with
blotting paper. Samples were subsequently negatively-stained using a 1% phosphotungstic acid (PTA),
pH 6 solution by two rounds of floating the grid face-down on a 50 pL drop of the staining solution for
30 seconds and then blotting the remaining liquid away. Grids were air-dried and then stored covered
prior to imaging using a JEM-1400Plus microscope operating at 80 kV (JEOL).

Power spectra analysis of OmcS filaments imaged by negative-stain TEM was performed using
SPRING software'", Raw images of OmcS filaments with a pixel size of either 1.9 or 3.1 A were processed
into 384 A-long segments used to generate the power spectra based on an estimated helical rise of 47 A
per subunit®3 and a conservative estimate of the helix width as 100 A, either with or without prior
alignment and classification of the segments as implemented in SPRING.

3.5.6 Gelfiltration analysis

Aliquots of the original OmcS nanowire sample used for TEM, CD, and UV-vis characterizations were
dialyzed to 50 mM phosphate at pH 1.8 or pH 2.3. The sample dialyzed to pH 2.3 is presented as such in
Figure 3.6 and as the “Ex vivo Filaments” in Figure 3.16D. The sample dialyzed to pH 1.8 was dialyzed to
50 mM phosphate pH 2.3 and further separated into aliquots that were analyzed either immediately

(presented as “pH 1.8-Treated” in Figure 3.6G and as “depolymerized” in Figure 3.16D) or after
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continued incubation at pH 2.3 for approximately one week (presented as “repolymerized” in Figure
3.16D). Analysis was performed using a 60 cm column (approximate bed volume, 47 mL) packed with
Sephacryl S-500 HR resin (Cytiva) and run at a linear flow rate of 15 cm/hour using an AKTA pure 25
system (Cytiva). Eluate absorptivity was monitored simultaneously at 280, 380, and 410 nm. Absorption
data are presented based on a normalization scheme where the absorption of each sample at all
monitored wavelengths is scaled by a linear multiplier specific to each sample, so that the integral of
absorption at 280 nm for each sample across the entire elution volume is approximately equal for all
samples. The 380- and 410-nm absorptions are scaled and presented based on this comparison of the
280 nm absorption in each sample, rather than on any direct comparison of the absorption at these
other wavelengths across samples.

3.5.7 CD spectroscopy

Samples of OmcS, PpcA, and horse heart cytochrome c in the indicated buffers were measured
using a 1 mm-pathlength quartz cuvette. Ellipticity from 185 to 480 nm was measured with three
repeats using a Chirascan spectrometer (Applied Photophysics). Protein samples were measured at two
concentrations to ensure that a useable spectrum was collected in all regions of interest for each
condition; the concentrations used for each protein were estimated using the BCA assay and
correspond to approximately 7 and 1.75 pM for OmcS, 16 and 3.2 uM for PpcA, and 20 and 3.3 uM for
horse heart cytochrome c. Spectra were similarly collected for the relevant buffer solutions, and spectra
for both buffer and protein samples were averaged across repeat measurements. Data were further
smoothed using a Savitsky-Golay filter'®* implemented in Python'®, using a first-order polynomial and
smoothing window of 3 for the protein measurements and a window of 5 for the buffer measurements
(to compensate for the lower signal-to-noise ratio). The final CD data for each sample condition was
calculated by subtracting the smoothed background data for the relevant buffer condition from the
averaged sample data before applying the smoothing to the sample data. The following formula' was
used to convert raw ellipticity values (mdeg; millidegrees) to molar ellipticity values ([6]; deg cm?/
dmol):
mdeg - MW

l-C
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where MW is the mean residue weight, [ is the pathlength in centimeters, and Cis the concentration in
mg/ml. CD spectra are presented as dashed lines where the raw absorption reported by the CD
instrument for the corresponding ellipticity datapoint exceeds 1.5, a more conservative exclusion
criteria than the value of 2.0 suggested in the instrument documentation.

3.5.8 UV-visible absorption spectroscopy

Except where noted below, experiments were performed in solution using 1-, 2-, or 10-mm path
lengths in an Avaspec model 2048CL ultra-low stray light fiber optic spectrophotometer with a 50 um
slit width coupled to a Avalight-DHS halogen-deuterium combined light source (Avantes). Data from
185-745 nm was collected using an integration time of 150 ps and a smoothing pixel value of 1.
Samples of OmcS, PpcA, and horse heart cytochrome ¢ were measured at the same concentrations used
for CD spectroscopy, again to ensure that regions of interest in the spectrum were captured accurately.
Collected spectra for buffer solutions were subtracted from that of protein samples measured in the
corresponding buffer. Buffer-subtracted spectra were further baseline-corrected by subtracting the
average absorptivity from 735-740 nm in each spectrum from all values across the entire spectrum.
Presented buffer-subtracted, baseline-corrected spectra are shown in terms of absorptivity (in arbitrary
units) for the higher of the two concentrations measured for each sample and for a 10 mm path length
- to facilitate comparison of spectra measured for the same protein across different buffer conditions,
deliberate dilution factors, and measurement pathlengths. Spectra are shown as dashed both where the
raw absorptivity value for the original collected spectrum exceeded 1 (to indicate saturated regions of
the spectra) and in the region of 652.5-657.5 nm where a peak from the deuterium light source is
observable in the presented spectra.

For Figure 3.9D, OmcS samples equilibrated in 20 mM citric acid pH 2.3, 50 mM phosphoric acid pH
1.8, and 20 mM citric acid pH 2.3 with 2.5% SDS were measured using 2-mm pathlength cuvettes in a
NanoDrop 2000c spectrophotometer. Spectra were presented for comparison by dividing each sample
spectrum by the maximum recorded value over the data collection range, to facilitate visualization of

peak position. No baseline correction was applied to the UV-vis absorption data collected from OmcS
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samples in 150 mM ethanolamine pH 2, in order to straightforwardly display the effect of scattering
caused by aggregation in the sample.

3.5.9 EPRinterpretation

In heme proteins, the iron can exist in a variety of oxidation and spin states that depend on the
protein environment'’. Oxidized heme cofactors with ferric (Fe3*) iron typically manifest two spin
states, either as low spin (S=1/2) or high spin (5=5/2), which are determined by the energy-level
splitting between the three lower-energy d-orbitals and the two higher-energy d-orbitals. EPR
spectroscopy can accurately monitor the changes in geometrical symmetry around heme iron arising
from the nature of the axial ligands, their orientations, and the electron configuration of the metal,
ranging from a high-symmetry tetragonal form to a low-symmetry rhombic form',

We used the ligand-field correlation analysis, based on the formalism introduced by Griffith'® and
developed by Taylor'®é, to find the rhombic (V/A) and axial (A/M) crystal field parameters. The
corresponding V/A ratio was applied for determination of system rhombicity and analysis of hemes
coordination'’. A previously described model G. sulfurreducens multiheme cytochromes'’ for the heme
molecular orbitals characterization and correlation of empirical g-value to the axial ligand geometry
was used in this study. Data processing was performed using Igor Pro 7 (WaveMetrics). Simulations,
deconvolution analysis, and least square fitting (Table S1) were performed using EasySpin software
package (version 5.2.24). Further adjustment in assignments of g-tensor principal values were based on
the complete EPR spectrum simulations. The best fits of the experimental spectrum are presented in
Figure 3.12. For simulation, the g, and g, parameters of high gmax low spin signals were estimated based
on the normalization requirement'® % g,2 + g,2+g,>=16.

The relative orientation (measured as dihedral angles) of the imidazole planes of histidine residues
coordinating to heme determines the type of EPR signal'>> 7.8’ HALS hemes are present in other G.
sulfurreducens multi-heme cytochromes such as hemes | and IV in PpcA', and show bis-His
coordination with perpendicular alignment of the imidazole-ring planes and a large gma value (> 3.2)
with increased g anisotropy'* .87 We detected only the largest principal g-value and not the gy and g,

values due to broadening by the g-strain. We found two subspecies of HALS hemes in OmcS nanowires
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with different gmax values (3.55 and 3.4) and classified them as large gmax1 and 2 (Figure 3.12G). Low spin
hemes with close to parallel orientation of the two axially-coordinating imidazole-ring planes (dihedral
angle < 57-90°) produce a conventional rhombic EPR spectrum'”- 1% 18 with a lower gmax value, small g
anisotropy, and all three principal components of the g-tensor values. We further classified the
observed LS heme signals as follows:
(1) LST hemes yielded g-values of g, = 3.09, 2.20, 1.53 which are similar to c-type hemes such
as the low spin hemes found in a decaheme cytochrome MtrF'®, cytochrome ¢'*® and heme Il
in PpcA (geuy=2.96, 2.21, 1.47) with a parallel alignment of the axial histidine ligands'’.
(2) LS2 hemes showed g-values of g« = 2.87, 2.18, 1.80 at pH 10.5, similar to hemes with an
anionic form of histidine ligand or imidazolate™® '*8, A similar g, value was observed in MtrF'®
(3) LS3 hemes showed g-values of g« = 2.48, 2.25, 1.82 which are similar to hemes with a
hydroxide ligand'>* 1>, Similar g-values were found for hemoglobin A (g,=2.56)"*° and tetra-
heme cytochrome ¢-554 above pH 10 when ~100% of the hemes showed the low spin species
(g:=2.67)".
These simulated fits accounted for all the major signals at pH 10.5 (Figure 3.12G), indicating that the

exchange interaction observed in some parallel-stacked hemes'®” " is not present or detectable. This
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Supplementary Figure 3.1. Benchmarking computation of exchange interaction in OmcS
nanowires and Hydroxylamine oxidoreductase HAO.

DFT calculation of hemes 4 & 5 of OmcS nanowire (left) and hemes 3 & 5 of HAO (right).
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lack of exchange interaction was further supported by computational studies (Supplementary Figure
3.1, Supplementary Figure 3.2).

The low spin heme species LS1 and LS3 found at pH 10.5 were also present at pH 2 (Figure 3.12H).

The LS3 signal observed at pH 10.5 is similar to the spectra of hemes with a hydroxide ligand'* ', The

hydroxide ligand was not observed in the cryo-EM structure of OmcS nanowires, indicating that its

source in the pH 10.5 spectrum is likely the ends of the nanowire. LS3 hemes signals are absent in other

monomeric multi-heme cytochromes such as MtrF'®, Therefore, these hemes could be due to the

filamentous nature of the OmcS structure, with solvent-exposed hemes at the ends of nanowires.

However, the LS3 signals observed at pH 2 and 7 are unlikely to be from hydroxide-coordinated hemes

because a hydroxide ligand should be protonated at low pH. Therefore, the LS3 signal could signify a
feature specific to heme arrangement in the nanowire. The signal at g ~ 4.2 observed at pH 2 (Figure
3.12H) is a signal impurity arising from non-heme iron and was not included in fitting analysis.

3.5.10 Molecular dynamics simulations of heme ligation for coordination spectroscopy
interpretation

To determine the range of dihedral angles between the imidazole planes of the histidine ligands,
we performed molecular dynamics (MD) simulations of the OmcS nanowire structure to sample the

orientation of the imidazole rings of the histidine residues coordinating the heme iron atoms. We
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Supplementary Figure 3.2. Suppression of exchange interaction due to heme fluctuations.

DFT calculation showing that 1 A displacement of hemes completely diminishes exchange interaction
or suppresses it by 60%.
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obtained the starting coordinates from the protein data bank (accession PDB ID: 6EF8) and built a dimer
model of OmcS, composed of two consecutive protomers from 6EF8. We modelled the hemes in their
deprotonated state and all ionizable protein residues were protonated according to their standard pK,
values. The hemes were modelled in an oxidized state using previously computed partial charges'? for
the heme atoms and covalently bound histidine and cysteine residues.

The MD simulations were performed using NAMD'*® with the CHARMM36'* force field parameters.
The force field parameters for the hemes were obtained from Autenrieth et al.”®>. We minimized the
system, followed by a 2.5 ns relaxation of the solvation water box. The model was equilibrated to 310 K
in the NVT ensemble for 3.5 ns under harmonic restraints with a force constant of 0.1 kcal/mol to the
amino acid sidechains and a force constant of 1.0 kcal/mol to the protein backbone and the hemes. A
production run was then performed in an NPT ensemble for 20 ns with frames being written to the
trajectory every 2.5 ps. The RMSD of the system was observed to converge within the first 10 ns of the
simulation.

The orientation of the imidazole rings was extracted from a set of 1000 equally spaced snapshots
(10 ps spacing) using a custom Tcl script. The angle between imidazole rings was determined by
computing the angle between the two planes of the imidazole rings with defining basis vectors using
the N - Cs and N, - C, bonds following translation of the N. atoms to the origin. The angle between the
planes is computed via computation of the angle formed by the normal vectors of the two planes.

We classified dihedral angles into three types as small, large and intermediate (Table S5): 1) hemes 1, 2
and 5 showed small dihedral angles (~20°), 2) hemes 3 and 6 showed large dihedral angles (~90°) and 3)
heme 4 showed an intermediate dihedral angle (37.5° in the structure and ~70° in MD simulations),
latter of which showed a disagreement between structure and MD simulations, due to limitations of the
heme force field. Values from MD simulations used normal basis vector of ring planes because it was not
possible to compute dihedral angles directly. The force field allows the imidazole ring to displace along
the dihedral angle defined by the Ns, C,, N, and Fe atoms, and there is no parameter restricting this
motion. Despite this limitation, MD simulations correctly computed dihedral angles for all hemes except

heme 4 (Table S5). We assigned hemes 3 and 6 as highly anisotropic low spin (HALS) heme-iron centers
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(Figure 3.12A). HALS hemes 3 and 6, present in higher pH’s, were absent in the pH 2 spectrum. We
classified hemes 1, 2, 4 and 5 into the above-described LS groups due to their low dihedral angles and

significant differences found in peak position and linewidth.

Supplementary Table 3.1. Structural parameters of OmcS nanowires including angles between
imidazole-ring planes of the histidine axial ligands for hemes obtained from cryo-EM and MD
simulations.

Dihedral angle between imidazole

planes
I-.|eme.s Axial D|§tance Dihedral angle Dihedral angle
contained in ligands between ligand and by cryo-EM by MD simulation’
OmcS 9 Feion (A) structure® y
H 1
heme 1 Hi:’?f ’ 2.04',2.06 21.7° 21.77 £9.28°
His517, : 0 0
heme 2 Hiso 2.07',2.07 20.2 2424 +13.49
H 1
heme 3 H::';; ;‘4 ’ 2.04',2.04 68.6° 75.93 +12.93°
H 1
heme 4 Hg'f‘]zg 3 2.04',2.05 37.5° 69.0 + 15.16°
H 1
heme 5 H';'fgfz ' 2.04',2.02 26.8° 17.55 + 9.89°
i 1
heme 6 HE';:;M ' 2.07',2.07 78.8° 88.02 +9.15°

"Proximal histidine.

2Histidine from adjoining subunit.

3Values obtained from PDB: ID 6EFS8.

*Values from MD simulation, using normal basis vector of ring planes. Parameters set to sample a range
of configurations available at 310 K.

3.5.11 X-ray absorption spectroscopy interpretation

The XAS spectrum of a metalloproteins informs metal oxidation state, metal spin state, the number
and type of ligands bound to the metal, and metal-ligand bond lengths. The maximum of the first
derivative of the X-ray absorption coefficient at the K-edge energy of iron corresponds to the excitation
energy of the core shell electron. The X-ray absorption edge is directly related to the oxidation state of
the iron in the protein and can be used to probe the flow of electron density between the metal center

and surrounding ligand. For higher oxidation states, the X-ray absorption edge shifts to higher energies

88



due to an increase in the core shell electron binding energy'®® ', The limited spatial resolution in EXAFS
spectra does not allow us to discriminate between the contributions of the four porphyrin-ring
nitrogens vs. the two axial nitrogens of imidazole-rings that are expected to have different bonding
distances from iron'63 164,

3.5.12 H16A mutant construction

omcS was cloned into pk18mobsacB using omcS F and omcS R primers (see below) to amplify omcS

and 500 bp up- and downstream of the gene using BamHI and Xbal to digest. Ligation was performed
with T4 DNA Ligase following NEB’s protocol. Sequence-verified plasmid was used as a template to
introduce a point mutation using NEB’s Q5 Site-Directed Mutagenesis Kit following the manufacturer’s
protocol and using H16A F and H16A R primers. Sequence-verified plasmid was transformed into the
donor strain S17-1 for subsequent transformation into G. sulfurreducens strain CL-1. Conjugation was
performed as described by Chan et al.® on NBAF agar plates supplemented with 200 png/ml Kanamycin
for selection. Single colonies were isolated on kanamycin plates and flanking primers (omcS Flanking F
and R) were used to confirm the plasmid integration. Colonies with a successful plasmid integration
were then plated in NBAF plates with 10% sucrose to identify second recombinant cells. Resistant
colonies were then plated on kanamycin plates to test sensitivity. Kanamycin-sensitive cells were sent
for sequencing to confirm the point mutation.

omcS F (-500 bp)- 5'- acggttggatccttcggcaagcggggcage

omcS R (+500 bp) - 5’ gatgttctagcgcccttgegetcgecgtgg

H16A F - 5’ ccacacgatggcaaactcgctgggeggc

H16A R - 5’ caccttcgcactcggca

omcS Flanking F (-50 bp)- 5'- ggagcgggatccggccgggttgccggagaa

omcS Flanking R (+50 bp) - 5'- cctttctagcgcggaccccggeggaatcac
3.5.13 Iron oxide measurements

Soluble iron was measure using a ferrozine assay as previously described'®. 100 uL of culture were
taken at different time points and solubilized in 0.5 N HCl in the dark. This sample was used for the

ferrozine assay ([1 g/liter] in 50 mM HEPES [N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid] buffer)
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to determine soluble iron in the media. Fe(ll) standards were prepared from ferrous
ethylenediammonium sulfate and measured at ODsg,.

3.5.14 Molecular dynamics simulation of inter-protomer interactions

System setup and parameterization: Starting from the cryo-EM structure of an OmcS filament (PDB
accession code 6EF8)*3, a dimer model was constructed from chains A and B. Each of these chains
contain six c-type, bis-histidine-coordinated heme cofactors, which were modelled in the oxidized (+3
charge) state. A segment composed of the first 20 residues of chain D was also included in the model to
provide the His16 coordination for Heme #5 (PDB designation HEC-501 in chain B) that is present in the
full-length filament. Importantly, the dimer model captures the inter-protomer interface, which is of
primary focus for understanding the (de-)polymerization process.

The dimer model has 38 Asp, 24 Glu, 13 His, 28 Lys, 26 Arg, 44 Tyr, and 2 Cys residues that are
titratable. The counts for His and Cys exclude residues of these types that are (covalently or
coordinatively) bonded to the heme groups. The titratable residues were assigned standard
protonation states (e.g., deprotonated Asp and Glu; singly protonated His; protonated Lys, Arg, Cys, and
Tyr) to simulate circumneutral pH conditions. In separate simulations designed to simulate very acidic
(pH < 2) conditions, all titratable residues were assumed to be protonated, including doubly protonated
in the case of His. The propionate groups on the 12 heme cofactors were assumed to be deprotonated
or protonated, respectively, in the circumneutral and low pH simulations. We expect that these
protonation state assignments provide an upper-bound estimate for the dramatic effect of pH on the
stability of the polymerized protein.

Using tLEaP in the AmberTools20 package'’” '*® hydrogen atoms were added to the OmcS dimer
assuming standard or full protonation of titratable residues. The dimer was placed at the center of a box
of explicit water with at least a 15 A buffer region to the boundary of the box. A sufficient number of
counterions (18 Na* or 81 Cl at circumneutral and low pH, respectively) was added to achieve charge
neutrality. Standard proteinogenic residues were modelled with the AMBER FF99SB force field'®.

Parameters for the heme cofactor were adopted from Crespo et al.?*® and Henriques et al.?!, and used as
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in previous studies for single- and multi-heme systems?°>2%, The TIP3P water model®*** and the
monovalent ion parameters of Joung and Cheatham?* were used to model the solution state.

As demonstrated in the main text, EPR experiments suggest that axial histidine coordination to
some of the heme groups is lost under acidic conditions. Detachment of the axial His coordination
donated to a heme group across the inter-domain interface in the filament is presumably a
precondition for the observed depolymerization. However, the exact role of the crosslinking His in the
(de)polymerization process has yet to be elucidated.

To explore how the His crosslink influences inter-protomer stability at low pH, we simulated the
fully protonated dimer model with and without coordination of His16 in chain B to HEC-501 in chain A.
Because our focus was on large-scale protein dynamics and inter-protomer interactions, we
approximated the detachment of the inter-domain His coordination by deleting the bonded
parameters for the C,-Cg bond of the His residue. In the employed AMBER force field, the His sidechain
coordinated to the heme is part of the heme residue definition (residue name HEH), whereas the
backbone is given its own residue type (name HIO). Deletion of the C,-Cg bonded parameters cleaved
the covalent connection between the HIO and HEH groups, each of which belong to separate OmcS
protomers in the filament. Because native residue definitions remained intact, integer charges were
maintained, and a charge re-parameterization was not necessary. It was assumed that the non-bonded
interactions neglected by not passivating the broken bond with hydrogen atoms had a minor impact
on the conclusions regarding inter-protomer binding free energy at low versus circumneutral pH.

In summary, the dynamics and inter-protomer binding free energy were considered for three
model systems: An OmcS dimer with (1) standard protonation and the inter-domain His coordination,
(2) full protonation and the inter-domain His coordination, and (3) full protonation and lacking the inter-
domain His coordination.

Pre-production simulations: Each solvated dimer model was subjected to 2000 steps of steepest
descent, followed by 8000 steps of conjugate gradient minimization. A 10 kcal/(mol A2 restraint was
applied to the heavy atoms of the protein backbone, as well as selected atoms (PDB names FE, NA, NB,

NC, ND, C3D, C2A, C3B, C2C, CA, CB) of each heme group during the minimization. The system was
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subsequently heated from 10 to 300 K at a rate of 0.29 K/ps in the NVT ensemble and held at the final
temperature for 1 ns. The restraints on the protein backbone and heme groups were reduced to 1.0
kcal/(mol A2) for the heating stage. These restraints were further reduced to 0.1 kcal/(mol Ay fora
subsequent 8 ns simulation at 300 K in the NVT ensemble. Finally, the density of the system was
equilibrated over an 8 ns simulation in the NPT ensemble at 1 bar and 300 K.

Al NVT and NPT simulations (including the production-stage trajectories described below)
employed periodic boundary conditions, the Particle Mesh Ewald?® treatment of electrostatic
interactions with a direct sum cut-off of 10.0 A, the SHAKE algorithm”-2% to rigidify bonds to hydrogen
atoms, a Langevin thermostat with a collision frequency of 2 ps™, and an integration timestep for the
Langevin equation of motion of 2 fs. Pressure in NPT simulations was regulated with a Monte Carlo
barostat having a relaxation time of 1 ps. PMEMD in its CPU and GPU?* implementations in the
Amber20 package'®® was used to perform the minimization and dynamical simulations, respectively.

Conventional (unbiased) production-stage simulations: The simulation at circumneutral pH was
propagated with conventional (or unbiased) MD for 72 ns in the NVT ensemble at 300 K. The
simulations of the fully protonated OmcS dimer, with or without the His16 crosslink present, were each
propagated for 51 ns in the NVT ensemble at 300 K.

Accelerated (biased) production-stage simulations: Previous experimental work has indicated that a
dramatic structural change in OmcS occurs under acidic conditions, at least when the protein is
deposited on a substrate®2, Whether the structural change is pH- or surface-induced is an open question
that is under investigation in our laboratory. Cognizant of the limitations of conventional MD to
efficiently sample large-scale conformational changes, we employed accelerated MD (aMD), which
increases the escape-rate from potential energy minima by applying a boost potential if the energy falls
below a threshold level?’°. The potential energy surface is unmodified if the energy is greater than or

equal to the threshold value. The boost potential takes the form?'°

(E-v(m)’

AV = ———
@ a+(E-vr) )
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where V(r) is the unmodified potential as a function of the atomic positions, E is the threshold energy,
and a is a tuning parameter that defines the depth of the basins on the modified potential energy
surface.

In this work, we employed a dual boost methodology?'" in which separate boost potentials were
applied to the overall potential energy function to facilitate large-scale diffusive motions, and to
torsional terms to accelerate local protein backbone dynamics. The parameters for these boost
potentials—Enreshe @aNd Oltor, aNd Eghresho and Ained, respectively—were computed by Equations 2 and 3
based on the average total and torsional potential energies from the 51-ns conventional, production-
stage MD simulations. By this procedure, Esnreshp, Ethreshn, Otor, aNd Qained Were assigned values of -
543390.98, -12148.839, 13064.32, and 696 kcal/mol for the fully protonated OmcS dimer with the inter-
domain crosslink, and -543725.18, 12139.571, 13064.32, and 696 kcal/mol for the fully protonated

model lacking the crosslink.

Ethresne = Eavg,tot + Qtor (2a)
0.1 kcal N
= —_— %
Frot = D200 0l x atom | atoms (2b)

Etnresnp = Eavg,dihedral + (5 * Aginearar) (3a)

_ 1 kcal N
Fdined = E( mol X residue) * Nresidues  (3p)

Significant advantages of the aMD methodology include the fact that a reaction coordinate does
not need to be pre-defined and that the boost potential preserves the shape of the underlying potential
energy surface. Canonical ensemble averages of observables can be obtained, in principle, by an
energetic reweighting procedure, although care may be needed to avoid numerical instabilities in the
reweighting process?'%213,

Time in an aMD simulation is one of the quantities that must be reweighted by an ensemble
average of the Boltzmann factor of the boost potential energy. However, if the boost potential modifies
the transition state region for a state-to-state transition, which is likely to occur on the very rough and
hyperdimensional energy landscape of a biomolecule, this time reweighting procedure is no longer

valid?'* 5, Correction schemes have been explored but have only so far been shown to recover the
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correct kinetics for simple processes (e.g., cis-trans isomerization of the peptide bond in N-
methylacetamide and the glycyl-prolyl dipeptide)?'*2'>. We therefore refrain from reweighting time, and
instead report the nominal length of the aMD simulations of the fully protonated dimer with and
without the His crosslink to be 306 and 510 ns, respectively. These nominal times represent the lower-
bound of the actual timescale for the kinetic processes sampled in these trajectories.

3.5.15 Molecular mechanics generalized Born solvation area (MM-GBSA) binding free energy
estimation

The MM-GBSA end-point binding free energy approach’®2'¢ was used to estimate the change in
stability of the OmcS dimer upon the protonation of all titratable residues. A thermally averaged
protein-protein binding free energy was obtained under circumneutral pH conditions by sampling
configurations every 600 ps from the last half of a 72-ns conventional (unbiased) MD simulation (i.e., 60
configurations were analyzed in total).

Because of the length of the aMD simulations for the fully protonated OmcS dimer with or without
the His16 crosslink, the following protocol was devised: The aMD simulation was divided into segments
of a nominal 38-44 ns within which the unbiased total potential energy of the simulation was found to
be normally distributed. In each of these simulation segments, configurations with unbiased potential
energies within one standard deviation of the mean were concatenated into separate trajectories from
which every 30™ frame was taken for analysis with MM-GBSA. A total of 45 to 50 frames were analyzed
for each simulation segment (Supplementary Table 3.2). The average of these MM-GBSA results is
reported in the main text.

In all the MM-GBSA calculations, chain A of the OmcS dimer was defined as the “ligand” for the
“receptor,” which was composed of chains B and the capping-fragment of chain D. The MM-GBSA
method is intended for studying non-covalent binding interactions. To apply the method to the OmcS
dimer models with an inter-domain (ligand-receptor) bond, the bonded energy terms that do not
cancel in the thermodynamic cycle were subtracted from the total binding energy. This correction was
no greater than 14 kcal/mol and does not change the conclusion regarding pH-induced destabilization

of the polymerized state.
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MM-GBSA, as implemented in the AmberTools20 package, does not natively include the atomic
radius of Fe for the implicit solvent models. It was necessary to add the parameters to the mdread2.fo0
source file as documented in an Amber Mailing List post

(http://archive.ambermd.org/201303/0230.html), and to recompile the package.

Supplementary Table 3.2. MM-GBSA binding free energies (in kcal/mol) for OmcS dimer models
varying in protonation state and the presence of the inter-domain His crosslink.

Avg. St. Dev. St. Error
With the Inter-Domain Crosslink

Standard Protonation

Full trajectory -178.5 8.9 1.2
Full Protonation

Seg. #1 -1233 153 22
Seg. #2 -112.8 10.1 14
Seg. #3 -117.6 74 1.1
Seq. #4 -110.5 8.5 1.2
Seg. #5 -116.7 9.3 13
Seg. #6 -115.6 9.5 14
Seq. #7 -116.0 10.5 1.5

Without the Inter-Domain Crosslink

Full Protonation

Seg. #1 -96.0 109 1.6
Seg. #2 -105.8 10.2 15
Seg. #3 -104.8 15.8 2.3
Seq. #4 -97.9 74 1.1
Seg. #5 1126 11.9 1.7
Seg. #6 -131.7 8.6 1.2
Seg. #7 -1233 104 15
Seg. #8 -110.5 16.6 25
Seg. #9 -103.5 1.4 1.6
Seg. #10 -115.3 1.5 1.7
Seg. #11 -115.6 8.1 1.2
Seg. #12 -124.0 12.0 1.7
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3.7 Appendix

The following pages contain the raw images used to prepare figures presented in this chapter.
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Supplementary Figure 3.3. Unmodified TEM image used to prepare Figure 3.1D

Supplementary Figure 3.4. Unmodified immunoblot image used to prepare Figure 3.2B.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
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Supplementary Figure 3.5. Unmodified TEM image used to prepare Figure 3.6A.
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Supplementary Figure 3.6. Unmodified TEM image used to prepare Figure 3.6B.
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Supplementary Figure 3.7. Unmodified TEM image used to prepare Figure 3.6C.
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Supplementary Figure 3.8. Unmodified agarose gel image used to prepare Figure 3.3A.
Ladder used includes markers at 1517, 1200, 1000, 900, 800, 700, 600, 500, 400, 300, 200, 100 bp.
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Supplementary Figure 3.9. Unmodified anti-OmcS immunoblot image used to prepare Figure
3.3C.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.

Supplementary Figure 3.10. Unmodified anti-GroEL immunoblot image used to prepare Figure
3.3C.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
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Supplementary Figure 3.11. Unmodified immunoblot image used to prepare characterization of
strain CL-1 in Figure 3.3G.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.

Supplementary Figure 3.12. Unmodified immunoblot image used to prepare characterization of
strain H16A in Figure 3.3G.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.

101



i TR &
- X L v . '-__-n!

AL
E
. ‘.’
i

.

e

R il
Supplementary Figure 3.13. Unmodified immunoblot image used to prepare Figure 3.4A.
Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.

Supplementary Figure 3.14. Unmodified immunoblot image used to prepare Figure 3.4B.
Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
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Supplementary Figure 3.15. Unmodified gel image used to prepare heme staining
characterization of samples unheated prior to loading in Figure 3.4C.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.

Supplementary Figure 3.16. Unmodified gel image used to prepare heme staining
characterization of samples heated prior to loading in Figure 3.4C.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
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Supplementary Figure 3.17. Unmodified immunoblot image used to prepare characterization of
samples unheated prior to loading presented as “Replicate 1” in Figure 3.4C.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
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Supplementary Figure 3.18. Unmodified immunoblot image used to prepare characterization of
samples heated prior to loading presented as “Replicate 1” in Figure 3.4C.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
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Supplementary Figure 3.19. Unmodified immunoblot image used to prepare characterization of
samples unheated prior to loading presented as “Replicate 2” in Figure 3.4C.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.

Supplementary Figure 3.20. Unmodified immunoblot image used to prepare characterization of
samples heated prior to loading presented as “Replicate 2” in Figure 3.4C.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
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Supplementary Figure 3.21. Unmodified immunoblot image used to prepare characterization of
samples unheated prior to loading in Figure 3.4D.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.

Supplementary Figure 3.22. Unmodified immunoblot image used to prepare characterization of
samples heated prior to loading in Figure 3.4D.

Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
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Supplementary Figure 3.23. Unmodified TEM image used to prepare Figure 3.7A.
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Supplementary Figure 3.24. Unmodified TEM image used to prepare Figure 3.7B.
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Supplementary Figure 3.25. Unmodified TEM image used to prepare Figure 3.7C.

h_2019_Filament_Stability_Urea_001
1565 umipix

Cal 600 nm
12:35:14 3/25/2019 HV=80.0kV/

Direct Mag: 6000x

Yale Nanobiology Institute

Camera: Hamamatsu ORCA HR Camera , Exposure(ms): 1400 Gain: 3, Bin: 1
Gamma: 1.00, No Sharpening, Normal Contrast

Supplementary Figure 3.26. Unmodified TEM image used to prepare Figure 3.7D.
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Supplementary Figure 3.27. Unmodified TEM image used to prepare Figure 3.7E.
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Supplementary Figure 3.28. Unmodified TEM image used to prepare Figure 3.7F.
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Supplementary Figure 3.29. Unmodified TEM image used to prepare Figure 3.7G.
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Supplementary Figure 3.30. Unmodified TEM image used to prepare Figure 3.7H.
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Supplementary Figure 3.31. Unmodified TEM image used to prepare Figure 3.16A.

Supplementary Figure 3.32. Unmodified gel image used to prepare Figure 3.5A and Figure 3.19D.
Molecular weight standard utilized includes markers at 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
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Structural evidence suggests diverse microbial species have the potential to
utilize OmcS-like nanowires for EET

This chapter is based on a submitted manuscript:
Shen, C,, Srikanth, V., Gu, Y., Salazar-Morales, A.l,, Shipps, C.C., Yalcin, S.E., Samatey, F.A., and Malvankar,

N.S. “A conserved gene cluster drives formation of cytochrome OmcS nanowires in diverse bacteria.”

The source material has been abridged to highlight discussion of the structure and function of OmcS-

like cytochromes and their potential to form nanowires utilized for EET.

The complete author contribution description accompanying this manuscript is reproduced below

(emphasis added):

N.S.M. and C.S. designed the project. C.S. performed bioinformatic analyses, bacterial growth, RT-
PCR, negative-stain TEM, AFM imaging, device fabrication, purification of G. subterraneus filaments,
conductivity measurements, genetic constructions, biochemical analyses, iron oxide reduction assay,
manganese oxide reduction, subcellular fractionation, purification of recombinant proteins from E. coli,
and DLS. V.S. conducted negative-staining TEM, collected cryo-EM data, solved the structure [of
the G. subterraneus filament], and built the atomic and AlphaFold models [of OmcS-like
protomers]. Y.G. conducted negative-staining TEM, power spectra analyses of filaments from A.
dehalogenans and 2D classification of negative-staining TEM images of recombinant OscG. A.L.S.-M.
carried out iron oxide reduction assays. C.C.S. performed measurements of midpoint redox potential.
S.E.Y. performed AFM imaging of recombinant OscG. F.A.S. conducted purification of recombinant
proteins from E. coli and built AlphaFold models. N.S.M. supervised the work. C.S., V.S., and N.S.M.

wrote the manuscript with input from all the authors.
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4.1 Summary

Microbial extracellular electron transfer drives various globally-important environmental processes
and biotechnological applications™°. Well-known modes of short-range (< 1 um) EET use soluble
molecules and membrane-bound monomeric cytochromes'®. Although “nanowires” of polymerized
cytochrome OmcS have also been described for long-range (> 10 um) EET**>4, the basis for their
formation and existence beyond Geobacter sulfurreducens remains unknown. By analyzing omcS genetic
patterns, here we identify a previously-unknown ~10-gene cluster, herein named osc, in diverse
environmentally-important bacteria. We find that Geoalkalibacter subterraneus and Anaeromyxobacter
dehalogenans also use OmcS-like nanowires for EET through the action of their osc clusters. Combining
cryo-electron microscopy and structural modeling with functional studies, we show that these bacteria
produce distinct nanowires structures with varied conductivity and redox properties. As OmcS-like
structures and related gene clusters are widespread, our studies establish a prevalence of specialized

biogenesis systems for cytochrome nanowires across diverse species and environments.

4.2 Introduction

Geobacter species serve as a model for EET due to theirimportance in diverse natural
environments®® %3, Geobacter are often abundant species in soils and sediments in which EET
significantly impacts the biogeochemical cycling of carbon, nutrients, and metals, as well as in
bioremediation of toxic organic and metal contaminants in groundwater’. Geobacter species are also
frequently syntrophic partners of methanogens relying on direct interspecies electron transfer (DIET)>.
Geobacter species are often enriched in bioelectrochemical systems generating electricity from waste,
and G. sulfurreducens generates the highest current densities of all known isolates by forming a
nanowire network in biofilms that can transport electrons over 100 cell lengths®. Thus, Geobacter are
among the most efficient species for EET and DIET, serving as an ideal model system for various
biotechnological applications such as electrocatalysis, metal corrosion and production of fuels'”-%3,

It has been hypothesized that the key to high performance of Geobacter species is their ability to

directly contact electron acceptors via conductive surface appendages called “nanowires,” thus
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eliminating the need for diffusive redox mediators®® 5. These nanowires were thought to be pili*®.
However, recent structural, functional, and localization studies®®?'” have found that filaments on the
bacterial surface during EET are made up of polymerized cytochromes OmcS*** and OmcZ®, whereas
pili are required for the secretion of cytochrome nanowires'®.

Cryogenic electron microscopy of OmcS nanowires shows a seamless heme stacking®*>* that
enables highly-efficient electron transfer over micrometer distances?'® ', Out of 111 putative
cytochrome genes, omcS is the only nanowire-forming cytochrome known to be essential for DIET' and
EET to Fe(lll) oxides abundant in natural environments®. OmcS is also important for EET to electrodes
during early stages of biofilm growth®. In addition to playing a role in whole-cell catalysis by G.
sulfurreducens®® 22!, OmcS was found to increase the performance of cyanobacteria in diverse catalytic
processes when it was heterologously expressed in those microbes??>?*, These studies highlight the
important role of OmcS in biocatalysis. While these studies suggest that OmcS nanowires are involved
in EET, the molecular basis for nanowire formation and function, and the existence of nanowires beyond

G. sulfurreducens is unknown.

4.3 Results

4.3.1 omcSis co-localized with a gene cluster

OmcS homologs were thought to be rare in the microbial world*”. However, our bioinformatic
analysis revealed that diverse environmentally-important bacteria show high evolutionary conservation
of OmcS homologs which are encoded in a shared ~10 gene cluster (Figure 4.1A, Figure 4.2A). In G.
sulfurreducens, these genes (oscB-K) reside within a single operon (Supplementary Figure 4.1) and are
overexpressed under three conditions??>2?” previously known to induce OmcS expression (Figure 4.1B).
These results suggest that the expression of all genes in the cluster are collectively regulated and this
omcS-related gene cluster, herein named ‘osc,’ may be important in the formation of OmcS nanowires.

We found that OmcS homologs and the related osc gene cluster are present in multiple phyla

including Deltaproteobacteria, Thermodesulfobacteria, and Aquificae (Figure 4.2). Most of the species
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showing OmcS homologs are anaerobic and metabolize sulfur or sulfate. Many of these species are
unculturable. Our phylogenetic analysis classified them into four main clades (Figure 4.1C):
Clade I: primarily mesophilic bacteria, such as Geobacter, inhabiting soils, and aquatic sediments
Clade II: primarily thermophilic bacteria, including DIET-performing syntrophic partners of methane
oxidizing archaea in marine sediments, especially near hydrothermal vents??
Clades Il and IV: detected only by metagenomics?**23°
Analysis of evolutionary conservation of OmcS revealed highly conserved heme binding motifs and key
residues (Figure 4.3A-B). Notably, among the highly-conserved residues was His16, which is required for
OmcS polymerization by coordinating the iron atom from the fifth heme of the adjacent monomer*?
(Figure 4.3Q). Furthermore, the residues near the central electron transport chain of hemes were highly
conserved (Figure 4.3B). The evolutionary conservation of these key residues and motifs suggest that

diverse bacteria could polymerize OmcS homologs into nanowires to perform EET.
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Figure 4.1. OmcS homologs and the related osc gene cluster are widespread in environmentally
important bacteria.

a, Genomic organization of the osc genes surrounding omcS in G. sulfurreducens showing omcS
homolog genes (red) and non-conserved genes (grey). Each gene homolog is shown by the same color.
Not to scale. For other bacteria, see Figure 4.2. b, The osc cluster is upregulated under previosly reported
conditions where OmcS is upregulated (analysis of data from Leang et al.***, Tran??*, and Aklujkar et

al.??). ¢, Phylogenetic distance tree derived from amino acid sequence alignments (Figure 4.3) with key
species marked.
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Figure 4.2. OmcS homologs and related gene cluster are widespread.

Genomic organization of the osc genes surrounding omcS in a, Geobacteraceae and b, three key species
discussed in this work. ¢, Other bacteria including other phyla, showing omcS homolog genes (red) and
non-conserved or remote genes (grey). Each gene homolog is shown by the same color among
different species. OmcS homologs named in red either form cytochrome filaments or are significantly
upregulated in cocultures.
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Figure 4.3. Key motifs and residue required for OmcS polymerization are evolutionarily
conserved in diverse bacteria.

a, Multiple sequence alignments of OmcS Clade | homologs from UniRef 90 database shows highly-
conserved motifs and residues (green boxes). Ten prolines were also highly conserved. b, Section view
of OmcS protomer structure. ¢, Comparison of the His16 inter-subunit metal interaction between
neighbouring subunits of the G. subterraneus (blue) and G. sulfurreducens OmcS (orange) nanowire
structures.
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4.3.2 Diverse bacteria use OmcS-like nanowires

To evaluate whether diverse bacteria can assemble OmcS-like nanowires through the action of their
osc clusters, we focused on two key species: Geoalkalibacter subterraneus and Anaeromyxobacter
dehalogenans. G. subterraneus is a thermophile isolated from an oilfield at 1.5 km depth?*' and encodes
both Clade I and Il osc clusters. We found that G. subterraneus produces OmcS-like filaments when
grown at higher as well as lower temperatures (Figure 4.4A-B). Our mass spectrometry analysis
indicated that these filaments are made up of an OmcS homolog protein encoded by gene
GSUB_RS07275 (Supplementary Figure 4.2), which is overall ~40% identical in amino acid sequence to

G. sulfurreducens OmcS.

OmcS-like
filaments 200 nm

€ Electrostatic Potential f

Geoalkalibacter
subterraneus

I T T T Trrrrre T T rrrrn T T T T 1
0.5 -0.4 0.3 0.2 0.1 0.0

T 1 10 100
0 T o M0 Log Conductivity (mS/cm) Voltage (V) vs. Ag/AgCI
Figure 4.4. Thermoplhilic G. subterraneus shows distinct nanowire structure with different redox
properties and electronic conductivity vs. OmcS.

Negatively-stained TEM of G. subterraneus cells producing OmcS-like filaments when grown at a, 42 °C
and b, 37 °C. ¢, Cryo-EM structure of G. subterraneus nanowires. d, Superimposed hemes in cryo-EM
structures of G. subterraneus (cyan) and OmcS nanowire (orange). e, Greater estimated negative surface
charge of G. subterraneus vs. OmcS at circumneutral pH. f, Conductivity of individual nanowires. Error
bars, s.d. (n=3). g, Differential pulse voltammetry (DPV) characterization of G. subterraneus nanowires
showing a peak at the midpoint redox potential.
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a-f, Density fitting of individual heme cofactors. g, Resolution distribution of the cryo-EM map. h-i,
Representative density corresponding to sidechains of residues in the model. j, Map to map Fourier
shell correlation (FSC). k, Map to model FSC. I, Real space correlation coefficient (RSCC) for amino acid
residues in the model. m, RSCC for heme ligands in the model.
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Table 4.1. Cryo-EM data collection, refinement, and validation statistics for G. subterraneus OmcS-

like filament.

OmcS-like Cytochrome Filament from
Geoalkalibacter subterraneus
(EMDB-27398)

(PDB 8DET)

Data collection and processing
Magnification 105,000
Voltage (kV) 300
Electron exposure (e—/A2) 49.73
Defocus range (um) 1.0-25
Pixel size (A) 0.828
Symmetry imposed -79.1°/ 47.4 A
Initial particle images (no.) 404,877
Final particle images (no.) 84,472
Map resolution (A) 2.90

FSC threshold 0.143
Map resolution range (A) 29-44
Refinement
Initial model used (PDB code) N/A
Model resolution (&) 3.10

FSC threshold 0.5
Model resolution range (A) N/A
Map sharpening B factor (A% -59.7715
Model composition

Non-hydrogen atoms 9,060

Protein residues 1,131

Ligands 24
B factors (A2)

Protein N/A

Ligand N/A
R.m.s. deviations

Bond lengths (A) 0.008

Bond angles (°) 1.004
Validation

MolProbity score 2.01

Clashscore 14.26

Poor rotamers (%) 0
Ramachandran plot

Favored (%) 94,93

Allowed (%) 5.07

Disallowed (%) 0
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We obtained a 3.1 A resolution cryo-EM map for purified G. subterraneus nanowires using iterative
helical real space reconstruction (Figure 4.4C, Figure 4.5, Table 4.1, Figure 4.6E). Although the helical
symmetry of these filaments was slightly different than OmcS*3 (helical rise 47.4 A vs. 46.7 A for OmcS,
helical twist -79.1° vs -83.1° for OmcS), the stacking of hemes was similar to OmcS, forming a continuous
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Figure 4.6. Thermoplhilic G. subterraneus shows distinct nanowire structure with varied electronic
conductivity.

a, Coomassie-stained gel, b, heme-stained gel ¢, Negative-stain TEM d, cryo-EM image and e, electron
density map of purified G. subterraneus nanowires. Inset in ¢, nanowire solution. Surface exposure of
hemes (blue) in f, G. subterraneus and g, OmcS nanowires. h, AFM height images of G. subterraneus
nanowires with corresponding i, axial and j, lateral height profiles k, Representative current-voltage
profile of G. subterraneus nanowires. Inset: AFM phase image of a nanowire bridging the non-
conductive gap across gold electrodes.
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chain (Figure 4.4D). Similar to OmcS, G. subterraneus nanowires showed relatively few helices (22%) and
beta strands (5%).

Notably, G. subterraneus nanowires also showed inter-subunit metal coordination via His16, further
highlighting its importance in the polymerization (Figure 4.3C). However, there were important
structural differences between OmcS and G. subterraneus nanowires. G. subterraneus nanowires showed
higher surface exposure of hemes (71% vs. 57% for OmcS) (Figure 4.6F-G). G. subterraneus nanowires
also showed less buried positive charge than OmcS due to the presence of glutamate and tyrosine, near
an arginine pair, forming a salt bridge and a cation-pi interaction, respectively. The surface loops also
diverged by ~30%. Furthermore, G. subterraneus nanowires showed a larger pocket on their surface
(5400 A3 vs. 4800 A3for OmcS). The surface charge of the G. subterraneus protomer forming the
nanowires was substantially different from that of the OmcS protomer (Figure 4.4E, net charge of -25 vs.
-3 for OmcS; pl of 4.9 vs. 7.1 for OmcS). This negatively charged patch, larger pockets, and higher heme
exposure on the G. subterraneus nanowire surface could be physiologically important to bind cationic
electron acceptors.

To evaluate the effect of these structural differences on functional properties, we compared the
electronic conductivity and redox potential of G. subterraneus nanowires to OmcS. We found that
individual G. subterraneus nanowires show substantially lower conductivity than OmcS (~8.5 mS/cm vs.
35 mS/cm for OmcS) (Figure 4.4F, Figure 4.6K, Supplementary Figure 4.3). The midpoint redox potential
of hemes of G. subterraneus nanowires was also substantially more positive than that of the OmcS
monomer (ca.-73 mV vs. SHE, compared to -212 mV for OmcS*). As most periplasmic cytochromes
show redox potentials ca.-130 mV vs. SHE®2, our results suggest that G. subterraneus nanowires could
accept electrons from periplasmic electron carriers. Therefore, our studies could explain G. subterraneus’
ability for EET to iron oxide and manganese oxide?*', and for EET to electrodes to generate high current
densities (4.7 A/m?)?*3, which requires EET over multiple cell lengths by forming thick, conductive
biofilms3> 24, These differences between biophysical and structural properties of OmcS and G.
subterraneus nanowires might play important roles in the two bacterial species’ growth and adaptation

in diverse environments.
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Next, we evaluated nanowires formed by A. dehalogenans, which is a rod-shaped, spore-forming
species capable of EET for use in bioremediation of toxic metals?*> 23 and compounds?’. We found that
A. dehalogenans produces OmcS-like filaments on cell surfaces with helical symmetry akin to conductive
OmcS nanowires®? (helical rise 48.1 A vs. 46.7 A for OmcS, helical twist -88° vs -83.1° for OmcS) (Figure
4.7A-C). Consistent with this structure, we found that A. dehalogenans can generate electricity through
EET to electrodes (Figure 4.7D). In contrast, Desulfovibrio ferrophilus lacks the osc cluster, and produced
no OmcS-like nanowires for EET even when its OmcS-homolog was highly expressed®®, These results

suggest that the osc cluster is required for the biogenesis and secretion of OmcS-like nanowires by

diverse species.
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Figure 4.7. A. dehalogenans produces electricity and OmcS -like filaments.

a-b, Negative-staining TEM images showing A. dehalogenans produces OmcS-like filaments. ¢, Power
spectra analysis of A. dehalogenans OmcS-like filaments suggests filament rise ~48 A and pitch ~200 A.
d, Electricity produced by A. dehalogenans. e, G. sulfurreducens cryo-EM structure (brown) and f, G.
subterraneus cryo-EM structure (cyan) superimposed with AlphaFold predicted models (blue-yellow),
showing good agreement. g, A. dehalogenans and h, Candidatus D. auxilii, predicted protomers
compared with cryo-EM structure of G. sulfurreducens OmcS.
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44 Discussion

In addition to G. sulfurreducens and G. subterraneus, we found that Candidatus Desulfofervidus
auxilii (also called HotSeep-1) also shows an osc cluster. Notably, HotSeep-1 is a syntrophic DIET-
performing partner of methanotrophic archaea; this DIET process protects the Earth from the methane
released from ocean sediments' 2%, HotSeep-1 contains four copies of OmcS homologs and a complete
set of the osc cluster (Figure 4.2B). Three homologs were overexpressed up to ~600-fold during DIET
with methanotrophic archaea?® %°,

To evaluate if this protein could form an OmcS-like structure, we first used AlphaFold** to compare
the accuracy of the predicted models of G. sulfurreducens OmcS and G. subterraneus nanowires.
Remarkably, both models show good agreement with the cryo-EM structures (RMSD 1.13 A for Omcs,
1.84 A for G. subterraneus), validating our methodology (Figure 4.7E-F). Next, we built models of OmcS
homologs in A. dehalogenans and HotSeep-1 (gene HS1_RS03280) which showed high structural
identity to nanowire-forming OmcS (Figure 4.7G-H). As methane is the most abundant hydrocarbon and
highly potent greenhouse gas that affects Earth’s atmosphere, our results suggest that diverse microbes
could be using OmcS-like nanowires for globally important processes, such as regulating atmospheric
methane levels. OmcS nanowires could explain the ability of these microbes to transfer electrons
rapidly at rates too fast for molecular diffusion?? 24!,

Our bioinformatic analyses did not show evidence of any recent horizontal transfers of the osc
genes, suggesting that nanowire assembly machinery and its persistence could be an ancient and
conserved feature (Figure 4.8). The osc cluster exhibits sporadic distribution on phylogenetic trees
constructed based on comparisons of “housekeeping” proteins. Within the Geobacter genus itself, only
a fraction of genomes contains OmcS homologs. Although this suggests that OmcS nanowires and the
osc cluster may have spread to these organisms via horizontal gene transfer, we found that the GC
content of osc cluster exhibits no difference from the corresponding genome backgrounds, even for
species with genomic GC content >70% (A. dehalogenans) or < 40% (HotSeep-1). Therefore, our analysis
suggests that in contrast to Geobacter pili’®, OmcS-like nanowires could be a widespread and ancient

adaptation for bacterial survival via EET and DIET in environments that lack oxygen-like soluble electron
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acceptors. Our work thus suggests the prevalence of potential nanowire-mediated EET and DIET

systems across diverse species and environments.
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Figure 4.8. osc cluster is widespread and ancient.

a, OmcS homologs and the osc cluster exhibit sporadic distribution on a phylogenetic tree. Within the
Geobacter genus, only some published genomes have OmcS homologs. Other species outside the
Geobacter genus that encode OmcS homologs are phylogenetically distant from each other. b, The GC
contents of the osc cluster exhibits no difference from the genome backgrounds of the species

encoding them, even for species with genomic GC content over 70% (A. dehalogenans) or below 40%
(Candidatus D. auxilii).
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4.5 Methods

4.5.1 Bacterial strains and culture conditions

Geobacter sulfurreducens strain CL-1%® (AGSU1240 on lab PCA strain background) and strain ApilA-
N%8 (based on PCA strain background) were obtained from our laboratory culture collection. Strain CL-1
constantly expresses OmcS filaments in NBAF liquid culture and is used as a positive control in this
study. Other deletion mutants (oscEFGH & omcS deletions) and their complementations based on the
CL-1 strain were constructed in this study. As previously described>* %, all G. sulfurreducens liquid
cultures were kept in sterilized and degassed NBAF medium at 30 °C under strictly anaerobic conditions
in the dark. 10 mM acetate was used as an electron donor, 40 mM fumarate was used as an electron
acceptor, and T mM cysteine was added as an oxygen scavenger. G. subterraneus (DSMZ 29995) was
purchased from DSMZ and cultured at 37 °C under strictly anaerobic conditions in the dark with DSMZ
Medium 1249. A. dehalogenans 2CP-C (BAA-259) was purchased from ATCC and cultured at 30 °C under
strictly anaerobic conditions in the dark with ATCC Medium 2282.

4.5.2 Bioinformatic analyses

Protein sequences of OmcS homologs were obtained from the NCBI Non-Redundant (NR) database,
filtering for sequences with an e-value < 1e-5 and coverage of more than 70%. The ConSurf server and
Uniref90 database were used for multiple sequence alignments and conservation mapping to OmcS
structure?*2, Phylogeny trees of OmcS homologs and the housekeeping gene recA were constructed by
maximum likelihood method using Mega-X software'®'. The homologs of the osc cluster were revealed
by local protein-protein BLAST search?¥2%* against the local protein database from OmcS homolog-
containing bacteria, filtering for sequences with e-value < 1e-5. Multi-sequence alignments of OscG
homologs were constructed using Mega-X software''. Gene expression data for Figure 4.1C and
HotSeep-1 coculture under DIET conditions are analyzed and summarized from transcriptome data of
previous publications.

4.5.3 Reverse-transcription PCR

20 mL of late-exponential stage cultures of G. sulfurreducens cells were harvested and saved in

RNAprotect (Qiagen) and frozen at -80 °C. Cells were lysed with 200 pL TE buffer pH 8.0 supplemented
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with 320 pg/ml lysozyme and 100 pg/ml proteinase K. RNeasy Mini Kit (Qiagen) was used for RNA
extraction. Contaminant DNA was removed using a TURBO DNA-free kit (Invitrogen). cDNA first strands
were synthesized using a SuperScript First-Strand Synthesis System for RT-PCR kit (Invitrogen). In order
to probe the operon structure of the osc cluster, the intergenic regions of the osc cluster from genomic
DNA, cDNA from extracted RNA, and no-reverse-transcriptase-control were amplified by PCR.

4,54 Negative-staining transmission electron microscopy and power spectrum analysis

CF400-CU grids (Electron Microscopy Sciences) were first plasma-cleaned at low power for 40
seconds, then the samples containing filament proteins or bacteria were drop-cast onto the grids and
allowed to adsorb to the grid surface for 5 minutes. Excess liquid was removed using filter paper, and
then the grids were floated on top of 50 pL droplets of a 1% phosphotungstic acid solution (pH
adjusted to 7), with the carbon side facing the liquid, staining for 2 minutes for protein samples or 30
seconds for bacterial samples. Then, the excess staining solution was removed using filter paper and the
grids were allowed to air-dry before imaging in TEM. TEM images were taken with a JEM-1400 series
(JEOL) microscope located on Yale West Campus operating at 80 kV. Segments from TEM images with
the same pixel size were pooled for power spectrum analysis. e2helixboxer.py implemented in
EMAN22% was used for picking segments along the OmcS-like filaments. The boxed filaments were
further segmented into particles with 384-pixel size in SPRING''®. The averaged power spectrum was
generated based on the picked particles by using segmentexam implemented in SPRING.

4,5.5 Atomicforce microscopyimaging

Atomic force microscopy experiments were conducted with soft cantilevers (OMCL-AC240TS-R3,
OLYMPUS) whose nominal force constant is 2 N/m and resonance frequencies is 70 kHz. Asylum
Research software was used for the calibration of the tips’ free-air amplitude and the thermal vibration
method was used for the capture of spring constant. AC-air topography mode was used to image
samples with a Cypher ES scanner. For the imaging of whole cells, 20 pL of diluted cultures were added
on a mica surface, washed with DI water, and air-dried overnight. For the imaging of individual
filaments, 5 pL of diluted filament preparations were added onto a 300-nm silicon dioxide dielectric

layer patterned with gold electrodes by electron beam lithography and air-dried overnight. AFM
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imaging proved that individual filaments bridged gold electrodes and preconditioned conductivity
measurements. For the visualization of helical features, attractive force imaging mode was used, and
height and phase channels were both reported for axial periodicity. Gwyddion'"” software was utilized
for height analyses of filaments.

4.5.6 Conductivity measurements

Measurements of direct current were conducted on nanofabricated gold electrodes with a 300 nm
gap. AFM was used to inspect individual filaments across the electrodes and to determine the number
of filaments contacting the electrodes. Later, a probe station connected to a Keithley 4200A-SCS
parameter analyzer was used for |-V measurements of filaments bridging the electrodes. At each fixed
voltage, to reduce faradic currents, a stable level of currents was maintained, and the average value was
calculated after 1 minute waiting period. To efficiently reduce ionic current from buffer, 20 mM bis-tris
buffer was used'®. The current was measured within a physiologically-related and linear-response
voltage range (< 300 mV). By fitting the measured I-V curve with a linear function, the observed
conductance (G) was extracted and converted into conductivity (o) by using the relationship 0= G
(L/mr?), where ris the radius of the filaments recorded from AFM and L is the gap distance across two
gold electrodes™,

4.5.7 Mass spectrometry

Protein bands on 4-20% gradient SDS-PAGE gel stained with SimplyBlue (Thermo Scientific) were
carefully excised and send to the Mass Spectrometry & Proteomics Resource at Yale University. Filament
samples were processed through trypsin digestion and liquid chromatography with tandem mass
spectrometry. LC-MS/MS analysis was performed on a Thermo Scientific Q Exactive HF-X equipped with
a Waters Acquity M-class UPLC system utilizing a binary solvent system (A: 100% water, 0.1% formic
acid; B: 100% acetonitrile, 0.1% formic acid). Proteome Discoverer software (version 2.2.0.388, Thermo
Scientific) was used to extract tandem mass spectra and the Mascot algorithm (version 2.6.1, Matrix
Science) was used to search in-house against a G. subterraneus proteome with methionine oxidation
and cysteine carbamidomethylation configured as variable modifications. Searches of normal and

decoy databases were operated at 95% confidence level (p < 0.05). The validation of MS/MS based
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peptide and protein identifications were conducted by Scaffold Q+S (version 4.8.9, Proteome Software).
The Scaffold Local FDR algorithm accepted peptide identifications which were established at greater
than 95% probability and accepted protein identifications which were established more than 99%
probability and contained at least 2 identified peptides'®® 1%,

4.5.8 Cryogenic electron microscopy

3 pL of sample containing GSUB_RS07275 filaments purified from G. subterraneus were applied to
400 mesh holey carbon Quantifoil gold grids (R 2 pm/2 um) which had been pre-treated via floating on
a 0.1% Triton X-100 detergent as previously described?®. The grids were then transferred to an FEI
Vitrobot Mark IV operating at 22 °C with 100% humidity, which was used to blot the grid for 8 seconds
with a blot force of -4 and then plunge-freeze the sample in liquid ethane. Frozen grids were imaged on
a Titan Krios G3i+ operating at 300 kV equipped with a K3 detector and utilizing a quantum energy filter
with a slit width of 20 eV. Micrographs were recorded with super-resolution mode at 0.828 A/pixel, with
a total dose of ~60 e”/A? fractioned into 50 frames. A target defocus range of 1 um — 2.5 um was used to
collect ~7300 images in total. Movies were motion-corrected utilizing MotionCorr implemented in
RELION 3.0.8'% and the CTF of the motion-corrected images was estimated using GCTF v1.10 '®. Using a
box size of 480 pixels, filament segments were first manually picked to generated a reliable 2D
classification, which was then used as a template for RELION auto-picking; after subsequent 2D
classification, ~400,000 particles were used for initial 3D helical reconstruction using a starting reference
generated from the 2D classes using RELION 3.12*” and estimates of the helical symmetry (helical rise
~49 A, helical twist ~78 °). Multiple rounds of 3D refinement of the reconstruction and helical symmetry
parameters combined with 3D classification, followed by CTF refinement and Bayesian polishing
yielded a map with RELION-reported resolution of 2.9 A (gold-standard map:map FSC) from a total of
~80,000 filament segment images. The model of the mature GSUB_RS07275 sequence, including six
covalently bound heme moieties, was manually built in this map using Coot**® and refined using

Phenix?* to obtain the final model.
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4.5.9 Microbial fuel cells

Microbial fuel cells were operated following methods described previously?* 7. A glass fuel cell was
constructed with both anode and cathode chambers, separated by a Nafion 117 proton exchange
membrane (Electrolytica). Sanded graphite electrodes with dimensions of 1 x 3 x 0.5 inches were used
as the anode and cathode. For each chamber, the medium volume was about 150 mL. 20 mM acetate
was used as electron donor and 40 mM fumarate was used as electron acceptor in the early stages of
fuel cell growth. Bacteria were inoculated into the anode chamber, with potential poised at +300 mV vs
AgCl/Ag. The fuel cells were operated in a dark environment at 25 or 32 °C, with constant sparging of
80:20 N,/CO, gas mix in the fuel cell chambers.

4.5.10 Differential pulse voltammetry

Platinum wire with 0.5 mm diameter served as the counter electrode while an Electrolytica C-925 1
mm (Ag/AgCl with 3.4 M KCl) served as the reference electrode. The reference was compared to a
standard before each use. DPV scans were performed using a Gamry 1000B potentiostat. All DPV was
performed from 0.4 to -0.7 V with a step size of 1 mV, sample period of 0.5 seconds, pulse size of 25 mV
and pulse time of 0.1 seconds in an anaerobic glove box. The platinum counter electrode was freshly
cut or cleaned in 0.5M H,SO,, identically to the gold electrodes before use, by holding 2.04 V for 5
seconds, -0.31 V for 10 seconds, followed by cyclic voltammetry from -0.26 V to 1.6 V at 4000 mV/s for 20
cycles then at 100 mV/s for 4 cycles*®. Electrodes were washed in ethanol, then water, and dried in
stream of N,. 1.5 pL of filament solution was drop-cast onto the device and air-dried overnight before
measurement. The electrolyte in all cases was 50 mM KH,PO,4,100 mM KCl at pH 7, sparged with N, for at
least 1 hour and stored in a serum tube to remain anaerobic®'. Anodic and cathodic scans were
analyzed for each sample. Peak fitting and statistical analysis were performed using MATLAB?*? scripts
utilizing the EzyFit>** and peakfit>** modules for DPV result. Each DPV curve was fit with an
unconstrained Gaussian and the peak center was reported as the midpoint. All Ag/AgCl potentials were

converted to SHE by adding +200 mV.
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4.5.11 Filament preparation

Filament preparations were collected following methods described previously>3, with minor
modifications. 300 mL of G. sulfurreducens culture were collected in 50 mL Falcon tubes and spun at
2500 x g for 15 minutes. The supernatant was decanted, and tubes containing culture were inverted for
15 minutes to remove the remaining liquid. Then, the whole cell wet weights were measured and used
to normalize loading volume of samples for subsequent SDS-PAGE analysis. The cell pellets were
resuspended in 150 mM ethanolamine pH10.5, and the cell suspension was then blended in a Waring
commercial blender at low speed for 2 minutes. A 30 minute-long 13000 x g centrifugation was used to
remove the bacterial cells debris. Then, a 1 hour-long 23000 x g centrifugation was used to remove the
remaining impurities. 12.5% v/v of a saturated ammonium sulfate solution was added, the sample was
incubated at 4 °C overnight, and then cytochrome filaments were precipitated via another 1 hour-long
13000 x g centrifugation. The resulting red pellets were carefully resuspended in 500 uL 150 mM
ethanolamine pH 10.5. The same method was applied to produce filament preparations from both G.
subterraneus and A. dehalogenans.

4.5.12 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and heme staining gels

After boiling in 1x Laemmli Sample buffer (Bio-Rad) with 2.5% (-mercaptoethanol for 12 minutes,
the protein samples were run on 4-20% gradient SDS-PAGE gels (Bio-Rad). The electrophoresis was
powered by PowerPac Basic (Bio-Rad) at 190 V for 35 minutes. PageRuler Prestained Protein Standard
(Thermo Scientific) was used to evaluate molecular weights. Standard SDS-PAGE gels were stained in
GelCode Blue Safe Protein Stain (Thermo Scientific) for 1 hour and de-stained in deionized water
overnight. For heme staining, under dark conditions, 4-20% gradient SDS-PAGE gels were soaked in a
mixture of 35 mL 0.5 M sodium acetate (pH 5.0) and 15 mL methanol with 30 mg TMBZ (3,3,5,5-
tetramethylbenzidine) thoroughly dissolved. 300 pL of H,O, was added after 3-5 minutes. Heme
containing bands turned blue after another 5 minutes?2%,

4.5.13 AlphaFold prediction of OmcS and OmcS-homolog structures

AlphaFold?* was downloaded and installed from https://github.com/deepmind/alphafold. For the

prediction of OmcS homologs, the sequences were downloaded from NCBI. The signaling peptide was
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predicted by SignalP 6.0%” online server and removed from the sequence based on the prediction. Then
the sequences were used as input for AlphaFold prediction without use of templates; 5 models were
generated for each sequence. The top ranked models, based on the model confidence generated by the
program, were used for all the subsequent analysis. Hemes were then manually built inside the model
structure based on the predicted heme binding motifs. The heme arrangement in the models was
obtained based on the position of cysteines and histidines that form heme binding motif. A PyMOL?®
command “pair_fit” was used to insert hemes in the AlphaFold structure which showed a good
agreement with the cryo-EM structure. The backbone RMSD for conserved residues, in comparing

AlphaFold models to cryo-EM structures, was computed using the “align” command in PyMOL.
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4.7 Appendix

The following pages contain the supplementary information accompanying the portions of the

manuscript discussed within this chapter.
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Supplementary Figure 4.1. oscB to oscK in the osc cluster form an intact operon and are
upregulated alongside omcs.

All tested regions are intergenic regions between two open reading frames; only the name of the gene
at the 3’ end of the region is listed, e.g., the intergenic region between oscB and oscC is denoted as “oscC
up”. Three conditions are shown for each tested region: (1) cDNA, (2) control reaction with no reverse
transcriptase, (3) control reaction with genomic DNA. Bands in the included DNA marker are separated
by 100 bp. The most intense band within the marker is 500 bp in size.

a
Gene ID MW (kDa) Total Spectrum Count Total Spectrum Coverage
Semi Trypsin Trypsin  Semi Trypsin  Trypsin
GSUB_RS07275 42 352 204 53% 26%
GSUB_RS15870 50 16 21 24% 28%
GSUB_RS14695 29 7 9 41% 48%
MKKFFTVSLA VAGALLLVSG SAFAFHGGGY GHCOGCHTMH MspToMoarr crrorsLEike
SONSSTEILNE HNGADRYHVN SADGSNTNEG GODFHWVNDNG YAFOVRPGVF KTVDYNNLGH
SYVAADFOMS ADENLTTAPG GSFLAAELGC SSCHDPHGQA QGGTIGGAAP |ISVSGSYGEYV
PPEGTIAGNY RLLYDSMKVG FSEDAPIARA SGYDGKSTQY GSGMSGWCAN CHGQFYSQSA
SGGMHPTOVS VPTVYNSYVA TOMFTGDISS AYDPLYPIER GVTITGSWDLP SPGYDSETGQ
ALEAAATAGY DGSSQVMCLS CHRAMASAFD NALRWODYTTS EFIAESWMYK PRTGTPVAET
AAPYYKHGEA IDVADPGSGN PFTDGYGEYO RSLCNKCHVQ D

Supplementary Figure 4.2. Mass spectrometry confirms the identity of OmcS-like filaments from
G. subterraneus.

a, Spectral counts and percent coverage and b, sequence coverage mapping from mass spectrometry of
purified GSUB_RS07275 filaments.
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Supplementary Figure 4.3. Representative current-voltage measurements of GSUB_RS07275
filaments from G. subterraneus.

I-V curves of GSUB_RS07275 filaments. 4 filaments bridging gold electrodes with 300 nm gap were
measured in 20 mM bis-tris buffer.

Supplementary Table 4.1. Summary of gene information in the osc cluster.

Summary of omcs -related cluster

G:Islil%?:l(lile New Gene ID Old Gene ID Length (aa) (kl\]/l):?)/ % Annotation

0scA GS_RS12585  GSU2505 315 33.88 NHL repeat domain-containing protein
GSUR3014 cyclic dinucleotide responsive riboswitch

omcS GS_RS12580 GSU2504 432 45.39 6 heme cytochrome
omcT GS_RS12575 GSU2503 430 45.53 6 heme cytochrome, OmcS homologue
oscB GS_RS12570  GSU2502 1017 110.54  spermine/spermidine synthase-like protein
oscC GS_RS12565  GSU2501 437 46.14 6 heme cytochrome, OmcS homologue
oscD  GS_RS12560  GSU3586 482 51.95 YVIN far:!‘:]tl;‘?;?nzrs:’i:; domain-
oscE GS_RS12555  GSU2499 725 80.18 hypothetical protein
oscF GS_RS12550 GSU2498 199 21.29 lipoprotein
oscG GS_RS12545  GSU2497 392 43.43 lipoprotein
oscH GS_RS12540  GSU2496 571 64.64 peptidyl-prolyl cis-trans isomerase
oscl GS_RS12535 GSU2495 646 69.69 26 heme-binding sites
osc) GS_RS12530 GSU2494 426 47.19 16 heme-binding sites **
oscK GS_RS12525  GSU2493 301 32.37 NHL repeat domain-containing protein
omc) GS_RS03500 GSU0701 427 44.36 6 heme cytochrome, OmcS homologue

* These molecular weights are calculated based on the genomic sequence, including any signal
peptide, and not including cofactors such as heme c.

** A frameshift is found in the updated NCBI gene prediction.
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Supplementary Table 4.2. Summary of OmcS homologs in key species.

Locus tag

omcS
omcT
oscC
omceJ

Locus_tag
GSUB_RS07280
GSUB_RS07275
GSUB_RS07325
GSUB_RS13445
GSUB_RS13440
GSUB_RS13435
GSUB_RS13420

Locus tag

A2CP1_RS16400
A2CP1_RS16450

Locus tag

HS1_RS00830
HS1 RS02785
HS1_RS03280
HS1_RS03285

Summary of OmcS homologs in G. sulfurreducens (a), G. subterraneus (b), A. dehalogenans (c) and

Length
(aa)
432
430
437
427

Length (bp) MW (kDa) Max score Query cover E value Perc.ident

424
401
341
359
371
388
374

Length
(aa)
430
440

Length
(aa)
348
340
393
380

Candidatus D. auxilii (d).

Notes:

(a) OmcS homologues of G. sulfurreducens

MW(kDa)

45.39
45.53
46.13
44.36

Max
Score
857
498
451
419

Query
Coverage
100%
94%
94%
93%

E value

0
4.00E-177
2.00E-158
1.00E-145

Perc.

Ident

100%
62.98%
56.73%
52.66%

(b) OmcS homologues of G. subterraneus

4481
41.68
37.51
3742
3942
40.6
39.36

264
226
170
65.9
64.7
60.8
56.2

95%
100%
96%
85%
87%
83%
78%

3.00E-85
6.00E-71
2.00E-50
8.00E-13
2.00E-12
4.00E-11
1.00E-09

40.48%
36.72%
32.39%
24.94%
22.89%
24.48%
24.18%

(c) OmcS homologues in A. dehalogenans

MW(kDa)

44.16
453

Max
Score
356
266

Query
Coverage
93%
99%

E value

1.00E-120

1.00E-85

Perc.
Ident
47.71%
41.32%

(d) OmcS homologues in Candidatus D. auxilii *

MW(kDa)

37.6
37.32
42.19
39.81

Max
Score
43.1
443
58.9
46.2

Query
Coverage
85%
86%
88%
86%

E value

1.00E-05
5.00E-06
2.00E-10
2.00E-06

Perc.
Ident
23.56%
23.76%
25.69%
23.39%

Protein_ID

WP_010943141.1
WP_010943140.1
WP_010941362.1
WP_010943138.1

Protein_ID
WP 052464713.1
WP_040199988.1
WP_040199996.1
WP_040201252.1
WP_040201250.1
WP _040201249.1
WP_084212057.1

Protein_ID

WP _011422115.1
WP_015934414.1

Accession

WP_066060288.1
WP_066060680.1
WP_066060857.1
WP_066060859.1

1) omcS-encoded protein forms the known cytochrome nanowire in G. sulfurreducens.

Note

1)

Note

2)

Note

Note

3)

3)

2) GSUB_RS07275-encoded protein forms the known cytochrome nanowire in G. subterraneus.

3) The genes highlighted in yellow are the significantly upregulated cytochrome genesin
Candidatus D. auxilii in coculture conditions'® 2%,

* The comparison statistics for Candidatus D. auxilii use its homologs in a protein-protein BLAST search
against the G. sulfurreducens OmcS protein sequence. The statistics used for other species use the G.
sulfurreducens OmcS protein sequence in a protein-protein BLAST search against the homolog protein
sequences from the indicated species.
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Conclusions & Future Directions

The order of events in which an OmcS protomer is synthesized, matured, and incorporated into a
filament does not depend only on structural factors relating to the OmcS protein itself. Strain AomcS
produces large quantities of PilA-N and PilA-C. Strains such as AomcZ and ApilA-N:pilA-NC can display
both PilA-N-C filaments and OmcS filaments on the cell surface simultaneously, which could suggest
that these two filaments do not directly utilize the same secretion machinery. Other studies have found
that amino acid substitutions that affect the formation of OmcS filaments can also result in the display
of PilA-N-C filaments on the cell surface®®. Together, these observations suggest some mechanism by
which the protein abundance of PilA proteins and cytochrome filament-forming proteins are co-
regulated, a finding further corroborated by other studies?®°. Further understanding could help
illuminate the degree to which PilA proteins are indirectly or directly involved in the secretion of
cytochrome nanowires.

Disruption of OmcS filaments at a pH sufficiently low to break bis-histidinyl coordination of hemes
in OmcS indicates that metal coordination, including inter-subunit metal coordination, is important for
the filament structure. The OmcS protomer itself may require metal coordination interactions to
maintain its proper structure, especially given that it contains so few defined secondary structure
motifs. This low-pH method does not specifically target inter-protomer metal coordination. It might be
expected that structural factors such as local electrostatics near the hemes could mean that different
hemes in OmcS are more or less susceptible to having their heme metal coordination interactions
disrupted at low pH. The depolymerization behavior that we observed appears relatively binary, but it is
likely that in vitro depolymerization and re-polymerization are dependent on protein concentration and
other factors, e.g., ionic strength, that have yet to be fully explored.

In vivo mutations that inhibit OmcS polymerization might also perturb cellular regulation of the
maturation and localization of OmcS, which could be intertwined with the cellular processes that
control where and how OmcS filaments are assembled. This may be understood as a mechanism of
avoiding intracellular polymerization or toxicity due to an excess of free monomers in the periplasm. It

is difficult to directly determine whether the mutation destabilizes the OmcS protomer, causing it to be
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degraded and thus preventing filament formation, or whether instead the inability of the protomers to
polymerize causes them to be targeted for degradation by the cell. This also raises the question of
whether G. sulfurreducens cells produce any significant amount of ‘stable,” mature OmcS monomers, or
instead whether OmcS subunits are incorporated into filaments almost immediately following their
maturation in the periplasm. Further study will be necessary to address these questions.

Direct observation of OmcS-like filaments in non-Geobacter species is an important advance that
ties the bioinformatic finding of OmcS homologs in diverse species to observed biological behavior.
Similar work of this nature will be needed to understand the function of the OmcS homologs that have
not been characterized in such detail. While predicted structures of these OmcS-like proteins suggest
they may have features in common with protomers in G. sulfurreducens OmcS filaments, it is worth
remembering that the three OmcS-like proteins within G. sulfurreducens would also be predicted to
have such features — yet there is no evidence that those proteins are assembled into extracellular
cytochrome filaments. This suggests that not only structural, but also other biological factors - such as
specific protein-protein interactions and regulatory mechanisms affecting protein abundance - control
the ability of OmcS-like proteins to assemble into filaments.

The discovery of OmcS filaments in G. sulfurreducens has been followed by characterization of other
cytochrome filaments. However, questions are still being raised about the involvement of OmcS
filaments in EET and the relevance of such a mechanism within and beyond Geobacter species. Further
understanding of how metabolic electrons are transferred to cytochrome filaments involved in EET may
bring added clarity. In G. sulfurreducens, these pathways could involve both periplasmic cytochromes
and membrane-embedded cytochrome complexes; the interactions of these proteins with nanowire-
forming cytochromes will need to be investigated further. Such studies would also be capitalizing on G.
sulfurreducens’ utility as a model system. OmcS-like filaments may be found to directly facilitate
important EET processes in diverse bacterial species, but characterization of these filaments' function in

a biological context will remain critically important to the next generation of studies.
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