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PROJECT SUMMARY

Electronic transport is conventionally the domain of man-made materials and devices, but
anaerobic respiration by some sediment microbes requires shuttling electrons from the cell to
remote electron acceptors. The model bacterium Geobacter sulfurreducens produces electrically
conductive, protein fiber appendages, representing a new class of materials with electronic
properties at the intersection of intermolecular electron transfer and solid-state electron transport
physics. These materials also serve as natural inspiration for new bioelectronics interface
materials. Based on fundamental differences between the protein building blocks of these
assemblies and the canonical building blocks of inorganic and organic conductors and
semiconductors, it is clear that Nature has developed its own design principles for long-range
electronic conducting systems. The biomolecular identity and supramolecular order underpinning
biological conductive materials are poorly understood, as are the mechanisms by which these
structures support electron transport. This report summarizes research in the Hochbaum lab
funded by the AFOSR YIP on the characterization of charge transport mechanisms and structure-
property relationships in conductive protein nanowires. These efforts establish distinctive
biomolecular design principles for long-range electron transport in self-assembling peptide
nanofibers and native bacterial appendages. Such materials serve as an experimental platform to
understand long-range charge transport in biological materials in general, and as promising
technological platforms for bioelectronic interfaces.

PROJECT OBJECTIVES:

Objective 1: To characterize the electronic conductivity of bacterial protein filaments in natural
environments and to establish a mechanism for their unique electronic transport properties.

Objective 2: To characterize structure-property relationships for conductive protein fibers and
synthetic, supramolecular biomaterials.

Objective 3: To construct hybrid biotic-abiotic interfaces based on protein and synthetic peptide
nanofibers.
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OVERVIEW OF PROJECT FINDINGS:

Overview of Objective 1 findings: Protein appendages from G. sulfurreducens are electronically
conductive. However, the mechanism of electronic charge conduction in G. sulfurreducens
filaments is disputed in the literature, and as of the initiation of this project there was no atomic-
resolution structure of these filaments, precluding transport mechanism insights. The main
findings of research efforts under Objective 1 were:

(1) Purified protein appendages from G. sulfurreducens are electronically conductive under
physiologically-relevant conditions and that the conductivity is ohmic, meaning that charge
carriers appear to transport through the filaments as they do in metallic abiotic materials.

(2) While the conductive G. sulfurreducens filaments were thought to be type IV pili, a common
bacterial appendage conserved across many species, cryo-electron microscopy (cryoEM) data
shows that they are in fact polymerized cytochromes, iron-porphyrin (heme) containing enzyme
filaments. These structures are unprecedented in biology and the resulting one-dimensional
chaining of heme along the filament axis provides a molecular structure basis for understanding
charge transport in these filaments.

Overview of Objective 2 findings: While the biosynthetic self-assembly mechanism of bacterial
cytochrome filaments is yet unknown, we designed metal-free synthetic peptides to arrange
redox-active amino acid side-chains in long range periodic sequences. The main findings of
research efforts under Objective 2 were:

(1) Self-assembling peptide fibers based on a-helical coiled-coil oligomers can also be designed
to exhibit electronic conductivity. These fibers are more conductive than the bacterial filaments,
are similarly ohmic in transport behavior, and lack metal species.

(2) Our structural characterization of both the conductive bacterial cytochrome filaments and the
synthetic peptide fibers suggests that, while not inherently conductive themselves, proteins can
precisely position degenerate redox species in closely spaced, long-range periodic arrangements
that facilitate charge transport.

Overview of Objective 3 findings: We constructed bioelectronic interfaces for enzymatic
electrocatalysis from laccase immobilized on synthetic conducting peptide nanofibers. Charge
transport was characterized through peptide nanofiber mats and between nanofibers and laccase
reaction sites. The main findings of research efforts under Objective 3 were:

(1) Conductive synthetic peptide nanofibers can serve as direct electron transfer scaffolds for
electron transfer to/from electrocatalytic enzyme reaction sites. Nanofiber-decorated electrodes
show increased electroactive surface area, confirming inherent electronic conductivity
measurements by other methods in Obj. 2, and read out electronic signals as a result of the
biochemical activity of immobilized laccase enzyme.
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(2) Constructed completely from amino acids, the peptide nanofibers and laccase enzyme are
components that can in principle be expressed in engineered organisms, establishing a critical
step toward bio-manufactured circuits.

PROJECT FINDINGS:

Objective 1: Assembly and Transport Characterization of Conductive Bacterial Appendages
Status: COMPLETE (pivot)

The original objective proposed to study conductive G. sulfurreducens pili by acellular self-
assembly of the recombinantly expressed and purified pilin building block protein PilA
(objective 1.1), recombinant expression and biosynthetic assembly of PilA in a suitable host
(objective 1.2), and the development of electronic transport characterization methods for such
supramolecular protein materials (objective 1.3).

The originally planned objectives 1.1 and 1.2 were unsuccessful — there was no evident
self-assembly of purified recombinant PilA into homogeneous fiber structures, and the type IV
pilus biosynthetic machinery in several host strains was not as promiscuous to variations in PilA
sequence as several literature studies had suggested. Both of these results attest to the complexity
of the type IV pilus biosynthetic mechanism, which, while generally conserved across many
species of bacteria, is required for the proper assembly of pilins like PilA and is sensitive to
subtle sequence variations of the PilA building blocks. Objective 1.3 was successful, in which
we developed several methods for the property characterization of the purified native bacterial
fibers. These methods are uniquely suited to study the electronic transport properties of
supramolecular biomaterials, in which the hydrated state of the material is critical to deriving
structure-property relationships of electronic conductivity. Consequently, these techniques were
also used in several collaborations we initiated with other groups studying electronic properties
of biomolecular materials. See Chapter 1 for details of these characterization methods and
Chapter 7 for descriptions of these collaborations.

As part of objectives 1.1 and 1.2, we tried to determine the atomic structure of G.
sulfurreducens protein appendages to better understand the structural and chemical
underpinnings of their transport properties. In the course of these efforts, we found that the
conductive appendages of G. sulfurreducens are likely not type IV pili at all, but rather a unique
and novel structure of polymerized iron porphyrin (heme) containing proteins, called
cytochromes. Not only are these unprecedented structures in biology as a whole, but they also
provide a new understanding of the structural basis for conductivity in G. sulfurreducens
appendages, namely by electron hopping between heme sites. In addition, our transport
characterization of these protein fibers from objective 1.3 indicated band-like electronic
conduction, which is not readily explained by the heme arrangement within the cytochrome
polymers. Rather, conduction in these materials represents an interesting intersection of short
range electron transfer theory and long range condensed matter transport theory. Details of the
cytochrome polymer structure are in Chapter 2.

To create synthetic conductive protein fibers, we pivoted objectives 1.1 and 1.2 to focus
on self-assembling de novo peptides — chemically synthesized short amino acid sequences. We
designed the peptides to self-assemble into one-dimensional fibers based on well-understood
coiled coil interactions, whereby hydrophobic interfaces of a-helical coils aggregate in an

5
DISTRIBUTION A: Distribution approved for public release



ordered manner in aqueous buffer. Before our discovery of the cytochrome wire appendages, the
prevailing theory of electron transport in G. sulfurreducens appendages was through close
packing of aromatic amino acid side chains. Taking inspiration from these structures, we
incorporated aromatic phenylalanine residues into the hydrophobic interface of our coiled coil
peptides. The designed peptides self-assembled into defined coiled-coil aggregates — antiparallel
hexamers (ACC-Hex), the first report of such symmetry structures in both natural protein
structures and other de novo designed peptide oligomers (Chapter 3). These peptides assembled
into homogeneous fibers that exhibited conductive properties. Because of their defined
oligomeric building blocks, we know the structure of these fibers with high confidence, from X-
ray crystal structures and solution structure characterization by chromatography and small-angle
X-ray scattering, and they appeared promising for further structure-property relationship studies.
Consequently, these peptide fibers were used in place of the G. sulfurreducens appendages for
the remainder of the project.

Objective 2: Structure-Property Relationships in Conductive Protein Fibers
Status: COMPLETE

The conductive peptide fibers generated as part of objective 1 served as platforms for studying
the determinants of electronic conductivity in natural proteinogenic materials. Instead of the
genetic methods of amino acid residue mutation originally proposed in objectives 2.1 and 2.2,
the de novo peptides are easily mutated by altering the identity or sequence of amino acids
incorporated into the peptides during solid-phase peptide synthesis. By mutating various amino
acids with side chains involved in the hydrophobic interactions at the ACC-Hex core or on the
polar, solvent-exposed surface of the ACC-Hex structure, we developed an in-depth chemical
understanding of the nature and stability of peptides assembling into the ACC-Hex structure
(Chapter 4). The interactions leading to the peptide oligomerization, the phenylalanine-isoleucine
(Phe-Ile) zipper, are novel and without precedent in natural or designed proteins. Moreover,
mutation of both the interior and exterior residues result in tunable stability of the ACC-Hex
structure from peptides variants that fail to form ACC-Hex (unstable) to peptides that result in
ACC-Hex with some of the greatest thermodynamic stabilities of any natural or designed protein
aggregates on a molecular weight basis. These mutagenic studies demonstrated the generality of
the Phe-lIle zipper motif in driving oligomer self-assembly and established it as an appropriate
scaffold for protein scaffold design.

Using many of the same methods developed in objective 1 to measure transport
properties of biological supramolecular materials, we characterized the electronic conductivity of
fibers formed from ACC-Hex building blocks (objective 2.3). Not only were the resulting fibers
electrically conductive, but they were an order of magnitude more conductive than the purified
G. sulfurreducens appendages (Chapter 5). The conductivity results are significant for several
reasons. First, they demonstrate metallic-like electronic conductivity in a supramolecular protein
material. Previously published studies showed semiconducting behavior in dipeptide crystals or
extremely poor conductivity in protein filaments, such as amyloid fibers. Second, the peptide
fibers exhibited conductivity despite lacking metals and porphyrin components apparently
required for conductivity in the G. sulfurreducens cytochrome wires. These structural differences
suggest distinct mechanisms by which protein supramolecular materials can mediate significant
electronic conductivity in biological systems. Lastly, spectroscopic and structural data of the
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ACC-Hex building blocks indicate that the aromatic side chains of the Phe residues in the
hydrophobic core are not n-stacked, meaning that explicit orbital overlap is not necessary to
produce protein materials that exhibit metallic-like conduction properties.

While we originally planned to mutate various residues in the peptide sequence to study
the effects of side chain substitutions on electronic conductivity (objective 1.2), these mutations
caused defective assembly of the fiber morphology even though they resulted in structurally
identical ACC-Hex building blocks in aqueous buffer. We do not yet understand why relatively
minor mutations, for example Phe->para-fluorophenylalanine (a single H to F substitution),
inhibits fiber formation, but these studies, and the development of fibrilization strategies that are
more robust to mutation, are part of ongoing research in the lab.

Objective 3: Conductive Protein Fibers as Electrocatalytic Enzyme Scaffolds
Status: COMPLETE (pivot)

The original goal of objective 3 was to incorporate a hydrogenase from Clostridium
acetobutylicum onto conductive protein fiber scaffolds and demonstrate electrocatalytic
hydrogen production. Due to the low yield and extreme air sensitivity of the proposed
hydrogenase, and hydrogenases in general, we pivoted to focus on electrocatalytic interfaces
with more easily manageable enzymes. We chose laccases, electrocatalytic enzymes that oxidize
phenolic compounds and are commercially available, air stable, and the electrochemical
properties of which have been studied extensively. Instead of the cloning, expression, and
maturation of a hydrogenase (objectives 3.1, 3.2 and 3.3), purified laccase from the fungus
Trametes versicolor was immobilized by physical adsorption (objective 3.4) or chemical cross-
linking (objective 3.5) onto films of conductive peptide fibers. Fibers without the laccase were
shown to dramatically increase the electroactive surface area of glassy carbon electrodes, a
definitive validation of their conductive properties and demonstration as reversible redox
scaffolds. With the immobilized laccase, these fibers accomplished direct electron transfer from
the enzyme in the presence of phenolic compounds, such as catechol. These studies, described in
detail in Chapter 6, showed that our peptide fibers could be used to electrocatalytically sense or
actuate chemical transformations (objective 3.5) in electrochemical cells. Moreover, this
electrocatalysis was accomplished with components made from proteinogenic amino acids,
suggesting that such biological circuits can be made autonomously from engineered organisms.
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CHAPTER 1:

Mechanism of Electronic Conductivity of Geobacter sulfurreducens
Appendages

1.1 SUMMARY

The bacterium Geobacter sulfurreducens is a model biological catalyst in microbial
electrochemical devices. G. sulfurreducens forms electrically conductive, electrode-associated
biofilms, but the biological structures mediating electrical conduction from cells to the electrodes
are a matter of debate. Bacteria in these communities produce a network of fiber-like Type IV
pili, which have been proposed to act either as inherent, protein-based electronic conductors, or
as electronically inert scaffolds for cytochromes mediating long-range charge transport. Previous
studies have examined pilus conduction mechanisms under vacuum and in dry conditions, but
their conduction mechanism under the physiologically relevant conditions has yet to be
characterized. In this work, we isolate G. sulfurreducens pili, and compare the electronic
conduction mechanism of both live biofilms and purified pili networks under dry and aqueous
conditions. Solid-state /- characteristics indicate that electronic transport in films of purified
pili is representative of conduction in a fiber percolation network. Electrochemical gating
measurements in a bipotentiostat device configuration confirm previous results suggesting redox
currents dominate live biofilm conduction. Purified pili films, however, exhibit non-redox
electronic conduction under aqueous, buffered conditions, and their conductivity increases with
decreasing temperature. These findings show that isolated pili possess inherent, non-redox-
mediated conductivity consistent with a metallic-like model of charge carrier transport. The
results demonstrate an experimental platform for studying electronic transport in biomaterials
and suggest that pili serve as an exemplary model for designing bioelectronic interfaces.

1.2 INTRODUCTION

Electronic charge transport in biological molecules, from DNA to photosynthetic enzymes,
typically follows a donor-bridge-acceptor model'. In this model, electrons either tunnel through
the molecule over nanometer distances or use thermally-activated hopping to traverse longer
distances, using active sites such as immobilized redox cofactors 3¢, The maximum length scales
for redox-mediated, biological electron transport have been expanded since the discovery of
electronic conduction over microns to centimeters in communities of anaerobic sediment
microbes 7%, One such bacterium, Geobacter sulfurreducens, has been extensively studied for its
production of Type IV pili, a class of filamentous protein appendages, required for long-range
electron transport in the environment. While nanowires produced by other sediment microbes,
such as Shewenella oneidensis, have demonstrated long-range conductivity via redox-activated
cytochrome hopping 19, pili purified from G. sulfurreducens exhibit temperature dependent
transport inconsistent with thermally-activated hopping !!, suggesting a novel paradigm for long-
range biological electronic transport.

Structural homology models suggest that the peptide monomer of pili, PilA, has aromatic
residues that cluster to from conduction conduits when assembled into the molecular wire 1271515,
Electronic conduction in pili occurs over several micrometers, a length-scale comparable to those
observed for thermally activated redox hopping in biological systems 5 but mechanistically
distinct. In contrast to the hopping mechanism, the individual pili !¢ and dry pili films ! exhibit a
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metallic-like temperature-dependence 3. Claims of metallic-like transport have been contested
for several reasons 7. Firstly, the crystal structure of the intact pilus has not been determined to
verify the aromatic clustering hypothesis. Rather, the conductive contribution of aromatics has
been suggested by deletion experiments, where the removal of aromatic residues from PilA lead
to a decrease in current production of electrode-associated communities 8. However, homology-
based structural models present conflicting results regarding the possibility and spacing of
aromatic residue overlap, and several studies imply that delocalized electron transport through
the aromatics is unlikely 12-15:19:15:20.21,

Secondly, although pili have been implicated in current production in G. sulfurreducens
biofilms thicker than 10 um 22, measurements of electronic transport through biofilm are
dominated by faradaic currents at the redox potentials of biofilm-associated cytochromes, as
opposed to the linear response expected metallic-like electronic transport models 2325, Lastly,
biofilms oxidize the electron donor acetate at a finite rate and grow to a thickness limited by the
rate of electron transfer between cytochromes, consistent with the idea that these redox active
proteins mediate charge transport 26, Regardless, the contributions of G. sulfurreducens
cytochromes, which localize along the pilus, have not been conclusively separated from pili
conductivity measurements 2’. Further insights into the conduction mechanism of extracted pili
in conditions resembling the environment of the live biofilm would provide several key
theoretical contributions in addition to potential design principles for technological applications.
If pili exhibit metallic-like conductivity, in which charge carriers behave as classical point
charges, they defy the standard donor-bridge-acceptor model and suggest the need for a better
understanding of long-range biological electron transport 13, As a biological material with
electronically conductive properties, these protein wires may function as useful bioelectronics
interface materials.

In this study, we isolate native G. sulfurreducens pili by salt precipitation of pili from
culture supernatants and cast pili films onto solid-state and electrochemical transport devices for
the characterization of their electronic properties. Solid-state measurements indicate that pili
mats are conducting percolation networks orders of magnitude more conductive than globular
protein, Pseudomonas aeruginosa pili films, and amyloid-p (AB) fiber film controls. Distinct
from previous measurements on G. sulfurreducens pili 1*, our electrochemical measurements
are performed in a bipotentiostat configuration with controlled, reference gating of the electrode
potentials 252%30, These measurements show that purified pili films exhibit conductivity
independent of electrochemical gating potential, and an inverse relationship between temperature
and conductivity in aqueous conditions, further supporting a metallic-like rather than
cytochrome-mediated charge transport mechanism.

1.3 RESULTS

1.3.1 Analytical characterization of purified G. sulfurreducens appendages:

Native pili from G. sulfurreducens cultures were isolated from supernatant using a modified
magnesium chloride precipitation protocol. Purified pili were then spin cast onto silicon wafers
for imaging or onto interdigitated electrodes for electronic characterization and subsequent
imaging. The atomic force microscope (AFM) image in Fig 14 shows the typical morphology of
intact pili fibers in the purified product. Height profile measurements from small area scans (Fig
1B) reveal that the fibers are approximately 4-6 nm in diameter, consistent with previous
findings 3! and existing homology models #3132 The globular debris may be aggregated
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pilins, cytochromes, or non-proteinaceous cell material that is not detected by the analytical
methods discussed below.

Nno treatment

16 nm

Intensity (AU)

C G<PilA
Tev Tew gsPilA iag
a . a or Stk -
s, 1< (D eses o
— Me = 6583 kDA
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1% OG - -+ -l g Mass (mvz)

Figure. 1. Imaging and molecular analysis of purified G. sulfurreducens pili. (4) Plan and (B) perspective view
AFM images of isolated pili. (C) SDS-PAGE gel of purified pili under different denaturation conditions. Red and
blue arrows indicate the migration height of gsPilA and the engineered pilin, GsPilA, respectively. GsPilA is
appended to a solubility and affinity tag until cleavage by TEV protease. (D) MALDI-TOF spectra of purified pili
under non-denaturing (no treatment, 1% OG) and denaturing (10% OG, diluted to 1% prior to MALDI analysis)
conditions. gsPilA appears at the expected m/z = 6.5 kDa for the singly charged species. Scale bar in (4) is 1 pm.

Polyacrylamide gel electrophoretic separation (SDS-PAGE) was used to identify the
major protein component of purified G. sulfurreducens pili preparations. G. sulfurreducens pili
are resistant to routine denaturing conditions, but they disassemble into their constituent pilin
protein building blocks after extended boiling in aqueous sodium-dodecyl sulfate (SDS) or
incubation in sufficiently high concentrations of octyl B-D glucopyranoside (OG) *3. The major
pilin component of G. sulfurreducens pili, PilA (gsPilA), migrates through the gel after pilus
denaturation. gsPilA runs higher on the gel relative to its expected 6.5 kDa molecular weight
(Fig 1C), possibly due to retention of its a-helical secondary structure in the low SDS
concentration running buffer. To help identify gsPilA in the pili extract from silver stained gels,
an engineered pilin standard (GsPilA) with the mature (secreted) gsPilA sequence and a Glys C-
terminal spacer was expressed, purified, and separated from its solubility and affinity tags at a
TEV protease cleavage site. gsPilA from purified pili aliquots subjected to different denaturing
conditions runs at a similar height to the engineered pilin after cleavage by TEV protease (Fig
1C). gsPilA bands migrate through the gels just below the GsPilA band, commensurate with the
added molecular weight of the Glys spacer in the engineered pilin.

The molecular weight of gsPilA in the intact pili was confirmed by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. Mass spectra of the pili
extracts were collected from samples without denaturation treatment (Fig 1D, Top), exposed to
1% OG (Fig 1D, Middle), and exposed to 10% OG diluted to 1% before casting on the MALDI
plate (Fig 1D, Bottom). gsPilA appears in the mass spectrum near the expected 6572 m/z '# of the
singly charged species only when the purified pili were denatured with 10% OG 3. The dilution
of the 10% OG denatured pili solutions to a final OG concentration of 1% was necessary to
prevent signal interference caused by the denaturant. Consistent with findings in our SDS-PAGE
gel analysis (Fig 1C), 1% OG alone is not enough to denature pili into gsPilA monomers (Fig
1D, Middle). The presence of gsPilA in OG denatured pili samples was confirmed by protein
sequencing via LC-MS/MS after a tryptic digest.

1.3.2 Solid-state I-V characterization of conductive G. sulfurreducens appendages:
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Pili films spun coat onto interdigitated electrode devices showed a resistance of 470 Q at an
applied bias of = 0.8 V, with linear current response throughout the applied voltage range. These
films were four orders of magnitude more conductive than an equivalent amount of the globular
protein bovine serum albumin (BSA), six orders of magnitude more conductive than cell-free
growth media (NBAF) processed in an identical manner to the pili, and seven orders of
magnitude more conductive than fibers of amyloid B (AB)-forming peptides ** (Fig 24). G.
sulfurreducens pili are five orders of magnitude more conductive than Type IV pili purified from
P. aeruginosa strain PAO1, which have previously been demonstrated to be non-conductive '%.
Pili in the device channel had diameters ranged from 4-6 nm, as determined by height profiles of
AFM micrographs, and an average length of 4.57 + 0.26 pum.

Pili film conduction was measured as a function of interdigitated electrode spacing (Fig.
2B). Identical films were spun coat onto devices with the inter-electrode spacing ranging from 5
to 35 um. The reduced channel dimension on the independent axis, L/w, is the electrode
separation normalized to the width of the channel. The upper and lower bounds for hypothetical
continuous film conduction are shown by the red and black traces in Fig 2B. The upper limit
(red) was obtained by extrapolating the conductivity of the most conductive measurement to the
normalized conductance across all L/w, assuming a continuous film conduction channel. The
lower limit (black) was determined in a similar manner, extrapolating the conductivity of the
least conductive measurement to all L/w, assuming a continuous film conduction channel. The
experimental data does not follow the conductivity trend of either the red or black curve. Rather,
it transitions between the upper and lower limits as the reduced channel dimensions increase.
The dashed black line represents a percolation network conduction model fit to the experimental
data, as described in the discussion below.

20 = GsPili

= BSA Control i
= PAO1 Pil o
10 = NBAF Media Control o
Amyloid p Fibers

07 0 07
V,,, (Voits)

0 07
V., (Volts)

10* = Data

s —— High Resistivity Model
X Low Resistivity Model
10°F Percolation Model

Reduced Channel Dimension (LW) (x107)
Figure. 2. Solid state electronic transport characterization of purified G sulfurreducens pili films. (4) I-V
characteristics of G. sulfurreducens pili films and controls. Inset shows the low current /-V characteristics of the
control films. P. aeruginosa (PAO1) pili, NBAF, and A fibers are overlapping near-baseline data in the main panel
and inset. (B) The conductance of pili films in solid state devices varies with reduced channel dimensions. The solid
lines model the behavior of the higher (red) and lower (black) limits for continuous film conduction, extrapolated
from the high and low conductance values of the pili film at the reduced channel dimension extremes.
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1.3.3 Electrochemical transport measurements of G. sulfurreducens conductive
appendages:

Electrochemical measurements were conducted with a bipotentiostat gated cyclic voltammetry
(CV) setup previously used to demonstrate redox-mediated charge transport in G. sulfurreducens
biofilms 2*%2°, The measurement setup sweeps the global (gate) potential of both source and
drain electrodes relative to the reference at a fixed potential offset between source and drain.
Using this setup, we analyzed the current response from a live G. sulfurreducens biofilm (Fig.
34) and three distinct conduction controls: a solution of the soluble redox couple potassium
ferro-/ferricyanide (Fig. 3B), a redox-active conducting polymer film of polyvinylferrocene
(PVF) (Fig. 3C), and an ohmic, band-like conducting polymer film of PEDOT:PSS (Fig. 3D).
The redox-active potassium ferricyanide and PVF film exhibit characteristic faradaic current
responses to swept gate potential, similar to those observed in the G. sulfurreducens biofilm,
where conduction across the device manifests as distinct reduction and oxidation peaks
dependent on the value of the swept gate potential. The band-like conductor, PEDOT:PSS,
however, shows a current response that is independent of the gate potential but whose magnitude
is dependent on the difference between source and drain electrode potentials, Vps, signifying at
non-redox-mediated conduction. Bipotentiostat measurements of purified G. sulfurreducens pili
films show a similarly featureless source-drain current, /ps, that is devoid of the redox peaks
associated with cytochrome-mediated charge transfer and is only dependent on Vps (Fig. 44).
These constant current features are observed in water at neutral pH and at pH 4.0, at which
cytochromes should be denatured 3°.
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Figure. 3. Electrochemical transfer characteristics of a live G. sulfurreducens biofilm and abiotic controls. The
source electrode potential is swept relative to the reference electrode at different Vps values according to the color
scale at the right. (4) Total source-drain current of a live G. sulfurreducens biofilm channel, at Vps =10 mV, shows
prominent redox peak as a function of gate voltage, Vs. (B) A solution redox mediator, Ks[Fe(CN)s], and (C) a solid
state, thin film redox conductor, PVF, exhibit similar faradaic current responses. (D) A solid state, thin film band
conductor, PEDOT:PSS, shows the current response of an ohmic conduction channel in the bipotentiostat devices.
Electrode spacing = 5 pm.
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The temperature dependence of pili film conductance was measured with the
bipotentiostat cell immersed in a temperature-controlled water bath. /ps was measured at a fixed
Vps of 60 mV. Throughout the temperature range measured (2 - 65° C), pili films in aqueous
conditions exhibit increasing conductance with decreasing temperature (Fig. 48). The Arrhenius
plot of temperature-dependent conductance exhibit two apparent linear regimes, both with
positive slopes, that cross over near room temperature.
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Figure. 4. Electronic transport in purified G. sulfurreducens pili in aqueous buffered conditions. (4)
Electrochemical transfer characteristics of pili film, at different Vbs values according to the color scale at the right,
in phosphate citrate buffer at pH 7.0. (B) Temperature-dependent conductance (G) of pili film at V'ps = 60 mV and
Vs =0 vs. Ag/AgCl in phosphate citrate buffer pH 7.0. Dashed red and blue lines indicate linear regimes in the
Arrhenius plot above and below room temperature (1000/T = 3.39 K!), respectively. Electrode spacing = 5 um.

1.4 DISCUSSION

Gel electrophoresis (Fig.1C) and mass spectrometry (Fig. 1D) confirm the presence of G.
sulfurreducens pili from the above preparation methods. Under strong denaturing conditions,
such as extended boiling in SDS or high concentrations of OG, pili are disassembled into gsPilA
monomers that run alongside a TEV protease-cleaved GsPilA control. Native gsPilA and GsPilA
bands run above the predicted 6.5 kDa MW, possibly due to their tight a-helical structure in the
running buffer, which can interfere with SDS binding 3¢ and increase the steric bulk of the
protein while migrating in the gel. If not treated with strong denaturants, pili remain intact at the
top of the gel lane, such as in previously reported preparative gels 3, and do not fly in MALDI-
TOF.

Electronic characterization of G. sulfurreducens pili was conducted on interdigitated
micro-electrode arrays, similar to those used to examine conductivity in polymer films 37 and,
more recently, in living G. sulfurreducens biofilms 2%, -V characteristics of dry films show that
pili films are at least four orders of magnitude more conductive than controls, suggesting that
conductivity is specific to the purified pili fibers. The two protein controls account for the
presence of arbitrary protein on the interdigitated electrodes and the aromaticity and secondary
structure of gsPilA: film conductivity of BSA, a well-characterized protein with mixed o helical
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and P sheet structure ¥, confirmed that a generalized protein deposited on the interdigitated
electrodes did not produce appreciable current; comparison with Af fiber suggests that the pili
possess unique sequence or structural features responsible for electronic conduction.

AP fibers have similar diameter and length scales to isolated pili** and contain aromatic
amino acid residues, which have been suggested to confer conductivity to the pili fibers 27113,
In AP fibers, these aromatics are essential for assembly and are located between adjacent sheets
at distances < 6.5 A 34!, These distances are comparable to those predicted for the aromatic
clusters in some G. sulfurreducens pilus homology models '>!%!°  Despite these structural
similarities, AP fibers and G. sulfurreducens pili are comprised of monomer units assembled in
distinctly different secondary structures: AB monomers are folded in B sheets **4°, whereas the
gsPilA monomer assembles into a tight a-helix 21415, The drastic difference in conductivity
between the two fibers may be due to the difference in secondary structure or relative positioning
of aromatic residues. Indeed, modeling and measurements of homopeptide monolayers suggest
that both aromatics residues and a-helical structure independently contribute to peptide
conductance 154247,

Purified pili film conductivity follows a percolation network model (Fig. 2B). In
percolating systems, conductance follows a power law dependence centered about a critical
threshold value @., which represents a progression of the network topology with increasing
component concentration to a point at which the system undergoes a sharp transition in
conductivity. This value is used to distinguish percolation transitions at critical volume fractions,
density fractions, concentrations, or mass fractions **-32 and the conductance of a network
composed of conductive elements varies as:

G o (@ =)t (1)

where ¢ is the critical exponent, having a theoretical value of 1.3 and 2 for two- and three-
dimensional random, resistive wire networks, respectively.

Pili film conductivity experiments were conducted with identical preparation conditions
on interdigitated electrodes of varying dimensions. As a result, the conductance of a given pili
film can be expressed in terms of an independent device variable, the reduced channel

dimension % The conductance of the films can thus be expressed as:
L_Lyn
Goe(z—7) e)

where % is the threshold reduced channel dimension and # is the percolation exponent, which is
c

not necessarily identical to 7, given that Equation (2) pertains to percolation onset due to network
geometry on the device as opposed onset at a particular size or volume of sample 3. The
electrode spacing serves as a proxy for the length scale of continuous pili network conduction for
fixed volumes and concentrations of sample. Fitting Equation (2) to the data (Fig. 2B), the

threshold reduced channel dimension is & =9.08 x 1073, corresponding to an electrode spacing
c

between 10-15 pum. The mean statistical length of individual pili obtained through our
purification was 4.57 um, suggesting that, on average, at least three pili are involved in the
formation of each conductive bridge between electrodes. From the above model, the percolation
exponent is n = 3.23. Although n deviates from theoretical values >3, it is consistent with
experimental values of n for networks of high aspect ratio elements, which range from 0.5 to 4.0
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33, Deviation from theoretical values is attributed to a distribution of junction resistances at
conductor-conductor interfaces within the network 347, which may be present in the random
networks of pili comprising the channel in our devices. The above percolation network
conduction modeling is agnostic of the mechanism (i.e. charge hopping or ohmic transport) of
electronic conduction through each pilus fiber. Instead, it describes a dependence of film
conduction on the density of junctions and fiber length.

To gain a better understanding of charge transport mechanisms in purified pili films,
interdigitated electrodes were modified for electrochemical gating in anaerobic, aqueous
electrolyte. A bipotentiostat was used to perform these measurements, as this setup can
distinguish between redox and non-redox charge transport mechanisms between the electrodes.
The source and drain electrodes are each swept with respect to a Ag/AgCl reference at a fixed
source-drain offset potential, Vps, is maintained. Background currents are sunk through a
common platinum wire counter electrode, allowing for simultaneous monitoring of
oxidation/reduction at each electrode, as well as current between the two electrodes. This
experimental setup was previously used to demonstrate redox-mediated conduction in live G.
sulfurreducens biofilms 2>22°_ and our measurement show a similar response. Except for a
faradaic current peak near the redox potential of the cytochromes, no significant current passes
between the source and drain electrodes (Fig. 34), suggesting that redox currents dominate long-
range electron transport in live G. sulfurreducens biofilms.

Measurements with soluble and solid-state redox mediators, potassium ferricyanide and
PVF, respectively, show that redox-mediated transport across the device channel exhibits the
expected faradaic current peaks (Fig. 3B & O). Ips is dependent on the gate potential, as current
is only observed at potentials associated with redox states of the mediator. The same
measurements were conducted for PEDOT:PSS films (Fig. 3D) over a gate potential range in
which the conducting polymer is not oxidized, as evidenced by a lack of color change °°. In
this range, the polymer exhibits ohmic or band-like conduction characteristic of a degenerately-
doped semiconductor 62, As opposed to the redox mediator controls, the PEDOT:PSS film
exhibits constant current in this range, independent of the gate potential but strongly dependent
on the Vps, characteristic of a non-redox current response.

Similar to PEDOT:PSS, isolated pili films exhibit a constant current with respect to gate
potential, with no apparent redox-mediated transport activity, and current through the channel is
determined by Vps. This current response is similar at neutral pH (Fig. 44) and at pH 4.0, at
which cytochromes denature due to protonation of the histidine ligand, thus interfering with
heme coordination *>%%, These findings provide further evidence that cytochromes, while
dominating the current response in living biofilm, do not contribute to charge transport through
films of purified pili, and that purified pili are inherently electronically conductive in buffered
aqueous solutions resembling physiologically-relevant conditions. Previous studies have used -
mercaptoethanol to control for a cytochrome contribution to electronic conduction, but the
mechanism of inactivation has been contested due to a lack of precedent 27. Nevertheless, these
electrochemical studies show that charge transport through purified G. sulfurreducens pili is
dominated by a non-redox mechanism, regardless of any residual cytochromes that may be
present in the pili sample.

Temperature-dependent conductance measurements provide further confirmation of an
inherent, non-redox-mediated transport mechanism in pili. In vacuum, conductance in pili
increases exponentially upon cooling to a point '!, a trend likened to quasi-one-dimensional
organic metals ®+¢7, The Arrhenius plot of conductance from purified pili films in our
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experiments shows two linear regimes, both with a shallow positive slope, in aqueous buffer and
physiologically relevant temperatures (Fig 8). Pili conductance increases monotonically with
decreasing temperature, a trend consistent with particle-like charge carrier transport in band-like
conductors. In such conductors, the Drude model suggests the cross-over between linear regimes
indicates distinct scattering rates above and below room temperature. Although the trend of
increased conductivity with decreasing temperature is characteristic of metals and metallic-like
materials %47, other effects may explain this temperature dependence in organic systems. True
band conduction in organic materials is typically observed only in molecular crystals .
Additionally, isolated pili exhibit a weak temperature dependence, with conductance changing
by 10% over a range of 70 K, which is distinct from the exponential temperature dependence
observed in isolated pili under vacuum and in metallic-like organic conductors 16465, Whether
the proximity and symmetry of residues responsible for electron transport in pili are adequate for
the creation of an electronic energy band is an open question that requires, among other things, a
G. sulfurreducens pilus crystal structure, to resolve. Instead, it is possible that temperature-
dependent conformational changes of the pili are responsible for the observed conduction trend
4269 Such fluctuations of molecular structure have been observed to facilitate flickering
resonance (transient degeneracy) among electronic states in biomolecules. Because thermal
disorder may diminish the probability of energetic state coupling, charge transfer rates are
predicted to decrease with increasing temperature’®’2. Although flickering resonance has not
been demonstrated over the micron length scales associated with electron transport along pili,
this mechanism may explain the weak temperature-dependence of pili and the ohmic transport
observed in /-7 measurements’!.

Nevertheless, the trend of increasing conductivity with decreasing temperature observed
in aqueous buffer confirms the lack of cytochrome involvement in long-range conduction
through isolated pili, as redox hopping is a thermally activated process !1:*. Based on these data,
we hypothesize that the inherent conductivity and temperature-dependent behavior observed in
purified pili films is due to a combination of aromatic amino acid content and the a-helical
nature of the gsPilA monomer, consistent with recent experimental and theoretical work. a-
Helical homopeptides support electron transport by increasing electronic coupling between the
outer-valence states in peptides 4%, possibly due to dipole alignment between peptides '>73.
Furthermore, this hypothesis is consistent with the seven orders of magnitude difference in
conductance of purified pili and the AP fiber mats, as well as recent tunneling conductance
measurements of individual pili in vacuum, which reveal no observable band gap between
conduction states of the pilus at room temperature *!'. These tunneling measurements quantify
radial charge transport through G. sulfurreducens pili into a conductive substrate in vacuum, as
opposed to our experiments which measure charge transport along the axial length of pili and
across neighboring pili junctions in the cast films between electrodes in aqueous solution, a
configuration that is more relevant to their functional role in living biofilms. Although both
adsorption on substrates and vacuum conditions may change the conformation of the pilus °,
these previous observations of activation-less transport at room temperature are corroborated by
our measurements of hydrated pili in aqueous buffer . If a hopping transport mechanism exists
along the protein backbone of our purified pili films, it is indistinguishable from band conduction
and does not exhibit an observable activation energy within the range of biologically-relevant
temperatures explored in the present study. In such a case, our results suggest hydrated pili
maintain a conformation in which thermal energy (at a minimum of about 24 meV at 0° C) is
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sufficient to overcome any putative activation energy required for hopping between isolated
states.

1.5 CONCLUSIONS

The data from electrochemically gated G. sulfurreducens biofilms corroborate previous findings
attributing long-range electron transport to multistep electron hopping between cytochromes.
However, identical gating of purified pili films show that pili exhibit an inherent conductivity
under conditions similar to those encountered by the source bacterium, and this conductivity is
independent of a putative redox hopping mechanism. Together, these results support the
hypothesis that pili play a crucial role in mediating conduction through biofilm, demonstrating
that although the signature of charge transport through the biofilm is distinct of cytochromes,
isolated pili, which are also present in the biofilm, are intrinsically conductive in an environment
resembling conditions encountered by the live biofilm . The intrinsic, non-redox-mediated
conduction of isolated G. sulfurreducens pili suggests a rethinking of models for long-range
electron transport in amino acid-based systems. Moreover, the electronic conductivity
characteristic of pili in hydrated environments may serve as biological inspiration for the study
of structure-property relationships in conductive biomaterials and the development of novel
bioelectronics interfaces.

1.6 MATERIALS AND METHODS

Strains and cell culture: All G. sulfurreducens cultures (PCA wild type, DSMZ strain 12127)
for pili purification were grown anaerobically at 25° C ° from shaken culture tubes in 1 liter
cultures of sterilized and degassed NBAF medium *: 0.04 g/L calcium chloride dihydrate, 0.1
g/L magnesium sulfate heptahydrate, 1.8 g/L sodium bicarbonate, 0.5 g/L sodium carbonate,
0.42 g/L potassium phosphate monobasic, 0.22 g/L potassium phosphate dibasic, 0.2 g/L
ammonium chloride, 0.38 g/L potassium chloride, 0.36 g/L sodium chloride, vitamins and
minerals as listed in ref. 7°, and 20mM acetate as the electron donor and 40 mM fumerate as the
electron acceptor. Resazurin was omitted and 1mM cysteine was added as an electron scavenger.
All chemicals obtained from Fisher Scientific unless otherwise noted.

Purification of G. sulfurreducens appendages: After reaching stationary phase, G.
sulfurreducens cells were pelleted from cultures by centrifugation at 5000 g for 20 min at 4° C.
G. sulfurreducens pili were purified from this initial supernatant using a 1:10 ratio of 1.1 M
aqueous MgCl to supernatant. Supernatants were precipitated overnight at 4° C and centrifuged
at 50,000 g for 1 h at 4° C to obtain pili. Pili pellets were resuspended with ultrapure water
passaged through 0.2 pm filters and additional contaminants were removed with 30-50kDa
dialysis tubing. After three 1 L exchanges of ultrapure water, the dialyzed sample was collected
for use and stored at 4° C. Cytochrome-containing proteins precipitated during storage and pili
were collected from the clear supernatant. Purified G. sulfurreducens pili were characterized by
SDS-PAGE, peptide mass spectrometry, and MALDI-TOF as described in the Supporting
Information.

Measurement of electronic conductance of bacterial appendages: Pili and control films were
spun coat onto interdigitated electrode devices in 10puL intervals to obtain a total mass of 115 ug
protein per device. For solid state measurements, films were measured (Keithley Model 2612B)
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under ambient conditions at room temperature, with voltage swept between -0.8 and 0.8 V. Data
in Fig. 2B are averages of n = 3 conductance values from independent /-J measurements.

For electrical transfer characteristics experiments, all measurements were conducted in
0.1 M phosphate-citrate buffer, with the pH varied by changing the relative amounts of sodium
phosphate dibasic and sodium citrate, except the Ks[Fe(CN)s] control and live biofilms.
Ki3[Fe(CN)s] transfer characteristic data were collected using 20 mM K;3[Fe(CN)g] in 0.1 M KCI.
Biofilm experiments were conducted in growth media under turnover conditions. Electrolyte
solutions were degassed and electrochemical cells were assembled in an anaerobic chamber.
Electrochemical cells were 100 mL sealed glass containers with wire connections mediated
through rubber septa. Two Gamry potentiostats (series PCI4/300), linked through a bipotentiostat
cable, were used to conduct cyclic voltammetry sweeps where the source and drain serve as two
working electrodes. Both were referenced to the same Ag/AgCl reference electrode and shared a
platinum wire counter electrode. The source electrode was swept for two cycles from 0.4 to 0.8
V with respect to the Ag/AgCl reference electrode, and the drain was swept over the same range
at a fixed Vps relative to the source. After subtracting any background catalytic current present at
Vps = 0, the difference currents between the source and the drain were plotted as the conducting
current lcon. Voltages were scanned at a rate of 10 mV/s.

For temperature-dependent studies, the electrochemical cells were placed in a stirred
water bath, and the temperature was regulated using a hot plate with a thermocouple fixed in the
water bath. Cooling was achieved by adding ice to the water bath. Bipotentiostat
chronoamperometry measurements were performed temperature equilibration for several
minutes. Currents from the source and drain were independently monitored while the drain was
held at Vps = 60 mV offset from the source. The steady-state currents at the source and drain
were averaged over 1 min acquisition. The total current was taken to be half the difference
between the source and drain currents, which were symmetric but with opposite polarity.?’
Measurements were performed with 0.1 M phosphate citrate buffer at pH 7.0 as the supporting
electrolyte.
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CHAPTER 2:

Cryo-Electron Microscopy Structure of Conductive Geobacter sulfurreducens
Filaments

2.1 SUMMARY

Long-range (> 10 pm) transport of electrons along networks of Geobacter sulfurreducens protein
filaments, known as microbial nanowires, has been invoked to explain a wide range of globally-
important redox phenomena. These nanowires were previously thought to be type IV pili
composed of PilA protein, including in our work in the preceding chapter. Here we report a 3.7
A resolution cryo-electron microscopy structure which surprisingly reveals that, rather than PilA,
G. sulfurreducens nanowires are assembled by micrometer-long polymerization of the hexaheme
cytochrome OmcS, with hemes packed within ~3.5-6 A of each other. The inter-subunit
interfaces show unique structural elements such as inter-subunit parallel-stacked hemes and axial
coordination of heme by histidines from neighbouring subunits. Wild-type OmcS filaments show
100-fold greater conductivity than other filaments from an AomcS strain, highlighting the
importance of OmcS to conductivity in such structures. This structure explains the remarkable
capacity of soil bacteria to transport electrons to remote electron acceptors for respiration and
energy sharing.

2.2 INTRODUCTION
Conductive filamentous appendages of common soil bacteria Geobacter (Reguera et al., 2005),
referred to as microbial nanowires, play a critical role in long-range extracellular electron
transfer for respiration (Malvankar et al., 2011) and interspecies electron exchange (Summers et
al., 2010). These nanowires have been invoked to explain a wide range of globally-important
redox phenomena that influence carbon and mineral cycling in soils and sediments,
bioremediation, corrosion, and anaerobic conversion of organic wastes to methane or electricity
(Malvankar and Lovley, 2014; Malvankar et al., 2011). However, these filament’s composition,
structure and underlying conduction mechanism have remained uncertain because the filaments
are difficult to solubilize for studies using traditional biochemical methods and X-ray
crystallography. Geobacter sulfurreducens serves as a model organism for the broader
phenomenon of extracellular electron transfer because it produces these conductive filaments
(Tan et al., 2017), has a fully sequenced genome and well-developed genetic system (Reguera et
al., 2005). In contrast to other electron-transferring bacteria (Marsili et al., 2008), G.
sulfurreducens does not use diffusing shuttle molecules but requires direct contact with an
electron acceptor via conductive filaments for long-range extracellular electron transfer (Reguera
et al., 2005).

G. sulfurreducens outer-surface c-type cytochromes, including the hexaheme cytochrome
OmcS (Qian et al., 2011), are known to play a critical role in bacterial growth on insoluble
electron acceptors, including Fe (III) oxide and electrodes (Holmes et al., 2006; Mehta et al.,
2005). Nonetheless, previous studies proposed conductive Geobacter filaments were type IV pili
composed of PilA protein for a number of reasons: 1) electron-transferring cells showed high
levels of messenger RNA for PilA (Childers et al., 2002); ii) the amino acid sequence of G.
sulfurreducens PilA is similar to the N-terminal sequence of PilA from other type IV pili-
producing bacteria (Reguera et al., 2005); iii) genomic organization of G. sulfurreducens pilus
biosynthesis genes was also similar to other type IV pili-producing bacteria (Reguera et al.,
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2005); iv) a pil4 deletion mutant strain lacked filaments and could not transfer electrons
extracellularly (Reguera et al., 2005); v) point mutations in pil4 caused cells to produce
filaments with different conductivities than wild-type (WT) filaments (Adhikari et al., 2016; Tan
et al., 2016a; Tan et al., 2017; Vargas et al., 2013). Because of these extensive literature data,
previous studies, presumed that conductive filaments were type IV PilA pili. Despite these data,
there has never been any direct evidence that conductive Geobacter extracellular filaments are
composed of PilA. Instead, the filament composition was inferred from indirect evidence,
including the presence of PilA in biochemical analyses (Tan et al., 2016b) or from low-resolution
imaging by atomic force microscopy (AFM) and negative-staining transmission electron
microscopy that suggested filament dimensions similar to type IV pili (Reguera et al., 2005).

On the other hand, alternative functional roles have been suggested for PilA (Reguera et
al., 2007). PilA is associated with the secretion of OmcS to the outer surface (Liu et al., 2018;
Richter et al., 2012), and overexpression of PilA is accompanied by overproduction of OmcS and
extracellular filaments (Leang et al., 2013; Summers et al., 2010). Here, we show that the
conductive extracellular appendages of wild-type G. sulfurreducens strain are primarily OmcS
filaments. These appendages are polymerized filaments of OmcS with unique structural features
that also provide a new basis for understanding long-range electronic transport in proteins. Gel
electrophoresis, mass spectrometry, AFM, and conductivity measurements show that these
nanowires are the same filaments that were previously thought to be type IV pili. Data from
these studies are consistent with the previous studies, and our results establish a new class of
bacterial nanowires based on cytochrome polymerization.

2.3 RESULTS AND DISCUSSION
The following results reconcile previous observations by directly identifying the composition
and structure of conductive filaments using cryo-electron microscopy (Cryo-EM). We grew WT
cultures using anodes of microbial fuel cells as the sole electron acceptors (O'Brien and
Malvankar, 2017). These growth conditions promote production of conductive biofilms and
filaments as well as overexpression of PilA in comparison with growth on soluble electron
acceptors such as fumarate. (Malvankar et al., 2011). Consistent with previous studies (Tan et al.,
2016b), we confirmed the presence of both PilA and OmcS with expected molecular weights of
~ 6.5 kDa and ~ 45 kDa respectively in our filament preparations using polyacrylamide gel
electrophoresis (SDS-PAGE), peptide mass spectrometry and western immunoblotting.
Cryo-EM images of filaments purified from the WT strain showed a sinusoidal
morphology with a period of ~ 200 A (Fig. 1A). Averaged power spectra from multiple filaments
show a meridional layer line at ~ 1/(47 A), establishing that there are ~ 4.3 subunits per turn of a
~200 A pitch 1-start helix (Fig. 1B). Using the iterative helical real space reconstruction
(IHRSR) approach (Egelman, 2000a), we were able to reach a resolution where the handedness
of a-helices was clearly visible. The 1-start filament helix was left-handed, with a rise per
subunit of 46.7 A and a rotation of -83.1° (Fig. 1B), which was substantially different than type
IV pili that typically show a rise of ~ 10 A and a right-handed helix (Wang et al., 2017). The
tracing of a C, backbone of the protein subunit at this resolution revealed that the asymmetric
unit contained at least 380 residues, which contrasts with the 61 residues present in PilA
(Reardon and Mueller, 2013; Reguera et al., 2005). Further, there was no apparent internal
symmetry that would arise in the asymmetric unit if it contained multiple copies of identical
chains. The NMR structure of PilA (Reardon and Mueller, 2013) also failed to fit into the
observed EM density map.
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Figure 1. Structure of microbial nanowires reveals closely-stacked hemes in an OmcS filament. (A) Cryo-
EM image of the purified wild-type electrically-conductive filaments showing a sinusoidal undulation with a
pitch of ~ 200 A. Scale bar, 200 A. (B) The surface of the reconstruction (transparent gray) with superimposed
ribbon models of the OmcS subunits with three subunits in the center in three different colors. (C) Each subunit
contains six hemes closely stacked over the micrometer-lengths of the filaments. (D) A zoomed region of the
box shown in (C) with the minimum observed edge-to-edge distances indicated between hemes numbered in
circles. The distance between two hemes in adjacent subunits (heme | and heme 6') is comparable to the
distances between parallel stacked hemes within a subunit (heme 2:heme 3 and heme 4:heme 5).

Surprisingly, we found that there were six hemes per asymmetric unit, with the highest
densities in the volume at the centres of these hemes, suggesting the presence of metal atoms.
Given that the protein contains at least 380 residues and would therefore have a likely molecular
weight between 40-50 kDa, we used SDS-PAGE and cut out the strongest band in the gel, which
was at ~ 45 kDa and analysed this band by mass spectrometry. Five proteins were identified, four
of which had heme-binding motifs (CXXCH) and had masses between 45 and 49 kDa. Three of
these proteins (OmcS, OmcT and GSU2501) had a very similar pattern of heme-binding motifs
that approximately matched the initial C, trace (Fig. 2B), and their sequences could be easily
aligned (Fig. 2A). These three proteins had between 45-63% sequence identity with each other.
Another protein found in mass spectrometry, OmcZ (Inoue et al., 2010), contained ~ 30
additional residues compared to the other three, and thus its sequence could not be aligned to the
others, and furthermore the pattern of eight heme-binding motifs in OmcZ did not match that
found in the map. The remaining protein OmpJ contains no heme (Afkar et al., 2005). Of the
three possible candidates, only the OmcS sequence could be threaded through the map without
any conflicts (Figure 2C,D). There are nine regions of OmcT, GSU2501, or both which
prevented their sequences from being fitted into the map (Fig. 2A highlighted in blue). In
addition, the pattern of bulky amino acids established clearly that only the OmcS sequence was
consistent with the map. For example, the elongated density from Arginine (R) 256 is clearly
seen in the map (Fig. 2D). But in the sequences of OmcT and GSU2501, this residue would be a
valine (Fig. 2A, highlighted in purple) and could not explain the map density. These studies
show that the only cytochrome found by mass spectrometry in our filament preparations that is
consistent with the cryo-EM map is OmcS.
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Figure 2. De novo atomic model building of OmcS filaments. (A) Sequence-based alignment of OmcS
and two other c-type cytochromes with similar molecular weight detected by mass spectroscopy. The six
conserved CXXCH motifs responsible for heme binding are highlighted in red. The histidine residues
paired with the CXXCH motifs in heme binding are highlighted in yellow. Regions with insertions or
deletions compared to the OmcS sequence are highlighted in blue. (B) The per-residue real space
correlation coefficient (RSCC) plot of the atomic model against the 3.7 A cryo-EM map (top), with protein
and ligand displayed separately. The protein Cq trace in blue with ligands (bottom), with N- and C-termini
labeled. (C) and (D) Zoomed view of the regions indicated in (A) by green and black arrowheads,
respectively, with the OmcS atomic model fit into the cryo-EM map. The green arrowhead in (C) indicates
the location where the two other cytochromes (OmcT, GSU2501) show a three-residue insertion, not
compatible with the map. The black arrowhead in (D) indicates a region where OmcT has a two-residue
deletion, and GSU2501 has a serine and glycine rather than the tyrosine and proline found in OmcS. The
map has extra density that could not be explained by a two-residue deletion or serine and glycine.

We built an ab initio atomic model of OmcS, which was then used to refine a filament
model. We directly estimated its resolution using a map:model comparison (Neumann et al.,
2018; Subramaniam et al., 2016) which yielded an estimate of 3.7 A. Strikingly, the “gold
standard” measure of resolution employed by Relion (Scheres, 2012), which is based upon
reproducibility, yielded an estimate of 3.2 A. Comparing the Relion map (filtered to 3.2 A) and
our map generated in Spider (filtered to 3.6 A) showed no significant differences, suggesting that
the Relion estimate of resolution is overly optimistic. Overall, the fit of the model to the map, the
good density for many sidechains, and the refinement statistics (Table 1) all validate our model
of the OmcS filament.

25
DISTRIBUTION A: Distribution approved for public release



Table 1: Refinement statistics for the OmcS model
OmcS model

Helical symmetry

Rise (A) 46.7
Rotation (°) -83.1
Resolution (A) 3.7
Model to map CC 0.82
Clash score, all atoms 12.8

Protein geometry

Ramachandran favored (%) 88.2
Ramachandran outliers (%) 0.4
Rotamer outliers (%) 0.0
CP deviations > 0.25 A 0
RMS deviations
Bond (A) 0.01
Angles (°) 1.36
PDB ID 6EF8
EMDB ID EMD-9046

While it has been known for more than half a century that cytochromes can polymerize in
ethanolic solutions (Margoliash and Lustgarten, 1962) and structures have been determined for
aggregates up to tetramers (Hirota et al., 2010), natural polymerization of the type we observe
here has not been previously described to our knowledge. Stacking arrangements of aromatic
rings generally prefer parallel (offset face-to-face) or perpendicular (T-shaped) conformations
(Janiak, 2000). The parallel stacking yields the highest electronic coupling, which maximizes
electron transfer (Jiang et al., 2017), whereas the T-shape enhances structural stability (Janiak,
2000). Hemes in the OmcS nanowires form parallel-stacked pairs, with each pair perpendicular
to the next, forming a continuous chain over the entire length of the filament (Fig. 1D). The
minimum edge-to-edge distances between the parallel hemes is 3.4 to 4.1 A, and 5.4 t0 6.1 A
between the perpendicular stacked pairs. For all hemes in OmcS nanowires, two histidines
axially coordinate iron at the centre of each heme and the vinyl groups of each heme form
covalent thioether bonds with cysteines (Fig. 3). The bis-histidine axial ligation of the heme iron
atoms are consistent with the coordination found in other c-type cytochromes (Clarke et al.,
2011), and the cysteine linkages are consistent with the c-type hemes reported to occupy six
heme-binding motifs of OmcS (Qian et al., 2011).

Our OmcS model filament has a low percentage of a- and 310-helices (~ 13%) as well as
B-strands (~ 6%), leaving ~ 81% of the model as turns and coil - consistent with previous
secondary structure studies of OmcS monomers (Qian et al., 2011). We compared the OmcS
protomer within the filament with a group of three crystallographic structures of other multi-
heme c-type cytochromes (PDB IDs: 1ofw, 3ucp, and 30v0). These structures showed 45, 49,
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and 60% turns and coils, respectively, with uniformly hydrophobic cores surrounding the hemes
and heme-binding residues. Cores in our model of OmcS also included buried charges (Arginine
at locations 333, 344 and 375) that lack proximal compensating charges, as well as buried
sidechain hydroxyls (Tyrosine at locations 186, 231, 385). In addition, our model of OmcS has a
salt bridge between protein chains, Aspartate 407 to Arginine 151, which, along with cysteines in
heme binding motifs, are highly conserved amino acids in OmcS (Ashkenazy et al., 2016). The
lack of structural homology seen with these other c-type cytochromes is consistent with the
observation that there is no conserved fold for this family of proteins (Bertini et al., 2006).

The model shows that each OmcS subunit contacts only one subunit on either side, so
that all connectivity in the filament is along the left-handed 1-start helix (Fig. 1B). The interface
between adjacent subunits is extensive, with ~ 2,600 A? of surface area buried per subunit (Fig.
3A). In addition to the buried surface area, interactions between adjacent subunits incorporate
additional stabilizing elements unique to the filament structure. Histidine 16 of one subunit
coordinates the iron in heme 5 of an adjacent subunit (Fig. 3B). Furthermore, heme pairs at the
interface are parallel rather than T-shaped with ~ 4 A edge-to-edge distance (Figures 1D, 3B,C).
This parallel stacking and inter-subunit coordination of heme may contribute substantially to the
stability of the protein-protein interface. In addition, the presence of parallel-stacked hemes at
the interface suggests facile transport of electrons between monomers.

c

‘r-y‘ cam .x
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Figure 3. Subunit interface interactions within OmcS filament. (A) The large interface in the filament (~
2,600 A2 per subunit) is due to the complementarity between the top of one subunit (green) and the bottom of an
adjacent subunit (red). Residues in one subunit strongly interact via hemes shown in the dashed circle and
rectangle (orange) and corresponding zoomed images in B and C respectively. (B) Histidine 16 of the bottom
subunit is coordinating the iron atom in heme 5’ of the top subunit. The cryo-EM densities corresponding to
Histidine 16, Histidine 332, and heme 5’ are shown in a mesh. (C) The stacking of heme 6' from a top subunit

There is no precedent for such seamless micrometer-long polymerization of hundreds of
cytochromes to our knowledge. Based on previous studies that have shown that cytochromes
could form tetramers, the OmcS polymerization could be due to successive domain swapping,
where the c-terminal helix can be displaced from its original position in the monomer and
histidine-heme coordination can be perturbed significantly (Hirota et al., 2010). We have
determined the structure for the OmcS protomer within the filament, but the structure of isolated
OmcS monomer is needed to provide insight into this surprising polymerization process.
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The atomic structure was solved with filaments from conductive biofilms of electrode-
grown cells that require long-distance electron transport. However, fumarate-grown cells can
also produce conductive filaments (Ing et al., 2017; Leang et al., 2013; Leang et al., 2010;
Malvankar et al., 2011; Reguera et al., 2005). Filaments purified with fumarate-grown cells
showed similar structure to filaments purified from electrode-grown cells. Moreover, previously
published images of intact G. sulfurreducens filaments attached to cells (Leang et al., 2013)
showed structural features similar to purified filaments such as an identical helical rise of 47 A.
These results showed that purified OmcS filaments are similar in dimensions and structure to
cell-attached filaments that were previously thought to be type IV pili (Leang et al., 2013).
Importantly, these studies also indicate that the formation of OmcS filaments is a natural process
and not due to artificial preparation or pH conditions that can cause cytochrome ¢ to form
filamentous structures under extremely denaturing conditions (Haldar et al., 2014).

The cryo-EM images showed another filamentous structure that was thinner than the
OmcS filament. The averaged power spectrum of these filaments showed similar layer lines to
the OmcS filament, but with a slightly different axial rise of ~ 57 A and rotation of ~ 160
degrees, suggesting that it is also not a type IV pilus and could potentially be another cytochrome
filament. Due to much lower abundance of this filament, it was not possible to build an atomic
model or to determine its composition. No filaments with power spectra consistent with type IV
pili were observed in purified filaments preparations or in previously published images of intact,
cell-attached filaments (Leang et al., 2013).

To evaluate the contribution of OmcS to the conductivity of these filaments, the DC
conductivity of individual OmcS filaments of WT strain were compared with sparse filaments
produced by a AomcS strain. G. sulfurreducens forms a variety of filaments in response to
genetic mutations (Klimes et al., 2010). Therefore, it is not surprising that the AomcS strain also
forms filaments that were previously thought to be conductive type IV pili (Leang et al., 2010).
Atomic force microscopy (AFM; Fig. 4A-E) revealed distinct structural features for WT G.
sulfurreducens filaments versus the type IV pili of other species (Wang et al., 2017) and
filaments from the AomcS strain (Leang et al., 2010). In contrast to the linear and smooth-
surfaced structure of AomcS filaments, WT filaments exhibited an axial height periodicity with a
20-nm pitch (Fig. 4E), consistent with the helical pitch determined by cryo-EM (Fig. 1B).
Filaments of the AomcS strain showed no apparent axial periodicity under AFM. Moreover,
AomcS filament thickness (~1.7 nm height measured by AFM) was half that of WT filaments (~
4 nm) (Fig. 4D,E). This substantial thickness difference and distinct axial periodicity observed
for OmcsS filaments was used to confirm that filaments studied for electrical measurements are
the same OmcS nanowires characterized by cryo-EM.

AFM was further used to locate an individual OmcS filament bridging two gold
electrodes (Fig. 4F, inset). Our DC conductivity measurements of individual OmcS filaments
fully hydrated in buffer yielded values comparable to previous measurements of WT filaments
(Adhikari et al., 2016), further suggesting that OmcS filaments are identical to the WT nanowires
analysed in previous studies as Type IV pili. DC conductivity measurements of individual
AomcS filaments showed a very low conductivity that was more than 100-fold lower than OmcS
filaments (Fig. 4F,G). Our conductivity measurements thus show that OmcS is required for high
conductivity of these ~4 nm-thick filaments.

Our finding that G. sulfurreducens nanowires are OmcS filaments is consistent with
previous physiological studies. These studies highlight the importance of OmcS in extracellular
electron transfer (Holmes et al., 2006; Leang et al., 2013; Leang et al., 2010; Mehta et al., 2005;
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Summers et al., 2010). OmcS is one of the most abundant cytochromes found in the proteome for
electricity-producing G. sulfurreducens and is required only during extracellular electron transfer
to insoluble electron acceptors such as Fe (III) oxide (Holmes et al., 2006; Mehta et al., 2005). It
is also critical for direct interspecies electron transfer between syntrophic Geobacter co-cultures
as evolved co-culture overexpressed OmcS, and deletion of the omcS gene inhibited bacterial
ability to exchange electrons (Summers et al., 2010).
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Figure. 4. Electrical measurements show that OmcS is required for filament conductivity. AFM height
image of filaments from (A) WT strain (B) AomcS strain and (C) zoomed image of region shown in B. Inset in
A is the phase image overlaid on height image that shows the repeating pattern. Scale bars: A, C, 20 nm; B, 100
nm. (D) The height profile for filaments of WT and AomcsS strains using lateral cross section (dashed lines) in A
and C. (E) Longitudinal height profile (solid lines in (A) and (C) for filaments of WT and AomcS strain. (F)
Current-voltage profile for individual filaments of WT and AomcS strain compared to buffer alone. Inset: AFM
images for filaments by AomcS strain across gold electrodes. Scale bar, 500 nm. (G) Comparison of DC
conductivity (left) and carrier density (right) for filaments of WT and AomcS strains. Error bars represent S.E.M
of three biological replicates.

OmcS also plays a critical role in long-range electron transport to electrodes in current-
producing biofilms. Both microarray and quantitative reverse transcription polymerase chain
reaction (QRT-PCR) analysis have demonstrated that cells show higher transcript levels for
OmcS than for any other protein during the early stages of growth on electrodes (Holmes et al.,
2006). Furthermore, immunogold localization has shown that OmcS is distributed throughout
conductive G. sulfurreducens biofilms (Leang et al., 2013) and that deletion of the omcS gene
inhibits electricity production (Holmes et al., 2006). However, the role of OmcS in conductivity
was overlooked because AomcS biofilms were conductive and produced high current densities
(Malvankar et al., 2011). These results might be due to a reciprocal relationship (Park and Kim,
2011) between the expression of OmcS and that of OmcZ, a cytochrome essential for current
production (Nevin et al., 2009). The AomcS biofilms may compensate for the loss of OmcS by
increasing the production of OmcZ.
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Using immunogold localization, previous studies found that OmcS is associated with
filaments (Leang et al., 2013; Leang et al., 2010; Summers et al., 2010). AFM images of
filaments (Malvankar et al., 2012) as well as these antibody-labelling results (Leang et al., 2013;
Leang et al., 2010; Summers et al., 2010) were interpreted as showing isolated OmcS monomers
binding to the surfaces of the PilA filaments rather than showing antibodies directly binding to
OmcS filaments. In light of the result presented here, a reinterpretation of these previous studies
suggests that the antibodies may have been directly binding to the subunits of the OmcS
filaments.

While no evidence of PilA was found in the structure of any of the purified filaments,
non-filamentous PilA was present in our samples in lower abundance compared to OmcS,
consistent with prior studies (Tan et al., 2016b). Multiple studies have shown that PilA is
required for secretion of OmcS to the extracellular environment, as pi/4 deletion eliminated the
presence of OmcS in outer-surface preparations (Liu et al., 2018; Richter et al., 2012).
Overexpression of PilA is often accompanied by overproduction of OmcS and filaments (Leang
et al., 2013; Summers et al., 2010), further suggesting that PilA is involved in secretion of OmcS
filaments and explaining previous correlations found between PilA and biofilm conductivity
(Malvankar et al., 2011). The requirement of PilA for the synthesis of OmcS filaments thus also
explains the inability of ApilA4 cells to grow on insoluble electron acceptors such as Fe (I1I)
oxides (Reguera et al., 2005) and electrodes (Reguera et al., 2006). A number of other bacteria
have also been shown to require non-filamentous type IV pilins for the secretion of extracellular
proteins (Hager et al., 2006). One possibility is that PilA is a pseudopilin as a part of a Type 2
Secretion System (T2SS) (Nivaskumar and Francetic, 2014), and OmcS is exported by this
T2SS. Previous studies have shown that T2SS pseudopili could be secreted outside the cell
(Nivaskumar and Francetic, 2014; Vignon et al., 2003). Similar mechanism could explain the
presence of non-filamentous PilA in our filament preparations.

This potential ability of PilA to regulate the secretion and assembly of the OmcS
nanowire as well as that of other multi-heme cytochromes (Liu et al., 2018; Richter et al., 2012)
could explain how point mutations in pil4 caused cells to produce filaments with different
conductivities than wild-type (WT) filaments. Filaments produced by cells with point mutations
in pil4 showed very different morphology than WT filaments (Tan et al., 2016a). For example,
substitution of two residues in PilA with tryptophan yielded mutant cells with filaments which
surprisingly had half the diameter of WT filaments (Tan et al., 2016a). Based on our finding that
conductive filaments are composed of cytochromes, this very large structural change in the
filaments of mutant strains suggests that the observed change in conductivity may be due to
filaments of different cytochromes or of different conformations of OmcS. Further structural
studies on the filaments produced by these pil4 mutants are needed to fully reconcile these
studies with our finding of OmcS filaments functioning as nanowires.

2.4 CONCLUSIONS

Our findings show that conductive G. sulfurreducens filaments are polymerized chains of OmcS.
The filament structure has hemes closely stacked along the micrometer-length of the filament,
establishing the molecular basis for electronic conductivity in these nanowires. Functional
characterization of conductivity in individual filaments shows that OmcS is required for the
filament conductivity. This structure is surprising from a structural biology perspective and
stands in contrast to the prevailing model in the field that conductive G. sulfurreducens
appendages are type IV pili. The lack of type IV pili structures in these samples, from filament
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preparations in two different labs and by two different cell growth and filament purification
methods, call into question whether G. sulfurreducens makes type IV pili, let alone whether they
are involved in conductivity. Nevertheless, the structure presented here provides a basis for re-
evaluating previous work in the field and new insights into conductivity supramolecular protein
nanowires. The advances in understanding of the structural basis for conductivity in microbial
nanowires presented here can provide design principles for development of future bioelectronic
interfaces between living cells and devices.

2.5 MATERIALS AND METHODS

Bacterial strains and growth conditions: The Geobacter sulfurreducens wild-type (WT) strain
DL1 (ATCC 51573, DSMZ 12127) (Coppi et al., 2001) and the omcS deletion mutant strain
(Mehta et al., 2005) (designated AomcS) were obtained from our laboratory culture collection.
The cultures were maintained at 30 °C or at 25 °C under strictly anaerobic conditions in growth
medium supplemented with acetate (10 mM) as the electron donor and fumarate (40 mM) as the
electron acceptor in sterilized and degassed NBAF medium (O'Brien and Malvankar, 2017). 1L
NBAF medium contained the following: 0.04 g/L calcium chloride dihydrate, 0.1 g /L,
magnesium sulfate heptahydrate, 1.8 g/L sodium bicarbonate, 0.5 g/L sodium carbonate, 0.42
g/L potassium phosphate monobasic, 0.22 g/L potassium phosphate dibasic, 0.2 g/L. ammonium
chloride, 0.38 g/L potassium chloride, 0.36 g/L. sodium chloride, vitamins and minerals as listed
in (O'Brien and Malvankar, 2017). Resazurin was omitted and 1 mM cysteine was added as an
electron scavenger. All chemicals obtained from Fisher Scientific unless otherwise noted. For
filament samples used to build the atomic model, the wild-type strain was grown on electrodes
under electron acceptor-limiting conditions that induce filament expression (O'Brien and
Malvankar, 2017) (Fig. 1A).

G. sulfurreducens filament preparation and biochemical characterization: Filaments were
separated from bacteria and extracted via centrifugation (Tan et al., 2016a) and maintained in
150 mM ethanolamine buffer at pH 10.5 in a manner similar to structural studies on bacterial
filaments (Wang et al., 2017). Cells were gently scraped from the surface using a plastic spatula
and isotonic wash buffer (20.02 x 1073 M morpholinepropanesulfonic acid, 4.35 x 107> M NaH»
PO; ‘H20, 1.34 x10 3 M KCl, 85.56 x1072> M NaCl, 1.22 x 1073 M MgSO4 - 7H,0, and 0.07 x
103 M CaCl, -2H>0), then collected by centrifugation and re-suspended in 150 x 1073 M
ethanolamine (pH 10.5). Filaments were mechanically sheared from the cell surface using a
Waring Commercial Blender (Cat. No. 7011S) at low speed for 1 min, and then cells were
removed by centrifugation at 13,000 g before collecting filaments with an overnight 10%
ammonium sulfate precipitation and subsequent centrifugation at 13,000 g. Collected filaments
were re-suspended in ethanolamine buffer then cleaned by centrifugation at 23,000 g to remove
debris and a second 10% ammonium sulfate precipitation with centrifugation

at 13,000 g (Tan et al., 2016a). The final filament preparation was re-suspended in 200 pl
ethanolamine buffer. Filament preparations were further passed through 0.2 um filters to remove
any residual cells and stored at 4 °C. Cell-free filament preparations were imaged first with
transmission electron microscopy to ensure sample quality (Fig. 1A). Dilute 5 pl solutions
containing filaments were placed on gold electrodes to achieve individual filaments across two
gold electrodes (Fig. 4F, Inset). Prior to all measurements, filaments were imaged with AFM and
height measurements were performed to confirm the presence of individual filaments. For all
conductivity measurements, samples were maintained under hydrated buffer environments (150
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mM ethanolamine) and the pH of the buffer was equilibrated to pH 7 using HCI (Malvankar et
al., 2011). Transmission electron microscopy imaging was used to confirm that filaments
maintain their structure and remain morphologically similar at all pH conditions.

For polyacrylamide gel electrophoretic separation (SDS-PAGE), all filament samples
were prepared in ethanolamine buffer and dried in a speedvac. Samples were then resuspended in
500 pl ultrapure deionized water and centrifuged at 18,000 x g at 4°C for 1 hour. The pellets
were dried again in the speedvac, resuspended in water and dried repetitively 2 times. The final
dried samples were resuspended in 5-8 pl 2.5% sodium-dodecyl sulphate (SDS) to disassemble
filaments into their constituent monomers. The samples were incubated at room temperature for
at least 4 hours, then diluted 3-fold with deionized water. The denatured samples were boiled in
1X SDS sample buffer that included b-mercaptoethanol for 12 min. The samples were run on a
16% Tricine protein gel (ThermoFisher Scientific, Carlsbad, CA) initially at constant voltage of
30 V for 18 minutes before changing to 190 V for 12 minutes. Precision Plus Protein Prestained
molecular weight standards (BioRad, Hercules, CA) and Low Range Protein Ladder (Thermo
Scientific) were used to compare the molecular weight of PilA and cytochromes in the filament
preparations. Gels were immediately washed at least 3 times with ultra-pure deionized water
over a 1-hour period, stained with Coomassie R-250 stain (Thermo Scientific, Rockford, IL), and
destained overnight.

Custom monospecific anti-PilA antibody was synthesized by Pacific Inmunology
(Ramona, CA) by immunizing two rabbits with synthetic peptide sequence containing targeted
epitope on the native protein, PilA, and then affinity purifying the serum against that peptide
sequence. Specificity of antibody in the serum was confirmed by ELISA after 1% stage of
immune response and then verified again with purified antibody (1:125,000 titer) at the final
stage. Synthetic peptide sequence contained following 21 amino acids from C-terminus of PilA,
Cys-RNLKTALESAFADDQTYPPES, to which a cysteine was added to N-terminus and then
was conjugated with Keyhole Limpet Hemocyanin prior to immunization. The molecular weight
of the synthetic peptide was verified by HPLC and ESI-MS.

For LC-MS/MS analysis of filaments, the PilA band (~ 6.5 kDa) and OmcS bands (~ 50
kDa and 30 kDa) were extracted from the protein gel and treated with trypsin to digest the
protein. Proteomic analysis of the cleaved peptides from filaments of electrode-grown cells) was
performed by the Proteomics Mass Spectrometry Facilities at Yale University Results gave
unique amino acid sequence matches with the OmcS and c-terminal domain of PilA whereas the
hydrophobicity of the N-terminal domain may have interfered with the sequence detection
procedure (Ing et al., 2017).

Filament preparation from fumarate-grown cells: G. sulfurreducens was grown and used for
filament purification (Ing et al., 2017). Briefly, G. sulfurreducens (DSMZ strain 12127) was
grown anaerobically in 1 L cultures of sterilized and degassed NBAF medium (0.04 g/L calcium
chloride dihydrate, 0.1 g/L magnesium sulphate heptahydrate, 1.8 g/L sodium bicarbonate, 0.5
g/L sodium carbonate, 0.42 g/L potassium phosphate monobasic, 0.22 g/L. potassium phosphate
dibasic, 0.2 g/LL ammonium chloride, 0.38 g/L potassium chloride, 0.36 g/L sodium chloride,
vitamins and minerals, using 20 mM acetate as the electron donor and 40 mM fumarate as the
electron acceptor). Resazurin was omitted and ImM cysteine was added as an electron
scavenger. All chemicals were obtained from Fisher Scientific unless otherwise noted.

Upon reaching stationary phase, cells were pelleted by centrifugation at 5000 x g for 20
min at 4° C. Cell pellets were removed and extracellular filaments were purified from the
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supernatant through dropwise additions of 1.1 M aqueous MgCl,, which was added to a final
ratio of 1:10 for aqueous MgClz:supernatant. Supernatants were stored at 4° C overnight and
centrifuged at 50,000 x g for 1 h at 4° C to precipitate extracellular filaments. Pellets of
extracellular filaments were resuspended with ultrapure water adjusted to pH 4.3 with HCI and
passed through 0.2 pum filters. Additional contaminants were removed from the resuspended
pellets using 50 kDa dialysis tubing. After two 1 L exchanges of pH 4.3 water, the dialyzed
sample was removed from dialysis tubing and stored at 4° C.

For analysis of filaments from fumarate-grown cells, the purified filament samples were
analysed for protein content by 12.5% PhastGel (GE Healthcare) and stained with Coomassie.
There were two prominent protein bands around 47 kDa, and these were cut from the gel,
digested by trypsin overnight, and then analysed by mass spec at the University of Virginia core
facility. The LC-MS system consisted of a Thermo Electron Q Exactive HFX mass spectrometer
system with an Easy Spray ion source connected to a Thermo 75 um x 15 cm C18 Easy Spray
column. 5 pL of the extract was injected and the peptides eluted from the column by an
acetonitrile/0.1 M formic acid gradient at a flow rate of 0.3 pL/min over 2.0 hours. The
nanospray ion source was operated at 1.9 kV. The digest was analysed using the rapid switching
capability of the instrument acquiring a full scan mass spectrum to determine peptide molecular
weights followed by product ion spectra (10 HCD) to determine amino acid sequence in
sequential scans. This mode of analysis produces approximately 60,000 MS/MS spectra of ions
ranging in abundance over several orders of magnitude.

Prior to use, purified filaments were characterized by MALDI-TOF. For MALDI-TOF
analysis, filaments were denatured with 10% OG overnight and then diluted with ultrapure water
to a final OG concentration of 2% prior to the addition of matrix solution (a-Cyano-4-
hydroxycinnamic acid dissolved in a 2:1 solution of ultrapure water: acetonitrile and 0.2%
trifluoroacetic acid). The final sample for MALDI was a 12:7:5 ratio of matrix solution to
ultrapure water to diluted and denatured protein. Mass spectra were collected in positive ion
mode.

Cryo-EM sample preparation conditions: For samples used to build the atomic model, holey
carbon coated Quantifoil grids (R 2um/2pum) were used. Prior to use, the grids were floated in
0.05% Triton 100X solution (Cheung et al., 2013). Cryo-EM specimens were prepared with a
FEI Vitrobot Mark IV at 22 °C with 100% humidity. 3 pL of sample solution containing WT
filaments were dropped on the grids and spread gently by pipette tip before loading to the
Vitrobot, blotted for 5.5 s and plunged freezing in liquid ethane.

Cryo-EM data collection conditions: Micrographs were acquired by FEI Titan Krios electron
microscopy performed at 300kV equipped with a Gatan K2 summit camera. Quantum energy
filter with a slit width at 20 eV was applied to remove inelastically scattered electrons. Movies
were collected using super-resolution imaging mode with a physical pixel size of 1.05 A and an
exposure rate of 6.8 electrons per pixel per second. A total exposure time of 9.75 seconds was
fractioned into 30 frames and 1447 movies were generated using serial EM auto-collection. The
data collection and processing parameters are summarized below:

Magnification 130,000 X
Voltage (kV) 300

Electron exposure (e/A?) | 63
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Energy filter slit width 20eV
Physical Pixel Size (A) 1.05

Defocus range (um) 0.5-3.0
For analysis of filaments from fumarate-grown cells, sample (4 pL, ~1 pg/ul) was applied to
discharged lacey carbon grids and plunged frozen using a Vitrobot Mark IV (FEI, Inc.). Grids
were imaged in a Titan Krios at 300 keV and recorded with a Falcon III direct electron detector
at 1.4 A per pixel. Micrographs were collected using a defocus range of 1.25-2.25 um, with a
total exposure of 2 s (amounting to ~ 60 electrons/A?) distributed into 24 fractions. All the
micrographs were first motion corrected (ignoring the first fraction) using MotionCorr (Li et al.,
2013) version 2 and then used for CTF estimation by the CTFFIND3 program (Mindell and
Grigorieff, 2003).

Cryo-EM image analysis: For filaments of fumarate-grown cells, images were extracted using
the e2helixboxer program within EMAN?2 (Tang et al., 2007) from the dose-weighted fractions
2-10 (amounting to ~ 20 electrons/A?), after the images were corrected for the CTF through
multiplication by the theoretical CTF (a Wiener filter in the limit of a very poor SNR). A total of
17,800 overlapping 384-px long segments (with a shift of 55 pixels, ~ 1.5 times the axial rise per
subunit) were generated. The determination of the helical symmetry was unambiguous given the
1/(47 A) meridional layer-line and the 1-start helix of ~ 200 A pitch. A reconstruction was
generated using the IHRSR method implemented in Spider (Egelman, 2000), and this
reconstruction was subsequently filtered to 20 A for the starting reference in the reconstruction
of the second dataset. To build the atomic model of filaments from electrode-grown cells, a total
of 573 images were selected, motion-corrected, dose weighted (amounting to ~ 20 electrons/A?)
and CTF-corrected in the same manner as for filaments of electrode-grown cells. About 2,000
long filaments were extracted using e2helixboxer and then 384-pixel long 28,293 overlapping
segments with a shift of 60 pixels were generated. The final volume from the [HRSR
reconstruction was estimated to have a resolution of ~ 3.7 A based on the model:map FSC. It
was filtered to 3.6 A and sharpened with a negative B-factor of 100. Micrographs with all
fractions and boxing coordinates were also imported into Relion for 3D reconstruction. A similar
final reconstruction to the one from SPIDER was generated in Relion using the same helical
symmetry, starting with the SPIDER volume filtered to 10 A. Interestingly this reconstruction
was estimated to have a resolution of 3.2 A resolution based on a “gold standard” map:map FSC.

Model building of OmcS filaments: First, about 400 protein C, atoms and six heme cofactors
corresponding to a single subunit within the filaments were built manually in Coot (Emsley and
Cowtan, 2004). Then the density corresponding to a single subunit was segmented from the
experimental filament density using Chimera (Pettersen et al., 2004). Using the proteins
identified in the MS/MS results and real space fitting to the cryo-EM density, the sequence of the
filament was unambiguously determined to be cytochrome OmcS. The full length OmcS protein
as well as six heme molecules were then built manually in Coot. Then the OmcS/heme was
rebuilt with the RosettaCM protocol (Wang et al., 2015) to remove bad geometries. A total of
3,000 full-length models were generated and the top 20 models were selected based on Rosetta’s
energy function, Ramachandran plots and overall fit to the map. These 20 models were then
combined into one model by manual editing in Coot using the criteria of the local fit to the
density map and the geometry statistics of the model. To better refine heme interacting areas at
this resolution, bond/angle restraints for the heme molecule itself, His-Fe, and Cys-heme
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thioester bonds were created based on high resolution cytochrome c3 crystal structures NrfB
(PDB 2P0B) and NrfHA (PDB 2J7A). Then a filament model was generated and further refined
using Phenix with additional heme area restraints, and MolProbity (Williams et al., 2018) was
used to evaluate the quality of the filament model. The refinement statistics are given in Table 1.

Atomic force microscopy (AFM): To visualize individual filaments, 5 pl of buffer solution
containing filaments were deposited on mica or on a silicon wafer insulated by a 100 nm silicon
dioxide dielectric layer with gold electrodes patterned by nanoimprint lithography (Tan et al.,
2016a). For nanoimprinting, the substrate was cleaned with a Piranha solution (H2SO4:H20, =
3:1) and a diluted Hydrofluoric acid solution before patterning. Two layers of resists (50-nm-
thick poly methyl methacrylate and 60-nm-thick UV-curable resist) were then sequentially spin-
coated onto the cleaned substrate. Circuit patterns including nanoelectrodes separated by nano-
sized gaps, microscale fan outs, and contact pads were transferred from a quartz mold to the UV
resist with nanoimprint lithography in a homemade imprint chamber. The residual UV-resist
layer and the poly methyl methacrylate underlayer were removed by reactive ion etching with
fluorine based (CHF3/0) and oxygen-based gases respectively. The excess buffer was absorbed
with filter paper. The sample was air-dried and was mounted on a metal puck (Oxford
Instrument, Cypher ES). AFM experiments were performed using soft cantilevers (ASYELEC-
01, Oxford Instrument Co.) with a nominal force constant of 2 N/m and resonance frequencies of
70 KHz. The free-air amplitude of the tip was calibrated with the Asylum Research software and
the spring constant was captured by the thermal vibration method. The sample was imaged with
a Cypher ES scanner using intermittent tapping (AC-air topography) mode. AFM showed that
gold electrodes were bridged with individual filaments to facilitate conductivity measurements
(Fig. 4F, inset). To visualize helical features of filaments, higher-resolution AFM was performed
in attractive force imaging mode.

Direct current (DC) conductivity measurements: All DC conductivity measurements of
filaments were performed under fully hydrated buffer conditions in a 2-electrode configuration
inside a triaxially shielded dark box using a probe station (MPI Corp.) connected to a
semiconductor parameter analyser (Keithley 4200A-SCS) equipped with preamplifiers, allowing
0.1 fA current resolution and 0.5 pV voltage resolution. A DC voltage, typically in the range of -
0.5V to +0.5V, was applied between the two electrodes and the current was measured over a
minimum period of 120 seconds until the steady state was reached. The linearity of the /-
characteristics was maintained by applying an appropriate low voltage and the slope of the /-V
curve was used to determine the conductance (G). Measurements were performed at low voltages
(< 0.5 V) and over longer times (> 100 seconds) to ensure a lack of electrochemical leakage
currents or faradic currents as evidenced by the absence of significant DC conductivity in buffer
or filaments of AomcS strain that were maintained under identical buffer conditions as filaments
of the WT strain (Fig. 4F,G). All analysis was performed using IGOR Pro (WaveMetrics Inc.).

Conductivity calculations: The conductivity (¢) of filaments was calculated using the relation
(Malvankar et al., 2011) o= G-(L/4) where G is the conductance, L is the length of the filament,
and A = mr? is the area of cross section of filament with 27 as the height of the filament
measured by AFM (Fig. 4F,G).
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CHAPTER 3:

Design and Structure of a Coiled-Coil Hexamer Scaffold for Redox Amino
Acids.

3.1 SUMMARY

The self-assembly of peptides and proteins into higher-ordered structures is encoded in the
amino acid sequence of each peptide or protein. Understanding the relationship between amino
acid sequence, the assembly dynamics, and structure of well-defined peptide oligomers expands
the synthetic toolbox for these structures. Here, we present the X-ray crystallographic structure
and solution behavior of de novo peptides that form antiparallel coiled-coil hexamers (ACC-
Hex) by an interaction motif neither found in nature nor predicted by existing peptide design
software. We designed these peptides to arrange redox species, in this case phenyl groups, in an
ordered chain along the axis of the hexamer with a view towards using these hexamers as
building blocks for conductive fiber assembly, inspired by conductive bacterial appendages. The
1.70 A X-ray crystallographic structure of peptide 1a shows six a-helices associating in an
antiparallel arrangement around a central axis comprising hydrophobic and aromatic residues.
SEC studies suggest that peptide 1 form stable oligomers in solution, and CD experiments show
that peptides 1 are stable to relatively high temperatures. SAXS studies on the solution behavior
of peptide 1a indicate an equilibrium of dimers, hexamers, and larger aggregates in solution. The
structures presented here represents a new motif of biomolecular self-assembly not previously
observed for de novo peptides and suggests supramolecular design principles for material
scaffolds based on coiled-coil motifs containing aromatic residues.

3.2 INTRODUCTION

The self-assembly of peptides and proteins to form higher-ordered structures is determined by
the amino acid sequence within the polypeptide. The ability of a polypeptide sequences to fold
into secondary, tertiary, and quaternary structures is dictated by the interactions among the side
chains of the amino acids within the polypeptide. Nature has created a diverse library of
functional peptides and proteins ranging from simple neurotransmitters to complex multidomain
enzymes. Designing de novo polypeptides that recapitulate or expand the properties of peptides
and proteins found in nature without relying on the sequences derived directly from nature has
been difficult.

Substantial progress for de novo peptides has been made in the design of polypeptide
sequences that adopt a-helices and associate further to form coiled coils.!=* The formation of
coiled coils from the assembly of a-helices was first predicted over 60 years ago for naturally
occurring proteins and peptides.* De novo peptides that fold into coiled coils have proven to be a
robust scaffold with interesting properties.’~' De novo coiled coils can be de- signed to associate
into diverse supramolecular assemblies including dimers,!''* trimers,!>!® tetramers, !’
pentamers,?’22 hexamers,? and larger assemblies.*** De novo coiled coils have also been
designed to form fibers,!>13-2>26 act as enzymes,?” and mimic membrane transport proteins.?®

Coiled-coil sequences often contain heptad amino acid repeats where residue positions
within the heptad are described by an a-b-c-d-e-f-g pattern. Variation of the size, hydrophobicity,
and placement of the amino acids within the repeating heptad pattern can impact supramolecular
assembly. Patterned interactions between the side chains of the amino acids, often called knobs-
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into-holes (KIH), along the interior surface of the a-helices dictate the oligomerization of the
coiled coils.* While advances in computer software have helped guide researchers in the
development of de novo peptide assemblies,?®37 predicting the supramolecular assembly based
on a peptide sequence remains challenging. More experimental exploration is needed to better
understand how de novo peptides assemble into homogeneous oligomers, which will allow better
control of their molecular properties. The discovery of new interaction motifs, therefore, opens
new areas for study in peptide self-assembly.

The development of larger assemblies from de novo coiled-coil motifs showed a
progression of expanding the KIH interactions by incorporating additional hydrophobic residues
along the inner surfaces of the interacting a-helices while also incorporating hydrophilic residues
along the outer surfaces. Hydrophobic residues such as Val, Leu, or Ile are used in conjunction
with Ala residues at adjacent positions along the interacting surfaces of the a-helices to expand
the KIH interactions. The design of de novo coiled coils that contain interdigitating hydrophobic
residues has been used to create tetramers, pentamers, and most recently hexamers.!”-2* With a
few exceptions,?*?23% most coiled-coil designs lack repeating patterns of amino acids with
aromatic side chains. Moreover, a-helices containing bundles of aromatic residues have been
implicated as an important feature in certain classes of bacterial pili, some of which being
capable of transporting electrical current.’®* To further explore this structural space we
designed a coiled-coil motif that contains repeating aromatic residues along the hydrophobic
coiled-coil interface.

Ac-ELKAIAQEFKAIAKEFKAIAWEFKAIAQK-NH,
abcdefgabcdefgabcdefgabcedefg
peptide 1a

] ;F/ \ '
Figure 1: Sequence of peptide 1a and X-ray crystallographic structure of an a-helix monomer
formed by peptide 1a.

We designed a new coiled-coil motif to incorporate Phe residues, fold to adopt a-helix,
and assemble into a supramolecular structure. The sequence was adapted from a parallel coiled-
coil hexamer developed by the Woolfson lab, termed CC-Hex, to explore the oligomers formed
by coiled coils containing aromatic residues.?® Peptide 1a contains four heptad repeats with a
sequence of L/F-K-A-I-A-X-E (Figure 1). In CC-Hex, six a-helices associate symmetrically
along a hydrophobic surface containing Leu and Ile residues. The parallel arrangement of each a-
helix in CC-Hex creates alternating layers of Leu or Ile along the axis of the hydrophobic core.
To not perturb the hydrophobic core substantially, we kept the Ile residue at the d positions and
replaced three of the four Leu residues at the a positions with the hydrophobic Phe residue.
Hydrophilic Glu and Lys residues were placed at the solvent-exposed b and g positions to
promote solubility. We added a Glu residue at the N-terminus and Lys residue at the C-terminus
to help promote higher-ordered assemblies between hexamer units. Peptide 1b was designed as
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an analogue to peptide l1a and contained a p-iodophenylalanine in place of the Trp residue to
facilitate crystal structure determination.

3.3 RESULTS

3.3.1 Synthesis and X-ray crystallographic structure of designed peptides:

We synthesized peptides 1 using standard Fmoc-based solid-phase peptide synthesis. Pep- tides 1
were acetylated, deprotected, and then purified by RP-HPLC. The optimal concentration for the
crystallization of peptide 1b was determined using the Hampton Precrystallization Test.
Conditions appropriate for crystal growing were determined using the Hampton Research
crystallization kits: Crystal Screen, Index, and PEG/Ion (864 experiments). Pep- tide 1b
crystallizes from wells containing 0.1 M sodium formate buffer (pH 6.75 — 7.3) and PEG 3350
(25 —28%). Peptide 1a crystallizes in similar conditions to that of peptide 1b, with diffraction
quality crystals forming from 0.1 M sodium formate, pH 7.3 and 29% PEG 3350. Crystal
diffraction data were collected at the Advanced Light Source at the Lawrence Berkeley National
Laboratory with a synchrotron source at 0.977 A and to a resolution of 1.70 A for peptide 1a and
2.10 A for peptide 1b.

We determined the crystallographic phases of the electron density map for peptide 1a
using a single a-helix derived from the crystal structure of peptide 1b. A single a-helix derived
from the crystal structure of peptide 1b was used as a search model in the program Phaser to
determine the initial phases of the electron density map.>> Two additional a-helices were placed
automatically by Phaser after the placement of the initial a-helix. We used the pro- gram Autosol
in the Phenix software suite to perform rounds of automated model building and electron density
modification.®’ The crystallographic model was subjected to subsequent rounds of manipulation
using the program Coot and refinement using the phenix.refine program.’*>* Coordinates for
hydrogen atoms were refined as “riding” and were generated by phenix.refine during refinement.

Peptide 1a crystallizes in the P4,2,2 space group, with three nearly identical a-helix
monomers in the asymmetric unit (ASU) (Table 1). Expanding the ASU reveals hexamers
comprising six a-helices. The a-helices are arranged in an antiparallel fashion around a central
axis that runs through the center of the hexamer (Figure 2). Peptide 1a folds to adopt an a-helix
with each heptad repeat forming two full-turns within the helix. Four heptad repeats create an
extended a-helix with all 29 residues adopting an a-helix conformation (Figure 2). Analysis of
peptide 1a with the program Coiled-Coil Crick Parameterization (CCCP) reveals that the
antiparallel coiled-coil hexamer is left-handed, with a superhelical frequency of -3.08° per
residue, and completing a full turn of the superhelix in 117 residues.?? Each a-helix associates
with two other a-helices in an antiparallel conformation. The C-terminus of each a-helix is offset
by an avg. of 6.5 A along the central axis of the hexamer from the neighboring N-termini of the
a-helices (Figure 2A). This leads to a staggering of the a-helices at the ends of the hexamer, with
three o-helices aligned at the same height and three a-helices shifted 6.5 A lower.

The Phe and Ile residues at the a and d positions within the heptad repeat form the
hydrophobic core of the hexamer. Three Phe and three Ile residues form a hydrophobic layer in
which the Phe and Ile residues alternate in an a-d-a-d-a-d pattern around the hexamer core
(Figures 2C and 2D and 3). Analysis of the KIH interactions using the program SOCKET reveals
that the antiparallel hexamers contain type III and IV KIH interactions.®! The Ile and Ala
residues at the d and e positions within the heptad are involved in type IV interactions with the
adjacent Glu, Phe, and Lys residues. The Phe residues are involved in type III KIH interactions
and act as knobs in the hole generated by Ile and Ala residues in the d and e positions.
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Table 1: Crystallographic Properties, Crystallization Conditions, and Data Collection and Model
Refinement Statistics for Peptides 1.

peptide 1a peptide 1b
PDB ID 5EON 5EOJ
space group P452,2 P4322
a, b, ¢ (A) 59.26 59.26 52.52 40.85 40.85 118.15
o, B,y () 90 90 90 90 90 90
peptide per
asymmetric unit 3 3

crystallization conditions

wavelength (A)
resolution (A)
total reflections
unique reflections
multiplicity
completeness (%)
mean I/c

Wilson B-factor
Rmcrgc

measure
CCyy,
ccr

Rwork

Rfrcc

number of

non-hydrogen atoms

Rl\’lsbonds

Rl\lsangles

Ramachandran
favored (%)
outliers (%)

clashscore

average B-factor

0.1 M sodium formate, pH 7.3,

28% PEG 3350
Data Collection’

0.977
32.75-1.70 (1.76-1.70)
21525 (1925)

10805 (1005)

2.0

100 (96)

31.70 (3.42)

28.57

0.008 (0.19)

0.012

1.00 (0.90)

1.00 (0.97)

Refinement

19.80
22.17

868
0.002
0.39

100

0
1.30
35.60

0.1 M sodium formate, pH 6.75-7.3
25-28% PEG 3350

0.977
38.61-2.12 (2.19-2.12)
12488 (1214)

6246 (608)

2.0

98 (99)

13.42 (1.12)

46.68

0.026 (0.45)

0.037

0.98 (0.73)

0.99 (0.92)

24.63
27.68

752
0.014
1.00

99

0
1.35
77.40

1. Values for the highest resolution shell are show in parentheses.

Six hydrophobic layers stack, exclude water, and form the core of the hexamer. The Phe
residues within each layer are separated by ca. 3.8 A and the Phe residues between layers are

separated by ca. 4.1°A. The faces of the Phe residues are oriented parallel to the central axis of
the hexamer and do not appear to stack between the layers (Figure 2D). The faces of the Phe
residues adopt a parallel orientation to avoid steric clashes with the side chains of the Ile residues
at the d positions within each layer. The side chains of Ile residues fill the space between the side
chains of the Phe residues within each layer. Six Leu residues near the N-terminus of peptide 1a
cap the hydrophobic core, with three Leu residues packing above and below the hydrophobic

core€.

We designed the heptad repeat to take advantage of electrostatic interactions between the
Lys and Glu residues at positions b and g within the heptad. In a parallel conformation these
residues would form salt bridges, however in the antiparallel conformation the formation of salt
bridges from positions b and g in peptides 1 would be impossible (Figure 3). The Lys residues at
the b positions are displayed proximal to one another while Glu residues at the g positions are
also displayed proximal to one another. The 6.5 A offset that occurs between antiparallel o-
helices allows for the separation of the Lys residues from each other, the separation of Glu
residues from each other, and decreases the electrostatic repulsion between these similarly
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charged residues. The lack of salt bridging between oppositely charged residues within the
hexamer further emphasizes the importance of the hydrophobic core as a driving force for the
formation and stabilization of the hexamer.

Figure 2: X-ray crystallographic structure of peptide 1a. (A) Hexamer, side view. (B) Hexamer,
top view. (C) Hexamer, top view showing Phe and Ile residues inside the hy- drophobic core. (D)
Hexamer, side view showing Phe and Ile residues lining the inside of the hydrophobic core.

Figure 3: Diagram of the heptad repeat a-b-c-d-e-f-g arranged in an antiparallel a-helix
conformation. Two axial layers in the a-d-a-d-a-d patterning of Phe and Ile residues at @ and d
positions are shown by the red and blue dashed lines.

3.3.2 Size-Exclusion Chromatography of Peptides 1:

We studied the behavior of peptides 1 in solution by size-exclusion chromatography (SEC),
small-angle X-ray scattering (SAXS), and circular dichroism (CD). The elution profile of
peptides 1 were compared to the elution profiles of carbonic anhydrase, cytochrome C, and
aprotinin. These 29, 12.3, and 6.5 kDa standards eluted at 16.6, 17.5, and 18.6 mL, respectively.
At 1 mM, peptide 1a eluted at 17.4 mL, consistent with an oligomer in the tetramer to pentamer
size range, slightly later than would be expected for the hexamer but much sooner than would be
expected for the 3.4 kDa monomer (Figure 4). The elution profile shows a small secondary hump
at 16.2 mL, consistent with an oligomer that has dimerized. Peptide 1b showed a similar elution
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profile to that of peptide 1a but lacked the dimer peak at 16.2 mL. To address the difference
between the expected and observed elutions values, we evaluated the behavior of CC-Hex under
identical conditions. The CC-Hex oligomer eluted at 17.3 mL, also consistent with an oligomer
in the tetramer to pentamer size range and also slightly later than would be expected for a
hexamer. These results suggest that peptides 1 and CC-Hex behave similarly in solution and that
the later- than-expected elution from the SEC column may be due to non-specific interactions of
the peptides with the column or hexamers that are in a fast equilibrium with monomer or dimer
subcomponents.

3.3.3 Small-Angle X-ray Scattering of Peptides 1:

The solution oligomerization state of peptides 1a was further resolved by solution small- angle
X-ray scattering (SAXS).>%57 SAXS profile data were collected for peptides 1 in three buffers:
0.1 M potassium formate, 0.1 M sodium formate, and 0.1 M HEPES and at peptide
concentrations of 1 mM, 500 uM, and 250 uM. The scattering profiles of peptide 1a does not
appear to vary noticeably between concentrations but did vary slightly between buffer conditions
(Figure 5). The SAXS profiles of peptide 1a also exhibit large inflections at low q ranges
regardless of concentration or conditions. This inflection is characteristic of the presence of large
aggregates in solution.’® Figure 5A shows the SAXS profiles of peptide 1a in potassium
phosphate, sodium formate, and HEPES buffers and at a peptide concentration of 500 uM. The
sharp increase in intensity in the Guinier region, low q values, indicates that peptide 1a forms
large aggregates in solution (Figure 5B).

15 16 17 18 19 20

volume (mL)

aprotinin - 6.5 kDa
cytochrome C - 12.3 kDa
peptide 1la

— peptide 1b

— CC-Hex

--- carbonic anhydrase - 29 kDa

Figure 4: SEC chromatograms showing the elution profiles of peptides 1, CC-Hex, and size
standards carbonic anhydrase, cytrochrome C, and aprotinin.

We analyzed the SAXS profiles using the program ScAtter to determine the radius of
gyration (R), the length of the maximum dimension (Dy,,x), and the volume of the oligomers
formed by peptide 1a. The SAXS profiles of peptide 1a showed the least amount of aggregation
in sodium formate. Analysis of the Guinier region, just past the inflection caused by aggregates,
shows that peptide 1a forms oligomers with a “reciprocal space” R, of 20.95 A. Analysis of the
distribution plot, P(r), shows that peptide 1a has a “real space” R, of 20.65 A and a D, of 74 A.
The P(r) distribution shows peaks at higher R, values, indicating the presence of hexamers that
have dimerized or formed larger oligomers. A comparison to the theoretical P(r) of the
crystallographic hexamer of peptide 1a shows a good correlation to the SAXS profile of peptide

46
DISTRIBUTION A: Distribution approved for public release



la before the peaks caused by the larger aggregates (Figure 5C). A comparison of the calculated
volumes derived from the SAXS profile and that of the crystallographic hexamer also show a
good correlation (33,000 A3 vs 32,500 A3, respectively).
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Figure 5: A) SAXS profiles for peptide 1a in 0.1 M potassium phosphate (green), 0.1 M sodium
formate (red), and 0.1 M HEPES (cyan). B) Expansion of the lower q region of peptide 1a in 0.1
M sodium formate. C) Size distribution, P(r), plots of peptide 1a in sodium formate and the
theoretical P(r) of the hexamer of peptide 1a.

We compared the theoretical scattering profiles derived from structures generated from
the crystal lattice to the SAXS profile of peptide 1a using the program MultiFoXS.>® As
indicated by the P(r) analysis, peptide 1a is heterogenous in solution and a single structure does
not completely explain the observed SAXS profile data. The theoretical scattering pro- files of
the monomer, dimer, trimer, hexamer, dimers of hexamers, and trimers of hexamers were
compared to the observed SAXS profile of peptide 1a (Figure 6). The scattering profile of the
hexamer alone matched poorly to the profile of peptide 1a, with a ¥ value of 4.04. A 2-
component mixture of dimers and dimers of hexamers showed a better correlation with a y* value
of 3.12 and a 3-component mixture of dimers, hexamers, and dimers of hexamers showed the
best correlation with a ? value of 1.66. These data suggest that peptide 1a forms dimers,
hexamers, and larger aggregates comprising hexamer units in solution.

3.3.4 Circular Dichroism of Peptides 1:

We studied the thermal stability of peptides 1 by monitoring temperature-dependent changes in
the CD spectrum. At 20 °C, a 50 uM solution of peptide 1a displays a CD spectrum
characteristic of an a-helix conformation, with maximums in mean residue ellipticity ([0]yr) at
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220 and 208 nm wavelength (Figure 7). Gradually warming the solution from 10-95 °C over two
hours and monitoring the [0]yr at 222 nm showed a loss of ellipticity starting around 75 °C
(Figure 7). A loss of ellipticity is commonly associated with a loss of tertiary or secondary
structure as a peptide or protein denatures.®? Peptide 1b shows a similar CD spectrum but with a
loss of ellipticity beginning around 60 °C. The loss of [0]yr may be due to the aggregation of
peptide 1. Peptide 1b aggregates to make visible insoluble precipitates at higher temperatures,
resulting in a lower concentration of hexamer in solution. Peptide 1a did not form visible
aggregates but may still form large soluble aggregates rather than denaturing at higher
temperatures. Normalizing the CD spectra of peptide 1a to the [0]yr observed peak at 209 nm for
each temperature measurements shows little difference in the secondary structure of peptide 1a at
higher temperatures (Figure 8). Even at 90 °C, the CD spectrum suggests that peptide 1a adopts
an a-helix but is present at a much lower concentration.

10°

0 0.050.10.150.2 0.25 0.3 0.35
q (A1)
o SAXS data peptide 1a
monomer
= dimer
hexamer
= 2-state model
— 3-state model

Figure 6: SAXS profile for peptide 1a in 0.1 M sodium formate and theoretical scattering
profiles for the monomer, dimer, hexamer, 2-state model, and 3-state model of peptide 1a.
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Figure 7: CD spectrum of a 50 pM solution of peptide 1a in 100 mM potassium phosphate
buffer at pH 7.4 and at 20 °C (left). CD melting point curve of a 50 pM solution of peptide 1a in
100 mM potassium phosphate buffer at pH 7.4 recorded between 10-95 °C and at 222 nm
wavelength (right).
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3.4 DISCUSSION

The X-ray crystallographic structure of the antiparallel hexamers formed by peptides 1 represents
a new protein fold not previously observed at atomic resolution for de novo peptides. Key to the
assembly of the hexamer is the formation of a large hydrophobic core populated with Phe and Ile
residues that pack tightly in the center of the hexamer while hydrophilic residues line the outer
surface. The formation of this compact hydrophobic core creates a hexamer with a diameter of
ca. 22 A, slightly smaller than that of CC-Hex, and prevents the formation of a water accessible
channel. Many de novo coiled-coils designs utilize Glu and Lys residues at opposing positions to
promote salt bridging between helices, however, in peptides 1 the Glu and Lys residues are
unable to form salt bridges because of the antiparallel conformation in ACC-Hex. This lack of
additional stabilization from the exterior residues on ACC-Hex further emphasizes the
substantial contribution of the hydrophobic residues within the core in its stabilization.

The hexamer core appears to form from the assembly of three dimer units. In each dimer,
two a-helices assemble in an antiparallel arrangement with a ca. 6 A offset. This offset permits
the Phe residues at the a positions within each a-helix to interact among the edges of the
aromatic groups, creating a zipperlike pattern (Figure 9A). The Ile residues at the d positions
pack behind the Phe residues, locking the aromatic rings in a conformation parallel to the axis of
the a-helix. This arrangement creates a large wedge in which two hydrophobic surfaces of the
dimers are separated by ca. 120 degrees (Figure 9). Two additional dimers associate along the
hydrophobic surfaces to form the complete hexamer.

10,000
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200 210 220 230 240 250 260
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Figure 8: CD spectra of a 5 uM solution of peptide 1a in 100 mM potassium phosphate buffer at
pH 7.4 between 10-90 °C (top). Normalized CD spectra of a 50 uM solution of peptide 1a in 100
mM potassium phosphate buffer at pH 7.4 between 10-90 °C (bottom).

Peptides 1 were designed based on the heptad sequence that formed parallel hexamers
and thus the formation of the antiparallel hexamer was unexpected. There is little difference in
hydrophobicity between Leu and Phe residues but a substantial difference in the volumes of the
two residues.®® The smaller size of the Leu residues in the CC-Hex heptad sequence permits the
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parallel arrangement of the a-helices and also allows for a small water-accessible channel in CC-
Hex. The larger Phe residue however does not permit the parallel arrangement of a-helices and
would likely cause significant steric clashing between symmetric residues in the a positions
between parallel a-helices. The Phe-Ile residue combination at the a and d positions in peptides 1
permits the formation of the antiparallel dimer that further assembles to form ACC-Hex. Other
de novo peptides containing either Phe or Trp residues at both the a and d positions within the
heptad sequence form parallel pentamers or tetramers.'®2* While the incorporation of aromatic
residues has been shown to stabilize hexameric helical bundles in solution, the structure of these
bundles and the contributions of the aromatic residues to their formation have not been
characterized at atomic resolution.*

The formation of an antiparallel coiled-coil hexamer by peptides or proteins is rare. A
search of the CC+ coiled-coil database reveals only three antiparallel coiled-coil hexamer motifs
with minimal resemblance to the hexamer formed by peptides 1.54%> A 146 amino acid protein
derived from Thermoplasma acidophilum forms an antiparallel hexamer through the association
of three proteins along a three-fold rotational axis. Each protein monomer contributes two o-
helices to form the antiparallel hexamer (PDB INIG).%¢ Hydrophilic Lys, Arg, and Glu amino
acids and hydrophobic Tyr and Lue residues occupy the center of the hexamer. A similar a-d-a-
d-a-d pattern is observed between the Tyr and Leu residues that occupy a portion of the core. A
181 amino acid protein derived from Lactobacillus reuteri shows a similar topology to the
protein derived from 7. acidophilum, but contains additional hydrophilic residues that form a
hydrophilic hexamer core (PDB 2NT8).%7 Finally, a 169 amino acid protein derived from
Sulfolobus tokodaii displays similar characteristics to the two previous proteins with three
monomer protein units forming an antiparallel hexamer (PDB IWVT).% A single layer of Phe
and Val residues in an a-d-a-d-a-d pattern is notice- able within the hexamer core but much like
the two previous proteins, the hexamer core is dominated by hydrophilic residues.

Figure 9: (A) Cartoon structure of the antiparallel dimer with Phe and Ile residues shown as
spheres. (B) Surface diagram of the antiparallel dimer. (C) Surface diagram of the hexamer
comprising three dimer surfaces.
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While the antiparallel hexamer motif by these three proteins share similar topologies to
the hexamer formed by peptide 1, the fundamental interactions between the a-helices in the
protein-derived hexamers and that of peptides 1 are different. The a-helices that form the
protein-derived hexamers are short in length (10-12 residues) and are constructed primarily from
the interactions of hydrophilic residues. Peptides 1 contain only hydrophobic residues within the
hexamer core and create a dry surface, devoid of water. The hexamers formed by the three
proteins contain additional contacts between the side chains of distal residues not involved in the
hexamer core structure, which may help stabilize the hexamers in the crystal lattice. Without the
additional contacts, these natural protein domains may not form coiled- coil hexamers in the
crystal lattice and are unlikely to form hexamers in solution. Peptides 1, on the other hand, form
hexamers and higher-order assemblies of hexamers in both the crystal lattice and in solution.

3.5 CONCLUSIONS

Here, we report the X-ray crystallographic structure and solution behavior of an antiparallel
coiled-coil hexamer formed by de novo peptides. The peptides fold to adopt an a-helix that
further associate along hydrophobic residues to form the dry hydrophobic core of ACC- Hex.
The staggered alignment of the a-helices allows for the interdigitation of the Ile and Phe residues
within the core, leading to a compact antiparallel hexamer that is resistant to denaturation, even
at high temperatures. Collectively, the SEC, SAXS, and CD data show that peptides 1 form
hexamers in solution, which exist in equilibrium with dimers, hexamers, and larger aggregates of
hexamers. The structure of ACC-Hex provides a new interaction motif for, and expands the
range of molecular assembly accessible by de novo peptides. Further experiments will explore
the chemical determinants of ACC-Hex stability based on this interaction motif, the
supramolecular registration, and the kinetics of larger assemblies formed by peptides 1. The
controlled and systematic incorporation of aromatic amino acids into coiled coils with solution
behavior strongly correlated to their structure in the solid state provides a promising
experimental platform in which to study electronic delocalization and long-range charge
transport in peptides and proteins.

3.6 MATERIALS AND METHODS

Solvents used for peptides synthesis and RP-HPLC purification were purchased from VWR or
Fisher Scientific and were used directly without further purification. Fmoc-amino acids, amino
acid coupling reagent (HCTU), and Rink-amide AM resin were purchased from Chem- Impex
International. Peptide synthesis was performed on a CEM Liberty Blue automated peptide
synthesizer equipped with a microwave reactor.

Synthesis of peptides 1: Representative synthesis of peptide 1a. Loading of the resin. Rink-
amide resin AM (400 mg, 0.52 mmol/g) was added to a Bio-Rad Poly-Prep chromatography
column (10 mL). The resin was suspended in dry DMF (10 mL) and allowed to swell for 1 hr.
The solution was drained from the resin and a solution of 20% piperidine in dry DMF was added
to cleave the Fmoc- protecting group on the resin. After 30 minutes, the solution was drained
from the resin and washed with dry DMF (5 x 5 mL). A solution of Fmoc-Lys(Boc)-OH (2.5
equiv., 252 mg, 0.52 mmol), HCTU (2.3 equiv, 0.48 mmol) in 20% NMM in dry DMF (5 mL)
was added immediately and the mixture was gently agitated for 6 h. The solution was then
drained and washed with DMF (3 x 5 mL) and then a mixture of acetic anhydride:pyridine (3:2,
5 mL) was added immediately. The mixture was gently agitated for 1 h to cap the unreacted
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Rink-amide sites. The capping solution was drained and the resin was then washed with dry
DMF (2 x 10 mL) and dried by passing nitrogen through the vessel.

Peptide coupling. The Rink-Lys(Boc)-Fmoc generated from the previous step was trans- ferred
to a solid-phase peptide synthesizer reaction vessel and submitted to cycles of auto- mated
peptide coupling with Fmoc-protected amino acid building blocks. The linear peptide was
synthesized from the C-terminus to the N-terminus starting at Gln. Each coupling consisted of: i.
Fmoc-deprotection with 20% piperidine in DMF for 3 min at 50 °C, ii. washing with DMF (3 x 7
mL), iii. coupling of the amino acid (0.83 mmol, 4 equiv.) in the presence of HCTU (0.83 mmol,
4 equiv.) and 20% NMM in DMF, and iv. washing with DMF (2 x 7 mL). Each amino acid
coupling step took 10 min at 50 °C. After the last amino acid was coupled (Glu), the terminal
Fmoc group was removed with 20% piperidine in DMF. The resin was transferred from the
reaction vessel of the peptide synthesizer to a Bio-Rad Poly-Prep chromatography column.

Capping of the peptide. A 5 mL solution of acetic anhydride:pyridine (3:2) was added to the
crude peptide and agitated for 1 hr. The solution was drained and washed with DMF (2 x 5 mL)
and then CH2Cl2 (5 x 5 mL). The resin was dried by passing nitrogen through the vessel for 10
min.

Cleavage of the peptide from the resin and global deprotection. The linear peptide was cleaved
from the resin by agitating the resin for 2 hr in a solution of TFA/triisopropylsilane (TIPS)/H,O
(18:1:1, 10 mL). The suspension was filtered and the filtrate was collected in a 250 mL round-
bottomed flask. The resin was washed with an additional TFA/TIPS/H,0O mixture (5 mL). The
combined filtrates were concentrated by rotary evaporation to about 5 mL and transferred to a 50
mL conical vial. The conical vial was placed on dry ice and cold Et,O (45 mL) was added all at
once. The peptide precipitated, was centrifuged, and the supernatant was removed. The crude
peptide was washed with additional cold Et,0O (45 mL x 2). Residual Et,0 was removed by
passing nitrogen over the conical vial yielding crude peptide 1a as an off-white solid (245 mg,
28% yield based on 100% loading of the resin). Peptide 1b was isolated in similar quantities.

Isolation of peptide 1a by RP-HPLC. Peptide 1a was purified in multiple 50 mg batches because
peptide 1a forms a hydrogel at concentrations >10 mM. A single batch of crude peptide 1a was
dissolved in a 1:1 mixture of H,O and acetonitrile (5 mL) and the solution was filtered through a
0.20 um syringe filter and purified by reversed-phase HPLC (gradient elution with 40-95%
CH;CN over 30 min). Pure fractions were combined and lyophilized. Peptide 1a was isolated as
35 mg of a white powder. Additional batches resulted in similar isolated quantities of peptide 1a.
Peptide 1b was isolated in similar quantities.

Crystallization of peptide 1b: Crystallization procedures were performed similarly to those
described previously.**46 Crystallization conditions were determined using the hanging-drop
vapor-diffusion method. Crystallization was performed in a 96-well format, with each well
containing 100 pL of a solution from a 96-well screening kit. Three kits were used (Hampton
Index, PEG/Ion, and Crystal Screen) for a total of 864 experiments (three 96-well plates with
three drops per well). Hanging drops were made by combining 75 nL aliquots of peptide 1b
solution (10 mg/mL in 18 MW deionized water) and 75 nL aliquots of the well solution in 1:1,
2:1, and 1:2 ratios using a TTP LabTech Mosquito crystal screening robot. Crystals grew rapidly
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(<48 h) in multiple wells. A solution of 0.1 M sodium formate and 12% PEG 3350 was selected
from the Index crystal screen kit for further optimization.

Crystallization conditions were optimized using a 4x6 matrix Hampton VDX 24-well
plate. The PEG concentration was varied in increments of 2% across the rows and the pH of the
sodium formate buffer was varied in increments of 0.5 pH units down the columns. Three
hanging-drops were suspended on each borosilicate glass slide. The drops were prepared by
combining 1- or 2-uL aliquots of a solution of peptide 1b (10 mg/mL) and the well solution in
1:1, 2:1, and 1:2 ratios. Slides were inverted and pressed firmly against the silicone grease
surrounding each well. Crystals of peptide 1b suitable for X-ray crystallography were selected
from 3 separate wells containing 0.1 M sodium formate with pH ranges 6.75-7.3 and 25-28%
PEG 3350. Crystals of peptide 1a suitable for X-ray crystallography were selected from 0.1 M
sodium formate with pH 7.3 and 28% PEG 3350.

Crystallization conditions for peptides 1 are shown in Table 1.

X-ray diffraction data collection, data processing, and structure determination for peptides
1: X-ray diffraction data sets for peptides 1 were collected at the Advanced Light Source (ALS)
at the Lawrence Berkeley National Laboratory (Berkeley, California) on synchrotron beam- line
5.0.1 at 0.98 A wavelength with 0.5° rotation per image (Table 1). Diffraction data were scaled
using XDS,*" analyzed using Pointless,* and merged using Aimless.*

Structure determination of peptide 1b: The electron density map of peptide 1b was
determined by single-anomalous diffraction (SAD) phasing techniques. The locations of the
anomalous signals from the iodines in the p- iodophenylalanines were determined using the
program Hybrid Structure Search (HySS).’%! A weak anomalous signal was present to a

resolution of 6.5 °A. The coordinates for the iodine sites were used directly in the program
AutoSol,* in the Phenix software suite,> to generate an initial electron density map and model.
Molecular manipulations of the model were performed with Coot.>* Coordinates were refined
with phenix.refine. Models were refined with riding hydrogen atoms. Table 1 shows the statistics
of data collection and model refinement for peptide 1b.

Structure determination of peptide 1a: The electron density map of peptide 1a was determined
by molecular replacements tech- niques. A single a-helix derived from peptide 1b was used as a
search model in the program Phaser.>> After determining the location of the inital alpha-helix,
two additional helices were placed within the asymmetric unit. Models were manipulated and
refined similarly to that of peptide 1b. Table 1 shows the statistics of data collection and model
refinement for peptide la.

Size-exclusion chromatography of peptides 1: The oligomerization of peptides 1 was studied
by size-exclusion chromatography (SEC) at 5 °C in 100 mM potassium phosphate buffer at pH
7.4. Peptides 1 were dissolved in potassium phosphate buffer to a concentration of 1 mM and
loaded onto a GE Superdex 200 10/300 GL column at a flow rate 0.5 mL/min. Samples were
eluted with potassium phosphate buffer at a flow rate of 0.5 mL/min. Chromatograms were
recorded at 280 nm and normalized to the highest absorbance value. Peptides 1 eluted at 17.4 mL
with peptide 1a showing an additional peak at 16.2 mL. Standards (carbonic anhydrase,
cytochrome C, and aprotinin) were eluted similarly and are plotted along with peptides 1.
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Small-angle X-ray scattering of peptides 1: Small-angle X-ray scattering (SAXS) profiles of
peptides 1 were collected on SIBYLS beam- line (12.3.1) at the Advanced Light Source (ALS) at
the Lawrence Berkeley National Lab- oratory (Berkeley, California). SAXS samples were
prepares in a high-throughput 96-well format.>®> Peptides 1 were dissolved in 100 mM
potassium phosphate, sodium formate, or HEPES buffer to a peptide concentrations of 1 mM,
500 uM, and 250 uM. Peptide solutions were centrifuged at 14,000 g for 10 min. Aliquots (100 p
L) from the supernatant were transferred to a 96-well plate. Raw scattering profiles for peptides 1
and buffers were recorded at 0.5, 1, 2, and 4 second X-ray exposures. Scattering profiles of the
buffer solutions were subtracted from the raw scattering profiles of peptides 1. SAXS profiles
were analyzed using the programs ScAtter and MultiFOXS.%->

Circular dichroism of peptides 1: The conformation of peptides 1 were studied by circular
dichroism (CD). Peptides 1 were dissolved in 100 mM postassium phophate buffer at pH 7.4 to a
concentration of 50 uM or 5 uM. CD spectra were recorded on a Jasco J-810 Spectropolarimeter
equipped with a Peltier thermoelectric temperature control device. The 50 uM samples of
peptides 1 were prepared in a quartz cuvette with a I mm path length and the 5 pM sample of
peptide 1b was prepared in a quartz cuvette with a 1 cm path length. The CD spectrum for the 50
uM solutions of peptides 1 were recorded between 190-260 nm wavelength and at 20 °C. CD
melting point data for the 50 pM solution of peptide 1a was recorded by gradually warming from
10-95 °C at a rate of 40 degrees per hour and recording at 222 nm wavelength. The CD spectra
for the 5 uM solution of peptide 1b was recorded between 10-90 °C by gradually warming the
sample at a rate of 40 °C per hour and recording a CD spectra at every 10 degree increment.
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CHAPTER 4:

Sequence Mutability and Tunable Stability of Phe-Ile Zipper Coiled-Coil
Hexamers

4.1 SUMMARY

Coiled coils are a robust motif for exploring amino acid interactions, generating unique
supramolecular structures, and expanding properties of biological based materials. A recently
discovered antiparallel coiled-coil hexamer (ACC-Hex, peptide 1) exhibits a unique interaction
in which Phe and Ile residues from adjacent a-helices interact to form a Phe-lIle zipper within the
hydrophobic core. Analysis of the X-ray crystallographic structure of ACC-Hex suggests that the
stability of the six-helix bun- dle relies on specific interactions between the Phe and Ile residues.
The Phe-Ile zipper is unprecedented and represents a powerful tool for utilizing the Phe-Ile
interactions to direct supramolecular assembly. To further probe and understand the limits of the
Phe-Ile zipper, we designed peptide sequences with natural and unnatural amino acids placed at
the Phe and Ile residue positions. Using size exclusion chromatography and small angle X-ray
scattering, we found that the proper assembly of ACC-Hex from monomers is sensitive to subtle
changes in side chain steric bulk and hydrophobicity introduced by mutations at the Phe and Ile
residues positions. Of the sequence vari- ants that formed ACC-Hex, mutations in the

hydrophobic core significantly affected the stability of the hexamer, from AGyW =2 to 8

kcal-mol-!. Additional sequences were designed to further probe and enhance the stability of the
ACC-Hex system by maximizing salt bridging between the solvent exposed residues. Finally, we
expanded on the generality of the Phe-Ile zipper, creating a unique sequence that forms an
antiparallel hexamer that is topologically similar to ACC-Hex but atomistically unique.

4.2 INTRODUCTION
Coiled coils are one of the most well studied classes of supramolecular structures and have
served as useful tools for improving our understanding of the folding, assembly, and in-
teractions of proteins.!~” Coiled coils involve the interaction of two or more a-helices to form
defined oligomeric assemblies.® This assembly motif is observed across a wide range of natural
structures, from DNA binding proteins to ion channels and protein-protein inter actions.!2%-!1
Combining the coiled-coil assembly motifs observed in natural proteins with computational
design and structural simulations has led to an expansion of de novo coiled- coil peptides with
diverse supramolecular properties including fiber formation, catalysis, drug delivery, tissue
growth scaffolds, and enormous assemblies that rival the complexity and size of those formed by
viral capsids.'?"!

a-Helices, the coiled-coil monomer units, form regular structures where the side chains of
constituent amino acid residues are displayed at regular intervals around the core of the helix.
The side chain positions are repeated every seven residues, forming discrete ridges of repeating
residues along the axis of the helix. In coiled-coil peptides, a seven residue pattern, with
positions in the heptad described by positions abcdefg, is often repeated multiple times along the
length of the helix. The residues at the a and d positions, or any i and i + 3 positions, are aligned
along the same ridge of the helix. When aliphatic residues, such as Leu, are placed at the a or d
positions, the helices assemble to form dimers or higher-ordered oligomers along this
hydrophobic ridge.'®2° The side chains of the Leu residues interdigitate along the helix ridge,
creating a zipper-like motif, aptly called a ‘leucine zipper’, which helps stabilize the oligomer.!-?

60
DISTRIBUTION A: Distribution approved for public release



The Leu zipper motif has proved useful for the design of de novo sequences that form dimers,?!~
24 trimers,”* tetramers,?¢-2® pentamers,?® hexamers,*® and larger assemblies.?!

The aliphatic zipper motif has served as a robust interaction interface to drive assembly
of diverse coiled-coil oligomers, including parallel hexamers, representing a unique protein fold
not found in nature (Fig 1A).3° Aliphatic side chains are used in the vast majority of de novo
hydrophobic zipper seams, and few coiled-coil designs have incorporated aromatic residues
within the hydrophobic core of the coiled coils. In one such example, when phenylalanine
residues are placed at the a and d positions of the heptad repeats, parallel pentamers and
tetramers form (Fig 1B).3? The phenylalanine residues cluster and form the hydrophobic seams
of the oligomers, creating a “phenylalanine zipper” within the pentamers. We recently developed
a de novo peptide sequence that alternates Phe residues at the a positions and aliphatic Ile at the d
positions. Instead of forming parallel oligomers, this Phe-Ile com- bination assembles into an
antiparallel coiled-coil hexamer (ACC-Hex), an unprecedented structure in natural proteins and
one not predicted by peptide design algorithms (Fig 1C).*® In contrast to the previous designs
with all aliphatic or all aromatic residues at a and d positions, this Phe-Ile interface creates a
pore-free, hydrophobic core with tightly interlocking bulky aromatic groups and aliphatic side
chains.

Figure 1: (A) Axial views of a coiled-coiled hexamer with Ile/Leu residues in the core (PDB 3R3K), (B) A coiled-
coiled pentamer with Phe residues in the core (PDB 2GUV), (C) and an antiparallel coiled-coiled hexamer with Phe
and Ile residues in the core (C, PDB 5EOQJ). The first layer of hydrophobic residues are shown as sticks and spheres.

The X-ray crystallographic structure of ACC-Hex suggests it is assembled from three
symmetric dimers. In each dimer, the monomers are oriented antiparallel to each other, with the
C-terminus and N-terminus offset by 5 A at each end. The offset of the a-helices permits the Phe
residues at the a positions within the heptad sequence of one monomer to interact with Ile
residues at the d positions of the adjacent monomer. This creates a zipperlike pattern of Phe and
Ile residues along the intra-dimer interface (Figure 2). The hydrophobic cores of the parallel
hexamers and parallel pentamers, constructed from aliphatic side chains or aromatic side chains,
contain a small central pore that extends along the length of the oligomers.’*? The Phe-Ile
zipper formed in the core of ACC-Hex however, creates a much more dense core and is devoid
of a central pore (Fig 1). The exclusion of water and the formation of this dense hydrophobic
core in ACC-Hex may be the driving force for the formation of ACC-Hex. These unique
structural aspects of the ACC-Hex warrant further study, as do the interactions leading to their
formation. In this work, we expand the set of natural and unnatural amino acids that drive
assembly of ACC-Hex oligomers. Mutations of the a and d positions, as well as rearrangement of
salt-bridging charged residues on the solvent exposed surface, provide insights into the side
chain chemistry that determines ACC-Hex stability and assembly.
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Ac-ELKAIAQEFKAIAKEFKAIAFIEFKAIAQK-NHZ
abcdefgabcdefgabcdefgabedefg
peptide 1

Figure 2: Amino acid sequence of peptide 1 and the X-ray structure showing the Phe-Ile zipper present in the
antiparallel dimer formed by peptide 1.

4.3 RESULTS AND DISCUSSION

4.3.1 Impact of core residues on formation and stability of ACC-Hex:

From analysis of the X-ray structure of ACC-Hex, we focused our investigation of the stability
of the six-helix bundle on the interactions between the Phe and Ile residues within the
hydrophobic core. We synthesized variants in which the Phe residues at the a positions were
mutated to Tyr, 4-methyl phenylalanine (Tol), or cyclohexyl alanine (Cha, peptides 2a—c, Table
1). In addition, we synthesized sequences in which the Ile residue at the d positions were
changed to Val, Leu, or norleucine (Nle, peptides 3a—c, Table 1). The ACC- hex sequence was
amenable to a majority of the mutations, with only peptides 2a and 3a not forming hexamers. We
used a combinations of size exclusion chromatography (SEC) and SEC coupled small-angle X-
ray scattering (SEC-SAXS) to study the oligomerization states of peptides 1-3. The differences
in the stability of the oligomers formed by peptides 1-3 were studied by chemical denaturant
titrations and monitored with circular dichroism (CD).

Table 1: Peptides 1 — 3.

peptide a d  oligomeric state

1 Phe Ile hexamer

2a Tyr Ile dimer

2b Tol Ile hexamer

2c Cha 1Ile hexamer

3a Phe Val trimer

3b Phe Leu hexamer

3c Phe Nile hexamer

4.3.2 Oligomerization of peptides 1-3:

We designed peptides 2—3 to understand the structural relationship between the residues within
the hydrophobic core and their impact on hexamer formation. Most of the peptides we designed
formed hexamers and, in some instances, promoted hexamer formation. We used SEC as a
preliminary measure of the oligomerization of peptides 1-3. Oligomeric states were determined
by comparing elution profiles of peptides 2—3 to that of peptide 1 and molecular weight
standards. Peptides 2b, 2c, 3b, and 3c eluted in similar volumes to that of peptide 1 (Figure 3).
Peptides 2a and 3a precipitated in the buffer conditions; SEC of the supernatant showed much
weaker signal and an indication of smaller oligomers, such as dimers or trimers. Peptide 2c
exhibited a major peak at the peptide 1 hexamer elution volume, and a sizeable peak at an earlier
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elution volume, consistent with the formation of a larger aggregate, such as a dimer of hexamers.
There was no significant difference in the elution volumes of peptides that eluted near peptide 1.
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Figure 3: SEC results of peptides 1-3 and albumin, carbonic anhydrase, cytochrome C, albumin.

SEC-SAXS scattering profiles of the oligomers formed by peptides 1-3 confirmed their
hexameric state in solution. We analyzed the scattering profile of peptide 1 using the pro- grams

ATSAS and FoXS.40:42,43 The analysis of the Guinier region of the scattering plot revealed a
reciprocal Rg value of 17.99 A and analysis of the Porod region revealed a real space Rg of
16.82 A for peptide 1. Comparing the theoretical form factors of the crystallo- graphic monomer,
dimer, and hexamer to that of the scattering profile of peptide 1 showed a poor correlation (y
3.06, % 1.90, x 1.79, respectively, Figure 4). A composite of the con- tributions of the dimer and
hexamer correlates better with the scattering profile of peptide 1 (y 1.62, Figure 4), consistent
with previous SAXS-only scattering data.>* The scattering profiles of Leu and Nle mutations,
peptides 3b and 3c, are similar to that of peptide 1, differing only in the linear contributions of
the scattering profiles of dimer and hexamer components (Table 3).

Table 3: SAXS Results for Peptides 1 — 3.

peptide Rg (reci) A Rg (real) A Dypax A fit model FoXS (y) ratio

1 17.99 16.82 44.98  hexamer + dimer 1.62 55 : 45
2a - - - - - -

2b 17.22 17.75 55.55 hexamer 1.04 100 : 0
2c 16.24 17.25 54.74 hexamer 1.21 100 : 0
3a - - - - - -

3b 18.94 18.44 53.09  hexamer + dimer 1.49 75 : 25
3c 19.96 23.92 95.01 hexamer + dimer 1.20 67 : 33

The scattering profiles of the Tol and Cha mutations at the a positions, peptides 2b and
2c, on the other hand, differ significantly from that of peptide 1 and correlate well with the
theoretical scattering profile of the hexamer only (y 1.04, x 1.21, respectively). Figure 4 shows
the scattering profile of peptide 2c and the theoretical scattering of the hexamer. The difference
between the scattering profiles of peptides 2b and 2c and that of peptide 1, 3b, and 3b suggests
that the equilibrium between dimer and hexamer is shifted further toward the hexamer for
peptides 2b and 2c.
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Figure 4: SEC-SAXS profile of peptide 1 eluted in 0.1 M potassium phosphate and theoretical
scattering profiles for the monomer, dimer, hexamer, and dimer + hexamer of peptide 1. SEC-
SAXS profile of peptide 2c¢ eluted in 0.1 M potassium phosphate and the theoretical scattering
profile of a hexamer.

4.3.3 The effects of a and d site mutations on the stability of peptides 1-3:

The SEC and SAXS results show that peptides 2b, 2c, 3b, and 3¢ form similar oligomers to that
of peptide 1. CD spectroscopy of these peptides during chemical denaturation helped further
characterize the impact of core substitution on the stability of the hexamers. At room temperature
and in phosphate buffer, peptides 1, 2b, 2c, 3b, and 3¢ showed CD signatures consistent with an
a-helix. Peptides 2a and 3a formed insoluble aggregates and stability measurements could not be
performed. The remaining peptides were titrated with guanidinium chloride (Gdm-ClI) from 0-8
M while monitoring ellipticity at 222 nm to determine the free energies of unfolding in water
(AGy", Figure 5). The free energy values were determined by fitting the CD denaturation curves
to either a 2-state model involving a native (N) and unfolded state (U) in equilibrium or 3-state
model involving an intermediate state (I).*!*** Free energies and m-values for peptides 1, 2b, 2c,
3b, and 3c are shown in Table 4.
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Figure 5: CD titration results of peptide 1, 2b, 2¢, 3b, and 3¢ in 100 mM potassium phosphate
titrated with guanidinum chloride (Gdm-Cl) 0-8 M. CD measurements were recorded at 222 nm
wavelength and at a temperature of 20 °C.

Table 4: Gdm-CI Titration Results for Peptides 1 — 3.

. AGY m m
peptide  fit model kcador;ol'1 kcalemol leM-! kcalomlzl?lloM'1
1 3-state  2.65 £+ 0.36 1.31 £ 0.14 1.17 £ 0.12
2a - - - -
2b 2-state  2.00 £ 0.13 1.00 £+ 0.03 -
2c 2-state  7.86 £+ 0.40 1.29 + 0.07 —
3a - - - -
3b 3-state  4.08 £ 0.22 1.54 + 0.05 2.89 + 0.08
3c 3-state  3.86 4+ 0.20 2.03 £ 0.11 2.01 £ 0.27

Combined with SEC and SEC-SAXS data, CD of the Gdm-Cl titrations provides insights
into the stability determinants of the a and d positions. Substituting Phe at the a positions with
Tyr prevented hexamer formation and promoted aggregation. The para-hydroxy substituent of
the Tyr residue appears to prevent formation of the compact hydrophobic core, leading to the
observed aggregation. The core may not form either because of the additional steric bulk of the
para-hydroxy substituent or because of the introduction of a hydrophilic substituent. To test
whether the steric bulk or increased hydrophilicity was preventing hexamer formation, we
designed peptide 2b in which we replaced the Tyr residues with Tol residues. The 4-methyl
substituent of Tol is comparable in size to that of the hydroxyl substituent on Tyr but is
hydrophobic instead of hydrophilic. The extra steric bulk introduced by the Tol residue did not
appear to disrupt the formation of the hydrophobic core and permitted hexamer formation. The
increased hydrophobicity of the 4-methyl substituent at the a position (Aclog, 0.50) may shift the
equilibrium of hexamer formation toward the hexamer, as observed in the SEC-SAXS data of
peptide 2b, but its increased size relative to Phe may also reduce the stability of the hexamer by
disrupting the tight packing of the core, as indicated by the lower AG," value. These data
suggest, therefore, that the relative hydrophilicity of the Tyr hydroxyl inhibits hexamer
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assembly, possibly by impeding the elimination of water from the hydrophobic core during
hexamer formation.

In the case of peptide 2¢, Cha replaces Phe at the a positions, increasing hydrophobicity
(Aclog, 1.23) and introducing a non-planar residue with additional steric bulk into the
hydrophobic core. The increased steric bulk of Cha did not have the same slightly destabilizing
effect as the Tol mutation. Rather, the introduction of the Cha residues in peptide 2¢ not only
shifted the equilibrium toward hexamer formation, as observed in SEC-SAXS, but also created a

hexamer that is incredibly stable to chemical denaturation (AG,"“ 7.86 kcal-mol-! ). ®

Hexamer formation and stability was similarly sensitive to mutations at the d positions.
Reducing the size and hydrophobicity at the d positions from Ile residues to Val residues
(peptide 3a, Aclog, -0.53), amounting to a removal of a single methylene group from the Ile side
chain, resulted in uncontrolled aggregation, similar to that of peptide 2a. These results indicate
that the assembly of the hydrophobic core, via somewhat specific hydrophobic interactions, is
crucial to the formation and stabilization of ACC-Hex. An increase in hydrophilicity or decrease
in hydrophobicity of the residues within the hydrophobic core results in aggregation. The
difference in hydrophobicity between Phe and Tyr is similar to the difference in hydrophobicity
between Ile and Val (Aclog, -0.67 vs. Aclog, -0.53, respectively). These small changes in
hydrophobicity are enough to disrupt hexamer formation. The X-ray structure of peptide 1 shows
that the terminal methyl of the Ile residue forms van der Waal contacts with Phe residues in the
dimer. The lack of these VDW contacts between Val and Phe residues is apparently sufficient to
destabilize the dimer and resulting hexamer, inducing aggregation.

Other changes to the d positions were more subtle in their impact on hexamer stability.
Mutating the Ile to Leu or Nle resulted in proper hexamer assembly and increased stability of the
resulting hexamers to Gdm-Cl denaturant (4.08 and 3.86 vs 2.65 kcal-mol™!, respectively). The
Ile, Leu, and Nle residues are constitutional isomers with similar hydrophobicities. The
differences in structure between the Ile, Leu, and Nle allow for different contacts between the
side chains and the adjacent Phe residues. The side chains of both Leu and Nle are longer than
the side chain of Ile, allowing the side chains of Leu and Nle to make additional contacts with
the Phe residues, which may determine the improved stability of the hydrophobic core.

The d position mutations of peptides 3b and 3¢ had moderate effects on the AG," values
of the resulting hexamers. However, the CD titration curves of these peptides are best fit by a 3-
state, rather than 2-state model, suggesting the presence of folded intermediate states in the
denaturation mechanism. The m-values derived from the Gdm-Cl titrations of proteins have been
shown to correlate with the change in accessible solvent area (AASA) between folded and
unfolded states.***” Figure 6 illustrates a few of the possible transitions that ACC-Hex may
undergo as it denatures, going from hexamer to dimer to monomer to unfolded monomer.
Calculated m-values based on AASA of the transitions are shown in Table 5. The mN—], the m-
value for the native to folded intermediate state transition, for peptide 1 is small, indicating that
only a small change in ASA occurs between ACC-Hex and an intermediate stated
distinguishable in CD. Previous SAXS data shows that ACC- Hex exists in fast equilibrium with
dimers in solution even in the absence of denaturant.®* The my_,; value for peptide 1, therefore, is
consistent with a transition from these dimers to folded monomers, and the global m-value
corresponds to the transition from folded to unfolded monomer. For peptides 3b and 3c the my_,;
values are much larger, indicating a greater AASA transition. The AASA corresponding to the
my_,; value of peptide 3b suggests a hexamer to monomer transition as the first step in
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denaturation, while peptide 3¢ may undergo a hexamer to dimer transition (2.89 vs 2.01
kcal-mol!). The second transition for peptide 3b would then involve the monomer to unfolded
monomer transition while the second transition for peptide 3¢ undergoes a dimer to unfolded
monomer transition (1.54 vs 2.03 kcal-mol!). These differences in the denaturation further
delineate the structural differences between the Ile, Leu and Nle residues and the impact on the
hydrophobic core of ACC-Hex. Assuming the denaturation steps are reversible, these results also
suggest subtle differences in assembly mechanisms for the different ACC-Hex mutants.
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Figure 6: Possible transitions that ACC-Hex may undergo while denaturing; from hexamer to
dimer to monomer to unfolded monomer.

Table 5: Calculated Changes in Accessible Solvent Area (AASA) and m-values.

transition AASA (A?) kcalozgjlh}cl oM

hexamer to

unfolded monomer 18,213 5.14
hexamer to 0,495 313
monomer
hexgmer to 4530 oo
dimers
dimer to
unfolded monomer 4,561 2.02
dimer to 1655 |
monomer
monomer to 1,453 L2

unfolded monomer

4.3.4 The impact of solvent exposed residues on ACC-Hex stability:

When first characterized, a surprising feature of the ACC-Hex structure was the arrangement of
the charged residues that line the hydrophilic surface. Peptide 1 was designed as a variant of a
parallel hexamer in which the solvent exposed residues participate in salt bridging to stabilize the
structure. Instead, the antiparallel structure of ACC-Hex places similarly charged Lys residues
near one another and Glu residues near one another. This arrangement creates a surface with
stripes of large positive and negative charge density running along the central axis of the
hexamer (Figure 7A). The unfavorable arrangement of these similarly charged residues is
expected to destabilize the hexamer due to electrostatic repulsion and inhibit hexamer formation.
To test whether the charged residues along the surface of peptide 1 contribute to destabilizing
ACC-Hex, we designed peptide 4 which is identical to peptide 1 but each Glu and Lys position
have been swapped. Combining peptide 1 and peptide 4 in a 1:1 mixture resulted in an increased
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stability of the hexamer to Gdm-Cl denaturation (Figure 8). The crystal structure of a mixture of
the two peptides is composed of hetero oligomers formed by peptides 1 and 4, and shows salt
bridging between the oppositely charged Lys and Glu residues that line the solvent exposed
surface (Figure 7B). The salt bridges formed between peptides 1 and 4 monomers are the likely
driving force for hetero oligomer formation, and they may be responsible for the increase in
observed solution stability of the hetero oligomer in the presence of Gdm-ClI.

Figure 7: (A) Crystal structure and electrostatic surface of the hexamer formed by peptide 1. (B)
Crystal structure and electrostatic surface of the hetero hexamer formed by peptides 1 and 4.

In the solid state, the hetero oligomer formed by peptides 1 and 4 appear to assemble in a
1:1 ratio (Figure 7B). Each dimer within the hexamer contains a single a-helix of peptide 1 and
single a-helix of peptide 4. The hydrophobic surface of the hetero dimer is identical to the
hydrophobic surface of the dimer formed by peptide 1. The hydrophilic surface however now
contains salt bridges on the hetero dimer interface and on the interfaces between dimer units
within the hetero hexamer. In solution, the hexamers are unlikely to be in a perfect 1:1 assembly
of peptide 1 and peptide 4 due to monomer swapping between hexamers in equilibrium. This
exchange and resulting partial loss of electrostatic stabilization accounts for the slight increase in
stability of solutions of a mixture of the two peptides (Figure 8, Table 6). To promote the salt
bridging on the ACC-Hex surface, we designed peptide 5, which maximizes salt bridging
between oppositely charged residues within the antiparallel configuration. Peptide 5 exhibited
extremely high resistance to denaturation and did not appear to denature at saturating
concentrations of Gdm-Cl (Figure 8). The combination of salt bridging along the solvent exposed
surface and the formation of the Phe-Ile zipper with the hydrophobic core generates an extremely
stable oligomer. The fact that peptide 1 is reasonably stable to chemical denaturation, even
without salt bridging and with the destabilizing effect of Glu-Glu and Lys-Lys electrostatic
repulsion, indicates the stabilizing effect of the tight hydrophobic core of the Phe-Ile zipper.

Table 6: Gdm-CI Titration Results for Peptides 1, 4, and 5 in Gdm-Cl.

peptide fit model AG,Y m MN_I
kcalemol!  kcalemolleM™'  kcalemolteM-!
1 3-state  2.65 £+ 0.36 1.31 £ 0.14 1.17 + 0.12
4 3-state  3.38 £ 0.69 2.72 £+ 0.46 1.85 + 0.43
1+4 3-state  5.47 £+ 1.15 2.29 £+ 0.50 2.08 + 0.51
5 — high - -
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4.3.5 Alternative de novo sequence utilizing Phe-Ile zipper forms antiparallel coiled-coil
hexamers:

Peptides 1-5 contain the same base sequence in which the large residues are at the a positions
and the aliphatic residues are at the d positions. In ACC-Hex, the Phe residues project outward
and lay over the Ile residues and the Ile residues are pointed toward the seam of the dimer
interface. Switching the Phe and Ile positions, Phe at the d positions and Ile at the a positions,
does not permit the formation of an antiparallel hexamer (data not shown). Mapping this
sequence onto the X-ray structure of peptide 1 shows that the alignment and pitch of each helix
in ACC-Hex forces the Phe residues of the a to d swapped monomer to adopt a conformation
with significant steric clashing between adjacent monomers, preventing hexamer formation.

Ac-ELKAIAQEFKAIAKEFKAIAFIEFKAIAQK-NHZ

peptide 1
AC-KLEA|AQKFEA|AEKFEA|AFIKFEA|AQE-NH2
peptide 4
Ac-ELEAIAQKFEAIAKEFKAIAFlEFKAIAQK-NHZ
peptide 5
100 U‘zi;. e peptide 1
%, e peptide 4
s epeptide 1 + 4
2 ..‘. peptide 5
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Figure 8: CD titration spectra of peptide 1, peptide 4, peptide 1 and 4 (1:1), and peptide 5 in 100
mM potassium phosphate with guanidinum chloride (Gdm-Cl) 0-8 M. CD measurements were
recorded at 222 nm wavelength and at a temperature of 20 °C.

To further explore the general Phe-Ile zipper motif we designed peptide 6 in which the
repeating begins at the d-position within the heptad repeat. This frame shift maintains the Phe
residues at the a positions and Ile residues at the d positions and creates a unique peptide
sequence. This also places the Ala residues at the e and g positions which has been shown to
promote coiled-coil heptamer formation.?! Peptide 6, however, formed hexamers and the X-ray
crystal structure shows little difference in the size and shape of the antiparallel hexamer to that of
ACC-Hex, with the exception of the hydrophobic core. The residues within the core of peptide 6
are frame shifted relative to ACC-Hex, starting the Phe-Ile pattern at the Phe residue instead of
Ile within the hydrophobic core (Figure 9). The formation of ACC-Hex by peptide 6 suggests
that the Phe-Ile zipper is a general interaction motif and a driving force for specific interaction
and alignment of a-helices and controlled oligomerization.
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Figure 9: Antiparallel dimer interface formed in the X-ray structure of peptide 1 (left) and
antiparallel dimer interface formed in the X-ray structure of peptide 6 (right).

4.4 CONCLUSIONS
The Phe-Ile zipper represents a general motif where large hydrophobic residues at a-positions
selectively interact with aliphatic residues at the d-positions within a heptad repeat. The
additional geometric constraints placed upon this arrangement, due to the nature of the side
chains, permits only an antiparallel orientation of the helices. Even with these structural
constraints, the Phe-Ile zipper motif permits a variety of unnatural and natural amino acid
combinations. Manipulations of these residues combinations reveal the boundaries of this motif,
with Val and Tyr variants unable to form hexamers and the Cha variant forming very stable
hexamers. While other manipulations at the a and d positions did not appear to greatly affect the
ability of the peptides to form hexamers, SEC-SAXS and CD titrations revealed subtle
differences between the stabilities of these sequences.

The sequence and structure of peptide 1 was not predicted to form antiparallel hexamers.
The antiparallel arrangement of the monomers within the hexamer prevents salt bridging of
oppositely charged residues. Optimizing the sequence to permit salt bridging residues on the
solvent exposed surface while in the antiparallel arrangement, peptide 5, generated hexamers that
were extremely stable to denaturant. The generality of the Phe-Ile zipper is further expanded
upon with peptide 6, forming an assembly nearly identical to that of peptide 1 but with a unique
peptide sequence. Much like the Leu zipper motif, the Phe-Ile zipper motif can be envisioned to
be a powerful tool in controlling molecular assemblies at the atomic level.
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4.5 MATERIALS AND METHODS
Synthesis and purification of peptides 1-6: Peptides 1-6 were synthesized and purified
according to methods described previously.*?

Crystallization procedure for peptides 1 + 4 and peptide 6: Crystallization procedures were
performed similarly to those described previously.*3¢ Crystallization conditions for peptide 1 +
4 and peptide 6 are shown in Table 2.

X-ray diffraction data collection, data processing, and structure determination for peptides
1 + 4 and peptide 6: X-ray diffraction data sets for peptides 1 + 4 and peptide 6 were collected
at the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory (Berkeley,
California) on synchrotron beamline 8.2.1 at 1.00 A wavelength with 0.5° rotation per image
(Table 2). Diffraction data were scaled and merged using iMosflm and Aimless.?”-8

Structure determination of peptides 1+ 4 and peptide 6: The electron density map of peptides
1 + 4 and peptide 6 was determined by single- anomalous diffraction (SAD) phasing techniques.
Electron density map generation and refinement were performed similarly to previously
published methods.?*-3¢ Table 2 shows the statistics of data collection and model refinement for
peptides 1 + 4 and peptide 6.

Size-exclusion chromatography of peptides 1-6: The oligomerization of peptides 1-6 were
analyzed by size-exclusion chromatography (SEC) at 5 °C in 100 mM potassium phosphate
buffer at pH 7.4. Peptides 1-6 were dissolved in potassium phosphate buffer to a concentration of
1 mM and loaded onto a GE Superdex 75 10/300 GL column at a flow rate 0.8 mL/min.
Chromatograms were recorded at 280 nm and normalized to the highest absorbance value.
Standards (carbonic anhydrase, cytochrome C, and aprotinin) were eluted similarly to that of the
peptides 1-6.

Size exclusion coupled small-angle X-ray scattering of peptides 1-3: Small-angle X-ray
scattering (SAXS) profiles of peptides 1-3 were collected on SIBYLS beamline (12.3.1) at the
Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory (Berkeley,
California). Peptides 1-3 were dissolved in 100 mM potassium phosphate to a concentration of 1
mM and eluted on a Shodex KW402.5-4F at a rate of 0.4 mL/min. Samples were continuously
exposed to the synchrotron source and profiles were collected every 2 seconds over a 25 min
elution. Profiles containing the peptides of inter- est were merged to create a single SAXS
profile. SAXS profiles were analyzed using the programs ATSAS and MultiFOXS.3*4?

Circular dichroism of peptides 1-5: The conformation of peptides 1 were studied by circular
dichroism (CD). Peptides 1-5 were dissolved in 100 mM postassium phophate buffer at pH 7.4
to a concentration of 40 uM. CD spectra were recorded on a Jasco J-810 Spectropolarimeter
equipped with a Peltier thermoelectric temperature control device. The CD spectrum for peptides
1—5 were recorded between 200-260 nm wavelength, at 20 °C, and in a 1 cm path length cell.

Guanidinium titrations of peptides 1-5: Guanidinium chloride (Gdm-Cl) titrations of peptides
1-5 were performed using a Jasco ATS-429 titrator. Molar ellipticity was recorded at 222 nm
wavelength. Each titration experiment was performed identically. A stock solution of 8M Gdm-
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Cl in 100 mM potassium phosphate was prepared. The stock solution was added in 0.2 M
increments to a solution of 40 uM peptide in 100 mM potassium phosphate at pH 7.4 and at 20
°C. After each addition, solutions were mixed for 90 seconds before recording ellipticity. For
peptide 2c, additional titrations were performed at 60 °C, 70 °C, and 80 °C

Titration curves were fitted to the following equations: AG, = AG," - m-D

With AGy = -RT In(Kp) and m = 6AG,/6D, where D is the concentration of Gdm-CIl. For the two
state model, curves were fit to the following equation:

a+b*D+(c+d*D)e('AGuw + m*D)/RT
I+ oCAG,Y T m*D)/RT

ﬁobs -

With a and ¢ corresponding to the fractional amount of Oy and 6y for the folded and unfolded
states, respectively. Values b and d corresponding to (ABy/AD) and (A6y/AD), respectively.
For the 3-state model, involving an intermediate, curves were fit to the following equation:

9 o a+b*D+(c+d*D)*A*e(’AG“W + m*D)/RT
obs — 1+ Axe(-AGyY + m*D)/RT

with:

1
1+K01*€(m1*D/RT)

With Ky, corresponding to the equilibrium constant for the folded (N) to intermediate (I) state
and m, corresponding to the m-value for the folded (N) to intermediate (I).*!
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Table 2: Crystallographic Properties, Crystallization Conditions, and Data Collection and

Model Refinement Statistics for Peptides 1 + 4 and Peptide 6.

peptide 1 + 4 peptide 6
PDB ID 5VTE 5WOJ
space group R32 R32
a, b, ¢ (A) 48.97 48.97 141.82 52.56 52.56 93.04
o B,y () 90 90 120 90 90 120
peptide per
asymmetric unit 2 2

crystallization conditions

wavelength (A)
resolution (A)
total reflections
unique reflections
multiplicity
completeness (%)
mean I/c

Wilson B-factor
Rmerge

R measure

CCyy,
cer

Rwork

Rfree

number of

non-hydrogen atoms

RMSbonds

RMSangles

Ramachandran
favored (%)
outliers (%)

clashscore

average B-factor

0.1 M sodium formate, pH 6.75,
24% PEG 3350

Data Collection!

1.00
47.27-2.02 (2.10-2.02)
22746 (1266)
4228 (342)

5.4

93 (89)

10.63 (3.76)
20.58

0.04 (0.09)
0.06

0.99 (0.97)
1.00 (0.99)

Refinement

21.73
24.73

519
0.003
0.59

100
2.6
0.00
29.66

0.1 M sodium formate, pH 6.5
35% PEG 3350

1.00

40.89 — 2.201 (2.28-2.20)
17753 (2079)
2667 (300)
6.7

99.9 (100)
13.9 (5.53)
32.30

0.070 (0.285)
0.076

0.99 (0.96)

1 (0.99)

22.87
27.95

513
0.003
0.76

100

0
0.00
47.94

1. Values for the highest resolution shell are show in parentheses.
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CHAPTER S

Electronic Conductivity in Coiled-Coil Peptide Nanofibers and Gels

5.1 SUMMARY

Examples of long-range electronic conductivity are rare in biological systems. The observation
of micrometer-scale electronic transport through protein wires produced by bacteria is therefore
notable, providing an opportunity to study fundamental aspects of conduction through protein-
based materials and natural inspiration for bioelectronics materials. Borrowing sequence and
structural motifs from these conductive protein fibers, we designed self-assembling peptides that
form electronically conductive nanofibers under aqueous conditions. Conductivity in these
nanofibers is distinct for two reasons: first, they support electron transport over distances orders
of magnitude greater than expected for proteins, and second, the conductivity is mediated
entirely by amino acids lacking extended conjugation, m-stacking, or redox centers typical of
existing organic and bio-hybrid semiconductors. Electrochemical transport measurements show
that the fibers support ohmic electronic transport and a metallic-like temperature dependence of
conductance in aqueous buffer. At higher solution concentrations, the peptide monomers form
hydrogels, and comparisons of the structure and electronic properties of the nanofibers and gels
highlight the critical roles of a-helical secondary structure and supramolecular ordering in
supporting electronic conductivity in these materials. These findings suggest a structural basis
for long-range electronic conduction mechanisms in peptide and protein biomaterials.

5.2 INTRODUCTION

Bioelectronic materials aim to interface synthetic electronic devices with biological systems,
from biomolecules to cells, tissues, and entire organisms.! Such a union of solid-state and
biological materials enables a broad range of applications such as wearable?? or implantable
devices,*’ portable and biocompatible power sources,®® real-time and miniaturized sensors,”!°
and bionic neural interfaces.!!!? Finding ideal materials to bridge the biological-electronic
interface remains an outstanding challenge.!? Such a material should be biocompatible,
multifunctional, and maintain proper function of the interacting biological system.!* Proteins and
peptides are ideal material building blocks for satisfying these criteria due to their properties of
self-assembly and functional molecular recognition.!>"'® In addition, the chemical diversity and
specificity of amino acid sequences can be designed to drive the formation of peptide
nanostructures, such as wires and tubes.!®?° These nanometer length scales are comparable to
those of biological building blocks, promoting a more seamless integration at the bio-electronic
interface than existing micrometer-scale electronic transducers.!”-2!

Processes of electron tunneling and transfer across individual enzymes are common in
biology, 2% and electronic conductivity or tunneling in non-enzyme protein and peptide
nanomaterials has been studied over short (~nm) distances.?*2% Over much longer (~um)
distances, inherent electronic conductivity has been established in bacterial protein fiber
appendages, called pili, of some anaerobic species.?”-*® Long-range electron transport in
conductive pili represents natural inspiration for molecular bioelectronics design and a tunable
synthetic platform for studying the electronic properties of conductive protein
nanostructures.?”-? Pili support charge transport through natural amino acid residues over
micrometer-scale distances,***! much farther than the angstrom to nanometer length scales
associated with tunneling.?>?3-32 They are also are orders of magnitude more conductive than
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amyloid* and nt-stacked peptide fibers.>* Unlike examples of long-range electron transport in
natural® and synthetic assemblies of cytochromes, the conduction observed in pili is not redox-
mediated,?®¢ and the exact mechanism of electron transport in these protein fibers is still a
matter of debate.

n-stacked moieties are essential for long-range electron conductivity in synthetic peptide
bio-organic hybrid nanostructures, in which peptides direct the self-assembly of small molecule
semiconductors.”3® n-stacking amino acid side chains may be important in pili as well. The
conductivity of Geobacter sulfurreducens Type IV pili, the most commonly studied conductive
pilus system, is sensitive to mutations at aromatic residues,**! and pilus conductivity correlates
with aromatic amino acid content of pilin protein building blocks from different Geobacter
species.*? Some homology models suggest sufficiently small distances between aromatic
residues in the pilus for m-stacking interactions,?*#4 but without a crystal structure, such a
molecular arrangement has not been conclusively determined. On the other hand, some self-
assembled peptide monolayers®**47 and short peptide nanotubes*® exhibit inherent conductivity
over distances up to several nanometers without n-stacking. The composition of the side chains,
hydrogen bonds, and an a-helical secondary structure have been identified as important factors
contributing to the hopping and tunneling conductivity in these peptide systems over short
distances.

Taking sequence and structural inspiration from G. sulfurreducens pili, we designed a
self-assembling de novo peptide that forms electrically conductive nanofibers.*=° The peptide
self-associates in solution to form coiled-coil hexamers, which were designed to add end-to-end
and form elongated nanofibers. Both the peptide nanofibers and the Geobacter pili consist of a-
helical monomer building blocks, and the crystal structure of the coiled-coil hexamer shows that
the peptide oligomer clusters aromatic residues axially in their hydrophobic core.* Importantly,
the spacing and arrangement of aromatic side chains preclude n-stacked electronic delocalization
in proposed structure of the peptide nanofibers. Nonetheless, these nanofibers are conductive in
ambient and wet conditions, and they exhibit metallic-like trends in electrochemical and
temperature-dependent transport measurements. Comparison of the structure and conductance of
fiber and gel morphologies formed by the peptide at different concentrations suggests that the
supramolecular ordering of peptides within the nanofibers plays a critical role in supporting
electronic transport. The observed properties and mutability of the peptide sequence suggests
that this nanofiber system may serve as an experimental platform for exploring structure-
property relationships in peptide and protein bioelectronics materials.

5.3 RESULTS AND DISCUSSION

5.3.1 Peptide Nanofiber Self-Assembly:

Peptide 1 (Fig. 1A) self-assembles to incorporate aromatic amino acids into the core of an
antiparallel coiled-coil hexamer (ACC-Hex, PDB 5EQJ) structure, which it adopts in solid-state
crystals and in solution.**-° Peptide 1 is capped with Glu and Lys residues to induce end-to-end
electrostatic interactions and the formation of elongated fibers. The X-ray crystallographic
structure shows that peptide 1 indeed crystallizes as stacked ACC-Hex building blocks,
suggesting supramolecular assembly of fibers driven by these electrostatic interactions (Fig. 1B).
Atomic force microscopy (AFM) imaging confirms the formation of nanofiber structures from
peptide 1 in phosphate buffered saline (PBS) at 100-200 uM concentrations (0.03-0.06 % w/v),
which form overnight and extend up to several microns in length (Fig. 2A). Height profiles of the
observed nanofibers exhibit a minimum diameter of 2 nm (Fig. 2B), consistent with the diameter

78
DISTRIBUTION A: Distribution approved for public release



of a single hexamer unit.* That this is the smallest diameter of nanofiber measured in the sample
suggests that these nanofibers are composed of ACC-Hex building blocks, and that larger
diameter fibers may be bundles of ACC-Hex nanofibers.

Ac- ELKAlAQEFKAIAKEFKAIAF 'EFKAIAQK-NH, b

Figure 1. A) Peptide 1 monomer crystal structure and sequence. Red residues highlight the phenylalanines buried in
the hydrophobic core; F' denotes the iodo-phenylalanine on the solvent-exposed surface used for phasing in crystal
structure determination. B) Proposed nanofiber self-assembly mechanism from X-ray crystal structures of peptide 1.
Left to Right: Peptide 1 monomer forms an antiparallel coiled-coil hexamer (ACC-Hex), shown in radial (top) and
axial (bottom) projections; ACC-Hex stacks end-to-end via electrostatic interactions between the terminal glutamic
acids (green) and amide lysines (dark blue) to form an elongated fiber. The hexamer and extended nanofiber have a
predicted diameter of 22 A filled with a tightly packed hydrophobic core of aromatic residues.

- ACC Hex Fibers

0.7 0 07
Vs (V)

Figure 2. (A) Atomic force micrograph of a drop-cast film of ACC-Hex nanofibers. (B) AFM topographical image
of a single ACC-Hex nanofiber. Inset shows a z-height line-scan across the fiber, indicating a fiber diameter of 2.3

nm. (C) Current-voltage (I-V) characteristics of ACC-Hex fibers, a dried buffer control (PBS), and amyloid- (AP)
fibers. Inset: close-up of PBS and AP /-Vs. Scale bars are 5 um and 500 nm in (A) and (B), respectively.

5.3.2 Electrical Conductivity of Peptide Nanofibers:

Films deposited from dried ACC-Hex nanofiber suspensions form dense percolation networks
that exhibit long-range electronic conductivity. /- characteristics of dried nanofiber films on
interdigitated electrode devices exhibit linear behavior (Fig. 2C), with an average resistance of
188 £ 36 Q (n = 6 independent samples). The measured resistance is relatively low for typical
organic materials due to the large channel width and short channel length of the interdigitated
devices used for electronic property characterization (see Methods). Films of amyloid beta fibers
(AP), cast onto identical devices from an equivalent volume of solution and concentration of
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protein, have a resistance of 1.0 x 10® Q. The equivalent volume of PBS cast onto identical
devices has a resistance of 1.5 x 10° €, indicating that any residual contamination from the
casting solution contributes negligible conductance to the peptide 1 nanofiber films. AP fibers
were used as a control material because they assemble with similar aspect ratios to ACC-Hex
fibers and contain aligned aromatic residues.’! The six orders of magnitude decrease in
conductance of the A compared to ACC-Hex nanofiber films suggests a primary role for the o-
helical building blocks of ACC-Hex. a-helical secondary structure has been previously
demonstrated to lower the energetic barrier for transport across short homopeptides.>* Our
results are consistent with these tunneling conduction experiments and the proposed importance
of a-helices to conductivity in G. sulfurreducens pili.?®* Using an identical electrode geometry,
our ACC-Hex nanofiber films exhibit comparable (~mA) current to pili films. 6.9 pg of ACC-
Hex nanofibers yielded an average film resistance of 188 Q, while 115 pg of purified G.
sulfurreducens pili on the same devices had a resistance of 470 Q.2
Single fiber /-V characteristics of ACC-Hex nanofibers were used to confirm electronic

conduction in the fiber component of the self-assembled peptide and to calculate values of
electrical conductivity inherent to the nanofibers. Conductive probe AFM measurements of
electron transport in individual ACC-Hex nanofibers show high conductivity values, with an
average conductivity of 1.12 £ 0.77 S/cm (n = 4 independent nanofibers). Wild-type G.
sulfurreducens pili have conductivities ranging from 0.188 + 0.034 S/cm (pH 2) to 0.051 = 0.019
S/cm (pH 7),! consistent with the relative resistances obtained from /-Vs of the ACC-Hex
nanofiber and pili films.
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Figure 3. Electrochemical gating experiments of ACC-Hex fiber films (A) Source-drain current (/ps) of ACC-Hex
nanofiber films gated in solution (pH 7.0) with respect to a reference electrode (Vs). The source-drain voltage (¥bs)
of each scan is indicated by the color scale on the right. (B) The average source-drain conductance (G) of peptide
nanofiber films as a function of temperature at 10 different Vps offsets (£10 mV, £20 mV, £40 mV, +60 mV, and
+80 mV). Error bars represent the standard deviation of measurements at all 10 Vps values and are small as to be
obscured by the data points at 7< 90°C.
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Electronic transport in ACC-Hex nanofibers was also characterized in aqueous solution
by electrochemical gating measurements in a bipotentiostat setup. Bipotentiostat cyclic
voltammetry distinguishes between redox-mediated and ohmic charge transport mechanisms in
conductive channel materials.?®32->3 Current through the ACC-Hex nanofiber channel is
independent of gate potential and depends only on the source-drain potential, Vps (Fig. 3A),
indicative of band-like charge carrier conduction. The conductance of the nanofiber channels
shows a weak dependence on pH and ionic strength, and it increases with decreasing temperature
(Fig. 3B). The temperature-dependent behavior is also consistent with ohmic, or particle-like,
charge conduction and is exclusive of thermally activated conduction mechanisms, such as
charge hopping, in ACC-Hex nanofibers.

5.3.3 Peptide Hydrogel Formation and Rheological Properties:

Peptide 1 forms hydrogels at mM concentrations (above 0.1% w/v) after 20 min incubation at 70
°C. Visible gelation was observed at concentrations ranging from 0.1% to 5% w/v. Rheological
studies were performed to measure the mechanical properties of the hydrogels (Fig. 4). Strain
sweep experiments were performed to assess the storage modulus (G’) and the loss modulus
(G”), which measure the energy stored and dissipated upon application of oscillatory shear in the
linear viscoelastic regime. When G’ >>G ", the material is considered to behave like a
viscoelastic solid, and when G’ << G, the material behaves like a viscoelastic liquid.>* The
magnitude of G’ is also an indicator of the relative stiffness of the hydrogel.

Peptide 1 hydrogels demonstrate typical gel-like rheological behavior. G’ is relatively
constant and greater than G at low strain amplitudes, then at higher strains drops off quickly
with increasing strain and crosses to a G’ < G ” regime indicative of gel yielding (Fig. 4A). Also
consistent with gel-like behavior, G’y (G’ at 0.1% strain) increases with increasing concentration
of peptide (Fig. 4B). The strain amplitude sweeps track the viscoelasticity of the various
hydrogels. For the most robust gel (5% w/v), the critical strain . occurs at a G’ value of 160 Pa:
below 3% strain, the structure is intact, as denoted by the strain independence of G’ with G’ >
G, suggesting a percolating stress-bearing network (Fig. 4A). Increasing the strain above .
disrupts the network structure, and the material eventually begins to resemble a viscous liquid at
strains above the crossover point G'= G ”. The value of . increases with peptide concentration
(Fig. 4A inset), indicating that the network structure responsible for load distribution increases in
the presence of more material.>

The storage modulus G’ of peptide gels follows a power law relationship with
concentration, which is determined by factors such as fibril persistence length, fibril flexibility,
distance between fibrils, and distance between fibril intersections, and which is directly related to
the crosslinking or entanglement in the system.*® In a crosslinked hydrogel, fibrils are linked by
chemical bonds and the exponent # has a theoretical value of 2.5 for a dense crosslinking
network.’® 7 is predicted to have a value of 2.2 for entangled hydrogels®® and 1.4 for strongly
entangled hydrogels.’” A value closer to n = 1, such as measured from the peptide 1 hydrogels (n
= 1.13, Fig. 4B), indicates that the gels are semi-dilute viscoelastic solutions that are neither
strongly entangled nor extensively crosslinked.’® These structural characteristics are consistent
with the short, rigid a-helical peptide 1 building block of the gels, the hydrophobic interactions
driving oligomer and gel backbone assembly, and the lack of specific cross-linking moieties in
the peptide 1 and ACC-Hex structures.
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Figure 4. Oscillatory rheology measurements of peptide 1 hydrogels. (A) Representative strain sweep values of
storage (G, filled circles) and loss (G 7, open circles) moduli of the 5 % w/v hydrogel conducted at 0.1 Hz. Inset
shows the critical strain, yc, versus concentration of peptide. (B) Storage modulus measured at 0.1% strain (G ') and
1 Hz, as a function of peptide concentration (% w/v). The slope of the fit line is 1.13.

5.3.4 Electronic Measurements of Peptide Hydrogels:

Films of dried hydrogels exhibit a surprising decrease in conductivity with increasing peptide
concentration (Fig. SA). Films cast from nanofibers solutions (0.03 % w/v) exhibit seven orders
of magnitude greater conductance than those cast from equal volumes of 5% w/v peptide gels,
despite the presence of more peptide material in films cast from higher concentration samples.
The conductance of hydrated hydrogels was recorded by taking the inverse of resistance values
obtained by electrical impedance spectroscopy (EIS) (Fig. 5B). Conductance through the
material was determined by taking the inverse of the difference between impedance values at low
frequencies, approaching DC conditions,>%° and the solution resistance (impedance value at
high frequencies). The high frequency solution resistance values were negligible compared to
the impedance values at low frequencies, approaching DC. As with the dried films, conductance
through a fixed volume of nanofibers and hydrogel decreases precipitously with increasing
peptide concentration. These data indicate that the peptide itself is not inherently conductive and
suggest that the conductivity may be strongly dependent on the supramolecular structure present
in highly ordered fiber morphology present at low peptide concentrations. SEM images confirm
the lack of fiber morphology in peptide gels at concentrations above 0.1 % w/v (Fig. 5C), which
instead form increasingly large and extended networks of clusters characteristic of hydrogel
phase separation during sample desiccation.

5.3.5 Molecular Structure Insights into Peptide Nanofibers and Gels:

The solution dynamics and self-assembly of peptide 1 were investigated by molecular dynamics
simulations using the coarse-grained MARTINI model for peptides in explicit water and ions.
Simulation data show oligomer assembly structures and intermediates consistent with
experimental results (Fig. 6). Firstly, the fast association of peptide 1 into dimers was observed
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in equilibrium with ACC-Hex at ~ 10 uM (Fig. 6A-C). The presence of dimers was indicated
experimentally by small-angle X-ray scattering profiles of peptide 1 at comparable
concentrations, and by structural analysis of the ACC-Hex crystal structure.*’ Secondly, end-to-
end association of individual ACC-Hex units was observed at higher concentrations (~ 100 uM,
0.03 %w/v), creating elongated structures suggestive of the initial stages of fiber assembly. The
minimum diameter of observed peptide 1 fibers measured by AFM is approximately the ACC-
Hex diameter (Fig. 2B), consistent with the end-to-end assembly process indicated by these MD
data (Fig. 6D). Lastly, at mM concentrations (> 0.1 % w/v), simulation snapshots indicate a
transition in supramolecular assembly of ACC-Hex building blocks into larger, branched
structures (Fig. 6E). While the ACC-Hex building blocks are still stable at these concentrations,
the hexamers no longer self-associate exclusively by end-to-end interactions, which would result
in one-dimensional fiber growth. Rather, ACC-Hex units attach to ends and sides, creating
continuous and branching junctions.
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Figure 5. Conductance measurements of ACC-Hex nanofibers (0.03% w/v) and gels. (A) Conductance (G) of dried
fibers and gels deposited from equivalent solution volumes onto interdigitated electrodes. Inset shows device
schematic and example of fibers (red) bridging the interdigitated electrodes (gold). (B) Conductance approaching
DC as determined by EIS in FTO sandwich electrodes (inset). (C) Scanning electron micrographs of ACC-Hex
fibers (0.03% w/v) (top left), 0.25% hydrogel (top right), 0.5% hydrogel (bottom left), and 5% hydrogel (bottom
right). Scale bar is 500 nm.

Fiber formation is experimentally observed between 100 and 200 uM (0.03 to 0.06%
w/v), and these simulations demonstrate that within this range, the end-to-end axial association
of ACC-Hex units represents the potential nucleation step of fiber formation. In contrast, at mM
concentrations, the ACC-Hex building blocks associate via both lateral and axial interactions to
form the branched network structure of the gel backbone. The simulations suggest that peptide 1
still assembles into ACC-Hex units at these high concentrations and bury Phe residues in the
hydrophobic core of this gel network, but that the hexamer building blocks lack the axially
aligned periodicity present at lower, fiber-forming concentrations of peptide. This structural
change is observed in SEM preparations of the fibers and hydrogels (Fig. 5C) and is consistent
with the rheological data (G’ vs. concentration, Fig. 4B), which suggests that the peptide gel is
weakly cross-linked and lacks chain entanglement. Both of these gel structure characteristics are
expected from the short, rigid monomer of peptide 1 and the hydrophobic interactions holding
them together in aggregates and the branched gel backbone.

Circular dichroism (CD) spectra of soluble ACC-Hex units, ACC-Hex nanofibers, and
gels support the presence of intact oligomer units across all concentrations. CD spectra were
acquired from solutions of different peptide concentrations that form isolated oligomers (ACC-
Hex, 0.015 % w/v), fibers (0.03% w/v) or gels (0.1 and 5.0 % w/v) (Fig. 6F). In dilute solutions,
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peptide 1 aggregates into ACC-Hex oligomers,* the CD spectrum of which (Fig. 6F) exhibits
characteristic a-helical molar ellipticity minima around 208 nm and 220 nm.®!~%* As the peptide
forms fibers and gels with increasing concentration, the 208 nm minimum disappears and the
220 nm minimum becomes increasingly red-shifted. These two distortions in the spectra are
associated with chiral scattering due to the lateral aggregation of a-helices, further radial
expansion of fiber bundles®*~%4, and end-to-end assembly of the helices®>. To verify that the 70
°C incubation used for gel formation does not preclude fiber assembly, we subjected a 0.03%
w/v peptide sample, which forms fibers under standard aging conditions, to a 70 °C incubation
and still observed aggregated fibers. The CD spectra, therefore, support the MD findings that the
a-helical secondary structure and the ACC-Hex tertiary structure are maintained during the
aggregation process associated with fiber and gel formation. In all, the structural data from
rheological, molecular dynamics, and CD, in conjunction with electronic measurements suggest
that the quaternary structure, i.e. the axial, end-to-end association of ACC-Hex units, of the
nanofibers may be critical to their long-range electron conducting properties.
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Figure 6. Assembly mechanism and structures of peptide 1 from simulations and CD spectra. (A-E) Molecular
dynamics simulations (top) of peptide 1 self-assembly and the corresponding assemblies from the X-ray crystal
structure (A-D bottom) or gel image (E bottom) of peptide 1. All purple and all green colored peptides indicate o-
helices oriented parallel to each other and antiparallel to the other color. At uM concentrations, peptide 1 forms
ACC-Hex units (C), which are driven to stack end-to-end via electrostatic interactions (D). At mM concentrations
(E), peptide 1 forms gels and a branched backbone structure composed of ACC-Hex units. In this simulation
snapshot, peptide 1 monomers within the same hexamer are all colored identically. (F) Normalized CD spectra of
soluble, isolated ACC-Hex oligomers (ACC-Hex, 0.015% w/v), fibrilized ACC-Hex (0.03 % w/v), and ACC-Hex
gels at 0.1 and 5 % w/v peptide 1.

While the exact mechanism of charge transport in our ACC-Hex nanofibers remains
unknown, our data establish that they are electronically conductive and suggest structure-
property relationships that distinguish these nanofiber materials from other conduction
paradigms in organic conductors. The conduction mechanism in ACC-Hex nanofibers is likely to
be distinct from the delocalized transport observed in explicitly n-stacked bio-hybrid systems,
such as the peptide nanostructures and hydrogels formed by peptide-small molecule
conjugates’®:69-68 and unnatural aromatic amino acids,® because the large spacing and off-angle
packing of aromatic side chains in ACC-Hex preclude nt-stacking interactions.** In addition, the
electrochemical gating results and the temperature-dependence of conductance of the ACC-Hex
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nanofibers show that charge transport along the nanofibers is not facilitated by a series of redox
events, as is the case in ferrocene-coupled diphenylalanine nanowires,’® amyloid fiber-
conjugated cytochromes,’! or cytochrome hopping in appendages of some electrogenic
anaerobes.*> In the bipotentiostat setup, redox-mediated conduction is facilitated through current
exchange at the reduction potentials of the redox-active compound, manifesting as current
peaks.?$3253 The ACC-Hex nanofiber films, on the other hand, demonstrate ohmic, particle-like
transport of charge carriers, which varies linearly with the source-drain potential and is devoid of
characteristic redox peaks. This ohmic conduction is insensitive to environmental changes,
showing little dependence on pH and ionic strength, demonstrating that neither n-stacking nor
redox hopping — or other thermally activated mechanisms — are necessary to facilitate charge
transport over micrometer-scale distances in these peptide nanofibers.

Studies of G. sulfurreducens pili suggest the importance of aromatic amino acids to
conductivity, with some structure homology models implying the presence of n—stacking along
the length of the pili,>>*** and experimental data showing correlations between aromatic content
and conductivity.’*-*! However, to our knowledge there is no direct, spectroscopic evidence of
electronic delocalization due to w orbital overlap in pili materials to date, and our results suggest
that m-stacking is not present in the peptide nanofibers and therefore may not be necessary for
long-range conduction in amino acid-based materials. Similarities in the ohmic charge transport
behavior, the lack of redox-mediated conduction, and metallic-like temperature dependence
observed in both ACC-Hex nanofiber and pili suggest other common factors that may contribute
to long-range conductivity. G. sulfurreducens pili and ACC-Hex nanofibers are rich in aromatic
residues and both comprise of a-helical monomers arranged into ordered fibers. Supramolecular
ordering alone may not be sufficient to support electrical conductivity, as Type IV pili from other
bacteria, which are presumably homologous structures,’? exhibit substantial variation between
species ranging from non-conductive to more conductive than G. sulfurreducens pili.?3734
Other ordered protein and peptide materials, such as amyloid-like fibers, show little’>7® or no
conductivity.?® Nonetheless, the correlation between conductivity and long-range order in the
comparison between a-helical peptide nanofibers and gels in the present study demonstrates a
critical role for supramolecular structure in supporting charge transport in these materials, even
in the absence of electronic delocalization. Evidence of long-range electronic transport in amino
acid nanomaterials, lacking both & electron overlap and redox centers, represents a distinct
structural paradigm for electronic conduction in organic electronics, and ongoing studies are
underway to identify key sequence and structural features supporting charge transport
mechanisms in peptide nanofibers.

5.4 CONCLUSION

The present study demonstrates long-range electronic transport in peptide materials lacking the
extended conjugation and m-orbital overlap of conventional organic semiconductors and metals.
The supramolecular structure of the peptide nanofibers in this study precludes m orbital overlap
between aromatic amino acid side chains, suggesting a mechanism of conduction distinct from
the band conduction of periodic, n-stacked organic materials. Electrochemical and temperature-
dependent transport data indicate ohmic behavior of charge carriers in this system, which is
unexpected in a large unit cell, biological material. Our findings indicate that the supramolecular
order and a-helical building blocks of the peptide nanofibers are critical structural features
supporting the observed electronic conductivity. These data demonstrate electronic transport in
synthetic peptides materials, with sequence and structural motifs borrowed from naturally
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conductive bacterial protein fibers, that strongly depends on secondary and quaternary structure.
These peptide nanofibers, with their mutable sequence elements, represent a promising
experimental platform for further study of structure-property relationships in conductive amino
acid materials. Their biocompatible composition and defined surface chemistry hold potential for
application as ideal, naturally inspired bioelectronics interface materials. The peptide building
blocks of these fibers suggest they can be synthesized by recombinant expression and
incorporated as multifunctional material components of the growing synthetic biology toolbox.

5.5 MATERIALS AND METHODS
Peptide Material Preparation
Peptide Nanofiber and Hydrogel Preparation: Peptide 1 was synthesized as described
previously.*” A peptide seeding stock solution was made by dissolving lyophilized peptide in
sterile filtered 1X PBS (Fisher) to a final concentration of 200 uM. The sample was vortexed and
sonicated for 30 s each, and then incubated for a week at 37 °C prior to use.

Lyophilized peptide was dissolved in sterile filtered 1X PBS to a final concentration of
100 uM. Peptide seeding stock solution was added to a final concentration of 0.5% v/v. The
sample was vortexed and sonicated for 30 s each and incubated overnight at 37 °C prior to use.
Fiber formation of peptide 1 was verified by atomic force microscopy (AFM) imaging as
described below.

For hydrogel formation, lyophilized peptide was dissolved in sterile filtered 1X PBS at
concentrations of 0.1%, 0.25%, 0.5%, and 5% w/v. Samples were vortexed and sonicated for 30
s each and incubated at 70 °C for 20 min to induce gelation.

Amyloid-p (Ap) Fiber Formation: AP 1-40 peptide was purchased from Sigma Aldrich for A}
fiber formation. Lyophilized peptide was dissolved in 150 mM phosphate buffered saline (PBS)
to a concentration of 100uM and incubated at 37° C for two weeks to form fibers. Fiber
formation of A peptide was verified using AFM imaging.

Material Characterization

AFM Sample Preparation and Imaging of Peptide Fibers: AFM characterization of sample
morphology was conducted on silicon wafer chips. Prior to sample deposition, wafer chips were
sonicated for 5 min each in acetone, isopropanol, and ultrapure water, followed by drying under
nitrogen. Peptide fiber samples were drop cast onto freshly cleaned wafers and allowed to sit on
the substrate for 2 min, upon which excess moisture was removed from the edges of the sample
using a Kimwipe. The sample was then briefly rinsed with ultrapure water to remove salts and
dried under nitrogen. AFM images were collected with an Asylum MFP3D operating in tapping
mode under ambient conditions. Scans were rastered at 0.5 Hz using iridium-coated silicon
probes (Asylum Research ASYELEC-01) with a tip radius of 28 nm and a resonant frequency of
70 kHz.

Rheology of Peptide Materials: All rheological experiments were performed with an AR-G2
Rheometer (TA Instruments) in a parallel plate configuration (d = 25 mm) at 25 °C with a gap
height of 350 um. A solvent trap was used to prevent evaporation over the course of the
measurements. The storage G’ and loss moduli G” of the hydrogels were acquired as a function
of strain amplitude from 0.1 to 100 % at an oscillating frequency of 1 Hz to estimate linear
viscoelastic regime for hydrogels.
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Circular Dichroism of Peptide Materials: The conformation of peptide 1 in fibers and gels was
characterized by circular dichroism (CD) spectroscopy, as described previously.* Hydrogels of
peptide 1 were prepared at concentrations of 0.1%, 0.25%, and 5% w/v in 1X PBS buffer at pH
7.4. The 0.03% w/v sample of peptide 1 was prepared under typical fiber forming conditions
(seeded and incubated overnight at 37 °C). A fresh sample of non-fibrilized peptide 1 (50 uM,
0.015% w/v) was also tested. CD spectra were recorded on a Jasco J-810 spectropolarimeter
equipped with a Peltier thermoelectric temperature control device. The 5% w/v sample was
deposited on a quartz slide as a thin film and the ellipticity was measured between 190-250 nm at
20 °C. All other samples of peptide 1 were prepared in a quartz cuvette with a I mm path length
and measured over the same range of wavelengths at 20 °C. The voltage of the photomutiplier
tube (PMT) was tracked during the course of the CD measurement and spectra are truncated at
wavelengths at which the PMT voltage exceeded 500 V.

Electronic Property Characterization

Device Preparation: Interdigitated electrodes were used for all DC measurements. Each
electrode was comprised of 100 parallel 5 pm x 2 mm long bands with an intra-band spacing of 5
um. Devices were photolithographically patterned onto Pyrex wafers with 60 nm Au and a 5 nm
Ti adhesion layer deposited by electron beam evaporation. Devices were sonicated in washes of
acetone, isopropanol, and ultrapure water to prior to use. Devices were individually tested for
shorts prior to sample deposition.

Solid-State I-V Measurements of Peptide Films: For sheet resistance comparisons, 6.9 ug of
ACC-Hex fibers and AP fibers were respectively drop cast onto interdigitated electrodes. Film
were dried under laminar flow and rinsed with ultrapure water to remove salts. /-V measurements
were performed with a Keithley Model 2612B Source Measure Unit. Current was monitored as a
function of swept voltage from +0.8V to -0.8V under ambient conditions.

The electrical conductivities of ACC-Hex fibers and hydrogel samples were compared as a
function of weight percentage. 20 uL of ACC-Hex fibers in the fibrilization solution (seeded,
0.03% w/v) and 20 pL of 0.1%, 0.25%, 0.5%, and 5% hydrogels were deposited onto separate
interdigitated electrode devices. After air dying under laminar flow, dried films were rinsed with
ultrapure water to remove salts. /-} measurements were performed as described above.

Single Fiber Conductive AFM Measurements: Prior to fiber deposition, glass slides were
sonicated in acetone, isopropanol, and ultrapure water and plasma cleaned. Fibers were drop-cast
onto cleaned glass slides and allowed to dry. Samples were rinsed with ultrapure water to remove
salts and dried under N2. Electrode contacts (2 nm of chromium and 80 nm gold) were thermally
evaporated onto the glass slide using a shadow mask. The electrodes were shorted to a grounding
plate using silver paint and conductive AFM was performed using an Asylum MFP3D in ORCA
mode with iridium-coated silicon probes (Asylum Research ASYELEC-01).

Scans were first done in contact and current mode with a 5 V bias to determine the
position of the edge of the electrode. The scan was then repeated in tapping mode to obtain better
resolution of the fiber. The tip of the conductive probe was then positioned at various distances
along the fiber, allowing for a two-point measurement between the patterned electrode and the
tip. The current response at each position of the nanofiber was monitored as the voltage was
swept between = 5 V. Individual nanofiber conductivities were calculated from the distance-
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dependent conductance values and the using the peak height of the nanofibers as measured by
AFM as the diameter and assuming a cylindrical conduction cross section. Controls were
performed on the gold electrode and on the insulating substrate. Fiber conductivity was
determined as an average of 4 different fiber samples.

Electrochemical Conductance Measurements: For solution-gated measurements, 22-gauge solid
core insulated wire leads were connected to the interdigitated source and drain electrodes using
conductive silver epoxy (MG Materials). Exposed electrode and lead connections were sealed
with waterproof silicone sealant (DAP All-Purpose Adhesive Sealant). ACC-Hex fibers were
drop cast onto cleaned electrodes to deposit a total peptide mass of 6.9 nug and were air dried in a
laminar flow hood.

Solution gating measurements were conducted in 0.1M phosphate-citrate buffer, and the
pH was controlled by changing the ratios of constituent sodium phosphate dibasic (Na2HPO4)
and sodium citrate (NaxCsHsO7). For ionic strength measurements, 0.2 M Na;HPO4 and 0.2M
NaxCsHsO7 stocks were prepared and diluted with ultrapure water to achieve the appropriate
ionic strength. Electrolyte solutions were degassed with 80% Nz with 20% CO- prior to
electrochemical cell assembly in a 100 mL aqueous electrochemical cell (Adam & Chittenden
MFC 100.25.3), which was sealed with rubber septa. Titanium wire and microfit connectors
were used to connect the electrochemical components to external leads (DigiKey).

Bipotentiostat cyclic voltammograms (CVs) were performed using two Gamry
potentiostats (series PC14/300) connected with a bipotentiosat cable. In the bipotentiostat setup,
described previously,?®377 the source and drain are monitored as two independent working
electrodes, referenced to the same saturated Ag/AgCl reference and sharing the same platinum
wire (Sigma Aldrich) as a counter electrode. The source electrode was swept from -0.8 V to +0.4
V with respect to Ag/AgCl, at a scan rate of 10 mV/s. Simultaneously, the drain was swept at a
fixed source-drain offset V'ps relative to the source, with respect to Ag/AgCl, at a scan rate of 10
mV/s. The background catalytic current was determined by conducting bipotentiostat CVs at Vps
= 0, and the background values were subtracted from nonzero offsets to obtain the conducting
current /.o,. The difference currents between the source and the drain, divided by a factor of two,
were plotted as Ips.

Temperature-Dependent Electrical Conductance Measurements: To assess the temperature-
dependent electrical conductance of ACC-Hex fiber films, electrochemical cells were submerged
in a stirred water bath with a metal thermocouple. A hot plate was used to heat the system and
ice was added to the water bath to achieve cooling. Once the thermocouple registered a stable
bath temperature for several minutes at each temperature set point, bipotentiostat
chronoamperometry measurements were performed, wherein the source and drain currents were
independently monitored while maintaining a fixed Vps offset. Once steady-state currents were
stable for 1 min, the currents were averaged and the steady-state conducting current was taken to
be half the difference between the source and drain currents, which mirror each other with
opposite polarity. The negligible background current at Vps =0V was subtracted from the steady-
state current, which was then divided by Vps to obtain the conductance. Measurements were
taken with Vps values of 0 V, 10 mV, 20 mV, 40 mV, 60 mV, 80 mV, -10 mV, -20 mV, -40 mV,
-60 mV, and -80 mV and were performed in 0.1 M phosphate citrate buffer at pH 7.0. Each data
point in Fig. 3B is an average of the 10 bias offset measurements conducted at a single
temperature with error bars representing the standard error.
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Electrical Impedance Spectroscopy Measurements: For electrical impedance spectroscopy, a
sandwich electrode was fabricated from two 2 cm x 2 cm plates of fluorine-doped tin oxide
(FTO) coated glass sides (Sigma Aldrich). External leads were attached to the non-conductive
backsides of the glass slides using silver epoxy, and silver paste (Ted Pella) was used to connect
the leads to the conductive FTO film. Two 540 um non-conductive spacers were used to insulate
the conductive paste and separate the slides, which were then sealed using electrical tape and
silicone epoxy. EIS measurements were performed in a Faraday cage and spanning a frequency
range of 10 mHz to 100 MHz, with a fixed DC bias of 0 V and an AC perturbation of 10 mV.

Molecular Dynamics Simulations of Peptide Self-Assembly

The coarse grained (CG) MARTINI force field ’®7° was used for biomolecular simulations to
model peptides at different concentrations in explicit solvent. The MARTINI model uses a four-
to-one mapping in which four atoms and associated hydrogen atoms are represented by one CG
bead to represent protein backbone and side chains. Water and ions (which were added to
electronically neutralize the system) are treated explicitly at the same level of coarse-graining.
Although MARTINI lacks some atomic detail given its coarse-grained nature, its force field has
been undergone extensive parameterization based on comparison with experimental results.
Since MARTINI requires that the secondary structure of a peptide needs to be provided a priori
and is fixed during the simulation, the helical conformation from the X-ray crystal structure of
peptide 1 was used.®’

All molecular dynamics (MD) simulations were performed with the GROMACS
simulation package in the NPT ensemble. The pressure and temperature were maintained using
the Berendsen method at 1 bar and at different constant temperatures, ranging from 330 to 350 K.
Initially, the first set of 20 independent simulations were performed on a system containing 50
dipeptides that were placed randomly within a cubic box of 55 nm and solvated in standard
MARTINI CG water and ions. Once isolated peptides came together to form the first hexamer,
after 20 ps in effective simulation time, the hexamer was extracted for the next set of simulations.
40 copies of the hexamer were randomly placed within a cubic box of either 25 or 55 nm,
containing water and ions, for another 20 us MD simulation at 1 bar. This set of simulations was
conducted at different temperatures ranging from 300 to 320 K; these lower temperatures allowed
for stability of the hexameric copies. Hexamers in a larger box and thus at a lower concentration
came together to form linear fibers, whereas those in a smaller box and at a higher concentration
came together to form branched structures at different temperatures.
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CHAPTER 6

Enzymatic Electrocatalysis on Conductive Peptide Scaffolds

6.1 SUMMARY

Peptide materials may be a promising scaffold for enzyme immobilization; however the non-
conductive nature of most peptide and protein materials limits their utilization in electrocatalysis
setups requiring direct electron transfer. Here we demonstrate that conductive peptide
nanofibers, known as ACC-Hex, are capable of facilitating direct electron transfer to
immobilized enzyme. We use cyclic voltammetry and electrical impedance spectroscopy to show
that these electronically-conductive peptide fibers can enhance the electroactive surface area of
glassy carbon electrodes and participate in single and multi-electron transfer processes. We also
demonstrate that ACC-Hex fibers are capable of achieving direct electron transfer with laccase
enzyme immobilized on the fiber surface. Furthermore, laccase immobilized on ACC-Hex can
form a third generation electrochemical sensor, capable of detecting catechol with a minimum
detection limit of ~5 uM. Our results demonstrate that peptide materials can be compatible
scaffolds for enzyme immobilization and are capable of achieving direct electronic
communication with the enzyme active site. This posits the possibility of bioelectrodes and
biosensors composed entirely of biological components.

6.2 INTRODUCTION

Enzymes are highly efficient catalysts for a variety of chemical processes. They can achieve
higher substrate and product specificities than conventional catalysts, reducing the amount of
unwanted side reactions and processing steps associated with compound synthesis.
Enzymatically synthesized products can be utilized in a wide range of sectors, such as
energy' >, pharmaceuticals**, and food production®. Beyond electrocatalysis, enzymes can also
be useful for sensing applications’®. Their highly selective affinity for specific biomarkers make
them excellent biosensor components for disease detection®!°. They can also aid in
environmental remediation by not only detecting pollutants but electrocatalytically degrading
those compounds into non-polluting components!!.

Attaching enzymes to compatible solid supports enhances their stability and reusability.
Immobilization can provide resistance to environmental factors such as solvent environment,
temperature, and pH, which would otherwise denature unbound enzyme!>!3. Additionally,
immobilization can enhance reaction kinetics and allows for easier product or analyte separation,
which in turn enhances the enzyme reusability. Some immobilization strategies retain certain
enzymatic functions in organic solvent!'*!> allowing for more seamless integration of
biocatalytic steps with upstream and downstream synthetic chemistry processes.

Nevertheless, selecting the immobilization material is not trivial, as the properties of the
immobilized enzyme are dictated by the interaction between the enzyme and the support '°.
Although there is no universal support system for all enzymes and applications, peptides and
proteins have several ideal attributes as immobilization substrates. Peptides and proteins can
participate a variety of sequence-dependent covalent and noncovalent chemical modifications for
enzyme attachment, using amino acids with orthogonal bioconjugate chemistries such as
cysteines and lysines!’. Sequences can also be screened and optimized for specific enzymatic
interactions'®, using well-established methods for high yield and combinatorial synthesis!®-?°.
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Peptides and proteins are capable of self-assembling into a variety of high aspect ratio
nanostructures?'~23, whose geometries can be selected for based on the enzyme and application?.
Physical entrapment within a gel matrix offers stabilization without chemical modifications to
the enzyme, minimizing changes to the enzyme structure?. Conversely, if functionality can be
improved by increasing the rigidity of the structure, covalent immobilization via multiple points
of contact may enhance enzymatic performance, and fiber meshes or nanotubes with large
internal surface areas may be preferable?S. Furthermore, solid binding peptides can be
incorporated into enzymatic sequences to promote binding and enzymatic function at organic and
inorganic interfaces?’-?8,

Additionally, several groups have shown that incorporating amino- or amino acid-
terminated monolayers in enzyme immobilization strategies may help support direct electron
transfer (DET) between the enzyme and electrode surface through favorable interactions with or
around the active site of the enzyme?*3!. DET eliminates the need for an electron mediator to
shuttle electrons between the electrode and enzyme?2, removing the diffusion limitations
associated with mediator-based transport and enhancing the kinetics of the system?*. DET also
reduces the electrochemical potential electrocatalytic activity, bringing it closer to redox
potential of the enzyme itself and reducing the likelihood of unwanted side reactions in the
process®*. In order for DET to occur, the scaffold must be conductive, retain functionality of the
immobilized enzyme, and position the active site of the enzyme, which is typically deeply
buried*®, in close enough proximity to support fast electron transfer to the electrode. Although
peptide and protein interfaces can help maintain enzyme functionality and structure®>-S, their
largely insulating nature limits their applications in DET arrangements to short-sequence
monolayer coatings**, requires recombinant expression of the linkage near the active site
or requires the incorporation of a conductive element, such as carbon nanotubes?® or metals® .

Recently, we developed a de novo peptide which self-assembles into electronically-
conductive nanofibers*. In the present study, we show that these conductive peptide nanofibers
are promising scaffolds for immobilized enzyme electrocatalysis. The nanofibers conduct
electronic charge with negligible contribution from ion-coupled transport mechanisms, and films
of the nanofibers substantially increase the electroactive surface area of electrochemical
electrodes with little effect on redox reaction reversibility. These peptides exhibit promising
properties as enzyme scaffolds, as demonstrated by reversible electrocatalytic reactions of
catechol oxidation and 1,2-benzoquinone reduction via immobilized laccase.

31,37,38
b

6.3 RESULTS AND DISCUSSION

6.3.1 Electronic Conductivity in Aqueous Salt Solutions:

While ACC-Hex nanofiber conductivity was previously demonstrated to be robust over a variety
of pH and ionic strength conditions, the possibility of proton- or ion-mediated transport had not
yet been ruled out. Here, electrical impedance spectroscopy (EIS) measurements of ACC-Hex
nanofibers in different electrolyte environments was used to quantify the contribution of various
counterions to electronic conductivity (Fig. 1).ACC-Hex nanofibers were assembled from a
bioinspired de novo peptide sequence, as previously described*’. These nanofibers were cast into
films on interdigitated devices to test for an ionic contribution to conduction to determine if their
properties in a biosensing configuration would be sensitive to environmental conditions. Circuit
modeling of the impedance signal allows for a determination of the capacitive, inductive, and
resistive processes occurring across the cell. Charge transport through a network of ACC-Hex
nanofibers bridging two electrodes can be modeled as a Randles circuit (Fig. 1 inset), where Rcr
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represents the ionic conductivity of the electrolyte solution, Rcr represents the electron charge
transfer resistance, and Cg is the double layer capacitance. These elements can be identified on a
Nyquist plot (Fig. 1B) of the data, where impedance is plotted as a function of imaginary Z”( ®)
versus real Z’(®) components. Rcr represents the diameter of the semicircle. Measurements were

taken between the source and drain electrodes so that Rcr would correspond to charge transfer
through the fiber network.
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Figure 1: (A) Representative Nyquist spectra of impedance through ACC-Hex nanofiber films in 0.1M NaHPO4
(dashed trace) with a Randles circuit model (inset) fit (solid trace). Rcr and Rs can be obtained through model
fitting. (B) Impedance of ACC-Hex nanofiber films in H20 and D20 (n=5 measurements), determined from Randles
circuit fitting of Nyquist impedance spectra. Impedance of ACC-Hex nanofiber films in (C) 0.1 M cation solutions
with CI" as the counterion and (D) 0.1 M anion solutions with Na* as the counterion (n=8 measurements). Film
resistances in K*, Mg?*, and Ca®" have p-values of 0.08, 0.016, and 0.028, respectively, with respect to Na"(NaCl).
Film resistance in H2PO4™ has a p-value of 0.0002 with respect to C1"(NaCl). Hofmeister ions are arranged in order
of structure-ordering (green) to structure disordering (red).

To test for proton conductivity, the resistance of nanofiber films was compared in ultrapure
water and D>0O solutions (Fig. 1A). If protons were facilitating transport, the change to a heavier
isotope should slow charge transport kinetics and thus increase the measured impedance. However,
the average impedance was slightly lower, though not statistically significantly so, in DO than in
water and therefore indicates a lack of involvement of protons in the transport mechanism. To
assess the potential contribution of other lyotropic effects, the nanofiber film impedance was
measured in 0.1M solutions of Hofmeister series ions (Fig. 1C). The Hofmeister series*'*? ranks
anions and cations based on their ability to stabilize (or destabilize) protein structure, based on an
empirical and qualitative ranking of precipitation effects on egg white proteins. It correlates with
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the kosmotropic (enhances the hydrogen bonding of water) and chaotropic (disrupts the hydrogen
bonding of water) classification of ions*, such that chaotropic cations and kosmotropic anions
stabilize protein structure, while kosmotropic cations and chaotropic anions destabilize protein
structure. The small changes in resistance and lack of clear trends between Hofmeister ranking and
film impedance suggests that the electrolyte does not participate in charge transfer. This
observation was also consistent at lower ionic strengths. Although many biological redox charge
transport chains involve proton or ion-coupled electron transfer, these findings suggest that charge
conduction through the fibers is purely electronic. This is consistent with previous electrochemical,
temperature dependence, and pH studies*’ suggesting that conduction through the fibers is not
redox-mediated and supports a band-like mechanism of charge transport.

6.3.2 Electrochemical Behavior of ACC-Hex Nanofibers:
ACC-Hex nanofibers were dried onto GCE:s to test for their ability to enhance the electroactive
surface area via transferring the reversible single electron oxidation and reduction of ImM
methylviolagen (MV) according to the following reaction:
MV2t + e~ & MV (Eq. 1)

Larger oxidation and reduction peaks were observed with increasing number of sequential
deposition of ACC-Hex from solution, relative to bare, unmodified GCE (Fig. 2). Based on the
Randles-Sevcik equation, the peak currents can be used to estimate the change in electroactive
surface area upon ACC-Hex fiber deposition:

ip = 0.4463nFAC ()12 (Eq. 2)
Here is i), the peak current, 7 is the number of electrons transferred in the redox event (n=1), Fis
the Faraday constant, 4 is the electrode area (cm?), C is the concentration of redox species, v is
the scan rate, D is the diffusion coefficient, R is the gas constant, and 7 is temperature. Assuming
all other values constant, the change in i, (Fig. 2A) indicates that the electroactive surface area
increased by 72.9%, 80.9%, and 97.4% relative to the unmodified GCE upon deposition of 40,
80, and 160 uL. ACC-Hex fibers, respectively (the increase with drying of 160 pL of PBS on the
GCE was 13.5%). The peak currents are also proportional to the square root of scan rate,
consistent with a fast, reversible, and diffusion-limited redox process (Fig. 2B). These findings
suggest that ACC-Hex enhances the electroactive surface area of GCE with a negligible change
in electron transfer kinetics.

To analyze charge transfer from the electrode interface to redox species in solution,
electrical impedance spectroscopy (EIS) was conducted in three-electrode mode, using a
Ag/AgCl reference electrode, a Pt wire counter electrode, and 10 mM [Fe(CN)s]*/* (1:1) as a
redox probe (Fig. 3). In this setup, the resistance and capacitive elements can be modeled as a
modified Randles circuit, where Rcr, Ro, and Cy still compose the semicircle in the Nyquist
plot, but with an additional element, the Warburg impedance, Z,,, which manifests as a linear tail
on the Nyquist plot and is associated with a diffusion limited electron-transfer process. For semi-
infinite (unrestricted) linear diffusion, the slope of the Warburg tail is 1. The ACC-Hex modified
GCE has a significantly smaller semicircle than the unmodified electrode, confirming the
increase in the electroactive surface area observed in the MV redox experiment. Additionally, the
Warburg tail of the modified electrode exhibited a near unity slope of 0.998 (R? = 0.9997),
compared to the slope of the unmodified electrode, with a slope of 0.559 (R? = 0.9997). This
enhanced diffusion process may be attributed to increased overall redox activity due to the
enhanced electroactive surface area**,
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Figure 2: (A) ACC-Hex Nanofibers can be used to enhance the electroactive surface area of GCEs, as demonstrated
by enhanced oxidation and reduction peaks in the presence of 1 mM methylviolagen. (B) Peak current versus scan
rate show that the reversibility of the oxidation and reduction reactions are not adversely affected by the presence of
ACC-Hex nanofibers.
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Figure 3: Electrochemical impedance spectra (Nyquist plots) of bare and modified ACC-Hex nanofiber electrodes
in 0.1M KCl with 10 mM K3[Fe(CN)®] modeled as a modified Randles circuit (inset).

6.3.3 Catechol Redox Reactions on Laccase-Modified Electrodes:

ACC-Hex nanofibers on GCEs were modified with laccase enzyme (Trametes versicolor) to
demonstrate their potential as a biocompatible peptide scaffold for enzymatic electrocatalysis.
Laccase (lac) belongs to a family of multicopper oxidases, having several copper ions
spectroscopically distinguished as type-1 (T1), type-2 (T2), and binuclear type-3 (T3), where
T2/T3 form a trinuclear cluster®. Lac is capable of oxidizing a range of aromatic compounds and
some inorganic ions at the T1 copper site coupled to the reduction of molecular oxygen to water
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at the T2/T3 site*®*7. Although the active site of lac is deeply buried*®, direct electron transfer
(DET) has been demonstrated to/from lac-modified electrodes*->2. Efficient DET depends on
several factors, including the electrode material and the enzyme orientation relative to the
electrode surface; namely, DET will only occur if tunneling from the active site to the electrode
is both possible and more energetically favorable than alternative mediator-facilitated
pathways32-334,

Figure 4: AFM of a single (A) and double (B) layer of ACC-Hex nanofibers and fibers with laccase before (C) and
after (D) crosslinking with glutaraldehyde. Scale bars are 1 um.

In our demonstration, we used ACC-Hex nanofibers to see if we could achieve DET
between a conductive peptide scaffold to/from the enzyme. While ACC-Hex nanofibers were not
designed with specific protein binding sequences, the solvent exposed Lys groups on ACC-Hex
are potential crosslinking sites for enzyme immobilization via glutaraldehyde. GCEs were
modified with ACC-Hex nanofiber and lac and crosslinked with glutaraldehyde (Fig. 4A-C) to
create surfaces capable of electrochemical detection of phenolic compounds. In the absence of
oxygen or other soluble redox mediators, GCE coated with ACC-Hex and glutaraldehyde-
crosslinked lac (ACC-Hex+lac+xlink) exhibit redox peaks associated with DET between the
electrode and lac (Fig. 5). The peak current is proportional to the scan rate (Fig.5, inset),
confirming that this electron transfer is occurring between surface-confined, rather than
diffusible, lac and the modified electrode. The slight asymmetry between the absolute oxidation
and reduction current slopes (41.4 and 38.8 pA-s-V-!, respectively) and the peak splitting with
scan rate suggest that the electron transfer reaction is quasi-reversible. It may be possible to
further enhance DET, improve reaction reversibility, and eliminate the need for crosslinking
treatments by tuning the peptide scaffolding sequence to select for optimal enzyme orientation
and attachment!'®,
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Figure 5: Scheme of proposed electron transfer mechanism of catechol oxidation and reduction in lac-ACC-Hex
modified biosensor (GCE with ACC-Hex + lac + xlink), with lac either reducing the ACC-Hex modified GCE
through DET or using oxygen as an electron acceptor.

Lac has been used in several biosensor applications to test for the phenolic substrate
catechol*->3-¢ which is a byproduct of industrial processes and has high environmental toxicity.
GCE modified with ACC-Hex and lac was tested for its ability to electrochemically detect
catechol. In this configuration (Fig. 6), lac oxidizes catechol to 1,2-benzoquinone, coupled to
either the reduction of molecular oxygen or through DET to the electrode surface. At reducing
potentials, the 1,2-benzoquinone is subsequently reduced back to catechol through a two electron
process at the modified electrode surface. Since laccase is attached to the ACC-Hex fiber
scaffold through non-specific crosslinking, we expected that laccase is randomly-orientated on
the conductive surface. Any DET exchange observed is therefore only sampling of the laccase
with T1 metal centers localized within tunneling distances from the conductive support (i.e.
within 6.5 A for Trametes versicolor laccase’”). Laccase with metal centers oriented beyond
tunneling distances from the scaffold would likely transfer electrons to the T2/T3 sites and
participate in native O reduction instead”’.
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Figure 6: Cyclic voltammograms of GCE modified with ACC-Hex + lac + crosslink at different scan rates in 0.1 M
phosphate buffer, pH 6.5. Peak current versus scan rate (inset).

ACC-Hex+lact+xlink modified electrodes exhibit enhanced catechol oxidation and 1,2-
benzoquinone reduction peaks than controls (Fig. 7), including bare, unmodified GCE (Fig. 7A).
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In the absence of lac, GCE modified with ACC-Hex only or ACC-Hex crosslinked with
glutaraldehyde (ACC-Hex, ACC-Hex+xlink; Fig. 7B&C, respectively) both show limited
activity towards catechol oxidation and 1,2-benzoquinone reduction. Lac alone crosslinked on
the GCE surface (lact+xlink, Fig. 7D) had little redox activity under the same conditions. The
reduction reaction is expected to occur non-specifically on the modified or unmodified electrode
surface, irrespective of the presence of lac, as lac only catalyzes the oxidation of catechol. The
greater reduction currents of the ACC-Hex-+lactxlink modified electrodes may thus attributed to
the enhanced electroactive surface area of ACC-Hex electrodes and the higher concentrations of
1,2-benzoquinone produced locally at the ACC-Hex+lac+xlink surfaces.

A 40 B
< <
20 20
03 -01 0 03 05 07 09 03 -01 0 03 05 07 09
V vs. Ag/AgCl (V) V vs. Ag/AgCI (V)
Cc D
< <
-20
03 01 0 03 05 07 09 03 01 0 03 05 07 09
V vs. Ag/AGCI (V) V vs. Ag/AGCI (V)

Figure 7: Background-subtracted cyclic voltammograms of GCE modified with ACC-Hex + lac + xlink (black)
compared to (A) bare GCE, (B) GCE with ACC-Hex, (C) GCE with ACC-Hex + xlink, and (D) GCE with lac +
xlink in 50 uM catechol, 0.1M phosphate buffer pH 6.5 at a scan rate of 50 mV/s.

Of the configurations tested, GCE modified with lac+xlink (Fig. 7D) has the smallest
catechol oxidation and 1,2-benzoquinone reduction peaks. These electrodes also have wider peak
splitting between reduction and oxidation peaks, suggesting that the efficiency and reversibility
of catechol oxidation and reduction are adversely affected by this surface modification. Since lac
is nonconductive**>>8  these diminished currents may be due to a reduction in the electroactive
surface area of the GCE due to passivation by crosslinked lac. On the other hand, ACC-Hex +
lac + xlink modified GCE has the largest oxidation and reduction currents and the least peak
splitting of the electrode surfaces tested. These metrics suggest that the nanofiber support is
critical to preserving the functionality of lac as well as the conductivity of the electrode surface
after deposition of insulating lac. The decrease in electrocatalytic activity of the lac+xlink
surface could also be a result of poor DET efficiency from unmodified GCEs>*%, but further
studies are required to support this hypothesis.
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The crosslinking treatment does not significantly affect the amount of electroactive
surface available. However, crosslinking may slightly enhance nonspecific 1,2-benzoquinone
reduction at the ACC-Hex-modified electrode surface. The reduction peak associated with 1,2-
benzquinone reduction at the ACC-Hex+tlactxlink modified GCE surface has a linear
relationship with initial catechol concentration and can therefore be used to detect catechol in
solution, with a minimum concentration detection of 5.3 uM (Fig. 8). This value is determined
from the x-intercept of the linear fit, which has an R? value of 0.993. The oxidation peak
associated with catechol oxidation, however, has a much higher detection limit, with linearity
dropping off below 50 uM concentrations. This difference may be attributed to competing
oxidation reactions, since catechol can be oxidized by both lac and the electrode surface, and
because lac can be oxidized by molecular oxygen around those potentials. Conversely, 1,2-
benzoquinone generated by proximal catechol oxidation is only reduced at the electrode or
modified electrode surface.
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Figure 8: Calibration plot for catechol detection, based on 1,2-benzoquinone reduction at the ACC-Hex+lac+xlink
modified GCE surface.

6.4 CONCLUSIONS

In this study, we characterized the electrical conductivity and electrochemical properties of
ACC-Hex peptide nanofibers and demonstrated their ability to function as electroactive and
enzyme-compatible bioelectronic materials. Electrochemical measurements confirm that ACC-
Hex fibers conduct electronic charge and can be used to increase the electrochemically active
surface area of GCEs, indicating that they are appropriate materials for enzymatic
electrocatalysis applications. ACC-Hex fibers demonstrate reversibility for both single- and
multi-electron redox reactions, as well as the ability to function as a conductive biomaterial
scaffold for non-specific laccase immobilization. Future work will study the molecular nature of
the interface between ACC-Hex fibers and redox enzymes and could include the design of
solvent-exposed specific binding domains for reagent-free enzyme immobilization. Moreover,
the effects of enzyme proximity and orientation on DET to/from these peptide scaffolds will help
determine whether they support more efficient coupling between their biomolecular components
and associated enzyme active sites. More broadly, these peptides represent a set of biological
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materials that may be integrated into autonomously generated bioelectronic devices by
engineered organisms.

6.5 MATERIALS AND METHODS

Peptide Material Preparation.

ACC-Hex nanofibers were prepared from synthesized peptide (Ac-
ELKAIAQEFKAIAKEFKAIAFEFKAIAQK-NH?)%!, as described previously*’. Briefly,
lyophilized peptide was dissolved in sterile filtered 1X PBS to a final concentration of 100 uM
and seeded with a 200 uM stock concentration of pre-formed fibrilized peptide (0.5% v/v). The
sample was vortexed and sonicated for 30 s each and incubated overnight at 37° C prior to use.

EIS through Peptide Films.
Interdigitated electrodes were used for impedance measurements characterizing current through
the fiber network. Each electrode consisted of 100 parallel 5 pm x 2 mm long bands, with an
intraband distance of 5 um. Electrode patterns were photolithographically patterned onto Pyrex
wafers and 60 nm Au and a 5 mm Ti adhesion layer were deposited by electron beam
evaporation. Devices were sonicated in washes of acetone, isopropanol, and ultrapure water prior
to use. 22-gauge solid core insulated wire leads were connected to the source and drain
electrodes using conductive silver epoxy (MG Materials). Devices were individually tested for
shorts prior to sample deposition. ACC-Hex fibers were drop cast onto cleaned electrodes to
deposit a total peptide mass of 6.9 pg and were dried under vacuum. Exposed electrode and lead
connections were sealed with waterproof silicone sealant (DAP All-Purpose Adhesive Sealant).
Prior to use, devices were rinsed with ultrapure water to remove salts and dried with air.
Impedance measurements were conducted in ultrapure water, DO (Sigma Aldrich) or 0.1
M electrolyte buffer. Impedance was swept from 10 mHz to 100 MHz, with a fixed DC bias of 0
V and an AC perturbation of 10 mV between the source and drain electrodes. Between each
measurement, the interdigitated electrode was rinsed in 2 vials of ultrapure water and dried under
air flow to remove salts. The device was tested in a randomly-selected order of electrolyte
solutions and then the electrolyte order was reversed. This was repeated 4 times, for a total of 8
impedance measurements per electrolyte. Impedance data was fit to a Randles circuit using
Gamry software. The film resistance was taken to be the Rcr value from modeling.

Glassy Carbon Electrode Preparation and Determination of Electroactive Surface Area.
Glassy carbon rods (Alfa Aesar) were polished with 0.3 um and 0.05 um alumina polish on felt
pads. GCEs were sonicated in ultrapure water for 5 minutes prior to use. After cleaning, all bare
electrodes were tested in 1 mM MV, 50 mM phosphate buffer (pH 6.5) with 50 mM KCl to
obtain baseline measurements of electroactive surface area via I, and Ipc. For the ACC-Hex
nanofiber-modified GCEs, ACC-Hex nanofibers were deposited onto the electrode and dried
under vacuum. The electrodes were manually rotated, and fibers were deposited in intervals to
help promote a more even distribution of fibers on the curved electrode surface.

For determining the effect of ACC-Hex nanofibers on electroactive surface area, a single
GCE was tested in 1 mM MYV after every 40 uL of fiber deposition. Scans were performed in
degassed solution with N sparging, at 50 mV/s over a range of -0.2 V to -1 V vs. Ag/AgCl, with
Pt wire as the counter electrode. After performing the MV test, the GCE was thoroughly rinsed
in ultrapure water and dried under air before the next round of ACC-Hex nanofiber deposition.
The peak oxidation (/,4) and reduction (/,¢) currents obtained after subsequent depositions were
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compared to those obtained at the bare GCE interface, and the average ratio was taken to be the
percent change in electroactive surface area.

EIS of GCE.

Impedance measurements were conducted in 10 mM [Fe(CN)s]** (1:1) in 0.1 M KCl, in a three
electrode setup, with the GCE as the working electrode, Ag/AgCl as the reference electrode, and
Pt wire as the counter electrode. Impedance was swept from 10 mHz to 100 MHz, with a fixed
DC bias of -0.25 V vs Ag/AgCl and an AC perturbation of 10 mV.

Enzyme Immobilization.

Laccase from Trametes versicolor (Sigma) was dissolved in 0.1 M phosphate buffer pH 6.5 at a
concentration of 50 mg/mL. 10 puL of enzyme solution was dropcast onto GCE modified with
160 pL of previously deposited and dried ACC-Hex nanofibers and allowed to dry overnight at
4° C. Crosslinking was performed by submerging the modified GCE in a stirred solution of 10%
v/v glutaraldehyde in 0.1 M phosphate buffer pH 6.5 for 40 min at 4 °C. After crosslinking,
GCEs were rinsed in milipore to remove salts and unattached enzyme. Enzyme modified
electrodes were used immediately after crosslinking.

Cyclic Voltammetry.

Cyclic voltammetry experiments were performed in 0.1 M phosphate buffer pH 6.5. Scans were
swept from 0.8 V to -0.6 V vs. Ag/AgCl, using a Pt wire counter electrode, at scan rates of 5
mV/s, 10 mV/s, 20 mV/s, 50 mV/s, 100 mV/s, 200 mV/s, and 500 mV/s. CVs were collected
with 0 and 50 uM catechol concentrations to obtain background-subtracted plots. Studies for
catechol turnover were performed in stirred solutions. The catechol calibration plot was
determined using 10, 20, 50, 100, 200, and 300 uM concentrations of catechol and measuring the
I, associated with 1,2-benzoquinone reduction.

AFM Imaging.

ACC-Hex nanofibers and ACC-Hex nanofibers with enzyme were imaged on silicon wafer
chips. Prior to sample deposition, wafer chips were sonicated for 5 min each in acetone,
isopropanol, and ultrapure water, followed by drying under nitrogen and oxygen plasma
cleaning. ACC-Hex nanofiber samples were dropcast onto freshly cleaned wafers and dried
under vacuum. After drying, salts were removed through rinsing. A reduced concentration of
enzyme (0.5 mg/mL) was used for AFM imaging and prepared in ultrapure water (Barnstead E-
Pure). Crosslinking was performed by adding 5 uL of 10% v/v glutaraldehyde in 0.1 M
phosphate buffer pH 6.5 at 4 °C. Excess glutaraldehyde and salts were rinsed after 40 min, prior
to imaging. Samples were dried in air and imaged with an Asylum MFP3D operating in tapping
mode, under ambient conditions. Scans were rastered at 1Hz using iridium-coated silicon probes
(Asylum Research ASYELEC.01-R2).
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CHAPTER 7

Collaborations and Transitions

Prof. Rein Ulijn (CUNY-ASRC): Dynamic electronic characterization of “living”
assembly/disassembly conjugated organic-oligopeptide gels. This project studies the structural
and electronic property dynamics of active and dissipative assembly materials composed of
semiconducting small molecules conjugated to short peptide sequences. Enzymatic reactions at
the flanking amino acids result in changes in polarity that drive self-assembly of conductive
nanostructures. We use methods for electronic and electrochemical characterization of hydrated
biomaterials to track structural changes via changes in material conductivity. These materials are
targeted at transient electronic interfaces for neuronal stimulation. This collaboration has yielded
one publication to date and is now funded by NSF-CHE Macromolecular, Supramolecular and
Nanochemistry program.

Dr. Ron Zuckermann (Director, Biological Nanostructures Facility, Molecular Foundry,
LBNL): Electrical conductivity measurements and structure modeling of peptoid nanostructures.
Peptoids are peptide-mimetic polymers with similar defined side chain chemistry and secondary
structure. We measure conductivity of aromatic containing peptoids and molecular dynamics
modeling techniques employed in the lab have been used to help understand the formation of
secondary structure in supramolecular peptoid materials. This collaboration has yielded one
publication to date.

Prof. Ed Egelman (UVA): Cryo-electron microscopy of protein and peptide nanofibers. Our
collaboration with Prof. Egelman focuses on developing structure-property relationships in
conductive biological materials. Cryo-EM is uniquely suited to determine the atomic-scale
structure of protein and peptide supramolecular fibers because these materials are too high
molecular weight to crystallize for conventional X-ray crystallographic structure insight. The
Egelman lab uses cryo-EM to elucidate structural features of our synthetic peptide fibers and of
native conductive protein fibers isolated from bacteria and targeted mutant strains. This
collaboration has produced one publication and the native protein fiber work is now supported by
DOE-BES Physical Biosciences program.

Prof. Ehud Gazit (University of Tel Aviv): Electron transport in self-assembled oligopeptide
nanostructures. The Gazit lab designs short peptides that self-assemble into molecularly ordered
nanostructures with inherent conductivity or with directing groups for the assembly or
precipitation of conductive materials. We use methods developed as part of the present AFOSR
project to characterize the electronic and electrostatic properties of these materials for
bioinspired electronics applications. This collaboration has produced one paper to date.

Prof. Doug Clark (UC Berkeley) & Prof. Dominic Glover (UNSW Sydney): Electorchemical
and transport measurements of self-assembled cytochrome fibers. y-prefoldin (gPFD), from a
thermophilic archeon, self-assembles into molecular wires hundreds of nm in length. The Clark
and Glover lab have engineered the protein to direct the assembly of c-type cytochromes along
the fiber axis. We characterize the electrochemical and electron transport properties of these
engineered cytochrome wires with an eye towards biogenic synthesis of conductive biological
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circuit components. One manuscript has been recently submitted on this collaborative project,
which also includes structural studies by cryo-EM from Prof. Ed Egelman’s lab.

Other collaborations and scientific transitions: We have collaborated on molecular dynamics
simulations of peptide self-assembly with Prof. Hung Nguyen (UC Irvine), which resulted in one
publication. We work with Dr. Ich Tran (Surface Characterization Facility, UC Irvine) to do X-
ray photoelectron spectroscopy measurements of peptide crystals for band gap determination.
We have conducted peptide oligomer monolayer conductance measurements with our conductive
peptides in collaboration with Prof. David Cahen (Weizmann Institute of Science, Israel). We
developed a general method for high-throughput size exclusion chromatography-small-angle X-
ray scattering for soluble aggregate structure insights in collaboration with Dr. Greg Hura
(Advanced Light Source, LBNL).
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CHAPTER 8

Publications and Patents

Publications from work supported by the present award:

9. Wang, F., Gu, Y., O’Brien, J.P., Yi, S.M., Yalcin, S.E., Srikanth, V., Shen, C., Vu, D., Ing,

N.L., Hochbaum, A.L.*, Egelman, E.H.*, Malvankar, N.S.* (2019) Structure of microbial

nanowires reveals stacked hemes that transport electrons over micrometers. Cell, 177, 361-369.
~Featured in Nature Chemical Biology, New York Times

8. Guterman, T., Ing, N.L., Fleischer, S., Rehak, P., Basavalingappa, V., Hunashal, Y., Dongre,
R., Raghothama, S., Kral, P., Dvir, T., Hochbaum, A.L, Gazit, E.* (2019) Electrical
conductivity, selective adhesion, and biocompatibility in bacterial-inspired peptide-metal self-
supporting nanocomposites. Adv. Mater., 31, 1807285.

7. Ing, N.L., El-Naggar, M.Y., Hochbaum, A.L.* (2018) Going the distance: long-range
conductivity in protein and peptide bioelectronic materials (Review Article). J. Phys. Chem. B,
122, 10403.

~ACS Editor’s Choice Article

6. Edison, J.R., Spencer, R.K., Butterfoss, G.L., Hudson, B., Hochbaum, A.IL., Paravastu, A.K.,
Zuckermann, R.N., Whitelam, S.* (2018) Conformations of peptoids in nano sheets result from

the interplay of backbone energetics and intermolecular interactions. Proc. Natl. Acad. Sci. USA,
115,5647.

5. Kumar, M., Ing, N.L., Narang, V., Wijerathne, N., Hochbaum, A.I., Ulijn, R.V.* (2018)
Amino Acid-Encoded Biocatalytic Self-Assembly Enables the Formation of Transient
Conducting Nanostructures. Nat. Chem., 10, 696.

4. Ing, N. L., Spencer, R. K., Luong, S. H., Nguyen, H. D., Hochbaum, A.L.* (2018) Electrical
Conductivity in Biomimetic a-Helical Peptide Nanofibers and Gels. ACS Nano, 12, 2652.

3. Spencer, R.K., Hochbaum, A.L.* (2017) The Phe-Ile Zipper: A Specific Interaction Motif
Drives Antiparallel Coiled-Coil Hexamer Formation. Biochemistry, 56, 5300.

2. Ing, N.L., Nusca, T.D., Hochbaum, A.L.* (2017) Geobacter sulfurreducens Pili Support
Ohmic Electronic Transport in Aqueous Solution. Phys. Chem. Chem. Phys., 19,21791.

1. Spencer, R.K., Hochbaum, A.L.* (2016) X-Ray Crystallographic Structure and Solution
Behavior of an Antiparallel Coiled Coil Hexamer Formed by de Novo Peptides. Biochemistry,
55,3214.

Patents from work supported by the present award:
None
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CHAPTER 9

Presentations and Awards

Invited presentations on work supported by this award:

06/2019
04/2019
04/2019

04/2019

03/2019
03/2019
10/2018

09/2018

08/2018

07/2018
02/2018
11/2017
09/2017
04/2017

03/2017
11/2016
11/2016
10/2016

09/2016
09/2016
08/2016
04/2016

02/2016
12/2015

Gordon Research Conference, Bioelectronics, Proctor Academy, Andover, NH.
Boston University, Biological Physics, Boston, MA.

University of Massachusetts, Amherst, Institute for Applied Life Sciences, Amherst,
MA.

Massachusetts Institute of Technology, Program in Polymers and Soft Matter,
Cambridge, MA.

Institute for Atomic and Molecular Physics (AMOLF), Amsterdam, Netherlands.
Electromicrobiology, Aarhus University, Denmark. (keynote speaker).
International Society for Microbial Electrochemistry and Technology —North
American meeting, University of Minnesota. St. Paul, MN.

California State University Los Angeles, Department of Chemistry, Los Angeles,
CA.

SPIE, international society for optics and photonics, Optics + Photonics: Organic
and Hybrid Sensor and Bioelectronics, San Diego, CA.

University of Fribourg, Adolph Merkel Institute, Fribourg, Switzerland.

Emory University, Department of Chemistry, Atlanta, GA.

University of Southern California, Department of Materials Science and Engineering.
Asilomar Bioelectronics Symposium, Pacific Grove, CA.

Washington University in St. Louis, Institute of Materials Science and Engineering,
St. Louis, MO.

California State University, Long Beach, Department of Physics, Long Beach, CA.
University of California, San Diego, Department of Nanoengineering.

City University of New York, Advanced Science Research Center, New York, NY.
International Society for Microbial Electrochemistry and Technology — 3™ North
American meeting, Stanford University, Stanford, CA.

University of Tel Aviv, Department of Molecular Microbiology and Biotechnology,
Tel Aviv, Israel.

Weizmann Institute of Science, Department of Materials and Interfaces, Rehovot,
Israel.

American Chemical Society, National Meeting, Philadelphia, PA.

Lawrence Berkeley National Laboratory, Molecular Foundry, Berkeley, CA.
Army Research Laboratory, Adelphi, MD.

Materials Research Society, Fall Meeting, Boston, MA.

Contributed presentations and posters on work supported by this award:

08/2018
06/2018
03/2018

BASF North American Research Forum, Iselin, NJ.

Gordon Research Conference, Bioinspired Materials, Les Diableret, Switzerland.
American Chemical Society, Spring National Meeting, COLL: Fundamental Research
in Colloids, Surfaces & Nanomaterials, New Orleans, LA.
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02/2018 Gordon Research Conference, Chemistry and Biology of Peptides, Ventura, CA.

08/2017 10 Peptoid Summit, Lawrence Berkeley National Lab, Berkeley, CA.

11/2016 Materials Research Society Fall Meeting, Symposium BM6: Fabrication,
Characterization and Applications of Bioinspired Nanostructured Materials, Boston,
MA.

10/2016 Advanced Light Source User Meeting, Lawrence Berkeley National Lab, Berkeley,
CA.

08/2016 Molecular Foundry User Meeting, Lawrence Berkeley National Lab, Berkeley, CA.

Awards on work supported by this award:
None
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