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ABSTRACT Metal-reducing bacteria in the genus Geobacter use a complex protein
apparatus to guide the self-assembly of a divergent type IVa pilin peptide and syn-
thesize conductive pilus appendages that show promise for the sustainable manu-
facturing of protein nanowires. The preferential helical conformation of the Geobac-
ter pilin, its high hydrophobicity, and precise distribution of charged and aromatic
amino acids are critical for biological self-assembly and conductivity. We applied this
knowledge to synthesize via recombinant methods truncated pilin peptides for the
bottom-up fabrication of protein nanowires and identified rate-limiting steps of pilin
nucleation and fiber elongation that control assembly efficiency and nanowire
length, respectively. The synthetic fibers retained the biochemical and electronic
properties of the native pili even under chemical fixation, a critical consideration for
integration of the nanowires into electronic devices. The implications of these results
for the design and mass production of customized protein nanowires for diverse ap-
plications are discussed.

IMPORTANCE The discovery in 2005 of conductive protein appendages (pili) in the
metal-reducing bacterium Geobacter sulfurreducens challenged our understanding of
biological electron transfer and pioneered studies in electromicrobiology that re-
vealed the electronic basis of many microbial metabolisms and interactions. The pro-
tein nature of the pili afforded opportunities for engineering novel conductive pep-
tides for the synthesis of nanowires via cost-effective and scalable manufacturing
approaches. However, methods did not exist for efficient production, purification,
and in vitro assembly of pilins into nanowires. Here we describe platforms for high-
yield recombinant synthesis of Geobacter pilin derivatives and their assembly as pro-
tein nanowires with biochemical and electronic properties rivaling those of the na-
tive pili. The bottom-up fabrication of protein nanowires exclusively from pilin
building blocks confirms unequivocally the charge transport capacity of the peptide
assembly and establishes the intellectual foundation needed to manufacture pilin-
based nanowires in bioelectronics and other applications.

KEYWORDS type IV pili, microbial nanowires, nanotubes, synthetic biology,
electromicrobiology

acteria in the genus Geobacter assemble conductive protein appendages of the

type IVa pilus class that protrude from the outer membrane to discharge respira-
tory electrons onto extracellular electron acceptors such as ferric iron (Fe[lll]) oxides (1)
and the uranyl cation (2). The Geobacter pili are an assembly of primarily one peptide,
the PilA pilin (2), with the distinctive a-helix domain and amino acid sequence motifs
of type IVa structural pilins (1, 3, 4). However, the Geobacter pilins are shorter than
canonical type IVa pilins and form an independent line of descent from pilins of other
members of the order Desulfurococcales (1). Consistent with their distinct phylogenetic
placement, Geobacter pilins have a divergent structure and amino acid composition
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that allows them to assemble as a conductive fiber (4, 5). Nevertheless, pilin assembly
follows the conserved steps of other bacterial type IV pili that recognize, process, and
assemble the peptide into a pilus fiber (reviewed in reference 6). The model represen-
tative Geobacter sulfurreducens synthesizes two pilin precursors (prepilins) with a long
or short signal peptide whose interactions permit optimal pilin export to the inner
membrane and coregulation of cytochrome secretion (7). The two prepilin isoforms
carry the conserved recognition sequences needed for removal of the leader peptide
and N-methylation of the mature peptide by a conserved PilD prepilin peptidase (7). A
canonical type IV pilus apparatus then assembles the pilins vertically on the inner
membrane and through an outer membrane PilQ porin secretin, exposing the base of
the pilus to the abundant periplasmic cytochromes to permit the discharge of respi-
ratory electrons onto the conductive fibers (6).

Charge transport from the pili to the extracellular electron acceptors does not
appear to be rate-limiting (8). A 1-um-long pilus fiber, for example, can transport ~1
billion electrons per second at biologically relevant voltages of 100 mV—2 orders of
magnitude faster than the cellular respiration rate measured in iron oxide cultures of G.
sulfurreducens (8). In addition, each cell assembles numerous pili on one side of the cell
(1), providing many electronic conduits for the extracellular discharge of respiratory
electrons. The conductive pili are also dynamic and protrude and retract to recycle the
pilins and allow for multiple cycles of electron discharges (9). Antagonistic cycles of
pilus protrusion and retraction are also important to remove minerals that remain
bound to the fibers after their reduction (9). The reduction of iron oxides, for example,
solubilizes part of the Fe(lll) as Fe(ll) but also generates magnetite, a magnetic mineral
of mixed Fe(lll)/Fe(ll) valence that remains attached to the pilus fibers. Similarly, the pili
reduce the uranyl cation to a mononuclear uranium mineral phase at their surface (2).
To enable new rounds of respiration, cells use a conserved PilT ATPase (PilT4) to
depolymerize the pilins at the base of the pilus and release the reduced minerals (9).
Furthermore, depolymerization stores the pilin peptides in the inner membrane, mak-
ing them readily available for a new round of polymerization in a reaction energized by
a conserved PilB ATPase (9, 10).

Studies of G. sulfurreducens have helped define structural features and amino acids
of the Geobacter pilins that are critical for fiber formation and conductivity (reviewed in
reference 6). The reduced size of most Geobacter pilins (61 amino acids in G. sulfurre-
ducens compared to 142 to 175 in other bacterial pilins) results from the replacement
of the carboxy-terminal (C-t) globular head of canonical type IVa pilins with a short,
flexible random-coiled segment (3, 4). Consequently, Geobacter pilins lack the distinc-
tive aB-loop, antiparallel B-sheet domain, and D-region (with flanking cysteines) of
canonical pilins, which confer on other pili their distinctive surface properties (11).
Instead, the Geobacter pili expose on their surface a short and flexible C-t segment with
amino acid ligands required for metal binding and reduction (5). The Geobacter pilins
conserve, however, the amino-terminal (N-t) a-helix (a1 domain) that is essential for
hydrophobic interactions leading to the formation of the pilus fiber core (5). Salt
bridges between positively and negatively charged amino acids from neighboring
al-domains (D53-K30 and D54-R28) maintain the pilins tightly bound together and
align them optimally to cluster aromatic amino acids at distances optimal for charge
transport (5) (Fig. 1A). Molecular dynamics (MD) simulations of the pilus fiber predict
some of the aromatic side chains of neighboring pilins to cluster within 3- to 5-A
distances, but these aromatic “contacts” never form at the same time, as in a metallic
wire (5). Furthermore, the geometry of the aromatic contacts is displaced, that is, the
aromatic rings are not aligned in sandwich type configurations that could permit -
stacking and metal-like conductivity (5). Yet the interaromatic distances and geometries
are optimal for the transport of charges via hopping. Consistent with this, charge
mobility along the pilus fibers is too low to support a band conduction mechanism as
in metals, and the pilus conductivity is thermally activated, a hallmark of charge
hopping (8).

Harnessing the unique properties of Geobacter pili in biotechnology will ultimately
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FIG 1 Structures and amino acid sequences of G. sulfurreducens pilus fiber (A) and pilins (B and C). (A) Molecular structure of a PilA pilus fiber optimized via
molecular dynamics (MD) showing aromatic residues (phenylalanines in green, tyrosines in orange) and charged amino acids involved in salt bridges (acidic
amino acids in red, basic amino acids in blue). (B) Positions of the aromatic and charged residues in the amino acid sequence of the PilA monomer and the
N-terminal (N-t) truncated PilA, derivatives. The graph on the right shows Kyte-Doolittle (black) and AGGRESCAN (red) plots of the PilA prepilin (pilin with signal
peptide) and cutoff values (horizontal lines) of hydrophobicity and aggregation potential scores. (C) MD-optimized model of the mature PilA pilin and truncated

(PilA,)) derivatives highlighting aromatic and charged amino acids shown in panel A.

require protocols for their production and functionalization at the yields and costs that
are needed to satisfy market demands (6). Direct purification of the conductive pili from
native cells is achievable yet requires many steps to separate the fibers from other
cellular components and purify them free of impurities and contaminants (2, 8).
Importantly, cultivation of piliated cells under anaerobic conditions and fiber isolation
steps are not easily scalable (2, 8). Recombinant expression in fast-growing recombi-
nant hosts such as Escherichia coli could alleviate these constraints, yet the toxic effects
caused by the aggregative nature of the nanowire pilin, even when expressed with
solubility tags, limit production (12). One way to overcome these challenges is to design
recombinant systems that express pilins carrying N-t truncations that reduce the
peptide’s hydrophobicity to levels that enable its expression as fusion proteins with
solubility modules (12). In a previous study, we demonstrated the suitability of this
approach for high-yield recombinant expression of a thiolated G. sulfurreducens pilin
engineered with a 19-amino-acid N-t truncation (12). The N-t cysteine tag permitted the
covalent attachment of the peptides to a gold electrode and the spontaneous aggre-
gation of the pilins as a conductive monolayer (12). The tight packing of the thiolated
pilins on the electrodes clustered the aromatic side chains and recreated the pilus
charge hopping pathway (12). The dense packing of the peptides also recreated
tunneling regimes through regions of the a-helices lacking aromatic residues and
exposed to the solvent the pilin’s C-t random coil that mediates metal binding and
reduction at the pilus surface (12, 13). This suggests that N-t truncations can be
designed to increase the solubility of the G. sulfurreducens pilin for high-yield recom-
binant expression of peptides that retain their ability to self-assemble as conductive
biomaterials.

Here we describe a strategy for scalable production and purification of recombinant
pilins with variable truncations at the N-t (PilA,) that reduce their hydrophobicity
without perturbing the structural and biochemical motifs critical for self-assembly and
conductivity. We also present a protocol for the bottom-up self-assembly of recombi-
nant pilins into protein nanowires having structural and electronic characteristics
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FIG 2 Recombinant production (A) and structural characterization (B and C) of PilA,, peptides. (A) SDS-polyacrylamide gel
showing the enrichment of the CBD-PilA,, fusion protein (black arrowhead) in the soluble protein (lanes 1 and 2) compared
to the insoluble protein (lanes 3 and 4) fraction obtained from two independent culture lysates. Lane 5 shows the migration
of the recombinant PilA,, peptide (red arrowhead) eluted from the chitin column after DTT-induced cleavage from the CBD
domain. Numbers to the left of the gel are molecular weight standards in kilodaltons. (B and C) Effect of SDS detergent (B) and
pH (C) on PilA,, helicity by circular dichroism (CD). Panel B shows CD spectra collected at increasing concentrations of SDS at
pH 7. Panel C shows molar ellipticities at key wavelengths in the CD spectra for pH 3.8 and pH 7.

similar to those of native pili purified from G. sulfurreducens. Unlike the synthesis of
inorganic semiconductors, the bottom-up fabrication of pilin-based nanowires does not
require complex crystal growth or the use of toxic metals. It relies instead on a
hydrophobe-triggered nucleation step and an elongation step that controls the length
of the nanowire product. This self-assembly protocol, and the genetic amenability of
the recombinant production system, offer opportunities to tune the properties of the
peptide, and consequently, the functional characteristics of the resulting nanowire to
design novel protein-based conductive nanomaterials for bioelectronics and other
applications.

RESULTS

Design, recombinant production, and structural characterization of pilin build-
ing blocks. Computational analyses of the PilA sequence via AGGRESCAN (14) identi-
fied two regions in the mature pilin peptide (residues 1 to 22 and 25 to 31) as having
the highest aggregation propensity (Fig. 1B). Aggregation scores were particularly high
for the first 10 amino acids, which were also among the most hydrophobic residues
identified in a Kyte-Doolittle plot (15) (Fig. 1B). The aggregation and hydrophobicity
analyses therefore predict truncations of the first 21 or 22 amino acids as those having
the highest impact on solubility. As this extended truncation preserves the aromatic
and charged residues required for fiber formation and conductivity (Fig. 1B), we
targeted this N-t region to engineer pilin derivatives suitable for recombinant expres-
sion with a self-splicing intein linker and a solubility and affinity tag (chitin binding
domain [CBD]). The recombinant approach reproducibly recovered in the soluble
fraction of culture lysates fusion proteins containing pilins engineered with truncations
of 10, 19, 20, and 22 amino acids (Fig. 1B and Q). Affinity chromatography in a chitin
column retained the fusion proteins bound to the chitin matrix and permitted the
elution of the pilin peptide after inducing the self-splicing of the intein linker with
dithiothreitol (DTT) (see Fig. S1 in the supplemental material). Figure 2A shows, as an
example, the enrichment of the CBD-PilA, fusion protein in soluble fractions collected
from replicate culture lysates and the purification of the PilA, peptide after incubating
the chitin-bound CBD-PilA,, protein with DTT at room temperature (23°C) for 24 h.

While the amounts of recombinant fusion proteins recovered from the soluble
culture fractions were similar for all the truncated pilins, the amount of peptide eluted
from the affinity column after DTT cleavage varied widely (Fig. S1). Cleavage efficiency
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via intein self-splicing is sensitive to temperature and to the peptide residues adjacent
to the intein linker (16). Increasing the temperature from 4°C to 23°C, for example,
improved the cleavage efficiency for all the PilA,, peptides but also promoted the
aggregation of the most hydrophobic peptide (PilA,,) once cleaved. As a result, the
amount of PilA;, recovered in solution was too low for visualization in SDS-
polyacrylamide gels and required detection via matrix-assisted laser desorption ioniza-
tion—time of flight (MALDI-TOF) mass spectrometry (Fig. S2). By contrast, truncating 19
amino acids (PilA,,) permitted the high-yield recovery of the PilA,, peptide after
cleavage from the CBD tag (Fig. 2A). The 19-amino-acid truncation fused the peptide to
the intein linker via a residue (alanine) (Fig. 1B) that is optimal for self-splicing (16). As
a result, cleavage efficiency was higher for PilA,4 than for any other soluble peptides
(PilA5, and PilA,,), allowing for the nearly complete recovery of the peptide in the
column eluant (Fig. S1). In addition to enabling the highest biosynthetic yields, PilA,q
retained the helical conformation that is critical for self-assembly and fiber formation
once in the presence of a hydrophobe. We demonstrated this by investigating the
folding dynamics of the PilA,4 by circular dichroism (CD) as a function of the concen-
tration of a detergent such as SDS (Fig. 2B). The far UV CD spectrum of the peptide in
10 mM potassium acetate buffer at pH 7 showed very low ellipticity above 210 nm and
a strong negative signal around 200 nm, consistent with a disordered peptide (17).
However, the addition of SDS shifted the CD spectrum and revealed the characteristic
maxima (at ~190 nm) and minima (at ~208 and ~222 nm) of a-helical conformations
(18). Furthermore, the intensity of the positive (190 nm) and negative (208 nm and
222 nm) helical signals reached maxima at or above the critical micellar concentration
(CMCQ) of the detergent (~8 mM in water) (19, 20) (Fig. 2C). At this threshold concen-
tration, SDS recreates the hydrophobic environment of the inner membrane (21), where
the pilins are stored prior to assembly to stabilize their a-helical conformation (6).
Concentrations at or above the CMC (8 mM and 40 mM) also produced intensity ratios
of 222 nm over 208 nm (~0.7) close to the 0.8 ratio expected for a single-stranded
a-helix (22). As the peptide has a negative net charge of —1.1 at neutral pH, we
minimized electrostatic effects with SDS by collecting CD spectra of control solutions at
a pH of 3.8. At this acidic pH, below the theoretical isoelectric point (pl, 4.86) of PilA,,
the peptide has a net positive charge of +3.2 that cancels out electrostatic repulsion
forces with the anionic detergent. As predicted, the intensity of the a-helical signature
peaks was greater at pH 3.8 than at pH 7 (Fig. 2C). The more favorable electrostatic
interactions between the peptide and detergent at the acidic pH also increased the
pilin’s helical content (from ~45% to 56% at or above the CMC and from 27% to ~49%
below the CMC). The higher helical content of the PilA,, peptide at the acidic pH also
produced 222-nm/208-nm intensity ratios of about 1, consistent with the assembly of
two or more a-helices in coiled-coil configurations (22). These results demonstrate that
PilA,, can adopt the helical conformation that is critical for pilin self-assembly and
electronic coupling in the pilus fiber. Additionally, the studies highlighted the critical
role that hydrophobicity and electrostatics have in modulating the folding and self-
assembly of the peptides.

Fiber formation via self-assembly of PilA,, peptides. The finding that hydropho-
bicity induces the helical folding of PilA,5 and subunit assembly in solution prompted
us to investigate hydrophobic conditions optimal for controlled self-assembly of the
PilA,, peptides into fibers. Figure 3A shows the main steps of a protocol optimized for
bottom-up fabrication of PilA,, fibers. The fabrication starts with a buffer exchange step
that resuspends the peptides in a buffer of acetonitrile and methanol suitable for
evaporation-induced self-assembly in the presence of a hydrophobe. Acetonitrile has
lower polarity than water to help maintain recombinant pilin peptides in solution (12).
Methanol, on the other hand, stabilizes the helical conformation of peptides while in
solution (23). Addition of a hydrophobe triggered self-assembly of the peptides, as
reported for other bacterial pilins (24-26), whereas controlled evaporation of the
solvent increased molecular crowding and facilitated peptide-peptide interactions
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FIG 3 Evaporation-induced self-assembly of recombinant PilA,, peptides in the presence of a hydrophobe. (A) Protocol illustrating
the key steps of hydrophobe-triggered assembly of PilA, 4 as fibers. (B) Hydrophobe (C18-silica particles) dose effect on fiber formation,
estimated as average fiber size by dynamic light scattering (plot [top]). Bottom panels show AFM images of samples from 0.2 or 3.5 mM
C18-silica reaction mixes after deposition on highly oriented pyrolytic graphite (HOPG). (C) Effect of reaction mixing on fiber
elongation (box plot). Boxes in plot contain 50% of all values, and whiskers represent the 25th and 75th percentiles of fiber lengths
measured by analyzing with the ImageJ software AFM images of random HOPG fields with samples (bottom). The median value is
shown as a horizontal line across the boxes, the average value is shown as a cross, and outliers are shown as circles outside the boxes.

The scale bar in the AFM images in panels B and Cis 1 um.

needed for fiber formation (Fig. 3A). Octadecane, a straight-chain alkane hydrocarbon
of 18 carbon atoms (C18), was a suitable hydrophobe to promote the nucleation of the
pilins and fiber formation (Fig. S3). Atomic force microscopy (AFM) imaging of the
octadecane-triggered assembly reaction revealed, however, an extensive coating of
the fibers and underlying electrode with a hydrocarbon layer that prevented conduc-
tivity measurements (Fig. S3). To bypass this limitation, we replaced octadecane with
silica particles coated with octadecyl carbon chains (C18) (Fig. 3). By conducting the
buffer exchange step in a reverse-phase column packed with a reverse-phase resin of
C18-silica particles (55 to 105 um in diameter), we simultaneously eluted the PilA;
peptide and C18-silica nanoparticles approximately 25 to 50 nm in diameter that were
optimal for hydrophobe-triggered fiber formation (Fig. S4).

We gained insights into the rate-limiting steps of PilA,, assembly by investigating
the effect of hydrophobe concentration in fiber formation. For these experiments, we
estimated fiber size in reactions with different concentrations of the C18-silica particles
by dynamic light scattering (DLS) and used an AFM to image the structural features of
the assemblies after sample deposition on the surface of a freshly cleaved highly
oriented pyrolytic graphite (HOPG) (Fig. 3B). C18-silica particle concentrations of
~3.5mM triggered fiber formation (Fig. 3B) and supported maximum assembly effi-
ciencies (40 to 55% of the pilin monomers assembled as fibers). Efficient assembly also
required reaction mixing. Unmixed assembly reaction mixtures containing the same
concentration of the nucleating C18-silica particles produced fibers with average
lengths of 1 (+£0.5) um and reduced assembly efficiencies to 14% (Fig. 3C). However,
mixing the assembly reactions by aspiration with a micropipette during the peptide
refeeding steps promoted the assembly of the pilins and the growth of fibers 6 (+1)
um long (Fig. 3C). This suggests that the initial evaporation step of a 1-ml volume of
assembly buffer with the peptide (~3 mg) stimulated pilin nucleation by the C18-silica
hydrophobe, whereas mixing during the four sequential peptide refeeding steps (total
of 6 mg of peptide) increased the number of nucleation sites available for peptide
assembly and the availability of peptide building blocks to grow the fibers. For controls,
we also conducted assembly reactions with mixing in the presence of suboptimal
concentrations of the hydrophobe (0.2 mM). The limited availability of the nucleating
C18-silica particles in the reactions led to the formation of small aggregates inter-
spersed with short fibers (Fig. 3B). Thus, fiber elongation is both dependent on
hydrophobe concentration and reaction mixing. Additional refeeding/mixing did not
change the kinetics of fiber formation, suggesting that an equilibrium between free
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FIG 4 Electronic characterization of PilA,4 pili. (A and B) AFM amplitude image of PilA,, (A) and native PilA (B) fibers deposited on HOPG,
showing the dispersion of the PilA,, fibers and extensive supramolecular aggregation of the native pili. (C and D) Representative
current-voltage (I-V) curves of PilA,4 and PilA fibers by conductive probe AFM (individual measurements are shown as dashed lines, and
the average of the four measurements is shown as a solid black line). (E and F) Room temperature scanning tunneling microscopy (STM)
topographic image of untreated (E) or chemically fixed (F) PilA,, fibers (0.5V, 350 pA). (G) Average current-voltage (I-V) STM tunneling
spectra of two sequential measurements for each of two pilus regions in untreated (black) and fixed (green) samples. (H). Differential
conductance (dl/dV) curves of the untreated and chemically treated PilA,, fibers, calculated as the numerical derivative of the I-V curves
in panel G.

peptide and fibers had been reached that prevented new nucleation and elongation
reactions.

Biochemical and electronic characterization of PilA,, fibers. The optimized
hydrophobe-triggered assembly protocol, with sequential refeeding and mixing steps,
consistently produced long, flexible fibers. The average diameter of the PilA,4 fibers
(calculated as AFM height) was ~2 nm, as reported for the native PilA pilus fibers (8).
AFM images of the PilA,, fibers also revealed some supramolecular structures (braids of
two fibers), but most of the fibers were present as well-dispersed filaments (Fig. S5A).
This contrasts with the extensive supramolecular aggregation of native pili, which
persists even after minimizing the pili's surface electrostatics in alkaline buffers (2, 8).
The good dispersion of the PilA, fibers permitted the collection of CD spectra (Fig. S5B)
similar to the CD profiles of other bacteria type IVa pili (27). From the CD spectrum, we
calculated an intensity ratio of 222-nm absorbance over 208-nm absorbance of 0.75 for
the PilA, ¢ fibers, which is close to the ~0.8 intensity ratios that result from the a-helical
conformation of the peptide monomers (22). In contrast, the CD spectra of control
solutions with the native pili were convoluted by numerous peaks (Fig. S5C) and had
intensity ratios at 222 and 208 nm of ~1, as reported for supramolecular assemblies
(22). This complex spectral profile results from the random aggregation of the native
pilus fibers, which form thick bundles that can only be destabilized with strong
denaturants such as urea (Fig. S5C). The aggregative nature of the native pili is the
result of surface electrostatics as well as fiber length, which can be greater and more
heterogenous than in the samples containing the approximately 6-um-long PilA;g
fibers.

The dispersion of the PilA,4 fibers in aqueous media also facilitated AFM imaging of
individual filaments after deposition onto HOPG (Fig. 4A). Control samples with the
native G. sulfurreducens pili (denoted PilA fibers), on the other hand, showed extensive
supramolecular aggregation that made the identification of single filaments especially
laborious (Fig. 4B). Additionally, the reduced aggregative nature of the PilA,q fibers
improved electrical contact with the underlying electrode. As a result, conductive probe
AFM (CP-AFM) measurements of the transversal current flowing through different fibers
while sweeping the applied voltage (-V) were less variable than with PilA fibers
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(Fig. 4C). Average I-V curves from four independent PilA,, or PilA fibers were, however,
similar (Fig. 4C and D). Furthermore, the average resistance of the PilA,, fibers (~900
MOhms at =100 mV) was within the order of magnitude calculated for the native wires
(~925 MOhms). In addition, I-V curves collected for the PilA,, and PilA fibers by CP-AFM
were similarly asymmetric, showing a rectification behavior such that more current was
measured at negative voltages than at the same positive voltages (Fig. 4C and D). Thus,
the average rectification score (calculated as current at positive over negative voltage)
for the PilA,, fibers was ~0.5 and 0.7 at biological (=100 mV) and higher (=600 mV)
voltages. Similarly, the PilA fibers had rectification scores below 1 (~0.7) at both. Thus,
current flow through the pilus is more efficient from the electrode to the AFM tip (more
current produced at negative voltages), which is also the biological path for the
discharge of respiratory electrons from charged electron carriers in the cell envelope to
the pilus and then to extracellular electron acceptors.

We used scanning tunneling microscopy (STM) to characterize nanoscale spatial
variations in electronic properties within individual PilA,4 fibers (Fig. 4E). The higher
spatial resolution of the STM technique compared to CP-AFM resolved beadlike struc-
tural features in hydrated PilA,4 fibers previously described for the native PilA pili (28).
The bright spots are regions of the fiber with higher local electronic density of states
and, thus, regions that supply more tunneling current (28). The molecular substructures
identified in the PilA, 4 fibers have periodicities that match well with those reported for
the grooves and ridges that form the surface landscape of the native pili (28). The STM
diameter estimated for the PilA,, fibers (~5 to 7 nm) was also within the ranges
reported for the native PilA filaments prior to deconvoluting for the broadening
tunneling effect caused by the tip when scanning a nanowire (8, 28). Also as reported
previously for the PilA filaments (28), STM imaging of the PilA,, fibers improved with
a chemical fixation step (Fig. 4F). The chemical treatment immobilized more fibers on
the surface and improved electrical contact with the electrode. As a result, the inter-
actions between the STM tip and the biomaterial were more stable when probing
chemically fixed PilA,, fibers, producing cleaner STM topographic images (Fig. 4F).
Importantly, chemical fixation did not substantially affect the measured conductivity, as
indicated by the overlapping /-V curves collected when probing fixed locations of
untreated (hydrated) and chemically treated PilA,, fibers while sweeping the voltage at
+600 mV (Fig. 4G). Additionally, the STM /-V curves of untreated and treated fibers
reproduced the ohmic response of the biomaterial in the =100 mV biological voltage
range observed by CP-AFM and had similar slopes, thus a similar resistance to the
passage of electrons. Plots of the differential conductance (dl/dV) of the untreated and
treated PilA,, fibers versus the tip sample bias voltage (V) confirmed these similarities
and revealed electronic states at low voltages that never reach zero conductance
(Fig. 4H), a distinctive electronic feature of the native PilA pili that results from a very
small electron band gap (8, 28). The STM differential conductance plots also confirmed
the asymmetric conductance reported for native pili (8, 28), as expected for a bioma-
terial that favors current flow from negative to positive voltages, even at the low
voltages (i.e.,, =100 mV) that drive the flow of respiratory electrons through the pili and
onto the iron oxides (29).

DISCUSSION

The recombinant production of peptides derived from the conductive pilin of G.
sulfurreducens permitted the synthesis at high yields of a soluble pilin peptide (PilA;)
carrying an N-t truncation of the first 19 amino acids of the mature PilA pilin. The
truncation removed hydrophobic amino acids at the N-t that are known to participate
in biological assembly processes (e.g., F1 and E5) (7, 10) (Fig. 1), but the peptide
retained the a-helical conformation that is needed for pilin-pilin hydrophobic interac-
tions and self-assembly (Fig. 2). Importantly, the PilA;y truncation preserved the
charged residues of the pilin that MD simulations predict to form salt bridges between
neighboring pilins (Fig. 1), establishing intermolecular bonds critical to the structural
integrity of the fiber core and the electronic coupling of aromatic side chains (5, 8).
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FIG5 Stepwise formation of PilA,, fibers. (Left) Nucleation-dependent polymerization model of hydrophobe-triggered pilin assembly showing the three phases
of nucleation, fiber elongation, and saturation. (Right) Steps in the bottom-up fabrication of protein nanowires using PilA,, peptide building blocks and a

hydrophobe.

Supporting the computational predictions, the recombinant PilA,, peptide self-
assembled into a conductive fiber that exhibited biochemical, structural, and electronic
properties similar to those of a native PilA pilus (Fig. 3 and 4).

Similarly to amyloid peptides, the pilins polymerized in vitro following kinetics that
fit the typical nucleation-dependent polymerization model (30) (Fig. 5). Nucleation-
controlled aggregation kinetics include an initial lag phase of molecular organization
and peptide nucleation that can be accelerated in the presence of seed molecules. A
linear phase of fiber growth then follows until reaching a saturation or stationary phase,
which marks the equilibrium between soluble monomers and fibers and the end of
fiber growth. As shown in Fig. 5, we minimized the lag phase by suspending the PilA,,
monomers in an organic solvent that stabilized the peptide’s helical conformation and
added a hydrophobe to seed pilin nucleation and guide fiber growth. The controlled
evaporation of the solvent increased molecular crowding and promoted the initial
nucleation of the pilins on the seed molecules (primary nucleation) and their sponta-
neous self-assembly as short fibers (secondary nucleation). Fiber elongation depended
on the availability of hydrophobe molecules and pilin building blocks supplied in
subsequent refeeding steps. It was also sensitive to reaction mixing, which increased
the number of nucleation sites and the incorporation of monomers into the growing
fibers until reaching the saturation phase. Mechanical fragmentation of preformed
fibers may have also contributed to increasing the number of nucleation sites, as
reported for amyloid fibers (31) and peptide nanotubes (32).

Octadecane, whether in solution (see Fig. S3 in the supplemental material) or
immobilized on silica particles (Fig. 3), was a suitable hydrophobe to trigger pilin
nucleation and fiber formation. Thus, the hydrophobe does not need to be incorpo-
rated into the fiber and can be provided as nanoparticles to nucleate the pilins into
fibers (Fig. 5). The addition of the hydrophobe in a surface-constrained form has
additional advantages. The particle size controls the curvature and surface area of the
substrate and the contact effects that modulate the rate of nucleation. Surface hydro-
phobicity impacts the effectiveness of seed particles in fibril formation (33) and could
be controlled with the type of alkane coating (34) or with the use of nanoparticle
materials with higher water contact angle than silica (33). Hydrophobe-bound silica
nanoparticles also permitted their separation from the fibers after acetone precipitation
of the proteins at the end of the assembly reaction. Moreover, the emission of silica
from nanosized particles in a precise region of the UV spectrum (Fig. S4) proved useful
to measure the concentration of hydrophobe. At optimal hydrophobe concentrations
and with sufficient peptide refeeding and reaction mixing steps, we synthesized PilA,,
fibers approximately 6 um long that dispersed well in mild aqueous solutions (Fig. 3).
This contrasts with purification protocols available for native pili (2, 8), whose longer
and heterogeneous length promotes the formation of large supramolecular structures
that are difficult to disrupt without denaturing the pilus fiber core (Fig. 3). The reduced
aggregation of the PilA,4 fibers also facilitated their deposition on electrode surfaces
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and electronic characterization by scanning probe methods (Fig. 4). Reproducible
electronic probing of hydrated fibers by CP-AFM is challenging because it affects the
local electrical contact with the underlying electrode and, in turn, the measured
conductivity. Supramolecular aggregation in the native PilA pili enhances these effects
and the variability of the conductivity measurements compared to the more dispersed
PilA,, fibers (Fig. 4). Despite these differences, scanning probe methods calculated a
similar average electrical resistance for the PilA and PilA,, fibers (900 to 925 MOhms by
CP-AFM) and revealed the characteristic topographic periodicities (roughly every 10 nm
by STM) that arise from the conserved helical arraignment of the pilins (28). We reduced
the contact resistance between the fibers and the underlying electrode and, therefore,
sample-to-sample variability through chemical fixation (Fig. 4). Importantly, the chem-
ical treatment did not affect the conductive properties of the fibers, a property that can
facilitate the integration of the protein nanowires with inorganic nanomaterials in
electronic devices. Also important for applications in bioelectronics are the rectifying
properties of the PilA,, fibers, which like the native PilA pili, transport charges more
efficiently from negative to positive voltages (Fig. 4). Rectification could reflect mech-
anistic differences in the directionality of charge transport through the pilus that favor
the biological flow of electrons from the cell envelope to the pilus-bound electron
acceptor (12). Surface effects also need to be considered that reflect differences in the
rates of charge injection from the large electrode surface to the pilus compared to the
reverse flow of electrons from the much smaller conductive tip positioned on top of
the fiber. Tip-pilus interactions are also likely to be influenced by the net negative
charge of the fiber surface (5), which could limit charge injection, and thus current flow,
at positive bias voltages. The charge of the pili is less critical when electrons are injected
from the underlying electrode into the fiber, as the fiber’s electrical contact can involve
positively charged or noncharged pilus regions.

The demonstration that truncated, conductive type IV pilins can be expressed in
heterologous hosts, purified, and then self-assembled in vitro to form fibers having an
electrical conductivity comparable to the conductivity of the native pili confirms
unequivocally that a peptide assembly can conduct electrons in the absence of metals
and/or organic redox cofactors, as demonstrated for the native PilA pili (8). The
production of conductive pili with recombinant peptides also establishes a versatile
new platform for bottom-up fabrication of nanowires that leverages powerful, syner-
gistic tools for customizing the properties of the biomaterial. These tools include
advanced computational simulations (5) to accurately predict the impact of genetic
changes on the physical, chemical, and electrical properties of the nanowire product
and well-established genetic engineering tools to introduce these changes in the pilin’s
amino acid sequence prior to their recombinant production in scalable, high-density E.
coli fermentations. MD models such as the one that guided our pilin designs (Fig. 1) can
accurately simulate the pilin’s helicity, the spatial arrangement of the pilins within the
helical fiber, and the way in which the proximity of charged and aromatic amino acids
establishes low-resistance paths for electron conduction through the fiber (5). The
predictive power of MD simulations expedites progress via in silico testing of hypoth-
eses about how genetic changes could be used to improve the fibers’ properties or
even add novel functionalities. Given the sensitivity of pilus charge transport to the
number of aromatic contacts formed along the fiber or the local electrostatics around
the aromatic side chains (8), amino acid substitutions and alignment could be modified
to control the fibers’ electrical or biochemical properties. Adding functional groups
suitable for click chemistries is also possible. The lack of cysteines in the pilin’s amino
acid sequence makes this amino acid a suitable functional tag for attachment to metal
electrodes (12, 13). This and other functional tags could provide chemical control of
deposition of protein nanowires in precise orientation in electronic devices. In addition,
the ease with which aqueous solutions containing pilin monomers or oligomers could
be processed would facilitate further chemical, thermal, or mechanical processing.
Many of these strategies could also be used to modulate the fibers’ rectifying behavior
and fabricate protein diodes for incorporation into lattices and heterostructures on
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inexpensive materials suitable for energy applications (35). However, unlike chemically
synthesized peptides, the recombinant production of pilin monomers and assembly
into protein nanowires is scalable, simultaneously addressing the interrelated chal-
lenges of sustainable supply, engineering, and production in the electronics industry
(36).

Length control is perhaps one of the most difficult parameters to standardize in
self-assembly processes of peptides in solution (32). However, it was possible to
modulate the length of the PilA,, fibers by introducing refeeding steps of peptide
building blocks with gentle reaction mixing (Fig. 3). A scaled-up nanowire production
process with mechanical agitation could minimize spatial chemical gradients and
ensure consistent self-assembly dynamics for reproducible fabrication of nanowires
having a desired length in addition to other properties. For example, the ability to
control nanowire length and orientation would be desirable for growing nanowires as
conductive bridges between electrodes. Also, the ability to control nucleation density
and fiber elongation kinetics on an electrode’s surface would be desirable for fabricat-
ing conductive nanowire brushes for energy storage or sensing (37). Near-term appli-
cations enabled by the conductive pilin platform could harness the ability of the pilus
surface ligands and structural motifs to selectively bind, and reductively precipitate,
divalent cations such as the uranyl (2) and cobalt (13) cations. The nucleation-controlled
aggregation kinetics of the pilins in the presence of a seed molecule affords opportu-
nities to nucleate the fibers in a high-density spatial array and to control their length
by adjusting the supply of peptide building blocks. The potentially low cost, high
binding affinity, and extremely high surface area of the resulting nanobrush electrodes
could provide inexpensive and highly effective platforms for the recovery of water-
soluble cations of toxic, radioactive, rare, or precious metals, such as those now
abundant in electronic waste (38, 39).

MATERIALS AND METHODS

Bacterial strains and culture conditions. Geobacter sulfurreducens strain PCA was routinely grown
in anaerobic NB medium (40) with 20 mM acetate as the electron donor and 40 mM fumarate as the
electron acceptor. Genomic DNA extracted from these cultures was used as the template to PCR amplify
the native pilA gene (GSU1496) and engineer recombinant pilin production systems in E. coli Rosetta 2
(DE3)/pLysS cells (Novagen) as described below. The E. coli cultures were propagated in Luria-Bertani (LB)
medium supplemented with antibiotics and preserved in 20% glycerol at -80°C.

Design, recombinant production, and purification of truncated pilins. The truncated pilins used
in this study (PilA,,, PilA,,, PilA,, and PilA,,) are derivatives of the mature PilA peptide of G. sulfurre-
ducens (i.e., the pilin without its signal peptide) carrying 10, 19, 20 and 22 amino acid truncations at the
peptide’s N terminus (N-t). The truncation design was based on analyses of the hydrophobic regions and
aggregation potential of the PilA peptide based on computational predictions with AGGRESCAN (14),
grand average hydropathy (GRAVY) scoring (15), and Kyte-Doolittle test (15). All truncations preserved
the aromatic and charged amino acids of the pilin that are critical for conductivity and formation of salt
bridges (5). Pilin design also involved computational analyses of molecular dynamics (MD)-optimized
structural models of the PilA pilus fiber (GPIL-WT.pdb) and PilA pilin (pilin-WT.pdb) (5) constructed with
the MacPyMOL: PyMOL v1.8.2.2 software enhanced for Mac OS X (Schrédinger LLC). Pilin truncations
were introduced with PCR primers (see Table S1 in the supplemental material) using as the template the
pilA gene (GSU1496) of G. sulfurreducens cloned in the pTYB11 plasmid vector (IMPACT-CN system; New
England Biolabs). The resulting plasmids (pTYB11::pilAn, where n stands for the number of N-t amino
acids truncated) were transformed into E. coli Rosetta 2 (DE3)/pLysS cells (Novagen) for recombinant
expression of the PilA, peptide fused at the N-t to an intein linker and a chitin binding domain (CBD),
as described elsewhere (12).

Recombinant expression of CBD-PilA, fusion proteins in the E. coli host was studied in 1-liter cultures
of LB broth supplemented with 100 ug/ml ampicillin and 20 ug/ml chloramphenicol and incubated at
37°C to an optical density at 600 nm (ODg,) of ~0.4 before induction with 50 mM isopropyl-B-b-1-
thiogalactopyranoside (IPTG) during overnight incubation at 16°C as previously described (13). Cells
harvested by centrifugation (4,000 X g for 10 min) were resuspended in 20 mM Tris-HCI buffer (100 mM
NaCl, 1TmM EDTA, 1% 3-[l(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS)) and
lysed by tip sonication. Centrifugation of the lysate (12,000 X g for 30 min at 4°C) separated the soluble
proteins, including the fusion protein, in the supernatant fraction. Purification of the fusion protein from
the other soluble proteins was by affinity chromatography in a chitin column (New England Biolabs; ca.
40-ml bed volume) equilibrated with 200 ml of column buffer (20 mM Tris, 100 mM NaCl, 1 mM EDTA [pH
7.4]). After incubation with the soluble protein fraction at room temperature for 20 min to promote the
attachment of the fusion protein to the chitin matrix, we washed the column with 200 ml of buffer at
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increasing salt concentrations (20 mM Tris, 1 mM EDTA, 0.6 to 1 M NaCl [pH 7.4]) to remove the unbound
proteins.

Cleavage of the PilA, peptides from the chitin-bound fusion protein was by induction of intein
self-splicing with 50 mM 1,4-dithiothreitol (DTT). To do this, we incubated the column with ~200 ml of
cleavage buffer (20 mM Tris, 100 mM NaCl, 50 mM DTT [pH 9]) for 24, 48, or 72h at room
temperature (23°C) or, when indicated, at 4°C to minimize the aggregation of the peptide after
cleavage. A column wash with the same buffer but without DTT (elution buffer) eluted the PilA,
peptides in 2-ml eluent fractions, which we identified by their absorbance at 280 nm. Because some
of the peptides aggregated during elution, cleavage efficiency was estimated from the ratio of the
CBD over the full CBD-PilA,, proteins that remained bound to the chitin column after DTT cleavage
and elution of the peptide. To do this, we removed the chitin beads from the column and
resolubilized the chitin-bound proteins in 1% sodium dodecyl sulfate (SDS) at 100°C. Separation of
the solubilized proteins was in a 7.5% Tris-glycine SDS-polyacrylamide (Bio-Rad) run for 30 min at
200V in Tris-glycine-SDS buffer (25 mM Tris, 192 mM glycine, 0.1% [wt/vol] SDS) using a Bio-Rad Mini
Trans-Blot cell system. The proteins in the gels were stained with Bio-safe Coomassie (Bio-Rad,
Hercules, CA) for 1 h and destained in double-distilled water (ddH,0). The densities of the fast-
migrating band (CBD module) and the slower-migrating CBD-PilA,, protein band were used to
calculate the percentage of CBD-PilA, that was cleaved.

Cleavage at room temperature for 24 h was optimal for high-yield recovery of PilA,, and was used
thereafter. Peptide-containing fractions were pooled before estimating the protein concentration by
absorbance at 280 nm using a NanoDrop spectrophotometer (Thermo Scientific). SDS-polyacrylamide gel
electrophoresis (PAGE) was used to monitor the recombinant expression of the fusion protein (CBD-PilA,)
and purity of the PilA,, peptide eluting from the chitin column using 10 to 20% Tris-Tricine polyacryl-
amide gels run for 75 to 120 min at 100V in Tris-Tricine-SDS buffer (100 mM Tris, 100 mM Tricine, 0.1%
[wt/vol] SDS). Proteins in the Tricine gels were fixed for 30 min with an aqueous solution of 50%
methanol and 40% acetic acid prior to staining with Bio-safe Coomassie (Bio-Rad, Hercules, CA) for 1 h
and destaining with ddH,O until bands were visible. The mass of the peptide was confirmed by
matrix-assisted laser desorption ionization—time of flight (MALDI-TOF) mass spectrometry using a 1-ul
peptide solution mixed with 1 ul of 50 mM 3,5-dimethoxy-4-hydroxycinnamic acid in 50% acetonitrile
(CH;CN)—0.5% trifluoroacetic acid (TFA) and dried on a sample plate. Mass spectrum collection was
on a time of flight (TOF) Voyager-DE Pro-MALDI-TOF mass spectrometer (Applied Biosystems,
Framingham, MA).

Circular dichroism. PilA,, peptides purified in elution buffer were dialyzed against 10 mM potassium
acetate buffer (with 50 mM Na,SO, [pH 3.8]) using Spectra/Por Biotech cellulose ester dialysis mem-
branes (molecular weight cutoff [MWCO] of 100 to 500 Da). The peptide concentration was determined
from the difference spectrum (320 to 270 nm) of the protein dissolved in 1 ml of 6 M guanidine
hydrochloride at pH 12.5 versus pH 7.1 (41) and with the known molar extinction coefficients of tyrosine
and tryptophan residues (42) using the following equation:

A293
€= 53577 + 830w )
where A, is the absorbance at 293 nm in the difference spectrum, Y is the number of tyrosines (3 in
PilA,,), and W is the number of tryptophan residues (0 in PilA,,).

The concentration of the peptide in the buffer was adjusted to approximately 50 ug/ml prior to
circular dichroism (CD) spectroscopy. When indicated, SDS was added to the peptide solution at a final
concentration of 1, 8, or 40 mM. The peptide solutions were dispensed in a quartz cuvette (0.1-cm path
length) (Starna Cells Inc.), and their CD spectra in the 190- to 360-nm range were collected at 0.5-nm
increments (5-s integration time) using a Chirascan spectrometer (Applied Photophysics Ltd., Leather-
head, United Kingdom). The spectra were baseline corrected and smoothed using a third-order Savitsky-
Golay filter. The CD instrument units (6, millidegrees) were converted into mean residue molar ellipticity
[6] units using the Wallace and Janes equation (43):

6 X 0.1 X MRW
v E— (2)

= (5

where c is the peptide concentration in milligrams per milliliter, / is the path length of the cuvette in
centimeters (0.1 cm), and MRW is the mean residue weight of the sample estimated from the molecular
mass (MW) in daltons (4,524 Da for PilA,,) and the number n of amino acid residues (42 for PilA,,), as
follows:

MW
MRW = —— (3)

n—1
The CD data were used to estimate the a-helix content of peptide using the program CONTINLL
at the DICROWEB server (44, 45). The program is a modification of the CONTIN method (46, 47) that
uses a ridge regression algorithm to estimate the CD spectra of unknown proteins by comparison
to a linear combination of CD spectra of N reference proteins with known conformations (41, 48).
Because the reference proteins are predominantly globular, the conformation estimates for pep-
tides, fibrous proteins, and membrane proteins are approximate (41, 43, 44). The program evaluates
the goodness of fit parameter normalized mean residue standard deviation (NMRSD), which is

defined as follows:
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NRMSD = [ (4)

2 (B = Oea)® ]
2 (Oc)

where 0,,, and 0, are the experimental and calculated ellipticity values at a specific wavelength. An
NRMSD value of less than 0.1 is generally considered a good fit (43). Thus, NRMSD values above 0.1 were
rejected.

The CD spectra were also collected for fibers assembled with recombinant PilA,, peptides resus-
pended for 30 min in 10 mM potassium acetate with 50 mM Na,SO,, (pH 7). A 500-ul aliquot of 40 ug/ml
(Nanodrop estimate) of the pilus solution was dispensed into a quartz cuvette with a 1-mm path length
(Starna Cells Inc., Atascadero, CA) and scanned from 190 to 260 nm at 0.5-nm increments with a 5-s
integration time with automated baseline subtraction. Native pili, purified from G. sulfurreducens as
described elsewhere (2), were used as controls before or after denaturation with 8 M urea. All the scans
were adjusted from 6, millidegrees, to molar ellipticity using equation 2 as described above.

In vitro assembly of PilA,, pilins. Synthesis of PilA,, fibers followed a protocol that incorporated a
buffer exchange step to resuspend the peptides in assembly buffer (80:20, acetonitrile-methanol) and an
evaporation-induced assembly in the presence of a hydrophobe. The standard protocol, optimized for
maximum PilA,, assembly efficiency of ~50%, used a reverse-phase C18 column (Sep-Pak C18 3 cc Vac
Cartridge, 55 to 105 wm particle size; Waters Corporation, Milford, MA) for buffer exchange inside an
anaerobic chamber (COY Labs). The resin in the cartridges was first hydrated with 5 ml of acetonitrile and
equilibrated with 5ml of ddH,O, following the manufacturer’s recommendations. A solution of the
recombinant peptide (8-9 mg of PilA,, in ~10 ml of elution buffer) was applied to the column by gravity
flow, and the peptide retained in the C18 resin was washed with 5ml of ddH,O before elution in a
disposable glass tube with 3 ml of a freshly prepared assembly buffer. When indicated, the washing step
was extended from 5 to 9, 12, 15, or 18 ml of ddH,O. DTT and C18-silica particles (straight-chain alkane
hydrocarbon of 18 carbon atoms [C18]-silica particles) coeluting with the peptide were identified in the
UV-visible (UV-vis) spectrum of the solution as absorbance peaks at 205 nm (DTT) and 245 nm (silica)
using a Shimadzu UV-2401PC spectrophotometer. Control solutions with pure silica particles demon-
strated the sensitivity of the detection method to particle sizes of less than 1 um (Fig. S4). Thus, we used
standard solutions of pure silica particles 0.5 to 1 um in diameter to calculate the concentration of
C18-silica particles in the solution.

When indicated, the buffer exchange step was conducted in an Oasis Max extraction cartridge (60 mg
of nonsilanol polymeric sorbent functionalized with a quaternary amine sorbent; Waters Corporation,
Milford, MA). The column was hydrated with 1 ml of acetonitrile and washed with 1 ml of ddH,O before
loading 2 ml of the peptide solution previously adjusted to a pH of 10 with T mM NaOH. After washing
the column with 1 ml of 5% NH,OH, we eluted the peptide with 1 ml of assembly buffer and collected
the UV-vis spectrum of the column eluant. Peptides eluted from these columns required the addition of
a hydrophobe (octadecane, 1:100 aqueous solution) to promote fiber formation.

The standard protocol for evaporation-induced self-assembly started with a 1-ml aliquot of the
peptide solution (~3 mg) containing the hydrophobe (e.g., 1:100 octadecane or C18-silica particles) in
assembly buffer and a first round of evaporation for 30 min at 45°C in a Savant SpeedVac concentrator
(SPD121P model; Thermo Fisher). Fiber elongation was controlled through refeeding steps every 30 min
(four times with 500 ul of the peptide solution or a total of 6 mg of peptide) and reaction mixing by
aspiration with a micropipette. At the end of the evaporation process, the dried sample was resuspended
in 200 pl of ddH,O and dispensed in 50-ul aliquots. The addition of 200 ul ice-cold acetone to each
aliquot and overnight incubation at -20°C precipitated the fibers and allowed for their recovery by
centrifugation (1 h, 4°C in a microcentrifuge). After a final drying step under a stream of N,, the sample
was stored at —20°C until further use. When indicated, the final drying step was via lyophilization in order
to measure the average particle size of the sample via dynamic light scattering (DLS) in a Malvern
Zetasizer Nano-ZS (0.3-nm to 10-um sensitivity). Assembly efficiency was also calculated as the difference
of free PilA,, monomer in solution before and after assembly, based on protein concentrations measured
by absorbance at 280 nm in a NanoDrop spectrophotometer (Thermo Scientific) using a standard curve
of bovine serum albumin (BSA).

Scanning probe microscopy. Conductivity studies were conducted in a clean room using PilA,4
fibers stored dry at —20°C and rehydrated in 200 ul of ddH,O at 4°C for 12 to 18 h. Deposition for 10 min
of 10-ul aliquots of the solution onto the surface of a freshly cleaved highly oriented pyrolytic graphite
(HOPG) (SPI Supplies) promoted the adsorption of the fibers to the electrode. Absorbent paper wicked
off excess fluid while two washes with 10 ul of ddH,O removed impurities from the HOPG surface.
Samples were allowed to dry in a sealed container at room temperature for approximately 10 min before
imaging the samples in tapping mode by atomic force microscopy (AFM) with an Asylum Research
Cypher S system equipped with an AC240TS tip (Asylum Research). Electrode surface scans of 10 X 10
um? were used to locate the area of sample deposition and image several fields randomly that best
represented the distribution of fibers on the surface. The AFM images were analyzed with the free hand
tool of ImageJ to measure the length of the fibers. Conductive probe AFM (CP-AFM) analyses, which
measures the transversal conductivity of the sample from the electrons flowing between the conductive
AFM tip and the HOPG electrode, followed protocols previously used to measure the conductivity of the
native pili (8). For controls, we also conducted AFM topographic and CP-AFM conductivity analyses of
the native PilA pili, which were purified as reported elsewhere (8). The =100 mV ohmic region in the
current-voltage (/-V) plots was fitted to a linear regression line using the Igor Pro 6 software to calculate
the electrical resistance of the fibers at biological voltages. Analyses of the asymmetry of the I-V plots was
via rectification scores (ratio of current recorded at the positive voltage over the negative voltage)
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calculated at =100 and =600 mV, as reported elsewhere (12). A rectification score below 1 indicates
asymmetric current flow that favors the electrode-to-tip direction, thus electrons flowing from the fiber
toward the external electron acceptor.
Scanning tunneling microscopy (STM) analyses (imaging and spectroscopy) used the same AFM
instrument but equipped with a mechanically cut Pt-Ir STM tip (Asylum Research) and operated in STM
mode. The quality of the STM tip was tested in scans on the freshly cleaved HOPG surface prior to
depositing and scanning the pilus samples (sample voltage of 500 mV; current set point of 350 pA).
Sample deposition was with hydrated or glutaraldehyde-fixed PilA,, fibers, using previously published
protocols for the deposition of hydrated or chemically fixed native PilA pili (28). I-V plots collected the
current tunneling through individual fibers at a set point of 10 pA, with the tip held at ground, while
sweeping the bias voltage (0.6 V) of the HOPG substrate. Regression analyses of data points in the
+100 mV ohmic region used the Igor Pro 6 software. The asymmetry of the STM /-V plots and the
material’s electron band gap were assessed in plots of the derivative of the current and voltage data
points (dl/dV) versus the sample voltage (V).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.02721-19.
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