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ABSTRACT
NOVEL CONDUCTIVE BIOMATERIALS INSPIRED BY MICROBIAL NANOWIRES
By
Krista Cosert
Model microorganism Geobacter sulfurreducens extracellularly respires metal electron
acceptors through conductive micron length pili appendages that are homopolymers of
a single gene product, PilA. In this dissertation, | investigate the physical and electronic
properties of a truncated pilin that retains all amino acids identified as critical to electron
transfer, self-assembly and metal binding capacity.

Planar assemblies of recombinant peptides tagged with an amino-terminal (N-t)
cysteine provide powerful platforms for investigating the mechanism and metal binding
capacities of the pilins. Clustering of aromatic amino acids near the electrode surface
mimic clustering in the pilus fiber, mechanistically stratifying electron transfer through
the film. Multistep hopping occurs through the N-t region and interchain tunneling in the
C-t region, with the aromatics near the electrode surface inducing rectifying behavior.
These residues effectively dope the film, promoting electron transfer in the biologically
relevant direction at the low voltages operating in cellular respiration.

The tilt angle of the pilins in these planar assemblies leaves the metal trap
solvent exposed, making them an excellent platform for the rapid screening of cationic
metal binding and reduction. | performed cyclic voltammetry with soluble iron analytes
ferricyanide and ferric chloride, to demonstrate metal binding with the natural electron
acceptor of G. sulfurreducens. The divalent cation, Co?*, was investigated with cyclic

voltammetry and step potential experiments, undergoing reductive mineralization whose



kinetic behavior is modulated by specific interaction with the pilin film at low scan
speeds. These assemblies allow for the rapid screening of cationic metal acceptors that
can be bound by the peptide.

The truncated pilins are able to form fibers in vitro through a controlled
evaporative assembly process that | have optimized. As this truncation removes
hydrophobic amino acid residues involved in in vivo assembly, it was necessary to
provide hydrophobic nucleation sites to form fibers. Efficient access to nucleation sites
was achieved via mixing during fiber elongation, producing micron length fibers. The
conductive properties of the fibers are examined with conductive probe scanning
microscopy, with resistances and electronic substructures similar to those found for
native pili isolated from G. sulfurreducens. The recombinant nanowires suffered no loss
in conductivity after chemical fixation, an important factor for future applications.

Together, these platforms shed light on the molecular mechanisms underlying
the function of the G. sulfurreducens pilin peptide in the discharge of respiratory
electrons to bound extracellular metals. Both planar assemblies and nanowires are able
to efficiently assemble in vitro under mild aqueous conditions that are attractive for

potential applications in bioremediation, sensing, or metal reclamation.
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Chapter 1.

The biology and applications of microbial nanowires



Background

The genus Geobacter is comprised of Gram-negative bacteria abundant in soils
and sediments where iron (Fe[lll]) oxides are available as electron acceptors for
anaerobic respiration. Genes encoding acetate transporters and metabolic pathways for
its oxidation are conserved in the genus (1), suggesting a critical role for these
organisms in the removal of this fermentation product during organic matter
decomposition (2). The oxidation of acetate by Geobacter is coupled to the extracellular
reduction of iron oxides, a process that requires c-type cytochromes of the cell envelope
and the assembly of conductive filaments of the Type IVa class (2). Most Geobacter
genomes encode a great number of c-type cytochromes, yet sequence conservation
among the genes is weak (1). The genome of the model representative Geobacter
sulfurreducens (GS) encodes, for example, more than 100 c-type cytochromes but only
a few of them (e.g., the periplasmic cytochromes PpcA and PpcB) are conserved in
other sequenced genomes of Geobacter species (1). By contrast, genes encoding the
pilin subunit (PilA) and all of the components of the biosynthetic Type IV pilus apparatus
are conserved in Geobacter and other members of the order Desulfuromonadales (3-5).
Furthermore, the Geobacter pilin gene is divergent and forms an independent line of
descent with pilins from other Desulfuromonadales (4). This is consistent with the
absolute requirement of Geobacter cells to assemble the conductive pilus appendages
during the reduction of extracellular electron acceptors such as iron oxides (4) and the
uranyl cation (6). The large quantity of c-type cytochromes in these bacteria has been
proposed to permit the storage of up to one million respiratory electrons per cell,

allowing cells to continue to metabolize the electron donor and generate energy to



support their maintenance metabolism for about 8 min (7). This result suggests that the
major role of the many extracytoplasmic cytochromes is to function as a capacitor,
accumulating respiratory electrons in the cell envelope and discharging them at the
base of the pilus fibers once the filaments make electronic contact with the extracellular
electron acceptor (8). The many pilus fibers that are assembled on one side of the cell
increase the redox active surface area, promote improved access to the electron
acceptors, and in the case of the uranyl cation, also prevent the permeation of the toxic
radionuclide and its non-specific reduction inside the cell envelope (8). Critical to these
functions is the ability of the pili to retract by depolymerizing the pilins and storing them
in the inner membrane in a process energized by a conserved retraction ATPase
protein (PilT4) (5). As shown in the model of Fig. 1.1, the retraction of the pili has been
proposed to shed the reduced minerals, which remain bound to the fibers, and to allow
the recycling of pilins to rapidly synthesize a new pilus fiber for a new round of metal
binding and electron discharge (8).

The GS pilus, which serves as model representative for other Geobacter pili, is a
homopolymer of a single pilin peptide, PilA (6). The PilA pilin is synthesized as a
precursor peptide or prepilin carrying the conserved leader sequence of Type IVa pilins
(4). As shown in Fig. 1.1, this leader peptide is recognized and cleaved by a dedicated
prepilin peptidase (PilD) at the inner membrane. The mature pilin is also N-methylated
at a conserved phenylalanine in position 1 (F1), a post-translational modification that is
critical for alignment during assembly with a conserved glutamic residue in position 5

(E5) of a neighboring pilin at a conserved rise of 10.5 A (9).
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Figure 1.1: Steps in the assembly of GS pili during the reduction of iron oxides. The
figure illustrates the processing of the prepilin precursor by PilD, the polymerization of
the mature PilA peptide by a canonical Type IV pilus apparatus, electron discharge from
presumably c-type cytochromes of the periplasmic space, and antagonistic cycles of
pilus retraction and protrusion to release the magnetite from the pilus and initiate a new
round of respiration. This figure is reproduced from open access article (8) under the
terms of the Creative Commons Attribution License, which permits use, distribution and

reproduction in any medium, provided the original work is properly cited.

Despite conservation of amino acids needed for assembly, the mature pilin is
structurally divergent (Fig. 1.2). The most distinctive feature of Geobacter pilins is their
small size of the peptide compared to other bacterial pilins (4). The structure of the
mature GS pilin retains the a-helix region (a1 domain) that participates in assembly and
replaces the conserved globular head of bacterial Type IV pilins with a short carboxy-

terminal (C-t) random coil (Fig. 1.2) (10, 11). The predominantly helical structure and a



high concentration of aromatic residues (Fig. 1.2) confer on the GS pilin distinct
electronic features that reduce the electron band gap of the peptide and create an

environment optimal for charge transport (11).

al-helix  aB-loop D-region
1 53 82 129 142 1 52 61 19 52 61

Figure 1.2: Molecular structure (top) and domain architecture (bottom) of pilins. The
figure shows molecular models of the PAK pilin from Pseudomonas aeruginosa strain K
(PDB, 1oqw), the GS pilin (PDB, 2m7g), and the truncated GS pilin PilA19 generated
with Pymol. The bottom panel shows the domain architecture of the pilin and the
distribution of aromatic residues (F, phenylanine, in green; Y, tyrosine, in orange). A

representation of metal binding is shown in C.

The aromatic residues of the GS pili also cluster during assembly to create paths

for axial and transversal conductivity that are predicted to promote fast rates of charge



transport (12). Indeed, an alanine replacement of one tyrosine (Y27) predicted
computationally to form half of the aromatic contacts in the pilus fiber increases the
electrical resistance along the pilus 5-fold and decreases the pilus conductivity from 4.3
to 0.77 S/cm (13). Furthermore, the charge mobility, which measures how easily
charges move through the pilus fiber, is one order of magnitude lower in pili with
reduced aromatic contacts (13). The formation of aromatic contacts allows the aromatic
side chains of phenylalanines and tyrosines of the pilins to get close together at 3-5 A
distances, but the contacts do not form simultaneously as in a wire (12). Furthermore,
some aromatic side chains do not cluster so closely, keeping inter-aromatic distances
that can reach 12 A, and the geometry of the dimer is always displaced (12) (Fig. 1.3).
The inter-aromatic distances and geometries of aromatic residues in the GS pilus are
optimal for charge hopping, a mechanism of conductance that is only weakly dependent
on distance and is thermally activated. Consistent with this mechanism, the conductivity
of purified pilus fibers is sensitive to temperature in a way such that freezing the pilus
fibers insulates the material at voltages in the +400 mV range (13). Yet at room
temperature individual pilus fibers, purified free of redox and metal cofactors, transport
charges at rates near 1 billion electrons per second at the differential voltages (100 mV)
between the inner membrane electron carriers and iron oxides that serve as
extracellular electron acceptors (13). The pilus charge transport rate far exceeds the
almost 10 million respiratory electrons that are discharged by each cell during the
respiration of iron oxides (13). This result suggests that pilus charge transport does not
limit the rates of cellular respiration. Rather, the need to access and established

electronic contact with the dispersed electron acceptors has been proposed to exert



evolutionary pressure for cells to produce several pili on one side of the cell and
mechanisms to couple their dynamics (protrusion and retraction) to the rates of
respiration (8). Furthermore, the many pili produced per cell also help bind and reduce

toxic metals, such as the uranyl cation, extracellularly to mitigate their toxicity (6).
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Figure 1.3: Computational model of the GS pilus optimized via molecular dynamics
showing a surface map with 3 neighboring pilins highlighted (A), molecular structure (B),
and aromatic paths (C-D). Tyrosines are shown in orange and phenylalanines, in
green). Panel D also labels the terminal tyrosine (Y57), located in the C-t pilin segment.
This figure is reproduced from open access article (8) under the terms of the Creative

Commons Attribution License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited.



GS pilins and pili as paradigms in biological electron transfer

Geobacter bacteria are to date the only microorganisms known to produce
conductive pili, a property that is related to the divergent structural features and unique
electronic structure of the GS pilin. Metal-reducing bacteria such as Shewanella
oneidensis MR-1 were proposed to use a similar mechanism for extracellular electron
transfer (14, 15), however, pili sheared from MR-1 cultures are not conductive (4).
Furthermore, extracellular electron transfer to iron oxides in this bacterium requires the
secretion of soluble flavin mediators (16). It is not widely accepted that the so-called
“‘nanowires” of S. oneidensis MR-1 were artifacts of chemical fixation of outer
membrane extensions that cells formed by fusing membrane vesicles (17). Chemical
fixation collapses the membrane structures and enables conductivity from c-type
cytochromes embedded in the membrane of the extensions. It has been proposed that
these cytochromes could diffuse freely through the membrane and participate in
collision-exchange mechanisms and charge transport in vivo, but this model has not
been demonstrated experimentally (18).

The ability of GS pili to function as protein nanowires offers opportunities to
develop novel biomaterials for integration into electronic devices (8). These conductive
properties arise from the unique structure of the GS pilin, most strikingly their reduced
size (Fig 1.2). The conserved C-t globular domain typical of other Type IVa pilins (Fig
1.2A) is replaced by an 8 amino acid random coil segment (Fig 1.2B). The only
conserved structural feature of the GS pilin is the amino-terminal (N-t) a1 domain, which
is required for storage of the pilins in the inner membrane and in vivo assembly (10-12).

Conservation of this reduced structure is apparent in other Geobacter species and in



some members of the Desulfuromonadales order (3, 4). This evolutionarily distinct
structure makes the pilins predominantly a-helical, a secondary structure that promotes
electronic coupling and charge transfer in peptides (19, 20). This helix suggests that the
GS pilins are also conductive, a property that could be exploited to develop pilin-based
conductive materials (8). Indeed, the helical conformation contributes greatly to the
unique electronic structure of the GS pilin, which is predicted promote electron transfer
in the peptide prior to assembly (11). Molecular mechanics (MM) simulations of the GS
pilin reveal, for example, contributions of five aromatic amino acid residues (three
tyrosines, two phenylalanines) to the Highest and Lowest Occupied Molecular Orbitals
(HOMO and LUMO respectively) states, which are located in regions of the peptide that
align in the assembled fibers (11). These orbitals provide pathways for intra and
intermolecular electron transfer. This interaction is supported experimentally by
scanning tunneling microscopy (STM), which shows extensive electronic substructures
in the conductive pili matching hot spots of conductivity with sizes that could correspond
to individual amino acids (21). Type IVa pilins assemble with a 10.5 A rise (22), forming
major and minor groves that align well with the electronic substructures and states near
the Fermi level observed in conductive materials (21).

The a-helical structure of the GS pilin is also important to promote the
hydrophobic packing of monomers in the assembled pilus, forming a strong but flexible
fiber (12). This property could be harnessed to develop biosynthetic platforms that
capitalize on the self-assembly of the pilins in vitro to manufacture biocompatible
conductive materials (8). In vitro self-assembly could also enable the synthesis of

protein nanowires for various applications. The a-helices of assembled pilins are packed



tightly to form the pilus core, from which the C-t random coils protrude at a 40° bend
and are exposed to the environment (Fig. 1.3). The C-t segment is flexible and
fluctuates in solution (12). This exposed region also concentrates most of the negative
charges of the pilins and exposes carboxylic acid ligands that have been proposed to
bind and orient cationic metal species for their reduction by a terminal tyrosine residue
(Y57) (Fig. 1.4) (12). The tyrosine and carboxyl ligands match the atomic coordination
environment modeled from the uranium Li-edge Extended X-ray Absorption
Spectroscopy (EXAFS) spectra collected for the uranium mineral that is bound to the pili
after the reduction of the uranyl cation in vivo (6). This finding suggests that the pilus
surface is covered with metal traps that electrostatically coordinate cationic metals for
efficient extracellular reduction by respiratory electrons (8). Hence, novel biomaterials
can be developed that harness the metal-binding properties of the GS pili for

bioremediation of toxic metals and reclamation of cationic metals of commercial value.
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Figure 1.4: Metal traps in the GS pilus. (A-B) Computational model of the GS pilus
showing electrostatic surface potential (blue, positive; red, negative) and location of the
metal traps (B). Color bar in (B), Volts. (C) Molecular structure of the metal trap showing
acidic side chains (red) and the terminal tyrosine (Y57; in orange). This figure is
reproduced from open access article (8) under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

The in vitro synthesis of pilin-based protein nanowires can also advance
mechanistic studies of Geobacter pili and address controversial studies suggesting that
electronic networks of pili could have metallic-like responses to temperature and pH
(23). Interpretation of these studies is limited by the use of pili preparations sheared
from the cells along with co-contaminants, including c-type cytochromes (23).

Furthermore, substitutions in the GS pilin can lead to compensatory effects in
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cytochrome expression that can skew electronic measurements of pili samples that
retain cytochrome contaminants. This, the extensive dehydration of the samples prior to
electronic probing, and limitations of the gating experiments used to measure network
conductivity have raised concerns about the validity of the conclusions (24, 25).
Additional experiments demonstrating ohmic conductance of pili spin-coated onto
interdigitated electrodes (26) utilized pili samples hampered by impurities, as indicated
by AFM images containing significant ‘globular debris’ which the authors acknowledge
could be c-type cytochrome proteins and other cellular material (26). These studies
highlight the critical role that sample purity plays in electronic studies, which are needed
to characterize the materials’ properties of the GS pili and targeted applications.
Achieving the level of purity needed for electronic probing is challenging when using
bacterial cultures. Lampa-Pastirk et al. (13) developed a purification protocol that
isolated pili free of redox cofactors and metals. The purity of the pili samples enabled
the reproducible measurement of molecular charge transport along individual pilus
fibers and the application of genetic engineering to demonstrate the contribution of
aromatic contacts to the measured conductivity (13). The purity of the samples also
permitted the resolution of the pilus electronic structure with an unprecedented level of
detail and the probing of conductivity as a function of temperature (13). These studies
demonstrated that pilus conductivity is thermally activated at biologically relevant
voltages (+400 mV), supporting an incoherent (hopping or hybrid) mechanism rather
than a coherent (metallic-like) mechanism of electron transfer (13). Furthermore, the
charge mobility estimated for individual fibers was orders of magnitude lower (3.2x10-2

cm? V-1 s1) (13) than needed to support a mechanism of band conduction, as would be
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found in a metallic wire (>1 cm? V-' s7') (27). Single molecule probing of pilus
conductivity is however limited by the many steps that are needed to purify fibers from
biological cultures with the cleanness required for electronics. Moreover, pili yields are
often low (in the mg range) and not sufficient for many electronic studies. However, in
vitro protocols could be developed to mass-produce pilin-based protein nanowires to
investigate their conductivity and define applications in electronics. In vitro nanowires
could also help advance structural studies. With no experimentally verified structure,
inter-aromatic distances and specific configurations of aromatic contacts in the pilus
have been derived from computational modes constructed on the assumption of
structural homology with canonical pilus structures from other bacteria (10, 12, 28, 29).
Although none of these models show aromatic geometries that could promote T-11
stacking and metallic conductivity, structural information could provide definitive proof to
rule out this controversial model. Structural information could also ascertain whether
aromatic amino acids, as predicted computationally, cluster in T-shaped geometries
optimal for charge hopping (12, 29). These configurations are unsuited for extensive
delocalization of electrons, as small displacements of the aromatic ring from the specific

-1 stacking geometry can cause significant reductions in tunneling rates (30).
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Objectives and chapter description

The complex and contentious nature of electron transfer in the GS pili requires
pure, easily manipulated samples to facilitate mechanistic studies. Isolation of GS pili
from the native host, while possible, is a difficult process that relies on anaerobically
grown microorganisms. Further, native fibers tend to interact strongly with each other,
forming extensive supramolecular structures that challenge controlled integration of the
biomaterials into electronic devices for electronic probing and functionalization (13). A
system for mass-production could alleviate many of these concerns, while providing a
convenient platform for genetic manipulation of the peptide and scalable production of
novel biomaterials. As part of a team of investigators comprised of Dr. Rebecca Steidl
and Dr. Angelines Castro-Forero, we developed recombinant approaches to produce
peptides derived from the GS pilin. Fig. 1.2C shows a recombinant pilin carrying an N-t
truncation of 19 amino acids of the GS pilin (PilA19), which | used to synthesize planar
and fibrous nanostructures described in the next three chapters of this dissertation, as

follows:

Chapter 2

This chapter describes the team’s effort to develop methods for the recombinant
production of a thiolated PilA19 peptide and its self-assembly as densely packed
monolayers on gold electrodes. | used atomic force microscopy (AFM) to investigate the
mechanical properties of the pilin film and developed conductive probe AFM (CP-AFM)
methods to describe its hybrid mechanism of conductivity based on the different

distance dependence behavior of charge hopping and tunneling. The results described
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in this chapter were published in the journal Physical Chemistry and Chemical Physics
in 2016 (31).

AFM is a powerful scanning probe technique that employs a sharp tip (often with
a radius of curvature in the tens of nanometers) suspended on a flexible cantilever to
image surface topography. This technique is not limited resolution wise in the same
manner as spectroscopic measurements, and facilitates physical interrogation of
surfaces, providing information on the mechanical properties such as stiffness,
elasticity, and plasticity, which are important when defining the suitability of pilin
assemblies for specific applications. CP-AFM, on the other hand, uses a conductive
AFM tip to investigate the conductive properties of the surface, collecting current-
voltage (/-V) plots that inform about electron transfer kinetics and that provide
mechanistic insights into charge transport through the material. When linked to
structural properties, the conductivity of the film under increasing load unmasked a two-
step mechanism of electron transfer that is relevant to the pilus fibers as well.
Additionally, this study provided experimental evidence supporting the prediction that
the structure of the GS pilin has evolved to promote the efficient transfer of electrons
(10-12). It also provided critical knowledge needed to understand pilin’s self-assembly
and established the foundation of a bioplatform to interrogate the metal-binding abilities
of the pilus metal traps, as described in the next chapter.

Chapter 3

Planar assembles of thiolated pilins on gold electrodes attach the peptide to the
substrate in tilted configurations that are predicted to be maintained by the same salt

bridges that align pilins in the pilus fiber (31). This configuration clusters the N-t
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aromatic amino acids near the gold substrate, promoting hopping followed by interchain
tunneling through the aromatic-free upper stratum of the film (31). This assembly is also
predicted to expose the C-t random coil of the pilins to the analyte, concentrating the
metal traps on the film’s surface. In this chapter, | tested the suitability of this pilin
platform to investigate redox transformations of iron metal species (ferricyanide and
ferric chloride) that are soluble in both their oxidized and reduced forms and could serve
as electron acceptors in vivo. | also used this platform to test the hypothesis that the
pilus metal traps promote electrostatic interactions with divalent cationic metals for their
reductive precipitation. As analyte | chose cobalt chloride (CoCl2), an electron acceptor
that is considered too toxic to be reductively precipitated in vivo (32). These studies
highlight the suitability of the pilin planar platform to investigate the spectrum of metals
that could be potentially investigated for reductive precipitation in vivo and to develop
novel biomaterials for the remediation of toxic metals or the reclamation of precious
metals.

For these studies | used cyclic voltammetry (CV, Fig. 1.5), a powerful
electrochemical technique for investigating electron transfer reactions at the surface of a
working electrode (33). Typically, CV experiments are done in a three-electrode system
comprised of a working electrode (where the reaction of interest occurs), a counter
electrode (which facilitates the opposite redox reaction as the working electrode and the
redox cycling of the chemical species in the analyte), and a reference electrode with a
stable, well known potential against which other potentials can be measured. The
reference and counter electrode determine the potential that is applied to the working

electrode, where the current is measured. The applied potential is swept, starting at a
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positive potential and moving towards the negative (forward scan) until one or more
cathodic peaks are recorded that inform about the reduction of the species under
investigation (e.g., the reduction of Fe3* to Fe?*, Fig. 1.5A). The potential is then swept
back, from negative to positive (reverse scan) to record anodic peaks, which inform
about the reoxidation of the chemical species (e.g., the oxidation of Fe?* back to the

soluble Fe3* species, Fig. 1.5A).
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Figure 1.5: Cyclic Voltammetry. (A-B) Simplified labeled model of a reversible cyclic
voltammogram. (A) Single electron redox reaction of soluble metal species M being
reduced in the forward sweep towards negative potentials followed by oxidation as the
voltammogram reverses and scans towards positive potentials. (B) lllustration of the

redox reaction occurring at the working electrode surface.

The direction of the forward and reverse scans, from positive to negative first and
then reversed, follows the International Union of Pure and Applied Chemistry (IUPAC)
convention to report CV data as cathodic peaks on the left (low potentials, reduction of

the redox species) and anodic peaks on the right (high potentials, oxidation of the redox
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species) (33). When scanning to negative potentials, the metal species is reduced at the
working electrode surface, resulting in current production and the depletion of the
oxidized metal species at the electrode. Current production at the cathodic peak is
influenced by the diffusion of freshly oxidized metal to the surface of the working
electrode. In its most simple form, reversing the potential will reoxidize the metal
species and produce an anodic peak symmetrically opposite to the cathodic peak (Fig.
1.5A). This voltammogram, typical of reversible redox reactions, will have a “duck”
shape. In this chapter, | optimized the CV conditions to reproducibly generate “duck”
shape voltammograms with bare and pilin-functionalized gold electrodes using
potassium ferri/ferrocyanide, a standard analyte for reversible redox reactions (equation
1).

Fe(CN)e* (ag— € <  Fe(CN)e* (ag) (eq. 1)
With the optized conditions, | then investigated significantly more complex redox
reactions mediated by the pilin assemblies and electrochemical features that could
unmask specific interactions between the pilins’ metal traps and metals. In the case of
the reduction of Co?* to Co?, for example, the low solubility of the elemental Co? species
causes it to precipitate on the electrode surface (equation 2).

CoCl2 (aq) — 2€" = Col (s) + 2CI (eq. 2)
The Co? atom then acts as a nucleation site to promote the reductive precipitation of
more Co?* from solution and the growth of a layer of Co® on the electrode surface,
which slows the rate of diffusion of the oxidized metal to the surface and decreases the
measured current as the scan continues. Larger cathodic peaks are, therefore,

expected due to electrodeposition of the metal. The same diffusion limitations also
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affect the current measured during the reverse sweep to anodic potentials. As the Co®
layer is slowly reoxidized to the soluble Co?* species, the current diminishes and a
crossover with the cathodic peak is often observed before the anodic peak is recorded.
By varying the scan rate, differences between the bare and pilin-functionalized
gold electrodes can be revealed that unmask the strength of binding of the metal to the
pilin metal traps from the complex voltammogram features caused by first the
electrodeposition and then mineral resolubilization (stripping) of the Co metals species.
Two types of current are produced in CV, the capacitive current, which is due to ion
rearrangement in solution and can be related to working electrode area and scan
speed, and the faradaic current, which is a measurement of the redox reactions
occurring in the system (33). As the chemical event we are most interested in is the
binding and reduction of cationic metals at the metal traps, this chapter includes a
detailed description of the cathodic peaks and calculations that reveal information about
the kinetics of these reactions. The application of electrochemical methods such as CV
to planar assemblies of pilins also allows us to gain insights into its intrinsic conductive
properties. For example, when a metal in solution is being reduced, electrons flow from
the N-t to C-t of the pilins, and in opposite direction when the metal in solution is being
oxidized. This allows us to investigate whether a direction (e.g., the biological direction

from the N-t to the C-t) is favored, a behavior termed rectification.
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Chapter 4

This chapter harnesses the recombinant pilin biosynthetic platform to
manufacture protein nanowires with conductive properties similar to those of the native
pili. To accomplish this, | developed a protocol for the in vitro assembly of recombinant
pilins as fibers that relied on the presence of a non-standard hydrophobe and controlled
evaporation to induce fiber formation. The hydrophobe was provided as silica particles
functionalized with octadecane, which elute from a reverse phase C18 column during a
buffer exchange step that simultaneously resuspends the pilins in assembly buffer. The
controlled evaporation step increases molecular crowding to promote efficient
nucleation on the hydrophobe ‘primer’ and fiber elongation to micron lengths.

This relatively simple in vitro synthesis contrasts with the biological assembly process,
which requires post-translational modifications and a complex protein apparatus
spanning the multilayered cell envelope to assemble the pilins (Fig. 1.1). The
recombinant pilins used for in vitro assembly carry a truncation in the N-t region that is
required for biological assembly, but the peptides retain the helical structural and
charged residues that are essential for self-assembly and to form salt bridges,
respectively. The truncation also increases the solubility of the peptide and enables its
recombinant production at high yields once expressed and purified as a fusion protein
followed by cleavage.

The in vitro methods described in this chapter resulted in high yields of fibers for
electronic characterization using scanning probe techniques (CP-AFM and STM)
previously used to characterize the conductivity of the native pili (13). STM imaging

proved invaluable in identifying fibers with good electronic contact with the underlying
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substrate (highly oriented pyrolytic graphite, HOPG) and in conjunction with CP-AFM
demonstrated the conductivity of the protein nanowire. We took advantage of the in vitro
platform to demonstrate that chemical fixation does not affect the conductivity of the
protein nanowires, a property that is particularly useful for future device applications.
This work has catalyzed a new collaboration with nanotechnologists, who are
integrating the protein nanowires into electrode designs to investigate the electronic
properties of nanowire networks and other properties of the biomaterial that can be

harnessed for various electronic applications.

Chapter 5

This final chapter presents the conclusions of the research | carried out for my
dissertation. Here | describe the major findings and | identify aspects of the work that
are in my opinion most critical to harness the unique properties of pilins and protein

nanowires in biotechnology.
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Chapter 2.
Electronic characterization of Geobacter sulfurreducens
pilins in self-assembled monolayers unmasks tunneling and

hopping conduction pathways

This chapter was published previously in the journal Physical Chemistry and Chemical
Physics from the Royal Society of Chemistry. The Society grants permission to the
authors to reprint the whole article in a thesis (http://www.rsc.org/journals-books-

databases/journal-authors-reviewers/licences-copyright-permissions/).

Copyright © the Owner Societies 2017

The material presented in this chapter was generated with contributions from Dr.
Rebecca Steidl (genetic engineering) and Dr. Angelines Castro-Forero (optimization of
recombinant production). These two authors also contributed to the preliminary

optimization of pilin self-assembly on gold electrodes.
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Abstract

The metal-reducing bacterium Geobacter sulfurreducens produces protein
nanowires (pili) for fast discharge of respiratory electrons to extracellular electron
acceptors such as iron oxides and uranium. Charge transport along the pili requires
aromatic residues, which cluster once the peptide subunits (pilins) assemble keeping
inter-aromatic distances and geometries optimal for multistep hopping. The presence of
intramolecular aromatic contacts and the predominantly a-helical conformation of the
pilins has been proposed to contribute to charge transport and rectification. To test this,
we self-assembled recombinant, thiolated pilins as a monolayer on gold electrodes and
demonstrated their conductivity by conductive probe atomic force microscopy. The
studies unmasked a crossover from exponential to weak distance dependence of
conductivity and shifts in the mechanical properties of the film that are consistent with a
transition from interchain tunnelling in the upper, aromatic-free regions of the helices to
intramolecular hopping via aromatic residues at the amino terminus. Furthermore, the
mechanistic stratification effectively “doped” the pilins at the amino terminus, favoring
electron flow in the direction opposite to the helix dipole. However, the effect of aromatic
dopants on rectification is voltage-dependent and observed only at the low (100 mV)
voltages that operate in biological systems. The results thus provide evidence for a
peptide environment optimized for electron transfer at biological voltages and in the
direction needed for the respiration of external electron acceptors. The implications of
these results for the development of hybrid devices that harness the natural abilities of

the pilins to bind and reduce metals are discussed.
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Introduction

The fundamental property of all living organisms is energy conservation in
reactions that mobilize electrons from donor to acceptor molecules. During respiration,
for example, electron transfer (ET) to the electron acceptor relies on the sequential
reduction of membrane-bound electron carriers and the simultaneous generation of a
transmembrane ion gradient, which provides the energy for ATP formation (34).
Mineral-reducing, Gram-negative bacteria such as Geobacter sulfurreducens (GS) face
unique challenges during respiration due to the insoluble nature (35) and/or toxicity (6)
of the electron acceptors. Indeed, these microorganisms can reduce iron and
manganese oxide minerals using a complex respiratory system that spans the cell
envelope (35). In GS, abundant c-type cytochromes facilitate ET across the inner and
outer membranes and the periplasmic space formed between the two membranes (35).
In addition, the cells synthesize a peptide (the precursor of the GS pilin or PilA), which is
proteolytically processed and assembled as a conductive protein filament or pilus by a
dedicated protein apparatus spanning the multi-layered cell envelope (4). The pili
increase the redox active surface of the cell and facilitate the binding and extracellular
reduction of electron acceptors such as iron oxides (4) and the uranyl cation (6).
Furthermore, the pili also promote the formation of biofilms and the generation of
electrical currents, (9) effectively enhancing the reductive capacity of the cells once
embedded into an electrochemically-active matrix of pili and cytochromes (36). GS pili
are also dynamic appendages that alternate cycles of protrusion and retraction
energized by dedicated ATPase motors (PilB and PilT, respectively) of the pilus

apparatus (5, 9). The coordinated cycles of polymerization and depolymerization recycle
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the pilins in the inner membrane and enable repeated discharges of electrons onto the
extracellular electron acceptors (5).

A structural model of the GS pilus refined by Molecular Dynamics (MD) identified
on its surface pockets of acidic residues that could function as metal traps (12). The
coordination of these carboxyl groups matched well the atomic environment of pilus-
bound uranium modelled from the Extended X-ray Absorption Fine Structure (EXAFS)
spectra (12). The electrostatic interactions between the acidic side chains of the metal
traps effectively bind the metal acceptor close to the pilus surface to facilitate its
reduction (12). The MD model also predicts the clustering of aromatic side chains in the
pilus fiber and the formation of axial and transversal paths for ET (12). Indeed, the
aromatic residues are required for optimal charge transport along the pilus fiber (13)
and for metal respiration (12). The predominantly a-helical conformation of the GS pilin
(11) also allows for tight, hydrophobic interactions between neighbouring helices in the
assembly, reducing inter-aromatic distances and promoting the formation of aromatic
dimers with geometries optimal for multistep hopping (12). Consistent with this model,
scanning tunnelling microscopy demonstrated the thermal dependence of incoherent

conductivity at the low voltages that operate in biological systems (13).
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Figure 2.1. Structure (A) and recombinant expression (B-D) of PilA, PilA19, and PilA19-
C. (A) Pilin structure showing phenylalanines (green), tyrosines (orange) and/o cysteine
tag (Cys, in red). (B) Recombinant expression of CBD-PilA19 (red arrow), but not CBD-
PilA, upon IPTG induction (+). (C) Column-bound CBD-PilA19 and CBD module (red
and black arrows, respectively) before (=) and after (+) DTT treatment. (D) Recombinant
PilA19 (-) and its thiolated form PilA19-C with cysteine tag (+) eluted after in-column

DTT treatment. Numbers at right in B-D are molecular weight standards in kDa.

In addition to intermolecular aromatic contacts, the pilus’ multistep hopping
pathway contains intramolecular contacts between three (F24, Y27, and Y32) of the six

aromatic residues of the GS pilin (Figure 2.1A) (12). Replacing just one of these
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residues (Y27) with an alanine reduced the pilus’ aromatic contacts in half and its
conductivity, more than five-fold (13). Intramolecular charge transport in the GS pilus is
also predicted from the pilin’s reduced size, the absence of a globular head with (3-
strands, and the predominantly a-helical conformation of the peptide (19, 20, 37). The
amide groups of a peptide’s a-helix can, for example, mediate charge hopping (38, 39).
Electron tunneling can also be promoted in helical peptides depending on the coupling
strength of bonding contacts, such as covalent bonds and H-bridges, and by through-
space jumps (40). The contribution of electron tunneling to protein ET depends on the
degree of electronic coupling, which, in turn, is influenced by the protein’s structure and
dynamics (41) and is predicted to be high once the pilins assemble (11, 12). Interchain
electron tunneling provides, for example, the fastest path for ET in well-ordered self-
assembled monolayers (SAMs) of helical peptides, which, like the GS pilus, (12) pack
the helices close to each other and at a tilt angle (42).

Tunneling and hopping mechanisms can also operate concomitantly to overcome
the distance limitation (~2 nm) imposed by the tunneling regimes (43). The two
mechanisms can be differentiated by their distance dependence, which is exponential in
tunneling but only weakly dependent on distance in hopping (41). As a result, tunneling
is limited to short (<2 nm) bridges and a crossover to the hopping mechanism is
observed for longer distances (44). Thus, for the GS pilin, which is structured as a bent
helix approximately 7.5 nm tall (Figure 2.1A), tunneling and hopping regimes may act
coordinately to mechanistically stratify the peptide. Hopping regimes are predicted to
operate in the aromatic-rich region at the pilin’s amino-terminus (N-t). However,

tunneling regimes could prevail in the upper, aromatic-free regions of the helices closer
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to the carboxy-terminus (C-t). The rates and directionality of the pilin’s electronic
pathways could also be influenced by the helix dipole. The vertical alignment of peptide
bond dipoles in a-helices generates an electrostatic potential that accelerates ET from
the more electronegative C-t to the more electropositive N-t (45). The concentration of
acidic residues at the pilin’s C-t (11) is predicted to strengthen the dipolar moment along
the pilin’s helix axis. This, in turn, could control the rates and directionality of ET (46).
Based on these considerations, we investigated the conductive properties of GS pilins
in confluent, pilin self-assembled monolayers (pSAMs) fabricated on a planar gold
substrate. For these experiments, we genetically engineered a thiolated pilin derivative
that retained the structural and redox features that are critical to charge transport in the
pilin assembly (11, 12). Using atomic force microscopy (AFM) methods, we
demonstrate the conductivity of the pilin assembly and provide evidence for a two-
pathway model involving tunneling and hopping regimes. We also demonstrate voltage-
dependent rectification that allows the GS pilin to conduct electrons against the natural
helix dipole at the low voltages (~100 mV) that operate in the cell environment. This
allows the pilin to transport charges towards the peptide’s C-t region, where metal
binding and reduction occurs (12). The implications of these findings for the
development of pilin-based electronic devices and their use in the bioremediation of

metals are discussed.
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Materials and methods

Bacterial strains and culture conditions

Geobacter sulfurreducens strain PCA was routinely grown in NB medium (47)
with 20 mM acetate as electron donor and 40 mM fumarate as electron acceptor to
provide cells for genomic DNA extraction, using protocols described elsewhere (47).
The Escherichia coli strains used for genetic manipulations and recombinant expression
of pilins and thiolated pilins, and the culturing conditions used for their growth are

described below.

Molecular visualization
The pilins’ structural models were constructed with the MacPyMOL: PyMOL
v1.8.2.2 software enhanced for Mac OS X (Schrodinger LLC) using the MD-optimized

structural model of the PilA pilin (pilin-WT.pdb) reported elsewhere (12).

Recombinant expression of full length and truncated pilins

The IMPACT™-CN system (New England Biolabs) was used to fuse a chitin-
binding domain (CBD) with an intein linker to the N-t region of the PilA peptide or
truncated derivatives (PilA19 and PilA19-C). The sequence of the mature PilA (lacking
the signal peptide) or truncated pilin (PilA19) was PCR-amplified from the pilA gene in
genomic DNA with a Herculase |l Fusion DNA Polymerase (Agilent Technologies). The
primers, which carried plasmid sequence with Sap/ or Pst/ restriction sites (underlined)

for cloning, were: 5-GGTGGTTGCTCTTCCAACTTCACCCTTATCGAGCTGCT-3’ and
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5-GGTGGTCTGCAGTCATTAACTTTCGGGCGGATAGGT-3’ (pilA) and 5'-
GGTGGTTGCTCTTCCAACGCGATTCCGCAGTTCTCGGC-3’ and 5'-
GGTGGTCTGCAGTCATTAACTTTCGGGCGGATAGGT-3’ (pilA19). The sequence
encoding PilA19-C was generated by replacing the N-t alanine (codon GCA) in the
plasmid-encoded pilA1g with a cysteine codon (TGC) using the QuikChange Lightning
Site-Directed Mutagenesis kit (Agilent Technologies), as described elsewhere (12). The
replacement used forward primer 5’-
GGTTGTTGTACAGAACTGCATTCCGCAGTTCTCGG-3 (cysteine codon is underlined)
and reverse primer 5-CCGAGAACTGCGGAATGCAGTTCTGTACAACAACC-3'. The
PCR products were gel-purified (Zymoclean™ Gel DNA Recovery Kit, Zymo Research),
digested with Sap/ and Pst/ enzymes (Life Technologies), and purified again from
agarose gels prior to ligation into plasmid pTYBII (previously linearized at the Sap/ and
Pst/ cloning sites) with the T4 DNA ligase (New England Biolabs Inc.). The plasmid
vectors were then transformed into chemically competent cells of E. coli DH5a for long-
term storage or into competent Rosetta™ 2 (DE3) pLysS cells (Novagen) for their
recombinant expression.

E. coli strain carrying pTYB11 plasmid or derivatives with cloned peptides were
grown to an ODeoo of ~0.4 at 37°C in 1L Luria Bertani (LB) broth (Sigma) with 100 ug/ml
ampicillin and 20 pg/ml chloramphenicol. When indicated, 50 mM of isopropyl 3-D-1-
thiogalactopyranoside (IPTG) was added to the cultures to induce the expression of the
recombinant fusion protein overnight at 16°C. Cells were harvested by centrifugation at
4,000 x g for 10 min and the cell pellet was stored at -80°C. Prior to protein purification,

the cell pellets were thawed and lysed via tip sonication in lysis buffer (20 mM Tris-HCI,
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100 mM NaCl, 1 mM EDTA, 1% CHAPS) before centrifugation (4,000 x g for 1 h at
4°C). The supernatant with the cell extract was loaded onto a 40-ml chitin bed (New
England Biolabs) equilibrated with 5 column volumes of column buffer (20 mM Tris, 100
mM NaCl, 1 mM EDTA, pH 7.4) before incubation with the cell extracts at room
temperature for 20 min to promote the binding of the CBD-fusion protein to the chitin
matrix. The column was then washed with 5 column volumes of a buffer containing
increasing concentrations of salt (20 mM Tris, 1 mM EDTA, 0.6/1 M NaCl pH 7.4) to
remove unbound material. The reducing agent 1,4-dithiothreitol (DTT) was freshly
added to a buffer stock to make cleavage buffer (20 mM Tris, 100 mM NaCl, 50 mM
DTT, pH 9), and two column volumes were added to the chitin column to induce peptide
cleavage for 24 h at room temperature.

After in-column cleavage, the peptide was eluted in 1 ml aliquots using cleavage
buffer prepared without DTT. The aliquots with the highest protein content (UV
absorption at 280 nm) were pooled together and the resulting peptide solution was
incubated with DTT (5 mM) for 1 h at 37°C to break disulphide bonds. The peptide
solution was then transferred to an anaerobic enclosure (COY glove bag; H2:CO2:N2
[7:10:83] atmosphere) for buffer exchange in a reverse phase C18 column (3-ml column
volume, Waters). The column was equilibrated with 1.7 column volumes of acetonitrile
followed by the same volume of ddH20. Approximately 3-4 column volumes of the
peptide solution were passed through the column by gravity flow to promote peptide
retention in the column matrix. The column was then washed with 1.7 column volumes
of ddH20 before eluting the peptide with 3.4 column volumes of acetonitrile. The peptide

mass was confirmed by MALDI-TOF using a Matrix Assisted Laser Desorption-

31



lonization-Time of Flight Voyager-DE Pro-MALDI-TOF mass spectrometry (Applied

Biosystems).

Denaturing polyacrylamide gel electrophoresis (SDS-PAGE)

Recombinant protein expression and in-column cleavage efficiency from the CBD
module was evaluated in 12% Tris-glycine (cell extracts and CBD fusion proteins) or 10-
20% Tris-Tricine (pilin peptides) polyacrylamide gels (Bio-Rad). Cell extracts or chitin
matrix with bound proteins were mixed with an equal volume of loading buffer (100 mM
Tris pH 6.8, 20% glycerol, 8 M urea, 2% [w/v] sodium dodecyl sulfate [SDS], 0.02%
bromophenol blue) to solubilize the proteins. The buffer mix was then loaded onto 12%
Tris-glycine gels. The gels were run for 30 min at 200 V in Tris-glycine-SDS buffer (25
mM Tris, 192 mM glycine, 0.1% w/v SDS) using a Mini Trans-Blot cell system (Bio-
Rad). Proteins in gels were stained with Bio-safe Coomassie (Bio-Rad, Hercules, CA)
for 1 h and de-stained in ddH20 until bands were visible.

Peptides eluted from the column were mixed with a same volume of Tricine
sample buffer (Bio-Rad) and loaded onto 10-20% Tris-tricine gels. The gels were run for
120 min at 100 V in Tris-tricine-SDS buffer (100 mM Tris, 100 mM tricine, 0.1% w/v
SDS) using a Mini Trans-Blot cell system. Proteins in gels were fixed for 30 min with an
aqueous solution of 50% methanol and 10% acetic acid prior to Coomassie staining and

de-staining with ddH20, as described above.

32



Fabrication of functionalized gold electrodes

Gold electrodes (LGA Thin Films, with 150 A Cr and 1,000 A Au evaporated onto
the surface of silicon wafers) were cleaned with a Piranha solution (70% concentrated
sulfuric acid and 30% hydrogen peroxide) for 1 min and thoroughly rinsed with ddH20
before functionalization with self-assembled monolayers of PilA19-C (pSAMSs) or
undecanethiol (uUSAM). Fabrication of pSAMs started with the application of a solution of
PilA19-C in acetonitrile onto freshly cleaned gold electrodes inside an anaerobic
enclosure (COY glove bag) and incubation at room temperature for up to 48 h. When
indicated, the gold electrodes were insulated with uSAMs by depositing a solution of 1
mM undecanethiol in ethanol on freshly piranha-etched electrodes inside the anaerobic
enclosure for 48h. The excess solution was then removed, and the electrodes were
rinsed with acetonitrile or ethanol, dried with N2, rinsed thoroughly with ddH20 and dried
again with Nz prior to AFM analysis.

The deposition of the PilA19-C peptides on the electrode was monitored in real
time with a research quartz crystal microbalance (RQCM, Inficon) controlled by a
RQCM logging data system to detect changes in crystal frequency (f) due to the
attachment of the peptide’s cysteine linker to the electrode via sulphide linkages.
Changes in the viscoelastic properties of the adsorbed mass translate in changes in the
dissipated energy (D), which was calculated from the measured resistance (R) with the
equation:

2 2
D= 22t RA (eg. 1)
where fis the fundamental frequency of the quartz crystal (5 x 10° Hz), Z; is the

acoustic impedance for AT-cut quartz (8.8 x 106 kg m? s™1), d, is the piezoelectric strain
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coefficient for AT-cut quartz (3.1 x 10-'2 mV-"), and A is the electrode area (34.19 mm?).
The RQCM was equipped with a 0.1 ml flow cell and an AT-cut polished sensing crystal,
5 MHz Ti/Au (Inficon). A PHD standard infusion syringe pump (Harvard Apparatus) was
used to fill the flow cell with buffer (10 mM potassium phosphate buffer, pH 7.0 with 50
mM Na2SOa). After equilibration of the crystal, the PilA19-C solution was introduced into
the flow cell at a flow rate of 0.2 ml/min to monitor changes in the frequency and

resistance during the formation of the pSAMs.

Ellipsometry

The thickness of the pSAM was measured with an M-44 rotating analyzer
ellipsometer (J.A. Woollam Co., Inc.) controlled by WVASE32 software. The incident
angle was set at 75° using 44 wavelengths of light between 414.0 and 736.1 nm. The
refractive index (n) and extinction coefficient (k) were assumed to be n=1.5and k =0,
respectively. The pSAM thickness was probed at three spots for each of five electrode

samples functionalized with the thiolated pilins.

Atomic force microscopy

All AFM analyses were conducted in tapping or contact mode using an Asylum
Research Cypher S system equipped with ASYELEC-01 tips. Tip quality was routinely
tested in point conductivity measurements on freshly cleaned gold electrodes at 1 nN
forces. Topographic images of bare gold electrodes or pSAMs were collected for 500 x
500 nm fields scanned with the AFM tip in tapping mode. When indicated, the thickness

of the pSAM was measured using an AFM nanoshaving procedure (48) applied to
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SAMs of a-helical peptides immobilized on gold electrodes via sulfide linkages (42). The
method applied a high force (50 nN) to the AFM tip during scans in contact mode to
remove a 50 x 50 nm area of the peptide film from the electrode surface. Fields
approximately 500 x 500 nm? were then imaged in tapping mode and 5 scan lines were
collected before and after nanoshaving. Scan lines from the undisturbed and
nanoshaved areas were then compared to estimate the monolayer thickness from the
AFM height.

The mechanical properties of four pPSAMs were also probed by AFM to determine
the average range of tip forces that triggered the transition from elastic to inelastic film
deformation (42). A 500 x 500 nm? field was first scanned in tapping mode to identify a
flat terrace at least 50 x 50 nm?2. The smaller area was scanned in tapping mode at least
five times to minimize drift before rescanning in contact mode at a rate of 1 Hz while
applying a tip force of 1 nN. The procedure was repeated while increasing the tip force
in 1-2 nN increments (up to 12 nN). The same large (500 x 500 nm?) field scanned
initially was then rescanned in tapping mode to control and correct for drift. Line scans
were extracted for each of the forces probed and superimposed on to the tapping mode
reference scans to estimate changes in film thickness before and after applying the tip
force.

Conducting probe AFM (CP-AFM) was used to collect current-voltage (/V) plots
for pSAMs, and, when indicated, for bare gold or uSAM controls, while applying a bias
voltage to the gold substrate. To reduce the effect of surface curvature on peptide
secondary structure and packing, the conductive tip was positioned in flat areas of the

pSAM. Current flow was then measured at the lowest tip force (1 nN) while applying a
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bias voltage (0.6 V). The tip force was then increased progressively in 1-2 nN
increments and without withdrawing the tip between measurements. Five or more [V
plots were collected for each tip force applied per spot of three pSAMs to account for
technical and biological variability. The conductivity of the AFM tip was checked
routinely in point measurements on bare gold electrodes at 1 nN, as described above.
The ohmic portion of the /V plots in the 0.2 V range was fitted to a linear regression
line using the Igor Pro 6 software. The pSAM conductance (in siemens, S) was
calculated as the inverse of the slope of the linear fit.

The tip-film contact area was also calculated to normalize the conductance
values and obtain pSAM conductivity values. The contact area between the tip and the
peptide film was calculated using the Johnson-Kendall-Roberts (JKR) model of solids
adhesion.(49) The model estimates the radius a of the area of the half-spherical contact

region between the tip and the film for each tip force applied according to the equation:

@ = 2[L + 2Lq + 2Ll + I3] (€q. 2)
where R is the radius of curvature of the AFM tip (28 nm for the ASYELEC-01 tip); L is
the applied tip force; and L, is the adhesive force of the film (7 £ 1 nN; calculated from
the jump-off deflection distances in a minimum of ten force curves acquired for each of
three random spots probed per pSAM). The effective modulus constant Kin eq. 2 is

defined by the equation:

—v2 —v? 1
k=4[ 0] (eq. 3

where 1 is the Poisson’s ratio for the iridium coated AFM tip (0.26); s is the Poisson’s
ratio reported for helical peptide samples (0.33); (50) and E is the Young’s Modulus of

the iridium-coated probe tip (E: = 232 GPa)(51) or the helical peptide sample (Es = 1.2
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GPa) (52). This equation gives the effective modulus (1.8 GPa) of the system and
allows the calculation of the radius a (eq. 2) of the contact area for each tip force.

The asymmetry of the /V curves was also evaluated. The current density was first
calculated as the current measured under load at £+100 mV and £600 mV divided by the
tip-film contact area calculated as described above. A rectification score was then
calculated for each voltage and load as the ratio of the absolute value of current density
at positive over negative voltages. A rectification score above 1 corresponds to
asymmetric current flow that favours the tip-to-electrode direction (i.e., inward peptide
conductivity, from the C-t to the N-t). Similarly, a rectification score of less than 1
indicates that ET from the electrode to the tip is favoured (i.e., outward peptide

conductivity, from the N-t to the C-t).
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Results and discussion

Recombinant production of Geobacter pilins

Electrodes functionalized with SAMs of helical peptides are useful in vitro
systems to study the conductivity of peptides such as the GS pilin, yet require
production systems that generate substantial amounts of the pure peptide. Reaching
such high yields from GS cultures is difficult because of the limited amount of pili that
can be purified from GS cell cultures and the strong denaturation protocols that are
required to depolymerize the peptides (6). Recombinant expression systems provide a
rapid and inexpensive tool for high-yield peptide production, (53) yet are difficult to apply
to helical peptides because their inherent hydrophobicity promotes their aggregation
and formation of inclusion bodies in the heterologous host (53). Similar challenges have
been described for the recombinant production of other bacterial pilins, even though
these peptides carry a large globular head at the C-t that increases their solubility (54)
compared to the predominantly helical conformation of the GS pilin (Figure 2.1A).
Indeed, the grand average hydropathy (GRAVY) score calculated with the Kyte and
Doolittle hydropathy test (55) for the mature PilA peptide (> +0.5) (Table 2.1) is within
the ranges reported for some membrane proteins (55). However, the peptide’s
hydrophobicity was reduced substantially with stepwise truncations of just a few amino
acids at the N-t (Table 2.1). Truncations of 19 to 22 amino acids reversed the sign of the
GRAVY score, an indicator of hydrophilicity, (55) while preserving all of the aromatic
residues of the pilin involved in ET (9, 12). PilA19, which carried the least aggressive
truncation producing a GRAVY score below the mean score of soluble proteins (-0.4),

(55) was chosen for recombinant expression.
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To maximize production yields, we designed a recombinant strategy that
expressed PilA1g fused to a chitin-binding domain (CBD), which functioned as a
solubility enhancer and a self-cleavable purification tag (56). As a control, we also
expressed a fusion protein of the mature PilA peptide (CBD-PIilA). The approach
enabled the recombinant expression of CBD-PilA19, but not CBD-PIilA, upon induction
with IPTG and the purification of the fusion proteins in a chitin column (Figure 2.1B). In-
column incubation with DTT was used to induce the self-cleavage reaction at the CBD’s
intein linker and the elution of PilA1g in pure form (Figure 2.1C). The migration of the
PilA19 peptide on an SDS-PAGE gel (Figure 2.1D) and the molecular weight estimated
from MALDI-TOF mass spectrometry (MS) analysis (4,592.793 Da) confirmed its
predicted mass (4,595 kDa). The method routinely eluted 40 mg or more PilA19 peptide
from a 1-L culture of E. coli. This is more than twice the levels reported for high-yield

expression of comparable helical peptides using synthetic methods (57).

Table 2.1. Hydropathicity (GRAVY score) of PilA and truncated pilins PilA1o, PilA1g,
PilA20, and PilA22. Truncated residues are shown in gray font and aromatic amino
acids are shaded. The GRAVY value was calculated as the sum of hydropathy
values (positive for hydrophobic residues; negative for hydrophilic residues) of all the

amino acids in the peptide divided by the number of residues in the sequence.

Peptide Amino acid sequence GRAVY
PilA FTLIELLIVVAIIGILAAIAIPQFSAYRVKAYNSAASSDLRNLKTALESAFADDQTYPPES +0.510
PilA1o FTLIELLIVVAIGILAAIAIPQFSAYRVKAYNSAASSDLRNLKTALESAFADDQTYPPES +0.073
PilA1g FTLIELLIVVAIIGILAAIAIPQFSAYRVKAYNSAASSDLRNLKTALESAFADDQTYPPES -0.550
PilA2o FTLIELLIVVAIIGILAAIAIPQFSAYRVKAYNSAASSDLRNLKTALESAFADDQTYPPES -0.607
PilA22 FTLIELLIVVAIIGILAAIAIPQFSAYRVKAYNSAASSDLRNLKTALESAFADDQTYPPES -0.713
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Formation of pilin self-assembled monolayers (pSAMs) on gold

We used the same recombinant method described above to synthesize a PilA19
derivative carrying a cysteine replacement at the N-t alanine (PilA19-C; Figure 2.1A) and
confirmed its molecular weight by MALDI-TOF (4,632.26 Da) and SDS-PAGE (Figure
2.1D). A quartz crystal microbalance (QCM) was then used to monitor the deposition
and self-assembly of the thiolated pilins on the electrode in real time (58, 59). Figure
2.2A shows the changes in energy dissipation observed during deposition due to the
strong coupling of the peptides with the fluid and the frequency shift measured after the
introduction of the solution containing the thiolated pilins into the flow cell. These shifts
reflect changes in the electrode’s mass as the peptides attach to the gold substrate.
Energy dissipation and frequency then decreased steadily until reaching a steady state
after approximately 60 minutes. The kinetics match well those described for other
SAMs, which include a fast initial step of chemisorption followed by a slow phase of
spontaneous lateral bonding that organizes the monomers as a monolayer (60).

Overnight incubation to allow the pSAMs to mature and stabilize resulted in a film
with an average ellipsometry thickness of 3.6 £ 0.9 nm. Incubation for 48 h, the
deposition time used for undecanethiol SAMs (uUSAMs) controls, did not affect the
monolayer thickness (3.7 £ 0.8 nm). This indicates that the pilins self-assembled rapidly
to form a stable monolayer on the gold electrode. AFM images of gold electrodes before
(Figure 2.2B) or after (Figure 2.2C) pilin deposition for 48 h revealed a confluent,
homogenous film on the pilin-treated substrates. Furthermore, the surface roughness of
the electrode (measured as the peak-to-valley height standard deviation in 500 x 500

nm? AFM scans) decreased from 1.6 to 1.01 nm after pSAM formation. Such decreases
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Figure 2.2 (A) Changes in dissipated energy (red plot) and frequency (black plot) of
a gold electrode by QCM after the introduction of thiolated pilins into the flow cell
(arrows). (B-C). AFM tapping mode image (amplitude retrace) of a gold electrode

before (B) and after (C) pSAM deposition.

in surface roughness are consistent with a well-ordered, densely packed peptide SAM
free of defects or pinholes (61). As a reference, control electrodes covered by a uSAM
had a reduced surface roughness of 1.4 nm.

We also subjected flat areas of the pSAMs to an AFM nanoshaving procedure to
more accurately estimate their average thickness. Figure 2.3 shows representative AFM
scans of a pSAM imaged in tapping mode before and after nanoshaving. The average

thickness extracted from 25 scan lines over five different nanoshaved areas was 4.0 +
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0.5 nm, matching well the ellipsometry estimates. This average thickness (4 nm) is
about 71% of the length (~5.6 nm) of the PilA19-C helix (Figure 2.1A). Thus, the
thiolated pilins are not oriented vertically but, rather, are tilted at a 45° angle towards the
gold support. This tilt angle is within the ranges reported for SAMs of a-helical peptides
immobilized on gold electrodes (42, 62). But unlike most other peptide SAMs, which use
short (15-mer or less) synthetic helical peptides, the pSAMs were fabricated with
recombinant GS pilins containing a 34-mer a-helix. Furthermore, the pilins in the pSAMs
also have an 8 residue-long random-coiled segment at the C-t (Figure 2.1A), which

does not participate in the self-assembly but remains exposed to the solvent (11).

Conductivity and mechanical properties of pSAMs on gold

Electrical transmission across the pSAM was measured while applying a bias
voltage (£0.6 V) (Figure 2.4A-B). The current-voltage (/V) plots recorded at increasing
loads demonstrated current flow through the pSAM even at the low voltage ranges (0.1
V) that operate in biological systems (Figure 2.4A). Moreover, the electrical response
was ohmic, as indicated by the linearity of the /V plots in this voltage range. As controls,
we also performed electrical measurements on bare gold and on insulating uSAM
controls at low (1 nN) forces (Figure 2.4B). Despite the low loading force applied, we

measured ohmic electrical currents through pSAMs at 1 nN as well.
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Figure 2.3. pSAM thickness by AFM nanoshaving. AFM images acquired in tapping
mode (top) and cross-section (bottom) of pPSAM monolayer before (left) and after
(right) nanoshaving. The cross-sectional area shaded in gray points at the

region subjected to nanoshaving.

Electrical transmission through the pSAM can be affected by the structure of the
peptides, which in turn influences the mechanical properties of the film (42). Thus, we
gained insights into the mechanical properties of the pilin monolayer as a function of the
tip force applied to the film (Figure 2.4C). Force-induced compression was calculated by
comparing the thickness of the pilin monolayer in scans recorded before and while

applying a force to the AFM tip. The flexible nature of helical conformations in peptide
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SAMs permits considerable elastic deformation under load. This is because, as the
loading force increases, the helices tilt closer to the underlying gold substrate until a
threshold force is reached that cannot longer be elastically tolerated and triggers a
structural transition to random-coiled conformations (42). As expected of compression
forces that are tolerated by changes in the helices’ tilt angle only (elastic deformation),
the pSAM thickness was only weakly dependent on the applied tip force at 1-7 nN
(Figure 2.4C). Thus, these are loads that preserve the helical structure of the pilins in
the film. However, the film thickness decreased significantly and proportionally to the
applied load at > 7 nN (Figure 2.4C). This inflection point marks the transition from
elastic to inelastic deformation of the pSAM, when the pilin helices cannot tilt any further
and transition to random-coiled conformations (42). As a reference, SAMs formed by
shorter helical peptides (15-mer or less) undergo a similar structural transition at loads
exceeding 4 nN (42).

The transition from elastic to inelastic deformation at forces above 7 nN also
interrupted the force-dependent increases in pSAM conductance, yet only transiently (at
8-9 nN) (Figure 2.4D). This transient behaviour is expected as the helices, or parts of
the helices, transition to a more disordered random-coiled conformation. At these loads,
the pSAM is still 2.6-3 nm thick (Figure 2.4C). Thus, the inelastic deformation may be
limited to the top region of the film only. Further supporting a local inelastic deformation,
the pilin peptide is bent in its mid region (Figure 2.1A), a structure that allows the helices
to tolerate elastic deformations by tilting their C-t portion only. As the tip force increases
(8-9 nN), this C-t region can only tolerate the load by transitioning to a random-coiled

conformation, transiently preventing further increases in conductance. Higher forces
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Figure 2.4. Conductivity and mechanical properties of pSAMs. (A-B) Representative

current—-voltage (/V) plots of pSAMs probed at loads of 3 to 12 nN (A) or at 1 nN in

reference to bare gold (Au) and insulating uSAMs (B). Y axis, current (in nA); X-axis,

voltage (in V). (C-D) Thickness (C) and conductance (D) of pSAMs as a function of

tip force. Shaded areas show force-induced inelastic deformation of the pSAM, as

depicted in the cartoon in (C). Inset in (D) shows the exponential fit of conductance

(In[S]) with pSAM thickness (nm) during elastic deformation in four film replicates

(R2=0.75).

compress this inelastic region and/or force the tip to penetrate through it, so force-

dependent conductance is recorded again (Figure 2.4D).

Distance-dependence of pilin conductance in pSAMs

The distance-dependence of pSAM conductance during elastic deformation (1-7

nN) was also investigated to gain insights into the prevailing mechanism of ET. The

increases in conductance at these loads were exponentially dependent on distance

(Figure 2.4D, inset), consistent with a mechanism of conductance dominated by

electron tunneling (43). From the exponential fit of four replicate films (Figure 2.4D,

inset) we calculated a tunneling decay constant of 14.9 + 5 nm-'. This value is within the
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upper ranges reported for other SAMs of helical peptides (0.2 to 9.0 nm-") (42, 44, 63-
66). However, whereas these other peptide SAMs are less than 2 nm thick, a distance
range optimal for electron tunneling, (67) the thickness of the pSAMs under elastic
compression is 3.2-3.6 nm. It is unlikely that the dense packing of the pilins in the pSAM
permits peptide motions that can provide high enough activation energies so as to cross
such a large tunneling barrier. A more plausible explanation is that the aromatic
residues at the pilin’s N-t (Figure 2.1A) electronically couple the peptides to the
underlying electrode. This, and the natural tilt of the helices in the upper C-t region
(Figure 2.1A), could effectively reduce the tunneling bridge to its ~ 2-nm vertical span.
As the electrical current that flows through the pSAM can also be influenced by
the contact area between the tip and the monolayer, (42) we also calculated the film’s
conductivity at each tip force. The conductivity values were then plotted against the
thickness of the film at each force to unmask distance dependence responses due
solely to the mechanism of ET operating in the pilin monolayer (Figure 2.5A). We
observed a biphasic response of conductivity to distance (pSAM thickness) with an
inflection point at approximately 8 nN (Figure 2.5A). The conductivity plots reproduced
the exponential distance dependence at 1-7 nN loads previously observed for
conductance (Figure 2.4D, inset), consistent with a tunneling mechanism. Yet they also
revealed a transition at > 7 nN to a phase where the conductivity is only weakly
dependent on distance (Figure 2.5A), a distinctive signature of hopping regimes (41). At
these high loads (> 8 nN), the pSAM has a thickness of about 2.5-3 nm (Figure 2.4C)
and has transitioned to random-coiled conformations, at least in the upper region of the

film that interacts with the tip (Figure 2.5A, inset). This restricts the helical conformation
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to the N-t region of the pilins, where three aromatic residues reside (Figure 2.1A). Inter-
aromatic distances in this region promote the formation of intramolecular aromatic
contacts critical for multistep hopping through the GS pilus (12). This hopping pathway
is also present in pSAMs. Yet the weak distance dependence of conductivity through
the hopping path is only unmasked once the upper tunneling bridge has been
compressed and deformed sufficiently to directly probe electron transmission between
the tip and the aromatics residues (Figure 2.5A, inset).

The results presented above support a hybrid model of conductivity dominated
by tunneling in the upper region of the pSAM and by hopping in the N-t region of the
pilins’ helices (Figure 2.5A, inset). The natural bend of the pilin’s a-helix in its mid region
(Figure 2.1A) could spatially separate the two pathways. Indeed, the C-t region of the
helix spans 2.8 nm but is tilted. The vertical drop of the helices in this region at the 45°
tilt angle calculated experimentally is ~ 2 nm, which is within the tunneling ranges (67).
According to the two-pathway model, electron tunneling through SAMs can involve
through-bond coupling (electron tunneling along the molecular backbone) and/or
through-space coupling (interchain electron tunneling) (68). The second pathway is
favored in well-ordered peptide SAMs because the dense packing and tilted orientation
of the helices minimizes interchain backbone separation and provides a shorter vertical
path for electrons to tunnel (65). Thus, the initial exponential distance-dependence of
pSAM conductivity likely reflects the contribution of interchain tunneling between
neighbouring helices in the top, 2-nm thick region of the film. Increasing the tip forces on
the pSAM further tilts the helices in this upper region, reducing the tunneling bridge and

exponentially increasing the measured conductivity (Figure 2.5A).
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Figure 2.5. (A) Force-induced transition from exponential (1, 3, 5 and 7 nN, shaded
region) to weak (8, 9, 10 and 12 nN) distance dependence (pSAM thickness) of
conductivity. Inset depicts ET (arrows) from the tip (blue) to the underlying electrode
(yellow) through the film. Electrons first tunnel through the top stratum of the film
(diagonal gray lines, representing tilted helices) and then hop via aromatic residues
at the pilins’ N-t (vertical orange lines). At higher loads the tip compresses the top
stratum and induces random coil conformation (gray wavy area on top), unmasking
the multistep hopping path. (B) Representative plot of rectification scores obtained at
increasing tip forces at 600 and 100 mV. Shown are average and standard deviation
of triplicate pSAMs. (C) Cartoons depicting voltage-dependent ET across the pSAM
in the inward or outward direction, as indicated by the direction of the arrows. Arrow

thickness is used as a proxy of current flow across the pSAM.

Once this top region undergoes inelastic deformation, tip compression unmasks the
contribution of aromatic residues at the pilin’s N-t (F24, Y27, and Y32) to the measured
conductivity (Figure 2.5A, inset). Aromatic residues, particularly if positioned close to the
linker, introduce energy levels in the peptide close to the electrode’s Fermi level. This
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effectively “dopes” the helical peptide and accelerates the rates of ET (69). Thus, the N-
t aromatic residues electronically couple the peptide to the gold substrate, creating a
short path for multistep hopping. Film compression at high loading forces positions the
AFM tip closer to this aromatic region and a crossover from a tunneling to a hopping
mechanism is expected. This is observed as a transition from an exponential to weak

distance dependence in conductivity (Figure 2.5A).

Voltage-dependent rectification through pSAMs

The asymmetry of the /V plots was also investigated (Figure 2.5B). For these
studies, the current measured at the positive over negative voltage was used to
generate a rectification score, which is above 1 in helix-driven peptide systems (i.e.,
when current preferentially flows from the C-t to the N-t). Asymmetric conductance is
often observed in a-helical peptides (45). This is because the dipole moments of the
peptide bonds are oriented in the same direction along the helix axis, effectively
producing a net negative charge at the C-t and a positive charge at the N-t. This
generates an electric field along the a-helix that can promote the flow of electrons from
the more electronegative C-t to the more electropositive N-t. The presence of negatively
charged amino acid residues at the pilin’s C-t enhances the dipole moment of the helix
(11). The rectification scores at 600 mV fluctuated slightly above 1 but not strongly and
subjected to significant variability (Figure 2.5B). This suggests that helix-driven ET is not
particularly strong at these voltages. This result is not unexpected because the tilted

orientation of helical peptides in SAMs also tilts the helices’ dipoles and reduces or
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suppresses their effect (42). Furthermore, salt bridges form during the assembly of
pilins that can reduce the helix dipole and minimize its contribution to ET (11, 12).

In contrast to the symmetry at high (600 mV) voltages, the IV plots extracted at
the low voltages that operate in biological systems (100 mV) were asymmetric. The
asymmetry was such that current was higher at -100 mV than at +100 mV when using
tip forces (1-7 nN) that preserved the structural integrity of the pilins in the film. As a
result, rectification scores at these loading forces were consistently less than 1 (Figure
2.5B). Figure 2.5C illustrates how the mechanistic stratification of the pSAMs can
explain voltage-dependent rectification. When a positive voltage is applied to the
electrode, electrons flow from the tip to the gold substrate. High enough voltages (600
mV) provide the activation energy needed to efficiently cross the tunnelling barrier.
However, at low, biologically relevant voltages (+100 mV) the activation energy
available to overcome the tunnelling bridge is low and current flow in the inward
direction is rate-limiting. This effect is not observed during a voltage reversal because
the electrons now flow from the substrate to the aromatic-rich region (Figure 2.5C). The
aromatic side chains introduce energy levels close to the electrode’s Fermi level,
reducing the energy barrier required to initiate electron flow (69). As a result, ET in the
outward direction is efficient at low and high potentials. Thus, the spatial stratification of
the tunneling and hopping regimes controls the directionality of ET at low voltages,
favoring the biological (outward) direction.

Local electrostatic effects involving charged amino acids can also influence the
directionality of ET (46). Two of the positively charged amino acids of the pilin (R28 and

K30) are interspersed with the aromatic residues of the hopping pathway (Table 2.1).
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Applying a negative bias voltage to the gold substrate can attract the positively charged
side chains and compress the aromatic-rich region at the bottom of the pSAMs, as
reported for other peptide SAMs (42). Even slight compressions in this N-t region can
reduce inter-aromatic distances and accelerate the rates of electron hopping in the
outward direction. Such effects are likely to be masked at high voltages due to the high
activation energy available for ET in each direction. However, low voltages unmask their

influence on the aromatic dopants and the directionality of ET.
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Conclusions

We used recombinant techniques to produce high yields of a truncated, thiolated
GS pilin that retained the ability to self-assemble via hydrophobic interactions while
carrying all of the aromatic residues required for efficient ET (Figure 2.1) (12). The
hydrophobic nature of the pilin’s a-helices promoted the self-assembly of the peptides
on gold electrodes and the formation of a well-ordered monolayer (Figure 2.2)
approximately 4-nm thick (Figure 2.3). The packing of pilins in the pSAM and the tilted
orientation of the upper portion of the helices creates a short path for ET in this upper
region that is optimal for interchain tunneling (42). Indeed, we demonstrated the
exponential distance dependence of tunneling when probing pSAMs under elastic
compression (Figure 2.4). At these loads, the upper regions of the pilins tilt
progressively, reducing the tunneling bridge to less than 2 nm, a distance optimal for
electron tunneling (67). Such tunneling pathway is also expected to operate in the GS
pilus fiber, where portions of the helices are tilted and packed tightly (12). This
minimizes interchain distance and creates short paths for intermolecular tunneling
through the pilin helices.

To overcome the distance-limitation of tunneling, the pilins in the assembly rely
on hopping regimes mediated by clusters of aromatic amino acids. The weak distance
dependence of electron hopping was revealed in pSAMs probed at forces high enough
(> 8 nN) to induce the inelastic deformation of the tunneling bridge (Figure 2.5). This
structural transition unmasks the contribution of the intramolecular aromatic contacts
located at the pilin’s N-t, which are close enough to the gold substrate to electronically

connect the peptide to the electrode. These intramolecular aromatic contacts are also
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required for charge transport in the GS pilus (13). Furthermore, aromatic contacts also
form between neighboring subunits in the pilus fiber that could promote interchain
hopping (12). Thus, tunneling and hopping regimes likely alternate in the GS pilus to
provide the fastest pathway for ET depending on the local environment. Such hybrid
mechanism is analogous to the two-pathway model proposed for ‘tour wires’ (molecular
wires of oligo(p-phenylene ethynylene) and derivatives), which transition between
tunnelling and hopping regimes at ca. 2.75 nm lengths to maintain the efficiency of
charge transport throughout long distances (70).

We also provide evidence for voltage-dependent rectification in the pSAMs
(Figure 5B). Asymmetric conductance was only observed at the low voltages (100 mV)
that operate in biological systems. Furthermore, rectification was not helix-driven but,
rather, favored the in vivo direction of electron flow from the peptide’s N-t to its C-t
(Figure 2.5C). The assembly of pilins in the GS pilus orients the peptide subunits in the
N-t to C-t direction (12). Thus, pilin rectification at biological voltages promotes the
outward flow of electrons from the base of the pilus (N-t) to the electron acceptor, which
is bound to pilus ligands exposed at the C-t random-coiled segment of the pilins. The
base of the pilus is embedded in the periplasmic space of the cell envelope, a gel-like
environment that is rich in c-type cytochromes and could directly discharge electrons
onto the base of the pili (4). Moreover, the cytochromes can act as capacitors, (7)
storing electrons and increasing the differential voltage across the pilus length to
promote fast discharges of respiratory electrons. Based on conductivity measurements
to individual pili, such discharges could reach one billion electrons per second at 100

mV (13).
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The directionality of ET through the pilus could also be modulated by the distribution of
aromatic and positively charged residues of the pilin. Aromatic side chains closer to the
N-t form intramolecular contacts that effectively dope the peptides and promote the flow
of electrons through the tunneling bridges in the upper regions of the helices. The
aromatic doping effect can be enhanced by positively charged side chains from
neighboring amino acids, which can trigger a voltage-dependent compression of the
pilins in this region. This would effectively reduce inter-aromatic distances and
accelerate the rate of ET in the outward direction. The flexible nature of the pilus (12)
and its dynamic cycles of protrusion and retraction (5) are also predicted to promote
electronic coupling. Such dynamics could enhance the doping effect of the aromatic
contacts and facilitate through-chain tunneling.

The exposure in pSAMs of the pilin’s random-coiled segment also exposes the
peptide’s metal trap to the solvent. This suggests that the surface of the pSAMs
concentrates carboxyl ligands needed for efficient binding of cationic metals, a
configuration that could be harnessed to develop biosensors and devices for the
immobilization of toxic metals. Furthermore, many cationic metals, such as the uranyl
cation that the GS pili bind and reduce, (6) are soluble in their oxidized form but
sparingly soluble once reduced. Thus, the metal-binding and conductive properties of
the pSAMs could be harnessed to develop hybrid devices for the bioremediation and

reclamation of cationic metals.
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Chapter 3.
Electrochemical characterization of planar assemblies of

Geobacter nanowire pilins
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Abstract

Extracellular electron transfer in Geobacter bacteria is mediated by conductive
protein appendages or pili comprised of a structural divergent Type IVa pilin subunit that
has inspired conductive peptide designs for electrode functionalization. Controlled self-
assembly of thiolated recombinant pilins is of special significance for bioremediation
applications, because the peptides self-assemble as dense films that expose and
concentrate the same metal traps that enable the native pili to bind and reductive
precipitate cationic metals. Here we apply two electrochemical techniques, cyclic
voltammetry and step potential experiments, to investigate the electrochemical
properties of films of thiolated pilins on gold and the electron transfer kinetics with
cationic metals (Fe®* and Co?*) of environmental relevance. We demonstrate the
reversibility of redox reactions with iron species (ferricyanide and ferric chloride), in
Nernstian fashion, with midpoint potentials of 0.31 V and 0.61 V vs Ag/AgCl,
respectively. We also show voltammograms with CoClz as the analyte that reveal a
complex electrodeposition process, with underpotential deposition occurring near a
potential of -0.2 V and -0.5 V, as in bare gold controls, and another around -0.4 V that is
unique to the pilin films and is revealed only at slow scan speeds that could facilitate the
binding of cobalt atoms to the pilin’s metal traps. Step potential experiments were
consistent with a diffusion-controlled mechanism of Co?* electrodeposition
characterized by three-dimensional growth. Fast binding kinetics and efficient charge
transfer promoted cobalt deposition but slowed down the stripping process, making pilin
films effective treatments for the reductive precipitation of cationic metals that, like Co?*,

are too toxic for bacteria to immobilize in vivo.
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Introduction

The hallmark of the physiology of bacteria in the genus Geobacter is their ability
to discharge respiratory electrons to extracellular metals, both soluble and insoluble,
using conductive protein pili of the Type IVa subclass (4, 6). Iron, the natural electron
acceptor of Geobacter bacteria, is abundant in many soils and sediments as ferric
(Fe[lll]) oxides, which the pili bind and reduce to solubilize some of the iron as Fe(ll)
and generate a magnetic mineral (magnetite) of mixed Fe(lll)/Fe(ll) valence (8). The pili
expand the redox active surface of the cell beyond the confines of the outer membrane
and allow the cells to access the iron minerals, which are often dispersed in soils and
sediments and rapidly transform abiotically into more crystalline and less bioavailable
mineral forms. Once the pili bind the iron oxides, the pili function as protein nanowires,
discharging respiratory electrons at rates (~9 x 108 e/s) one hundred times faster than
the cellular rates of respiration of the model representative Geobacter sulfurreducens
(13). This fast rate of discharge ensures that the electron transfer step is not the limiting
factor in respiration. The pili also bind the soluble uranyl cation and reductively
precipitate it to a mononuclear mineral phase to gain energy for respiration and prevent
the permeation of the toxic radionuclide inside the cell (6). To enable repeated rounds of
electron discharges, cells alternate cycles of pilin polymerization and depolymerization
to grow the pilus prior to metal binding and reduction and to retract it in order to shed off
pili-oound minerals (5).

While many studies have focused on how the pili conduct electrons (8), less is
known about how the pili bind metals to promote their reduction during respiration. The

extended X-ray absorption fine structure (EXAFS) spectrum of pili-bound uranium
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revealed an atomic coordination around the pilus-bound uranium atom comprised of two
opposite bidentate carboxylate and one distal monodentate tyrosine ligands (6). An
atomic resolution model of the pilus of G. sulfurreducens optimized via molecular
dynamics identified acidic residues on the fibers whose side chains match well with the
bidentate and monodentate ligands that trap the uranium to the pilus in vivo (12).
Anionic ligands form pockets of negative charge on the pilus surface that could function
as metal traps, coordinating cations via their carboxylic acid groups in bidentate
configurations (12). Some of these ligands reside on a short (8 amino acid long) region
at the pilin’s carboxy-terminus (C-t), which protrudes from the fiber’s core and has the
flexibility and exposure needed to facilitate metal binding in solution (12). The C-t
random coil also contains the tyrosine at position 57 (Y57) that has been proposed to
mediate the last step in electron transfer from the aromatic contacts inside the fiber’s
core to the extracellular metal acceptor (12). This tyrosine could provide the
monodentate ligand that coordinates the uranium atom within the pilus metal traps. In
this model, the carboxyl groups of negatively-charged amino acids in the metal traps
bind cationic metals with high affinity and position the atom close to the terminal
tyrosine to facilitate its reduction (12). Because metal binding is dominated by
electrostatic interactions, the metal traps could potentially bind many other cationic
metals. If so, Geobacter pili may be able to catalyze redox transformations of metals
other than iron and uranium cations. For example, Geobacter bacteria can reduce
soluble species of Co®* to Co?* (71), but the divalent cobalt species is considered too

toxic to be reduced biologically (32). Yet the pilus metal traps could coordinate Co?*
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based on charge and size in the metal trap and reductively precipitate Co?* to Ca°,
effectively immobilizing the toxic metal and preventing its spread.

Harnessing the metal-binding and reductive properties of the pili will ultimately
require platforms that enable their mass-production and integration with electronic
materials suitable for bioremediation and environmental sensing applications (8).
Recombinant pilins are particularly promising because they can be synthesized at high
yields in heterologous hosts such as Escherichia coli and can be designed with
functional tags to functionalize specific materials (31). Thiolated pilins have been
designed that are truncated and carry a cysteine tag at the amino terminus (N-t) to
enable their recombinant production and targeted self-assembly on gold electrodes,
respectively (31). These thiolated pilins spontaneously self-assemble into well-ordered
planar films approximately 4-nm thick and reversibly conduct electrons by alternating
the hopping of electrons via aromatic contacts with interchain tunneling regimes through
the aromatic-void helical portions of the peptides (31). The tight packing of the pilins’ a-
helices on the electrodes is predicted to expose the peptide’s C-t random coil, where
metal ligands are located, to the solvent (31). The exposure of these ligands suggests
that the surface of the pilin films, like the native pilus nanowires, are decorated with
electrostatic traps, which could bind and reduce cationic metals with a similar
mechanism as in vivo. To test this, we electrochemically characterized the catalytic
properties of the pilin films via cyclic voltammetry (CV), an electrochemical technique
that varies the potential voltage applied to a working electrode to monitor changes in the
current measured for a redox reaction. Here we describe the application of CV to

demonstrate the reversible cycling of iron species (provided as ferricyanide and ferric
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chloride analytes) that can serve as electron acceptors for cellular respiration in vivo.
We also show electrochemical studies that demonstrate the ability of the pilin films to
bind and reductively precipitate the toxic divalent cobalt species as Co°. These studies
unmask electrochemical features consistent with the binding of the Co?* metal species
to pilin-specific ligands and highlight the suitability of pilin-based molecular assemblies
for the development of hybrid devices for the bioremediation and reclamation of toxic

cationic metals such as Co?*.
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Materials and Methods

Recombinant expression of truncated thiolated pilins

The recombinant production and purification of a thiolated PilA19 derivative
(PilA19-C) is as described elsewhere (31). Briefly, the truncated PilA19-C was expressed
in E. coli as an N-t fusion protein with the intein linker and chitin-binding-domain (CBD)
of the IMPACT™-CN recombinant system (New England Biolabs). For recombinant
expression, E. coli LB cultures (1 L; 100 ug/ml ampicillin and 20 pg/ml chloramphenicol)
grown at 37°C to an ODeoo of ~0.5 were induced with 50 mM isopropyl 3-D-1-
thiogalactopyranoside (IPTG) during overnight incubation at 16°C. Cells were
harvested, lysed by sonication in 20 mM Tris-HCI buffer (100 mM NaCl, 1 mM EDTA,
1% CHAPS) and centrifuged to collect the clarified lysate, which provided the protein
sample with the fusion protein for purification in a chitin column (New England Biolabs)
equilibrated with 20 mM Tris (100 mM NaCl, 1 mM EDTA, pH 7.4). Incubation of the
chitin column with protein lysate at room temperature for 20 min promoted binding of the
fusion protein. A column was with increasing salt concentration (20 mM Tris, 1 mM
EDTA, 0.6/1 M NaCl pH 7.4) removed non-specifically bound molecules. Cleavage
buffer was freshly prepared by addition of 1,4-dithiothreitol (DTT) to a concentration of
50 mM to 20 mM Tris, 100 mM NaCl, pH 9 and added to the column, which was
incubated for 24 h at room temperature to induce the self-cleavage of the recombinant
pilin peptide from the intein linker and CBD. The cleaved pilins were eluted from the
column with the same buffer sans DTT.

The column eluent was collected in 2 ml aliquots and fractions containing the

peptide were identified by UV absorption at 280 nm and pooled together. The peptide
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solution was transferred to an anaerobic chamber (Coy glove bag; H2:CO2:N2 [7:10:83]
atmosphere) and incubated with freshly prepared 5 mM DTT for 1 h at 37°C to reduce
disulfide linkages. The buffer was then exchanged to acetonitrile using a reverse phase

C18 cartridge column (3-ml column volume, Waters) inside the anaerobic chamber.

Self-assembly of thiolated pilins onto gold electrodes

Pilin self-assembly as a monolayer on gold electrodes was carried out as
previously described (31) and used gold electrodes (LGA Thin Films, with 150 A Cr and
1,000 A Au on silicon) freshly cleaned with piranha solution (70% concentrated sulfuric
acid and 30% hydrogen peroxide). Electrode functionalization was with conductive pilin
self-assembled monolayers (pSAMSs) of thiolated PilA1g pilins (PilA19-C) or with
insulating 1-undecanethiol self-assembled monolayers (USAM) and assembly
proceeded for 48 h inside a Coy glove bag (31). When indicated, freshly formed pSAMs
were rinsed thoroughly with fresh acetonitrile after 48-h assembly and dried before
incubation with 1 mM 1-udecanethiol in ethanol for an addition 48 h to cover any
dispersed regions of the pSAMs with insulating uSAMs (pSAM-uSAM control). After
incubations were complete, all of the SAMs were removed from the glove bag, rinsed
thoroughly with acetonitrile or ethanol, dried under a stream of Argon gas and stored in

a 6-well cell culture plate in a dark drawer until analyzed with cyclic voltammetry.
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Cyclic voltammetry and step potential experiments

A conventional three-electrode cell was used to conduct cyclic voltammetry
experiments. The working electrode was bare gold or gold electrodes functionalized
with pSAMs, uSAMs or hybrid pSAM-uSAM surfaces and the counter electrode was a
platinum wire. The third electrode was a 3M Ag/AgCl reference electrode. The redox
analytes (1 mM KsFe(CN)s, 10 mM FeCls, and 10 mM CoCl2) were dissolved in a 20
mM tris-HCI buffer with 100 mM NaCl at pH 7. Experiments were performed aerobically
using a potentiostat (Bio-Logic USA, VSP model) connected to a lab computer equipped
with the EC-Bio labs software for data acquisition. Individual voltammograms were then
analyzed with the Igor Pro 6 software, which was used to estimate peak potentials and
peak current. Scans were always started at a positive potential and proceeded in the
negative direction. Step potential experiments were performed with 10 mM CoCl2 in 20
mM tris-HCI buffer with 100 mM NaCl at pH 7, with the first step at 0.8 V to ensure no
cobalt was deposited prior to stepping to the deposition potential of -0.8 V for 40 sec.
After deposition, surfaces were stepped to a variety of cobalt stripping potentials, as

indicated.
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Results and Discussion

Reversible redox cycling of iron redox species by pilin monolayers (pSAMs)

We investigated the kinetics of electron transfer through the pSAMs in cyclic
voltammograms using 1 mM potassium ferricyanide (KsFe(CN)s) in 50 mM tris-HCI at
pH 7 with 100 mM NaCl in reference to bare gold and insulating uSAM control working
electrodes (Fig. 3.1). As the potential E sweeps from positive to negative at a defined
scan rate (100 mV/s), the redox species in the analyte is reduced at the surface of bare
gold or electrodes functionalized with the pSAM but not with an insulating uSAM (Fig
3.1A). The reduction reaction on bare gold and pSAMs produced a distinctive cathodic
peak in the forward scan and an anodic peak was recorded when the scan direction
was reversed from negative to positive potentials (Fig 3.1A) as expected for a reversible
redox reaction. By contrast, no current was measured on gold electrodes treated with 1-
undecanethiol, which self-assembles as an insulating monolayer (USAM) on the
electrode surface (Fig. 3.1A). Treating the pSAMs with 1-undecanethiol (pSAM-uSAM),
however, did not have a significant effect on the voltammograms (Fig. 3.1A). This in
agreement with atomic force microscopy studies (31), which showed that the thiolated

pilins self-assemble on gold electrodes as a dense, confluent monolayer.
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Figure 3.1: (A) Cyclic voltammograms collected at 100 mV/s in 50 mM Tris HCI buffer
(pH 7, 100 mM NaCl) with 1 mM Fe(CN)e for bare gold (yellow), pilin monolayers
(pSAMs, solid green), pSAMs treated with 1-undecanethiol (pSAM-uSAM, dashed
green), and undecanethiol monolayers (USAMs, grey). (B) Effect of scan rate (25-300
mV/s, darkest to lightest green) on cyclic voltammograms collected for pPSAMs under
the conditions described in (A). The absolute value of the peak current as a function of
the square root of scan rate is shown in (C), with anodic values in black and cathodic

values in red.

The midpoint potential of the reaction with each working electrode was calculated
by taking the mean of the potential of the anodic peak current (Epa) and of the potential
of the cathodic peak current (Epc) recorded at a scan rate of 100 mV. The midpoint
potential calculated for Fe(CN)s on bare gold was 0.32 V vs Ag/AgCl electrode. A
similar value (0.31 V) was calculated for gold electrodes functionalized with pSAM or
with pSAM capped with uSAM (hybrid pSAM-uSAM control). The mid-potential value for
the bare gold electrode is higher than values, estimated from voltammograms reported
for other gold electrodes, of 0.26 V (72), and 0.28 V (73). These differences likely reflect

the different buffer conditions and redox species concentration used in our study.
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Although the mid-potential of the pSAM was similar to bare gold, peak-peak separation
was notably larger when the pSAM is added. This effect indicates a slower electron
transfer process at the pSAM compared to the bare gold (33, 74) and unmasks the
transport of charges across the 4 nm thick peptide film. Increasing the scan rates from
25 to 300 mV/s resulted in higher currents recorded at the anodic and cathodic peaks
for both the bare and pSAM-funcitonalized gold electrodes (Fig. 3.1B). Furthermore,
current increased linearly as a function of the square root of scan rate (Fig 3.1C). This
linearity agrees well with the Randles—-Sevcik equation for a reversible electron transfer
process with freely diffusing redox species (33).

The redox activity of the pSAM-functionalized gold electrodes was also tested
using FeCls in the analyte (Fig. 3.2). As with ferricyanide, the voltammograms had
symmetric cathodic and anodic peaks consistent with a diffusible and reversible redox
reaction. The midpoint potential for FeCls was 0.62 V with bare gold electrode and
similar (0.61 V) for pPSAMs. However, unlike ferricyanide voltammograms, peak-peak
splitting did not increase in the presence of the pSAM. Thus electron transfer with the
pSAM proceeded at rates similar to those at the gold electrode surface. This could
indicate a more efficient binding at the pilin metal traps with monoatomic metal
acceptors (e.g., Fe3+) compared to the chelated ferricyanide species, as predicted from
the computational models of the pilus fiber (12). Yet the kinetics of binding of the pSAM
traps to the monoatomic iron species are unlikely to be rate-limiting, based on the
linearity of the measured anodic and cathodic current as a function of the square root of

scan rate (Fig. 3.2B-C), which is indicative of a freely diffusing redox species (33).
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Figure 3.2: (A) Cyclic voltammograms collected at 100 mV/s in 50 mM Tris HCI buffer
(pH 7, 100 mM NaCl) with 10 mM FeCls for bare gold (yellow), pilin monolayers
(pSAMs, solid green and insulating monolayers of undecanethiol (USAMs, grey). (B)
Effect of scan rate (25-300 mV/s darkest to lightest green) on cyclic voltammograms
collected for pPSAMs under the conditions described in (A). The absolute value of the
peak current as a function of the square root of scan rate is shown in (C), with anodic

values in black and cathodic values in red.

These electrochemical experiments demonstrate the conductivity of pSAMs and
suitability of CV under these buffer conditions to examine redox reactions mediated by
the pilins in the monolayer. Indeed, the larger peak-peak splitting of pSAM
voltammograms with ferricyanide compared to bare gold is likely due to both the size
and the negative charge of the Fe(CN)s® molecule. Although the pilin metal trap is
located on the flexible carboxy-terminal random coil of the pili, the larger size of the
electron acceptor is expected to slow down the binding kinetics. Furthermore, the
concentration of anionic ligands on the pilins’ metal traps is expected to electrostatically
repel the ferricyanide species. In contrast, FeClz easily dissociates into Fe3* in aqueous

systems. The monoatomic species is small in size and positively charged, facilitating
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interactions with anionic amino acid ligands of the pSAM and electron exchanges at
rates similar to gold electrodes. Not surprisingly, pSAM voltammograms with FeCls as

the analyte showed no increases in peak splitting compared to bare gold electrodes.

CV demonstrates the electrodeposition of Co?* on pSAMs.

Although Geobacter bacteria and other metal-reducing bacteria can reduce
chelated forms of Co3* to Co?*, the divalent cobalt cation is considered too toxic to be
reduced biologically (32). Yet Co?* can acquire hexahedral configurations in solution
(e.g., [Co(H20)e]?*) similar to those of the uranyl cation, which are predicted to be bound
with high affinity by the pilin’s metal traps (12). Thus, we used CV to investigate the
kinetics of the reduction of the divalent CoCl2 species by pSAMs at a neutral pH.
Control voltammograms of bare gold with CoCl2 at various voltage ranges consistently
show a maximum cathodic peak at about -0.7 V. Lower potentials can cause molecular
deformations and affect the integrity of peptide films (42). Potentials below -1 V can also
result in the reductive desorption of the thiol-linked peptides (75). Thus, we recorded
voltammograms for bare gold and pSAM electrodes at a maximum negative potential
voltage sweep of -0.8 V (Fig. 3.3). Voltammograms recorded at a scan rate of 100 mV/s
within this voltage range show similar responses of bare gold and pSAMs to the applied
potentials yet a complex redox behavior inconsistent with a reversible redox reaction
(Fig 3.3A). Indeed, the cathodic peak had a cross-over feature that is characteristic of
the formation of a solid phase material on the surface of the electrode, in this case, the

electrodeposition of Co?* as the elemental Co® species (Fig. 3.3) (76).
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Figure 3.3: (A) Cyclic voltammograms collected with a maximum negative potential of -
0.8 V on bare gold (yellow) and pSAMs (green) in 50 mM Tris HCI buffer (100 mM NaCl,
pH 7) with 10 mM CoClz at 100 mV/s. (B-C) Effect of scan rate (25-300 mV/s, darkest to
lightest shade) on cyclic voltammograms collected for bare gold (B) and pSAMs (C) with
anodic peaks labelled. (D-E) Expanded view of cathodic peaks for both substrates for

scan speeds 25-100 mV/s.

The electrodeposition of cobalt occurs on both bare gold and pSAM surfaces is
evidenced by a sharp increase in current production (cathodic peak) during the forward
scan from positive to negative values (Fig 3.3A). This sharp current increase marks the
reduction of Co?* to the sparingly soluble Co?, the reductive precipitation of more Co?*
on the Co® atom (nucleation or crystal growth) and the increase density of nuclei

forming on the surface (77-79). As a result, a cobalt layer is formed on the electrode
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surface during the forward scan that sharply increases the current of the cathodic peak
but also influences the current generated during the reverse scan. As the scan direction
reverses, cobalt deposition is still occurring, because the Co° crystal catalyzes cobalt-
on-cobalt deposition. This is a homodeposition process that generates more current
than the process of depositing cobalt onto a gold or pSAM surface (heterodeposition)
(78). This results in a crossover event, where the higher current generated by the
forward scan compared to the reverse scan causes the scan lines in the
voltammograms to cross at the overcrossing potential, E¢ (Fig. 3.3A) (78). The
voltammograms revealed only one cross-over event for both gold and pSAMs at 100
mV/s, but the crossover potential Ec became progressively more negative at faster scan
rates (Fig. 3.3 B-C). For bare gold electrode the crossover disappeared at scan rates
greater than 150 mV/s (Fig. 3.3B and Table 3.1). For pSAMSs, the crossover feature was
present in voltammograms recorded at scan rates between 50 and 200 mV/s (Fig. 3 C

and Table 3.1).
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Table 3.1. Peak and crossover potentials (V) measured from cyclic voltammograms on
bare gold and pSAMs at a maximum negative potential sweep of -0.8 V. Absence of a

value indicates that no peak was present.

Bare gold

mV/s Epc1 Epc2 Epc3 Epa1 Epa2 Epa3 Epa4d Ec

25 -0.12699 -0.53567 -0.6196 -0.29574 -0.64133

50 -0.14794 -0.53926 -0.62953 -0.49494 -0.32698 -0.01067 0.1563 -0.67828

75 -0.16033 -0.54646 -0.63746 -0.49049 -0.361 -0.00961 0.15353  -0.71442

100 -0.17127 -0.54614 -0.65113 -0.47893 -0.38002 -0.00734 0.15485 -0.73107

150 -0.17383 -0.55115 -0.6611 -0.456 -0.013619  0.14931 -0.77078

200 -0.19122  -0.55804 -0.67104 -0.45793 -0.00815 0.1559

300 -0.19448 -0.56528 -0.68019 -0.45202 -0.00544 0.15567

pSAM

mV/s Epc1 Epc2 Epc3 EpcS Epa1 Epa2 Epa3 Epa4 Ec

25 -0.37789 -0.23206

50 -0.19585 -0.52228 -0.6051 -0.42933 -0.26291 0.53675 -0.66726
75 -0.19448 -0.53015 -0.62216 -0.43223 -0.48133 -0.29024 0.54378 -0.67912
100 -0.19104 -0.53581 -0.62892 -0.4708 -0.29124 0.24502 0.551 -0.69569
150 -0.20931  -0.54713 -0.63929 -0.4579 -0.35386 0.23949 0.55497 -0.72603
200 -0.21139  -0.55133 -0.64824 -0.43907 -0.34918 0.26768 0.55572 -0.75821
300 -0.23582 -0.55854 -0.65854 -0.44002 0.26947 0.5584

The voltammograms recorded with the CoCl2 analyte also revealed multiple,
small cathodic peaks in both bare gold and pSAMs that preceded the maximum
cathodic peak (Fig. 3.3D-E). These secondary peaks mark underpotential deposition
(upd) processes, that is, they are potentials that favor stronger interactions between the
Co?* metal ion and the electrode surface. This energetic preference causes the metal to
deposit from solution into an electrode at a more positive potential (underpotential) (80).

Voltammograms with bare gold and pSAMs consistently recorded three small upd
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events (Epc1-3) (Fig. 3.3D-E). For gold surfaces, these peaks likely correspond to
several instances of upd that are related to the surface roughness of the electrode. A
rougher surface provides more step edges, which can serve as nucleation sites for the
underdeposition of metals (81). These multiple nucleation sites do not have the same
energy, and thus we see multiple instances of upd, with the energetically easiest
nucleation sites becoming occupied early in the forward sweep (Epc1), followed by the
less energetically favorable nucleation sites (Epc2 and 3) before the surface-wide
deposition at sufficiently negative voltages (Ec). The current measured at the first upd
potential, Epc1, responded linearly to the square root of the scan rate in pSAMs,
indicating a diffusion limited process, but best fitted a polynomial curved for Epc2 and
Epc3 (Fig. 3.4A, C), indicating these later peaks may be transferring electrons via
surface-adsorbed species (33). It is possible then to construct a model in which the
cobalt deposited in the first upd event serves as seed sites for the later deposition
events, with the current behavior reflecting the electrons passage through the previously
adsorbed cobalt on the surface.

Interestingly, the potentials at which different upd events are recorded on pSAMs
are more negative than on gold, indicating a higher energetic barrier to deposition on
pSAMs compared to bare gold (33). Indeed, whereas voltammograms on bare gold
recorded the three upd peak potentials at all scan speeds, electrodes functionalized
with pSAMs only showed them at scan rates of > 50 mV/s (Table 3.1, Fig 3.3). This
result is in agreement with the reductions in surface roughness measured on pSAMs
compared to bare gold electrodes (31). In addition to decreasing the surface roughness

of the electrode, pSAMs provide specialized surface motif for metal binding and
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reduction that increase the chemical complexity of the deposition process. This effect is
revealed at slow (25 mV/s) scan rates (Fig. 3.3E) as a single peak, labeled EpcS, that is
unique to the pSAMs. The slower scan speed unmasks the specific binding to and
reduction of Co?* to CoP at the metal traps at EpcS. It also increases the magnitude of
the cathodic peak compared to the bare gold (Fig. 3.3 B-C), suggesting a more efficient
electrodeposition at the specialized reductive sites of the pSAM. At higher scan speeds,
non-specific electron transfer reactions on the film dominate instead and the pilin-
specific peak EpcS is lost (Fig. 3.3C). The current at the pSAM cathodic peaks (Fig. 3.3
C) is also lower and more in range with that recorded on bare gold (Fig. 3.3 B). At the
higher scan rates, the current behaves similarly to gold, lpc1 increasingly linearly as the
square root of scan speed, and Ipc2 and 3 fitting best to a polynomial (Fig. 3.4C). This
fits our model of the first upd event seeding and modulating electron transfer for the
second and third upd processes.

The current measured at the pSAM anodic peaks (Fig. 3.3C) was also higher
than on bare gold, particularly at the lower scan rates (Fig. 3.3C). This is because lower
scan rates promote more deposition of cobalt on the pSAMs than in bare gold during
the forward scan. Thus, more reduced species are available for solubilization during the
reverse scan on pSAMs at these lower scan rates, and more current is recorded at the
anodic peaks (Fig 3.3C). The pSAM voltammograms also revealed complex anodic
peak behaviors that were sensitive to the scan rate (Fig. 3.3). As with bare gold, pPSAM
voltammograms had two dominant anodic peaks at negative potentials (Epa1 and 2) and
two smaller peaks at more positive potentials (Epa3 and 4) but the magnitude of the

peak current and potential varied with the scan rate (Table 3.1). The dominant anodic

73



peaks transition from Epa1 at high scan rates to Epa2 at lower scan rates in both bare
gold and pSAMs (Fig. 3.3B-C), slightly shifting towards higher (Epa1) or lower (Epa2)
potentials as the scan rate was sequentially increased from 25 to 300 mV/s (Table 3.1).
The anodic peak Epal was only detected as the scan speed increased (> 75 mV/s in
pSAMs and > 50 mV/s for gold), whereas Epa2 was only revealed at lower scan rates
(Fig. 3.3B-C). The magnitude of the peaks also fluctuated, with decreases in Epa1
matching well with increases in Epa2. These two peaks appeared to mask each other at
the lowest and highest scan rates, as expected from the distinct mechanism of cobalt
deposition that dominates at low versus high scan speeds (Fig. 3.3D-E). At low scan
rates, cobalt deposition on bare gold is non-specific but it is mediated by the unique
chemistry of the pilins in pSAMs, possibly by specific binding in the metal traps. The
kinetics of metal binding to the pSAM thus affect the stripping of the cobalt deposits
during the reverse scan, which is revealed by the appearance of the Epa2 peak. At fast
scan rates, however, nonspecific electron transfer reactions dominate in both bare gold
and pSAM and the voltammograms become more similar and dominated by the Epa1
anodic peak.

Two other small anodic peaks, Epa3 and Epa4, are also present at more positive
potentials (Fig. 3.3D-E) and likely represent stripping events of cobalt minerals that are
strongly associated with the surface. The potentials for these peaks are even more
positive for pSAM-functionalized electrodes (Fig. 3.3E), indicating that the oxidation of
surface-bound cobalt atoms requires more energy to occur in pSAMs than on bare gold.
This is could reflect the rectifying behavior of the pSAMs observed at low potentials

(31). The reoxidation of Co® on the pSAMs requires electrons to travel from the metal
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trap at the C-t to the N-t cysteine and then to the underlying electrode, a polarity
opposite to the biological direction of electron transfer that is less favored in pilin films
(31). The current produced at the anodic peaks is largely linear as a function of the
square root of scan speed (Fig 3.4B, D) for both pSAMs and gold, except for 1pa2, which
fits best to a polynomial, and is reflective of the change in oxidation behavior as a

function of scan speed.
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Figure 3.4: (A-H) Current (mA) production at cathodic (Ipc) and anodic (Ipa) peak
potentials versus the square root of scan speed (V(mV/s)) for samples scanned on bare

gold (A-B) and pSAM functionalized (C-D) electrodes.
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Potentiostatic experiments provide mechanistic insights into pilin-metal
interactions.

To investigate the mechanism of cobalt deposition by pSAMs compared to gold
electrodes, we conducted a three-step potentiostatic experiment (Fig. 3.5) that
measured transient current events related to cobalt deposition and stripping from the
surface. In each experiment, a deposition potential of -0.8 V was first applied to the

working electrode for 40 seconds to immobilize the cobalt (Fig. 3.5A).
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Figure 3.5: (A-C) Step potential experiments conducted in 50 mM Tris HCI buffer (pH 7,
100 mM NacCl) with 10 mM CoClz on bare gold (yellow) and pSAM functionalized
electrodes (green). (A) A deposition potential of -0.8 V is applied for 40 seconds, and
the response of both surfaces is shown. (B-C) After 40 seconds of deposition, samples
were switched to positive stripping potentials of 210, 150, 110, 50, and 10 mV, from
lightest to darkest color. Return of current production to zero indicates completed

stripping process.

The layer of cobalt was then stripped at positive potentials of 10, 50, 110, 150,
and 210 mV for up to 70 seconds until the current returned to baseline (Fig 3.5B-C).
These values were chosen because they are more positive than the most positive
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dominant anodic peak, Epa2, recorded in cyclic voltammograms (Fig. 3.3). The
deposition of cobalt onto a bare gold electrode control showed a simple profile that
tapers to a steady current production (Fig. 3.4A). The rapid formation of this peak could
have been influenced by the surface roughness of the gold electrode, as nucleation
rates increase with the number of surface defects (81). The shape of this deposition
event is indicative of a 3-D deposition process with multiple nucleation sites controlled
by diffusion of the metal species to the surface in the buffer conditions described (81-
83). By contrast, cobalt deposition on the pSAMs requires more energy, but proceeds
more efficiently compared to bare gold (Fig. 3.4A). This deposition behavior is closer to
that of a surface with restricted nucleation sites (81) and is often encountered when
cobalt interacts with discrete metal binding sites involved in charge transfer, an
important component of the deposition process (84). The pSAM film effectively masks
step edges and defects (31) that otherwise serve as non-specific nucleation sites for
metal deposition on bare gold. This leads to a different current response to deposition
than that of the gold electrode (Fig 3.4A). The smoother pSAM surface also increases
the magnitude of the current response. This increased current production could indicate
that even with less nucleation sites, the electron transfer to cobalt ions at what sites are
present is much stronger, which occurs in the biologically relevant direction, is much
stronger. This model is also supported by the dynamics of stripping cobalt from the
surface (Fig 3.4B-C). Indeed, significantly more time is needed to fully remove the
cobalt from pSAMs than for gold electrodes. The lowest potential that strips the cobalt
from the bare gold surface does so in ~15 seconds, whereas the shortest time for cobalt

stripping with pSAMs is ~65 seconds. Removing the cobalt film from a pSAM is also a
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more complex process, as indicated by the number of secondary peaks arising
depending on the stripping voltage. This behavior is likely related to the complex and

flexible chemical nature of the pSAMs surface, which may influence the kinetics of metal

desorption.
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Conclusions

Electrochemical techniques were applied to probe the metal binding capability of
pilin films (pSAMSs) on gold electrodes. Cyclic voltammetry revealed efficient redox
cycling of two ferric iron species, ferricyanide and ferric chloride. Voltammograms
revealed a conductive monolayer capable of interacting with both the bulky ferricyanide
group and the non-negatively charged hydrated ferric ion at pH 7. The midpoint
potentials of ferricyanide vs Ag/AgCl on bare gold were 0.32 V and 0.31 V for pSAMs
and pSAMs capped with an undecanethiol layer. Current increased linearly as a
function of the square root of the scan speed, indicating a Nernstian reversible redox
process governed by diffusion (33). Similar results were obtained with the FeCls salt,
except for the midpoint potential, which was more positive with both electrodes (0.62 V
vs Ag/AgCl for bare gold electrodes and 0.61 V for pSAMs). However, differences in
size (monoatomic Fe3* rather than the large chelated form of in ferricyanide) and charge
(positively charged Fe3* ion rather than the negative charge of the ferricyanide species)
affected the kinetics of binding to the pSAMs by the two iron species, causing a
separation of anodic and cathodic peaks with ferricyanide that is in agreement with a
salt that is too large to bind the pilin metal traps and can electrostatically be repelled by
the numerous anionic ligands in these surface motifs (12, 31).

Cobalt voltammograms however revealed an electrodeposition process, whereby
the Co?* species is reduced to the sparingly soluble elemental Co® and the reduced
species acts as nucleation site for more deposition. The cathodic peak behavior
consistently revealed two or more underpotential peaks, with one consistently appearing

at roughly -0.2 V and a second at roughly -0.5 V for bare gold electrodes. Slow scan
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rates to pSAMs revealed an underpotential (EpcS) peak near -0.4 V that is unique to the
pilin film and may unmask the specific binding and reduction of cobalt by the pilins’
metal traps at this applied potential. A mutagenic study, where the binding pocket is
disrupted in various ways (e.g., to restrict access of the metal the redox-active tyrosine
or to prevent electrostatic interactions with the metal pilin ligands), would give direct
evidence for the validity of this model.

A step potential experiment further confirmed the ability of the pSAM to interact
with and modulate the reductive deposition of cobalt on its surface, as compared to a
bare gold electrode. The C-t random coil of the pilins, which is exposed to the solvent in
the pSAMs, and the concentration of negatively charged amino acids in this region is
predicted to promote the binding of soluble cations (31). This would facilitate the binding
of the divalent Co?*, as is reflected in the current production and kinetics of deposition
and stripping of cobalt. Cobalt was deposited at a potential of -0.7 V and the transient
current response matched well with a 3D-nucleation process limited by a reduced
number of nucleation sites in the pSAMs compared to the bare gold electrode surface,
which have greater roughness and, therefore, more defects for non-specific deposition.
Yet despite having reduced nucleation sites, the pSAMs produced more current during
deposition, a behavior that could reflect a more efficient process of binding but also
reduction. Indeed, the polarity of electron transfer during deposition, from the amino-
terminus to the carboxy-terminus of the peptide, is favored in pSAMs (31).

The step potential experiments also revealed binding and electron transfer
kinetics on the pSAM that could have been influenced by the reversal of the polarity of

electron transfer and binding effects. After 40 seconds of cobalt deposition the potential
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was shifted to potentials more positive than the most positive cobalt stripping peak
(Epa2) in order to reoxidized and solubilize (strip) the cobalt layer. The stripping process
from the bare gold electrode completes in at most 15 seconds with a simple current
decay profile depending on the potential. However, stripping cobalt from the pSAM
takes longer and involves a more complex process, as indicated by the current peaks
that appear at different times during stripping. The longer time-frame and complexity of
the stripping process, combined with the transient current data, provide compelling
evidence for a model of pSAM mediated deposition and stripping reliant on restricted
nucleation sites on the film surface, where the C-t metal-binding traps of the pilins are
concentrated.

The results highlight the unique material properties of planar assemblies of
conductive recombinant pilins that make them excellent in vitro tools to examine the
catalytic properties of the pilus metal traps even when working with toxic metals.
Results from the electrochemical studies with pilin films can also inform in vivo studies
about the spectrum of metals that the pili can bind and reduce in vivo. Indeed, Co?* has
been assumbed to be too toxic for its reduction, yet the pSAM studies show a
mechanism for Co?* binding and reduction that could allow cells to mineralize the toxic
cation extracellularly to prevent its permeation and non-specific reduction in the
periplasmic space. Planar pilin assemblies could also provide the foundation of novel
platforms for environmental sensing, the remediation of toxic cationic metals, and the

reclamation of precious and rare metal cations.
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Chapter 4.
Assembly and Characterization of Protein Nanowires with

Recombinant Geobacter pilins

Authors contributions:

Angelines Castro-Forero performed the circular dichroism experiments with
recombinant PilA+g pilins and preliminary self-assembly studies. Krista M. Cosert
optimized the recombinant pilin production system and the bottom-up fabrication of pilin-
based fibers and carried out experiments to investigate the molecular and electronic

properties of the recombinant pili.
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Abstract

Metal-reducing bacteria in the genus Geobacter produce dynamic and
conductive appendages to bind and reduce extracellular electron acceptors such as
Fe(lll) oxides and uranium during respiration. The Geobacter pili are homopolymers of
an unusually short pilin peptide containing aromatic amino acids that cluster in the pilus
fiber to promote fast discharges of respiratory electrons. Here we describe the
recombinant production and in vitro assembly of pilin building blocks into pilus fibers
that retain the electronic properties reported for the native pili even under chemical
fixation. Furthermore, we describe nucleation and elongation steps that control the
efficiency of self-assembly and permit the tunability of the fiber length. The implications
of these results for the design and mass-production of generations of protein nanowires

for custom applications are discussed.
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Introduction

Bacteria in the genus Geobacter produce conductive protein appendages of the
Type IVa pilus class to bind and reduce iron (Fe[lll]) oxide minerals (4) and the uranyl
cation (6). As in other bacteria, the Geobacter pili are an assembly of a single peptide
subunit (the pilin or PilA) (6) that is synthesized as a precursor (prepilin) carrying the
conserved Type IVa pilin recognition sequences needed for removal of the leader
peptide and N-methylation of the mature peptide (4). A canonical Type IV pilus
apparatus spanning the multilayered cell envelope assembles the pilins through the
inner membrane and exposes the base of the pilus fiber to periplasmic cytochromes to
facilitate the discharge of respiratory electrons (8). Each pilus fiber can transport ~ 1
billion electrons per second at biologically relevant voltages (100 mV), a rate that is two
orders of magnitude greater than the cellular rates of respiration (13). Yet each cell
produces several pili monolaterally (4), a biological strategy that maximizes access to
the most bioavailable forms of iron oxides, which are dispersed in soils and sediments
and rapidly transition into more crystalline and less bioavailable mineral forms abiotically
(8). The reduction of iron oxides solubilizes part of the Fe(lll) but also generates
magnetite, a magnetic mineral of mixed Fe(lll)/Fe(ll) state that remains bound to the
pilus fibers. Similarly, the pili retain the mononuclear uranium mineral phase formed
during the reduction of the soluble uranyl cation (6). To enable new rounds of
respiration, cells detach the reduced minerals by depolymerizing the pilins in a reaction
energized by an ATPase (PilT4) of the pilus apparatus (5). The retraction of the pili

stores the pilin peptides in the inner membrane, making them readily available for a new
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round of polymerization energized by the PilB ATPase (5, 9). Antagonistic cycles of
pilus protrusion and retraction are therefore critical for sustained respiration.

Studies in the model representative Geobacter sulfurreducens (GS) have helped
identify structural features of the Geobacter pilins that are critical for fiber formation and
conductivity (8). The most notable divergent feature of the Geobacter pilins is their
reduced size (61 amino acids in the GS pilin compared to 142-175 in other bacterial
pilins) (8). Because of their short size, the Geobacter pilins lack the conserved modular
architecture of other Type IVa pilins and only retain the amino-terminal (N-t) a-helix (a1
domain) that is required for biological assembly (10, 11). This divergent structure, which
is conserved in Geobacter and other members of the order Desulfuromonadales (3, 4),
is predicted to favor charge transport through the pilin peptide (11). Indeed, the carboxy-
terminal (C-t) globular head of Type [Va pilins, with its distinctive a3-loop, anti-parallel 3-
sheet domain and D-region flanked by two conserved cysteines (85), is replaced in
Geobacter pilins by a short, flexible random-coiled segment (10). This architecture
effectively removes the insulating B-sheets and makes the peptide primarily a-helical, a
conformation that promotes electronic coupling and charge transport (19, 20).

The predominantly a-helical conformation of GS-like pilins increases the hydrophobicity
and flexibility of the peptides. This, in turn, promotes strong hydrophobic pilin-pilin
interactions during self-assembly and the formation of a strong yet flexible pilus fiber
core (12). Molecular dynamics (MD) simulations show the pilins’ short C-t random coil
protruding from the fibril’s core at a 40° angle and exposing amino acid ligands
(negatively-charged glutamic acid and a tyrosine) that could bind and reduce the

electron acceptors (12). The atomic coordination predicted for these ligands (12)

85



matches well the atomic environment of two bidentate (anionic carboxylate side chains)
and one monodendate (tyrosine side chain) ligands modeled from the uranium Lu-edge
extended X-ray absorption fine structure (EXAFS) spectra of the pilus-bound uranium
atom reduced in vivo (6). This suggests that the pilus surface is decorated with metal
traps with the electrostatics needed to bind cationic metals and to position them
optimally for their reduction (8).

The MD model of the pilus fiber also predicts the alignment of positively and
negatively charged amino acids from neighboring a1-domains during pilin assembly
(12). This alignment enables the formation of salt bridges (D53-K30 and D54-R28),
bends the peptides’ mid-region, and brings the side chains of neighboring aromatic
residues (phenylalanines and tyrosines) at distances optimal for charge transport (12).
In the MD simulations (12), some of the aromatic rings are dynamically brought together
at distances between 3 and 5 A but the aromatic contacts never form at the same time,
as in a metallic wire (12). Furthermore, the geometry of the aromatic dimers is always
too displaced to support T—11 stacking (8). Thus, the structural evidence provided by
computational models supports a coherent mechanism of conductivity mediated by
aromatic contacts. This is further supported experimentally by the thermal activation of
pilus conductivity demonstrated by scanning tunneling microscopy and the charge
mobility calculated for pilus fibers purified free of metal and organic contaminants, which
is too low to support a metallic-like band conduction mechanism (13).

Harnessing the unique properties of Geobacter pili will ultimately require
protocols for their purification at high yields. Direct purification from the native cells is

achievable but requires many purification steps to separate the pili from other cellular
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components (6, 13). Moreover, cultivation of piliated cells under anaerobic conditions is
not easily scalable and yields of pure pili are low (in the mg range) (6, 13). To bypass
these limitations, we recently developed a recombinant expression system in
Escherichia coli for high-yield production of soluble GS pilin monomers (31). The
recombinant pilins carry N-t truncations that preserve the predominantly helical
conformation of the peptides (needed for self-assembly), the charged residues needed
for salt bridge formation and metal binding, and the aromatic amino acids required for
electronic coupling and charge transport in the pilin assembly (31). This construct
permitted the self-assembly of a thiolated recombinant pilin as a dense and electrically
conductive monolayer on gold electrodes (31). The planar assembly of thiolated pilins
was mediated by hydrophobic interactions between the a1 domains of neighboring
peptides, as in the pilus fiber (12), and permitted the electronic coupling of aromatic side
chains and exposure of the C-t flexible random coil to the solvent (31). This makes
recombinant pilins attractive building blocks to develop bottom-up protocols for the
manufacturing of novel conductive biomaterials.

Here we describe a rapid and scalable strategy to induce the self-assembly of
recombinant pilin peptides and the formation of conductive fibers with structural and
electronic characteristics that rival their native counterparts. 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 an initial
nucleation step with a hydrophobe and an elongation step that controls the length of the

nanowire product. This simple process, and the genetic amenability of the recombinant
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production system, offers opportunities to tune the material’s properties for applications

of these novel biomaterials in electronics.
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Materials and Methods

Bacterial strains and culture conditions.

Geobacter sulfurreducens strain PCA was routinely grown in anaerobic NB
medium (47) with 20 mM acetate as electron donor and 40 mM fumarate as electron
acceptor. Genomic DNA extracted from these cultures was used as 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, as described below. The cultures were stored in 20% glycerol at -80°C for

long-term preservation.

Recombinant production and purification of PilA1g pilins.

The recombinant production of the PilA19 peptide was as described elsewhere
(31). Briefly, a pilA19 genetic construct, which encoded a protein that carried an 19-
amino acid truncation in the mature pilin PilA peptide of G. sulfurreducens (GSU1496),
was cloned into the pTYB11 plasmid vector (IMPACT™-CN system, New England
Biolabs) to fuse the N-t region of PilA1g to an intein linker and a chitin-binding domain
(CBD). The resulting plasmid (pTYB11::pilA19) was transformed into E. coli Rosetta™ 2
(DE3) pLysS cells (Novagen).

For recombinant expression, strains of E. coli carrying pTYB11::pilA19 were
grown in 1 L cultures of LB broth supplemented with 100 ug/ml ampicillin and 20 pg/ml
chloramphenicol at 37°C to an ODeoo ~0.4. The expression of the fusion protein was

then induced by adding 50 mM of isopropyl 3-D-1-thiogalactopyranoside (IPTG) and
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incubating the cultures overnight at 16°C. Cells were harvested by centrifugation (4,000
x g for 10 min), lysed via tip sonication in lysis buffer (20 mM Tris-HCI, 100 mM NacCl, 1
mM EDTA, 1% CHAPS) and centrifuged again (12,000 x g for 30 min at 4°C) to collect
the supernatant fraction. The clarified lysates were loaded onto 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 at room temperature for
20 min, the column was washed with 200 ml of buffer at increasing salt concentrations
(20 mM Tris, 1 mM EDTA, 0.6/1 M NaCl pH 7.4). Cleavage of PilA19 was triggered by
incubating the chitin bed with ~ 200 ml of cleavage buffer (20 mM Tris, 100 mM NaCl,
50 mM 1,4-dithiothreitol [DTT], pH 9) for 24 h at room temperature. Elution buffer
(cleavage buffer without DTT) was used to elute the cleaved PilA19 peptide and the
eluent was collected in 2-ml fractions; those containing the peptide were identified by
UV absorption at 280 nm and pooled together. Peptide concentration was routinely
estimated as absorbance at 280 nm using a NanoDrop™ spectrophotometer (Thermo

Scientific).

Denaturing polyacrylamide gel electrophoresis (SDS-PAGE).

Proteins in culture supernatant fluids, cell pellets, and in the pooled purified
recombinant peptides were separated in 10-20% Tris-Tricine polyacrylamide gels (Bio-
rad). The gels were run for 75 min or longer at 100 V in Tris-tricine-SDS buffer (100 mM
Tris, 100 mM tricine, 0.1% w/v SDS) using a Mini Trans-Blot cell system. Proteins in the
gels were fixed for 30 min with an aqueous solution of 50% methanol and 40% acetic

acid prior to Coomassie staining and de-staining with ddH20.
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Circular Dichroism (CD).

PilA19 peptides purified in elution buffer were dialyzed against 10 mM potassium
acetate buffer (with 50 mM Na2SO4, pH 3.8) using Spectra/Por® Biotech cellulose ester
dialysis membranes (MWCO 100-500 Da). The peptide concentration was determined
from the difference spectrum of the protein dissolved in 6 M guanidine hydrochloride at
pH 12.5 versus pH 7.1 (86). A pH 12.5 guanidine solution (1 ml) was scanned from 320
to 270 nm in the sample compartment using as a reference 1 ml of the pH 7.1 guanidine
solution to obtain difference spectrum. The concentration of the peptide in the solutions
was estimated from the absorbance at 293 nm using the known amino acid composition
of the PilA1g subunit and the reported values of the molar extinction coefficients for

tyrosine and tryptophan residues (87), using the equation below:

o 4293
2,357Y + 830W

where Y is the number of tyrosines (3 in PilA19) and W is the number of tryptophans (0
in PilA1g).

The concentration of the peptide in the buffer was adjusted to approximately 50
ug/ml. When indicated, sodium dodecyl sulfate (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 spectrum in the 190
to 360 nm was collected at 0.5 nm increments (5 second integration time) using a
Chirascan™ spectrometer (Applied Photophysics Ltd., Leatherhead, 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 [0] units using the Wallace and Janes equation (88):
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where c is the peptide concentration in mg/ml, /is the path length of the cuvette in cm
(0.1 cm), and MRW is the mean residue weight of the sample, calculated with the
equation:

Mw

n—1

MRW =

where MW is the peptide molecular mass in Daltons (4,524 Da for PilA19) and n is the
number of amino acid residues (42 for PilA19).

The percentage of the peptide adopting an a-helix conformation was calculated
from the CD data using the program CONTINLL at the DICROWEB server (89, 90). The
program is a modification of the CONTIN method developed by Provencher and
Glockner (91, 92). It uses a ridge regression algorithm to estimate the CD spectrum of
unknown proteins by comparison to a linear combination of CD spectra of N reference
proteins with known conformations (86, 93). Relatively good predictions of a-helix and
B-sheet content can be obtained with this method (86). The secondary structure
components determined with CONTINLL are a-helix (regular ar and distorted op), -
strands (regular Br and distorted Bp), turns, and unordered (93). CONTINLL has a
higher predictive accuracy than other CD-analysis algorithms for small proteins (86).
However, it uses reference data containing mainly globular proteins, which reduces the
accuracy of conformation estimates for peptides, fibrous, and membrane proteins (86,
88, 89).

The program evaluates the goodness of fit parameter normalized mean residue
standard deviation (NMRSD), which is defined as:
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where Gexp and 6qa are the experimental and calculated ellipticity values at a specific

NRMSD =

wavelength. A NMRSD value of less than 0.1 is generally considered a good fit (88). In
the analysis presented here data with NMRSD values above 0.12 were rejected.

The CD spectra were also collected for recombinant pili assembled in vitro and
solubilized for 30 min in 10 mM potassium acetate with 50 mM Na2SOa4 (pH 7). A 500 pl
aliquot of a 40 pg/ml (estimated via nanodrop) pili solution was dispensed into a quartz
cuvette with a 1 mm path length (Starna Cells Inc., Atascadero, CA). Samples were
measured using a Chirascan™ spectrometer (Applied Photophysics Ltd., Leatherhead,
United Kingdom) from 190 to 260 nm at 0.5 nm increments with a 5 second integration
time with automated baseline subtraction. Scans were adjusted from 6, millidegrees, to
molar ellipticity using equation (2), as described above. Control scans were also
collected for native pili, purified as described elsewhere (6), and denaturing conditions

(8 M urea).

In vitro assembly of PilA19 pilins.

A solution of the recombinant peptide (8-9 mg of PilA1g in elution buffer) was
applied by gravity flow to a reverse phase C18 column (3-ml column volume, Waters)
that had been previously equilibrated with 5 ml of acetonitrile and 5 ml of ddH20. After
washing the column with 9 ml of ddH20, the column-bound peptide was eluted in a
disposable glass tube with 3 ml of a freshly prepared assembly buffer (80:20,

acetonitrile:methanol). After buffer exchange, a 1-ml aliquot of the peptide solution was
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transferred to an Eppendorf tube® (1.5 ml) to initiate the evaporation-induced self-
assembly phase for 30 min at 45°C in a Savant™ SpeedVac™ concentrator (SPD121P
model, Thermo Fisher). Four aliquots (500 pl each) of the peptide solution were added
sequentially every 30 minutes. When indicated, the sample was mixed by aspiration
during each refeeding step to control fiber growth. After addition of the final aliquot, the
solution was dried to completion before resuspending in 200 ul of ddH20. This final
aqueous solution was split into 50 pul aliquots and mixed with 200 pl ice cold acetone to
precipitate the fibers overnight at -20°C. The precipitated fibers were recovered as a
pellet by centrifugation (1h, 4°C in a microcentrifuge), dried under a stream of N2 gas

and stored at -20°C until further use.

Scanning Probe Microscopy.

Fibers assembled in vitro and stored in dried form at -20°C were suspended in
200 pl of ddH20 and incubated overnight at 4°C before depositing 10 ul aliquots on the
surface of a freshly-cleaved Highly Oriented Pyrolytic Graphite (HOPG; SPI Supplies).
After 10 min deposition, excess fluid was wicked off with absorbent lens paper and the
HOPG surface was washed two times with 10 ul of ddH20. Samples were allowed to
dry in a sealed container at room temperature for approximately 10 minutes before
Atomic Force Microscopy (AFM) analyses with an Asylum Research Cypher S system
equipped with AC240TS tips (Asylum Research). Several fields 10 x 10 um? were
scanned in tapping mode to locate areas with fibers and select representative fields for
imaging. Pilus length was estimated with the free hand tool of ImagedJ. The transversal

conductivity of the recombinant pili was measured by conductive probe AFM (CP-AFM),
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as described elsewhere (13). Controls with native pili were prepared using published
purification protocols (13).

When indicated, the AFM tip was replaced with a mechanically cut Pt:Ir STM tip
(Asylum Research) to image the pili in scanning tunnelling microscopy (STM) mode.
The quality of the STM tip was tested in scans on the freshly cleaved HOPG surface
prior to depositing and scanning the pili samples (sample voltage of 500 mV; current set
point of 350 pA). Current-voltage (/V) plots for individual fibers were collected 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. The ohmic portion of the /V plots in the £0.1 V range was fitted to
a linear regression line using the Igor Pro 6 software and compared to the differential
conductance. The differential conductance was calculated from the /V plots in igor using
the differentiate function and smoothed with a 27-point Savitsky-Golay filter. The voltage
range was restricted to £0.4 V for clarity, as plots were quite noisy significantly outside

of the ohmic region.
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Results

Recombinant production and structural characterization of pilin building blocks.
We used a previously described E. coli recombinant pilin production system (31)
for high-yield synthesis of PilA19, a derivative of the GS PilA pilin that carries a 19 amino
acid truncation at the N-t. The recombinant system expresses the peptide as a fusion
protein with a chitin-binding domain (CBD-PilA19) and an intein linker, which enables its
purification in a chitin affinity column and in-column self-cleavage in the presence of a
reducing agent (DTT), respectively (Fig. 4.1A). The molecular weight of the peptide was
confirmed by MALDI-TOF mass spectrometry analysis (4,593 Da).
We used circular dichroism (CD) to investigate the secondary structure of the peptide in
a hydrophobic environment reminiscent of the cell membrane, where the native pilins
are stored and assembled (Fig. 4.1B). 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 (94). Addition of
the detergent SDS shifted the spectra and revealed the characteristic maxima (at ~190
nm) and minima (at ~208 and ~222 nm) of a-helical conformations (95). This result is
consistent with the positive effect of SDS in recreating the hydrophobic membrane
environment where the pilins are stored, which is needed to induce and stabilize a-

helices (96).
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Figure 4.1: Recombinant production (A) and structural characterization (B-C) of PilA19
peptides. (A) SDS-PAGE gel showing proteins in the soluble (lane 1 and 2) and
insoluble (lane 3 and 4) cell extracts from two independent cultures, and pooled eluted
pilin (lane 5). Arrows point at the migration of the CBD-PilA19 (black) and the
recombinant PilA1g eluted from the column (maroon). Numbers at left are molecular
weight standards in kDa. (B) Effect of SDS at pH 7 on CD spectra of PilA1s peptides. (C)
Molar ellipticities at key wavelengths for pH 3.8 and pH 7 showing the largest helical

structure is induced above the critical micelle concentration of SDS.

As shown in Fig. 4.1C, 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 (CMC) of SDS, which is ~ 8 mM in water (97, 98). These detergent
concentrations (8 mM and 40 mM) also produced intensity ratios of 220 nm over 208
nm (~ 0.7) close to the 0.8 ratio expected for a single-stranded a-helix (99). To

minimize electrostatic effects between the peptide and SDS, we also collected CD
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spectra at a pH of 3.8. At this pH, below the theoretical isoelectric point (pl, 4.86), the
pilin peptide has a net positive charge of + 3.2 and electrostatic effects with the anionic
detergent are minimized compared to at pH 7, where PilA19 has a negative net charge (-
1.1). As predicted, the intensity of the a-helical signature peaks was greater at pH 3.8
than at pH 7 (Fig. 4.1C). The low pH also allowed the peptide to adopt a-helical-like
conformations (~49% of the amino acids) at detergent concentrations below the CMC (1
mM). By contrast, only 27% of the peptide was a-helical at this low SDS concentration
when the pH was raised to 7. Concentrations of SDS at or above the CMC increased
the helical content at both pH but were higher (56%) at pH 3.8 compared to pH 7 (43-
48%), in agreement with the more favorable electrostatic interactions predicted at the
lower pH. This demonstrates the critical role of hydrophobicity in modulating the folding
of the recombinant pilins in the helical conformation that is required for self-assembly.
Furthermore, it identifies pH as an important variable to control the peptide’s
electrostatics and potentially the charges of amino acids responsible for the formation of

salt bridges between neighboring pilins during assembly.

Fiber formation via self-assembly of pilin derivative.

CD spectra of the PilA19 pilin collected at pH 3.8 and 1 mM SDS show an
intensity ratio of the 220 nm and 208 nm peaks of ~ 1, a value that has been proposed
to reflect the tertiary structure of a-helices assembled in coiled-coil configurations (99).
This value suggests that the presence of a hydrophobe, even at low concentrations, can
induce the self-assembly of the pilins into supramolecular structures. Based on this, we

designed a protocol that recreated the hydrophobicity and molecular packing needed for
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controlled self-assembly of the PilA19 peptide in solution. The protocol included a buffer
exchange step to resuspend the peptide in an assembly buffer of acetonitrile and
methanol and a controlled evaporation step to induce the self-assembly of the peptide
monomers (Fig. 4.2A). The assembly buffer included acetonitrile, an organic solvent
with lower polarity than water that helps maintain recombinant pilin peptides in solution
prior to self-assembly (31). The assembly buffer also contained methanol, an organic
solvent that stabilizes helical peptide conformations (100). As the assembly buffer
evaporates, molecular crowding increases, creating a hydrophobic environment that
promotes the self-assembly of the peptides. Self-assembly was stimulated in the
presence of a hydrophobe, which acted as nucleator to prime pilin assembly. This
assembly could be achieved with octadecane-coated silica particles that co-eluted from
the C18 column or with manually added octadecane (Appendix A3). Sequential steps of
evaporation and peptide refeeding were optimal for self-assembly of recombinant pilins
into fibers (Fig. 4.2B-G). The initial evaporation step of a 1 ml volume of assembly buffer
with the peptide (~ 3 mg) stimulated nucleation and sequential feeding steps provided
the necessary peptide building blocks to elongate the fibers. This protocol generated
fibers approximately 1 (£ 0.5) um long but some samples also contained amorphous
assemblies (Fig. 4.2B-D). Mixing by aspiration after peptide re-feeding increased the
number of nucleation sites available for peptide elongation, promoted fiber formation

and prevented the formation of random assemblies (Fig. 4.2E-G).
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Figure 4.2: Evaporation-induced self-assembly of recombinant PilA19 peptides. (A)

Protocol illustrating the steps in the assembly of PilA+g fibers. The evaporation-induced
assembly included sequential additions of the peptide solution to elongate the fibers. (B-
G) Supramolecular pilin structures formed in triplicate reactions without (B-D) or with (E-

G) mixing the assembly buffer after peptide refeeding.

The optimized assembly protocol, with sequential refeeding and mixing steps,
consistently produced long (6 + 1 um), flexible fibers with an average diameter
(calculated as AFM height) of ~2 nm, as reported for the AFM height of the native GS
pilus fibers (13). Supramolecular structures (braids and bundles) were also observed
(Fig. 4.3A) but not to the extent that is routinely observed when imaging purified
preparations of the native pili by AFM (Fig. 4.4). As a result, it was possible to collect
less convoluted CD spectra for the recombinant fibers compared to the native ones (Fig.
4.3B and C, respectively). Furthermore, the CD profile of the recombinant pili was

similar to that reported for other Type [Va pili (101), consistent with a macromolecule
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that preserves the distinctive helical features of bacterial pilin assemblies. Indeed, from
the spectral signatures of the recombinant fibers (Fig. 4.3B) we estimated intensity

ratios of 220 nm over 208 nm (~0.75), which were close to the 0.8 ratio expected for a-

helical conformations (99).
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Figure 4.3: (A) AFM imaging of PilA1g fibers assembled in vitro. Inset shows single
fibers and braided supramolecular structures with line scans used to determine the AFM
height (red, single fiber; blue, braided fibers). Scale, 0.2 um. (B-C) CD spectra of
recombinant pili at pH 7 (B) and native pili under non-denaturing (red) or denaturing (8M

urea; black) conditions (C).

Electronic characterization of recombinant pili by scanning probe microscopy.
We used CP-AFM to probe the conductivity of the recombinant fibers in
reference to native pili purified to homogeneity and free of organic and inorganic
cofactors, as reporter previously (13). The recombinant and native pili were deposited
onto a freshly cleaved HOPG surface and imaged in tapping mode (Fig. 4.4A-B) before
probing their transversal conductivity with a conductive AFM tip (Fig 4.4C-D). Current-

voltage (/-V) curves of recombinant fibers probed in different regions were similar to
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those collected for the native pili (Fig. 4.4A-B). From the inverse of the slope of the -V
curves at the low voltages that operate in biological systems (100 mV) we calculated
an average resistance for recombinant pili of ~900 MOhms, which is within the orders
reported for the native wires under the same conditions (~ 925 MOhms). Furthermore, /-
V curves collected for the recombinant and native pili 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 4.4C-D). Indeed, the average
rectification scores (calculated as current at positive over negative voltage) for the
recombinant pili were 0.51 at biologically relevant (+100 mV) voltages and 0.71 at
higher (600 mV) voltages, whereas the native fibers had rectification scores of 0.66
and 0.74, respectively. This rectifying behavior is consistent with a preferred path for
electron transfer from the substrate to the tip (more current produced at negative
voltages) at 100 mV or greater voltages.

We also used scanning tunneling microscopy (STM) to image the conductive
recombinant pili (Fig. 4.4E). The higher spatial resolution of the STM technique
compared to CP-AFM has helped resolve distinctive real-space electronic features
along cell-associated (21) and purified (13) native pili. STM images of the recombinant
fibers (Fig. 4.4E) show the distinctive beadlike structural features reported for the native
pili (21). The bright spots are regions of the fiber with higher local electronic density of
states, and, thus, supply more tunneling current, causing these regions to appear
brighter in STM. Furthermore, these molecular substructures have periodicities that
match well the periodic grooves and ridges that form on the surface of Type IV pili, as

reported for the native fibers (21). The pili diameter estimated for the recombinant pilus
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fibers (~5—7 nm) matches that reported for the native fibers prior to deconvoluting for
the broadening tunneling effect caused by the tip when scanning a nanowire (13, 21).
Thus, the STM studies confirm the presence of characteristic molecular and electronic

features of the native pili in the recombinant pili.
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Figure 4.4: Electronic characterization of recombinant pili. (A-D) AFM amplitude image
of recombinant (A) and native (B) pili on HOPG (scale bars, 200 nm) and (C, D)
representative /-V curves of their respective CP-AFM transversal conductivity (average,
in black). (E-H) Room temperature STM topographic image of untreated (E) or
chemically-fixed (F) recombinant pili (0.5 V, 350 pA; scale bar, 100 nm) and average /-V
tunneling spectra of 2 sequential measurements for each of two pilus regions in
untreated (black) and fixed (green) samples (G). Panel H shows differential
conductance (dl/dV) curves of the untreated and chemically treated pili, calculated as

the numerical derivative of the /-V curves shown in G.
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Also as reported previously (21), pili deposition on the HOPG surface improved
with a chemical fixation step (Fig. 4.4F). This chemical treatment immobilizes more
fibers onto the surface and removes non-pilus impurities during subsequent washing
steps, a critical consideration for integration of recombinant pili in electronic devices.
Chemically fixing the recombinant pili sample after deposition reduced tip instability and
produced cleaner pilus topographies by STM (Fig. 4.4F). Chemical fixation did not affect
the measured conductivity, producing similar /-V curves when probing fixed locations in
untreated (hydrated) and chemically-treated recombinant pili while sweeping the voltage
at £600 mV (Fig. 4.4G). Furthermore, /-V curves from both samples had slopes greater
than zero near the zero voltage, as reported for the native pili (13, 21). This result is
more easily appreciated in plots of the differential conductance (dIl/dV) versus the tip-
sample bias voltage (V), which revealed in both the untreated and chemically-fixed
recombinant pili electronic states at low voltages that never reach zero conductance
(Fig. 4.4H). Hence, the recombinant pili, whether untreated or chemically fixed, are
conductive even at low voltages (millivolts), as previously reported for native pili probed
by STM spectroscopy in association with the cell or as purified fibers (13, 21). The STM
differential conductance plots also revealed similar asymmetric conductance in hydrated
and chemically fixed recombinant pili (Fig. 4.4H). The asymmetric dl/dV plots are
consistent with a nanowire that favors current flow from negative to positive voltages,
even at the low voltages (i.e., 100 mV) that operate in biological systems. Such
rectifying behavior, against the natural dipole of the pilin’s helix, reproduces well the
conductance asymmetry reported for native pili (13, 21) and has been proposed to

reflect the doping effect that aromatic contacts have in a hybrid path of conductivity that
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alternates between charge hopping via aromatic residues and interchain tunneling (21,

31).
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Discussion

The availability of a recombinant production system for the production of easily
manipulated peptides derived from the conductive pilin of G. sulfurreducens (31)
permitted the production of high yields of an N-t truncated recombinant pilin (PilA19) that
removed the first 19 amino acids of the mature pilin peptide. The truncated peptide
lacks amino acids required for biological assembly but retains the a-helical
conformation that is needed for pilin-pilin hydrophobic interactions and self-assembly
(31). The truncation also preserves the charged residues that participate in the
formation of salt bridges between neighboring peptides in the pilus fiber, which are
necessary to bend the mid region of the pilins and promote the electronic coupling of
aromatic amino acids in the pilus fiber (12, 13). Indeed, we were able to promote the
self-assembly of the recombinant pilins into conductive fibers using an evaporation
method that gradually increased molecular crowding and hydrophobicity in the peptide
solution. The efficiency of the assembly depended on the availability of nucleation sites
to initiate pilin assembly and the introduction of refeeding steps with mixing that
promoted fiber growth from the nucleation sites. Silica nanoparticles functionalized with
octadecane provided optimal seeding sites to initiate pilin assembly. The low cost and
stability of silica nanoparticles and array of methods for the functionalization of their
surface properties provides opportunities for optimizing and scaling up manufacturing
protocols for protein nanowires using recombinant pilins as building blocks.

The recombinant pilus fibers also dispersed better in mild aqueous solutions
compared to the native pili, which tend to form large supramolecular structures and

bundles (6, 13). As illustrated by the less convoluted CD spectral data generated for the
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recombinant pili (Fig. 4.3), their reduced aggregative nature enables structural studies
not possible with the native pili. Structural information is particularly important to gain
mechanistic insights into pilus conductance. For example, the inter-aromatic distances
and aromatic dimer configurations predicted by computational models of the GS pili (12)
are constructed using pilus fiber templates from bacteria such as Neisseria
gonorrhoeae, which has a canonical pilin subunit with a large globular head at the C-t.
There has been significant debate over the years as to the mechanism that allows the
GS pili to conduct charges (12, 13, 24, 102, 103). Having similar molecular and
electronic properties, reduced aggregation and higher biosynthetic yields, recombinant
pili could provide critical structural information about how the pilus fibers transport
charges.

The reduced aggregation and higher yields of the recombinant pili also facilitated
deposition on HOPG and electronic imaging and probing by scanning probe methods
(Fig. 4). However, it was important to optimize fiber formation during in vitro assembly
through sequential refeeding steps and mixing to minimize the amount of unassembled
pilins in solution, as these peptides also attached to the HOPG surface and form a
monolayer with the mechanical and electronic properties reported for thiolated pilins
(31). Thus, reproducible electronic probing of the recombinant fibers by CP-AFM
required samples with high yields of fiber formation and low unassembled pilins but also
the development of standard operating procedures that screened for fibers with
adequate electrical contact with the underlying HOPG substrate. The method positions
the conductive AFM tip on a hydrated fiber and generates /-V curves that inform of the

transversal conductivity of the protein nanowire. As the measurement is sensitive to the

107



contact resistance between the pilus fibers and the underlying substrate, the slopes of
the /-V curves are variable, particularly at the low voltages that operate in biologically
systems (~ 100 mV). At this low voltage, for example, recombinant and native pili had a
comparable average electrical resistance (~900 and 925 MOhms), but lows and highs
ranged widely for both (~250 to 1600 MOhms) depending on the sample hydration and
electrical contact with the HOPG substrate. By contrast, the STM technique imaged the
fibers by their conductivity (Fig. 4.4), visually filtering out poorly contacting fibers during
preliminary scans at a sample voltage of 500 mV to reveal only those with optimal
electrical contact with the underlying substrate.

The STM measurements shown in Fig. 4.4 were performed in air, which causes
tip instability and reduces imaging quality compared to the controlled vacuum
environment used to image and probe native pili by STM (21). Yet despite this limitation,
the STM topography of the recombinant pili reproduced the periodic topographic and
electronic structure of native pili (21). The periodic substructures reflect changes in the
material’s response to the applied sample voltage in scans generated with a conductive
tip of radius 28 (+10) nm, which is large enough to cover the roughly 10 nm periodic
structures and can get close enough to the substrate to interact and broaden the
tunneling effect. Such broadening effects are enhanced in nanowires, because of their
tubular shape and reduced diameter. This effect leads to overestimation of the nanowire
diameter, that can be corrected mathematically. Indeed, we estimated a diameter for
recombinant pili of ~ 5-7 nm, as for the native pili, but the application of the
deconvolution algorithm to the latter reduced the STM diameter to 2-3 nm, as estimated

by AFM (21). Chemical fixation improved the quality of the images, consistent with an
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improved deposition process that anchors the fibers more firmly to the surface and
improves electrical contact. However, the chemical treatment did not affect the
conductive properties of the fibers, a property that could be harnessed to integrate the
recombinant protein nanowires with inorganic nanomaterials in electronic devices.

The CP-AFM and STM /-V curves also revealed rectifying behavior at biological
(100 mV) and higher (600 mV) voltages (Fig. 4.4). This rectification likely does not
reflect an alignment of aromatic amino acids within the cross section of the recombinant
pili that promotes electron transfer in one direction, as was observed for planar
assemblies (31). Instead, surface effects need to be considered. The small dimensions
of the pili compared to the vast surface of the underlying HOPG substrate can affect the
rates of charge injection and influence the directionality of electron flow. Thus, when the
HOPG substrate is poised at a negative voltage the large surface area can efficiently
inject charge into any portion of the fiber, allowing many electrons to travel to the
relatively smaller tip placed on top and recording more current at negative voltages. By
contrast, when the HOPG substrate is poised at a positive voltage, electrons are
injected into the pili from the tip, which is interacting with the fiber over a much smaller
area. In addition, the outer surface of the pili is decorated with large regions of negative
charge (12), which could influence tip-pili interaction and make charge injection, and
thus current flow, more difficult at positive bias voltages. The charge of the pili is less
critical when electrons are injected into the fiber from the underlying HOPG substrate,
as the fiber’s extensive electrical contact can involve positively charged or non-charged
pilus regions. An understanding of the transversal conductivity of the fibers is important

for the potential integration of these protein nanowires into electronic devices.
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Conclusions

This work demonstrates the in vitro assembly of protein nanowires from
truncated, mass produced GS pilins that exhibit similar conductive properties to wires
isolated directly from G. sulfurreducens. These truncated pilins retain all the amino acid
residues required for electron transfer, with STM revealing a periodic bead-like structure
typical of GS pili indicative of molecular substructures critical to respiration driven
electron transfer. There are numerous features of these protein nanowires that are
technologically attractive, including ease of manipulation and production, conductivity,
rectifying behavior, and chemical robustness. Like the native pili, the protein nanowires
retain the surface motifs proposed to function as metal traps in vivo. These metal-
binding regions bind toxic metals, such as the soluble uranyl cation, with high affinity
and reductively precipitated it to a mineral phase that prevents its spread (6). Protein
nanowires could potentially be integrated with electrodes and other materials to make
nanobrushes for the reductive precipitation of toxic cationic metals such as cadmium

and cobalt and for the reclamation of precious and rare metals such as silver and gold.
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Chapter 5.

Conclusions and Future Directions
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The goal of this dissertation was to develop in vitro platforms that harness the
conductive properties of assemblies of GS pilins. This effort is important to advance
mechanistic studies of electron transfer in the pilin peptides and the assemblies but also
to exploit pilins as building blocks for bottom-up fabrication of novel biomaterials.

In chapter 2, | described team efforts to develop protocols for the recombinant
production of GS pilin derivatives. One of the peptides generated via recombinant
techniques carried an N-t truncation of 19 amino acids (PilA19) needed for biological
assembly. We constructed a thiolated version of this pilin to promote its attachment to
gold electrodes and enable their self-assembly as well-ordered monolayers that
recreated in a planar configuration the aromatic-rich and aromatic-free regions of the
pilus fibers. | first characterized mechanical properties of the pilin coating by atomic
force microscopy (AFM) that are important for future applications. Thus, | investigated
the elastic deformation of the material and the forces that induce the transition to
inelastic deformation, which informs about the structural transitions from helical to
disordered conformations that can modulate electron transfer through the material. |
linked the mechanical properties of the material to conductive signatures identified by
CP-AFM. These studies unmasked a crossover event from a distance dependent
tunneling regime through tightly packed helices void of aromatic residues to a weakly
distance dependent regime closer to the electrode where aromatic residues promoted
charge hopping. The conductivity measurements also unmasked rectifying behavior
such that electron transfer was favored in the direction opposite to the enhanced helix
dipole of the pilin, which is the biological direction of electron discharge. However,

rectification was only observed at the low voltages (100 mV) that mark the differential
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potential between inner membrane electron carriers and extracellular iron oxides during
respiration. These results provide novel insights into electron transfer through pilin
assemblies and set the foundation for the functionalization of electrodes for applications
that harness the biocompatibility and conductivity of pilin coatings.

Pilin assemblies on gold electrodes are predicted to expose the pilus anionic
metal traps to the analyte. In chapter 3, | used cyclic voltammetry to demonstrate the
ability of the film to bind and reduce cationic metals such as ferric iron species that can
serve as the natural electron acceptor for cellular respiration. As these redox species
are soluble in both the oxidized and reduced form, | did not observe a significant
contribution of the metal traps to current production. In fact, the cyclic voltammograms
were consistent with a Nernstian, diffusion-limited redox system. By contrast, the
divalent cobalt cation, Co?*, underwent reductive mineralization to Co°.
Electrodeposition was observed in bare and pilin-functionalized gold electrodes, but
slow scan rates unmask the contribution of the metal traps of the pilins to the kinetics of
cobalt binding. The electrochemical characterization of the pilin films confirmed their
ability to transfer electrons to redox metal species in the analyte but also demonstrated
the suitability of the method to screen the spectrum of cationic metals that the pilin’s
metal traps can bind and reductively precipitate. Divalent cobalt is particularly significant
because its has been assumed to be too toxic for biological reduction. However, the
ability of the pilus metal traps to bind and possibly even reductively precipitate Co?*
could provide a mechanism for its respiration and/or cellular protections, similarly to

their role in uranium reduction. From an applied point of view, the immobilization of
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cationic metals by pilin assemblies could be harnessed to coat other materials suitable
for bioremediation and metal reclamation applications.

In chapter 4, | used the recombinant pilin PilA1g as building block to manufacture
protein nanowires. This bottom-up fabrication approach requires a hydrophobic
nucleation site to initiate the orderly assembly of the pilins. Silica particles functionalized
with octadecane were effective nucleators and could be used as supports to direct fiber
formation in scaled applications due to their low cost and options for packing and
functionalization. | also optimized the assembly of the pilins to promote fiber elongation,
a step that could be manipulated to control the length of the nanowires for specific
applications. | demonstrated the conductivity of the recombinant fibers using scanning
probe methods (CP-AFM and STM) and calculated resistances comparable to those of
the native pili. STM images of the recombinant pili also resolved electronic
substructures along the fibers similar to those in native pili. | also showed that the
conductivity of the recombinant pili is not affected by chemical fixation. This finding is
important because chemical treatments can reduce the contact resistance between the
pili and conductive substrates and are often employed during the fabrication of
electronic devices. The recombinant production of pilin building blocks also enables the
application of genetic engineering to modulate the properties of the protein nanowires
and their metal traps. Functional tags such as the cysteine introduced in the thiolated
pilins (chapters 2 and 3) enable the specific attachment of the biomaterial to gold but
other chemistries can be enabled with other functional tags. The protein nanowires can
also be engineered to modulate the affinity of the metal traps for specific metals. It may

be possible to influence the conformation of the C-t region by addition of proline
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residues or otherwise restricting the flexibility of the C-t region to accommodate more
specific sizes of ligands. When combined with modified bottom-up protocols,
nanobrushes could be developed with vertically grown nanowires for the detection and
remediation of toxic cationic metals or reclamation of precious and rare cationic metals.
Taken together, the results presented in this dissertation set the foundation for
devices that harness the power of GS pilins and conductive pili in electronics. Other
applications can be envisioned. GS pilin peptides have the biocompatibility and
conductivity that is needed to develop coatings that improve the osteointegration of
orthopedic and dental titanium implants. Assemblies of recombinant pilins could be
used as molecular surface coatings in cell adhesion assays and biosensors.
Techniques are also available to print peptides onto substrates as arrays suitable for the
screening of antibodies, the study of protein-protein interactions, and drug or small

molecule discovery.
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Introduction

Assemblies attempted with buffer exchange columns dependent on non-
hydrophobic chemistries, such as a column that relies on ionic interactions to retain the
molecule of interest, dialysis, and lyophilization, resulted in no fiber formation. The need
for a specific type of buffer exchange via a reverse phase C18 column for fiber
formation suggested that an unknown chemical species is eluted from the column
matrix that promotes efficient pili formation. As pilin-pilin interactions are hydrophobic in
nature, we hypothesize that the column’s eluent contains one or more hydrophobic
species that could function as nucleator, that is, as hydrophobic seeding sites for pilin
assembly. The C18 column used in these studies is packed with an amorphous silica
matrix functionalized with octadecane, an alkane hydrocarbon with the chemical formula
CHs(CH2)16CHs. The hydrophobic nature of octadecane prompted us to investigate its
suitability as a nucleator during pilus formation. In principle, octadecane could be added
to pilin solutions in specific concentrations for controlled nucleation, which could provide
unprecedented levels of assembly control. Furthermore, octadecane is a versatile
hydrocarbon commonly used as a phase change material to coat many surfaces (104),
offering opportunities to functionalize substrates for scaled up assembly of recombinant
pilins. To that end, | carried out experiments to investigate if octadecane eluting from

the C18 column promotes pilin assembly.
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Materials and methods

Ultraviolet-visible spectroscopy

The presence of non-peptide analytes in the C18 column eluent was evaluated
by UV-vis spectroscopy (Shimadzu UV-2401PC spectrophotometer). A solution of
elution buffer with various concentrations of dithiothreitol (DTT) was used to identify the

DTT peak in the eluent.

Effect of column washes in pilin assembly

The role of analytes eluting from the C18 column in promoting pilin assembly was
tested in a modified purification protocol. A solution of PilA19 peptides cleaved from a
chitin binding column after DTT induction was loaded onto three separate reverse
phase C18 columns. The concentration of DTT in the peptide solutions loaded onto
each of the C18 columns was estimated to be ~50 mM. The C18 columns were washed
with different volumes of ddH20, 1.7 column volumes (5 ml, standard protocol) or larger
(3x and 6x) column volumes. After the washing step, the peptide retained in each of the
C18 columns was eluted with 5 ml of assembly buffer. The peptide solution eluted from
the column was analyzed by UV-vis spectroscopy, as described above. The pilin
solutions collected from each of the columns were subjected to the standard
evaporation-induced assembly process with or without sample mixing during refeeding
steps. Fiber formation was assessed qualitatively after depositing the samples on a

freshly cleaved HOPG substrate and imaging them with an AFM.
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Assembly experiments in the presence of octadecane

The effect of octadecane as a nucleator of pilin assembly was investigated using
a solution of purified PilA19 (~ 8-9 mg of peptide) in elution buffer with the pH adjusted to
10 with 1 N NaOH. The peptide solution was loaded onto an Oasis Max™ disposable
cartridge, which had been previously conditioned with ddH20. Buffer exchange was as
described for the reverse phase C18 column, except that the column wash used 3
column volumes of 0.5% NH4OH and, when indicated, the matrix-bound peptide was
eluted in assembly buffer with octadecane. The octadecane was first prepared fresh as
a saturated methanol solution, serially diluted 1:100 in methanol and added to the
assembly buffer solution at a 20% (v/v) final concentration (final dilution, 1:500). Pilin

assembly was as described for the C18 column protocol.
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Results and discussion

Spectroscopic characterization of C18 column eluent

We investigated the potential elution of a hydrophobe from the C18 matrix in a
mock purification experiment without the peptide. Thus, the C18 column was treated
with cleavage buffer without the peptide, the column was washed with 5 ml (1.7 column
volumes of assembly buffer, as in the standard protocol), and the eluent was analyzed
by UV-vis spectroscopy. The UV-vis spectrum revealed the expected DTT peak at ~203
nm, which we calculated to correspond to a concentration of ~ 1 mM from the original
50 mM loaded into the buffer (Fig. A1A). The spectrum also contains a peak at ~ 245
nm (Fig. A1A). It was possible to remove both peaks with extended washes (6 column
volumes instead of 1.7) of the C18 column (Fig. A1A).

Octadecane does not absorb in the UV range (105) but functionalized silica
particles absorb at ~ 245 nm (106, 107). Thus, the peak at ~ 245 nm likely corresponds
to octadecane-bonded silica particles eluting from the column with the assembly buffer.
It is interesting to note that silica is more soluble at alkaline pH, and the pilin solution
loaded onto the C18 column (pH 9) could be promoting the release of silica particles
from the matrix (108). This outcome suggests that pH control could be an important
variable to test in future experiments. Alternatively, hydrophobic molecules may be
tested as nucleators for pilin assembly. Below we describe octadecane as a potential
candidate for controlled pilin nucleation.

Octadecane as a nucleator during pilin assembly
We investigated the nucleator role of octadecane-coated particles by comparing

the efficiency of pilin assembly using peptide samples purified with the standard (1.7x
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column wash) or modified (6x column wash) protocols. After assembly, the samples
were deposited onto a freshly cleaved HOPG substrate for AFM imaging and qualitative
assessment of the efficiency of pili formation. Samples eluted with the standard protocol
promoted fiber synthesis even in the absence of mixing (Fig. A1B). However, extending
the washing step significantly reduced the efficiency of pili formation, as evidenced by

the lack of fibers in most of the HOPG fields scanned (Fig. A1C).

DTT (205 nm)

Absorbance

N VA S . S

200 220 240 260 280 300
Wavelength (nm)

Figure A1: UV-Vis of C18 column eluent and assembly of pili. UV-Vis spectroscopy (A)
of the eluent (in 80% acetonitrile 20% methanol) of a blank reverse phase C18 column
with 1.7x (red) and 6x (blue) wash steps with a DTT standard curve inset. Assemblies of

pilin samples subjected to 1.7x (B) washes and 6x (C) washes.
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Mixing during assembly, which helps with fiber elongation from preformed
nucleation sites, had a positive effect on pili formation in samples prepared with the
standard protocol, but failed to stimulate fiber formation in the samples subjected to the
extended washing (6x volume) step (Fig. A2C). Instead, mixing only stimulated the
formation of heterogenous assemblies comprised of amorphous structures and short,
thick fibers rather than the thin and long fibers generated in the presence of the
octadecane-coated silica particles (Fig. A2). Interestingly, samples prepared with an
intermediate washing step (3x column volumes instead of 1.7x or 6x) also promoted
efficient fiber formation provided samples were mixed during assembly (Fig. A2B).
Thus, this protocol (3x washing step, mixing), while reducing the amount of nucleator
eluting from the C18 column, does not compromise the efficiency of pili formation. This
point is important because hydrophobic molecules can adsorb onto conductive

substrates such as HOPG and prevent conductivity measurements of the pili samples.
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Figure A2: Effect of wash steps on assembly. Assemblies from peptide-containing (A-
C) and blank (D-E) C18 columns subjected to 1.7x (A, D), 3x (B, E), and 6x (C, F) wash

steps

These experiments indicate that octadecane in the silica coatings serves as
hydrophobic seeding sites for the nucleation of pilins, a required step prior to fiber
elongation. We demonstrated the induction of fiber formation in experiments that
replaced the C18 column with an Oasis Max™ cartridge. This column is packed with a
non-silanol polymeric sorbent functionalized with a quaternary amine and, therefore,
does not release a hydrophobe that could promote pilin nucleation (Fig. A3).
Consistently, buffer exchange of pilin samples using the Oasis Max™ column prevents
pilin assembly (Fig. A3). However, supplementing the assembly buffer with octadecane
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provided a nucleator for pilin assembly and permitted the formation of pilus fibers (Fig.
A3). These results support the initial hypothesis that octadecane eluted as coated silica
particles from the C18 column provided nucleation sites to stimulate pili-pilin assembly

and fiber formation.

+PilAqg

-PilAg

-octadecane

Figure A3: Assemblies from Oasis max buffer exchange columns. Assembled samples
with and without peptide buffer exchanged with an Oasis Max cartridge supplemented

with and without octadecane.
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