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Proteins are commonly known to transfer electrons over distances limited to a few
nanometers. However, many biological processes require electron transport over far
longer distances. For example, some soil and sediment bacteria transport electrons over
hundreds of micrometers to even centimeters. In particular, Geobacter sulfurreducens
uses extracellular electron transfer (EET) to move respiratory electrons from the
cytoplasm to external electron acceptors such as minerals or external electrodes in
biofilm growth. These terminal acceptors are mere microns to as far as thousands of
times the length of a cell away in biofilms. The exact mechanisms for the EET pathway
and the long-range charge transport remain unclear. Cytochromes OmcS and OmcZ have
been found to be of critical importance to G. sulfurreducens respiration over the years. It
is known that OmcS is important for growth on minerals, and that OmcZ is critical for
high current production during growth on electrodes. Recently, the discovery that both
proteins form micrometer long nanowires in vivo has prompted an investigation into how
each nanowire contributes to cellular metabolic processes, in contrast to previous studies
focused on monomers. Understanding the electrochemical and electronic properties of
microbial nanowires will help to elucidate their role in EET. Furthermore, light-induced
microbial electron transfer has potential for efficient production of value-added

chemicals, biofuels, and biodegradable materials owing to diversified metabolic



pathways. Thus, both nanowires and biofilms should be investigated as biocompatible
photoconductive materials for efficient electronic interface between microbes and
electrodes.

To achieve better understanding of long-range charge transport in proteins I used
individual amyloid protein crystals with atomic-resolution structures as a model system. I
perform contact-free measurements of intrinsic electronic conductivity using a 4-
electrode approach. I find hole transport through micrometer-long stacked tyrosines at
physiologically relevant potentials. Notably, the transport rate through tyrosines (10° s)
is comparable to cytochromes. Combined experimental and computational studies reveal
that proton-coupled electron transfer confers conductivity through energetics of the
proton acceptor, a neighboring glutamine.

To understand the role of both nanowires in EET by G. sulfurreducens 1 used
electrochemical studies to remeasure their redox potentials as nanowires. I find through
spectroelectrochemistry that the macroscopic midpoint potential of the OmcS nanowire is
physiologically relevant at -0.130 V vs SHE, and it has a wide active redox range. The
resulting redox landscape across a subunit of the nanowire follows an overall nearly
thermoneutral pattern, consistent with the need to conserve energy for micrometer long
electron transport. These results help to revise OmcS’s role in EET as a protein that can
favorably accept electrons from the periplasm and transport them to minerals in the soils.

I find that OmcZ nanowires have three redox peaks that range from -70 to -281 mV
which indicates unique heme grouping in OmcZ. I investigate how differential expression
of nanowires over time affects biofilm conductivity and redox potential in strains of wild

type, AomcS, and AomcZ. I find that OmcZ abundance is correlated with an increase in

i



metabolic current and conductance of biofilms. I find that electrochemical gating of wild
type and AomcS matches the gating of OmcZ nanowires very well and find that OmcZ
has greater than 400-fold gate effect compared to OmcS. Finally, I show that living
biofilms of Geobacter sulfurreducens use nanowires of cytochrome OmcS as intrinsic
photoconductors. Photoconductive atomic force microscopy shows >10-fold increase in
photocurrent in purified individual nanowires. Photocurrents respond rapidly (<100 ms)
to the excitation and persist reversibly for hours. Femtosecond transient absorption
spectroscopy and quantum dynamics simulations reveal ultrafast (~200 fs) electron
transfer between nanowire hemes upon photoexcitation, enhancing carrier density and
mobility. Our work reveals a new class of natural photoconductors for whole-cell

catalysis.
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1. Introduction

The movement of electrons though natural materials is one of the most vital processes
in living systems. For example, it underpins photosynthesis, respiration, and DNA
biosynthesis" 2. The most fundamental phenomenon is electron transfer (ET) or the
process of an electron moving from one molecule to another due to a difference in
energy, usually on the nanometer scale'®. For example, ET between cytochrome ¢
oxidase and oxygen helps power ATP production in cells'. Alternatively, electron
transport (ETp) is when current passes through a material due to an externally applied
voltage, either manual or physiological, without the presence of electrolyte*. This is
easiest to think of in terms of wires that transport electricity from the power outlet to a
cherished appliance, say, a toaster. But ETp can also be a physiologically important
process used by some species of soil bacteria to complete cellular respiration and it can
occur on the nanometer, micrometer, and even centimeter scale’. These bacteria primarily
use ETp to get around barriers like mineral distribution and metabolic constraints> °. One
of these common soil bacteria, Geobacter sulfurreducens, is the focus of this study for its
ability to perform ETp with novel machinery that has set a new precedent for
understanding ETp though proteins.

Dissimilatory Fe(IIl) oxide reduction by microbes is one of the most important
biogeochemical processes for the cycling of carbons and nutrients and bioremediation of
organic and metal contaminants in the groundwater’. In many subsurface sediments with
abundant Fe(IIl) oxide, Geobacter is the predominant species® °. It was proposed that the
enrichment of Geobacter over other metal reducing bacteria was due to its method of

direct electron transfer and ability to produce appendages in response to Fe(IIl) oxide in
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Figure 1.1: Structural differences in important microbial nanowires revealed by cryo-EM.

Growth of anerobic G.s. on insoluble Fe(III) oxides (a) and an electrode (b) as the terminal electron
acceptor ¢, OmcS nanowires showing subunits with 6 hemes and average inter-heme spacing shown as
dashed lines indicated below. d, OmcZ nanowires showing subunits with 8 hemes and average inter-heme
spacing shown as dashed lines indicated below.

its environment'’. Geobacter sulfurreducens (G.s) has been a model system of study due
to its accessible genetic system and success in isolated culture growth making it possible
to systematically evaluate physiological responses to mutations of key metabolic
components' 13,

Geobacter sulfurreducens (G.s) uses direct extracellular electron transfer (EET) to
transport electrons generated by the TCA cycle through the inner and outer membrane to
external electron acceptors including metal oxides by direct contact (Figure 1.1a)'.

Using direct EET, cells can also grow on electrodes in large cohesive communities called

biofilms which can be as thick as 100 um (Figure 1.1b)!> 16,



It was discovered that G.s. produces extracellular filaments and proposed that they
could aid cells in reducing external electron acceptors!’. Filaments would be an efficient
way for G.s. cells to increase their effective surface area enabling reduction of more
insoluble Fe(III) oxide to maintain metabolic rates®. Studies confirmed that filaments
were necessary for growth on insoluble Fe(IIl) oxides and that they were conductive, or
able to transport electrons, cementing the term ‘microbial nanowire’!”. Initial studies
proposed these filaments to be only composed of modified Type IV pili, PilA-N'7.
However, after years of continuing research, structural and biochemical evidence
revealed that G.s. produces a multitude of extracellular filaments. These include filaments
of polymerized cytochromes OmcS and OmcZ under growth conditions that require EET
in addition to pili, OmcE, and DNA filaments in mutant strains under other conditions'®
22, Because OmcS and OmcZ are essential under physiologically relevant conditions such
as growth on Fe(IIl) oxides and growth on electrodes respectively they remain the focus
of this work? 24,

Cryo-EM reveals OmcS is a hexaheme cytochrome (~45 kDa) that forms a 3.5 nm
filament with seamless heme stacking along the length'® (Figure 1.1c). It is apparent in
wild-type (WT) cells in both fumarate-grown liquid cultures and electrode-grown
biofilms '8. OmcZ is an octaheme cytochrome that has a large 50 kDa form and a small
30 kDa form; OmcZso and OmcZ3o, respectively?*. The OmcZ filament is 2.5 nm, formed
by OmcZso, and also exhibits seamless heme stacking along its length (Figure 1.1d). The
heme geometries of OmcZ and OmcS are different, with OmcZ having closer heme

stacking on average and a more solvent-exposed heme that breaks from the central

chain?? (Figure 1.1d). Both filaments are conductive, and thus can be termed microbial



nanowires, however OmcZ is more conductive than OmcS '°. The intrinsic structural and
electronic differences in the nanowires are expected to influence their physiological roles.
Most of the previous work has examined the physiological importance of OmcS and
OmcZ in EET under the guise that they remain monomeric extracellularly. With the
knowledge that they polymerize into conductive nanowires, it is necessary to develop
new models of EET using newly collected biophysical and biochemical data.

In addition to their physiological roles, microbial nanowires are good candidates for
biomaterials because they are conductive, have high surface area, are biocompatible, and
have potential for self-assembly* 2. One study has explored using nanowire films as a
power source for small electronics®®. Tunability of electronic properties is an additional
crucial feature for proper material design but requires knowledge of underlying
mechanisms of charge transport. Biological materials have the advantage of genetic
manipulation which can be used to control functionality. Mutations can be explored
computationally rather quickly for performance enhancement but must be eventually
validated experimentally. Even simple mutations can result in complicated pleiotropic
effects?!. Another route is perturbation of the material by a non-invasive route like
doping, optical excitation, or modification of active groups*. Because OmcS and OmcZ
nanowires have heme groups, known to be critical in protein ETp measurements, there
are many opportunities to tune nanowires by targeting the heme environment, for
example replacing the heme iron?, but these avenues have yet to be investigated. Tuning
nanowire properties may also change biofilms’ behavior, as it has already been shown
that introduction of OmcS to biofilms of photoactive cyanobacteria widely increased

catalytic performance®’. With increasing interest in using biofilms for light-driven



chemical synthesis and fuel production?® as well as bioplastics*® and wearable devices™,
understanding how to tune biofilms is immediately relevant for an emerging new class of
sustainable biomaterials.
1.1 Overview

In this thesis I will discuss four main aims related to electron conduction through
biomaterials. Chapter 2 presents a model system to better understand the fundamentals of
micrometer-long electron transport through proteins. Amyloid peptide crystals with
atomically resolved structures are used to evaluate charge transport through the aromatic
amino acid tyrosine, which is globally critical for charge transfer'. Chapter 3 discusses
the physiological role of OmcS nanowires in EET by reevaluating their redox potential
and interactions with periplasmic cytochromes. Chapter 4 examines the functional role of
OmcS and OmcZ nanowires in microbial biofilms with a focus on wild type and
knockout strains deficient in either nanowire, AomcS and AomcZ. Electrochemical and
biochemical studies are used to find how biofilms adapt over time using extracellular
nanowire expression. Finally, Chapter 5 examines microbial nanowires as tunable,
optically functional biomaterials. Lasers are used to excite both living biofilms and
nanowires to demonstrate intrinsic photoconductivity without the addition of external

dyes or molecules.



2. Using peptide crystals with stacked tyrosines as model system

Intrinsic electronic conductivity of individual atomically-resolved amyloid crystals
reveals micrometer-long hole hopping via tyrosines

Catharine C. Shipps, H. Ray Kelly, Peter J. Dahl, Sophia M. Yi, Dennis Vu, David
Boyer, Calina Glynn, Michael R. Sawaya, David Eisenberg, Victor S. Batista, and Nikhil
S. Malvankar

This chapter is a modified version of a published paper>'.

DOI: https://doi.org/10.1073/pnas.2014139118

2.1 Author Contributions

C.C.S., V.B,, and N.M. designed research; C.C.S. performed all experiments on
protein crystals with help from S.Y. on initial design. H.R.K. and P.D. performed
computations. M.S., D.B., C.G., and D.E. contributed new reagents/analytical tools;
C.C.S., H.R. K., P.D., and N. M. analyzed data; and C.C.S. and N.M. wrote the paper.
2.2 Summary

Proteins are commonly known to transfer electrons over distances limited to a few
nanometers. However, many biological processes require electron transport over far
longer distances. For example, soil and sediment bacteria transport electrons, over
hundreds of micrometers to even centimeters, via putative filamentous proteins rich in
aromatic residues. However, measurements of true protein conductivity have been
hampered by artifacts due to large contact resistances between proteins and electrodes.
Using individual amyloid protein crystals with atomic-resolution structures as a model
system, I perform contact-free measurements of intrinsic electronic conductivity using a

4-electrode approach. I find hole transport through micrometer-long stacked tyrosines at


https://doi.org/10.1073/pnas.2014139118

physiologically relevant potentials. Notably, the transport rate through tyrosines (10° s)
is comparable to cytochromes. Our studies therefore show that amyloid proteins can
efficiently transport charges, under ordinary thermal conditions, without any need for
redox-active metal cofactors, large driving force, or photosensitizers to generate a high
oxidation state for charge injection. By measuring conductivity as a function of molecular
length, voltage, and temperature, while eliminating the dominant contribution of contact
resistances, I show that a multi-step hopping mechanism (comprised of multiple
tunneling steps), not single step tunneling, explains the measured conductivity. Combined
experimental and computational studies reveal that proton-coupled electron transfer
confers conductivity; both the energetics of the proton acceptor, a neighboring glutamine,
and its proximity to tyrosine influence the hole transport rate through a proton rocking
mechanism. Surprisingly, conductivity increases 200-fold upon cooling due to higher
availability of the proton acceptor by increased hydrogen-bonding.
2.3 Significance Statement

The ability to understand and modulate protein conductance is central to many
biological processes and for the technological applications of electronic biomaterials.
However, measurements of intrinsic protein conductivity are lacking. Here, I employ a
four-electrode method to measure contact-free electronic conductivity of an individual
protein microcrystal that exhibits efficient hole transport over micrometers via stacked
tyrosines. Combined experimental and computational studies show that both the
energetics and proximity of the proton acceptor to tyrosine determine the rate of hole
transport. Our mechanistic studies on model systems with atomic-resolution structures

may help identify design principles to engineer electronic conductivity in proteins of



interest for a wide range of applications, including artificial photosynthesis, biocatalysis,
prevention of oxidative damage, and nucleic acid biosynthesis.
2.4 Introduction

Many biological processes require electron transport over far longer distances than
the 25 A allowed by single-step tunneling *2. The aromatic amino acids tyrosine and
tryptophan, strategically placed between cofactors in proteins, can provide the critical
stepping stones for multi-step hopping by acting as intermediaries along the electron
transfer route as in Photosystem II and ribonucleotide reductase > ¥. In addition, chains
of aromatic residues have been proposed to move hole carriers from enzyme active sites
to the exterior of proteins to avoid oxidative damage caused by redox cofactors, but direct
experimental evidence of charge transport beyond the nanometer scale is lacking ** 3>,
The ubiquity of such chains observed in proteins, and the established role of aromatic
amino acids in the above biological processes, motivates mechanistic studies of how
electron transport via aromatic residues can scale over mesoscopic (hundreds of
nanometers) to microscopic distances 3% 3>,

A remarkable example of biological long-distance electron transport is by soil '*
and sediment bacteria 3¢ 7 that carry electrons to remote acceptors hundreds of
micrometers '% 3 to centimeters away >3%38 10,000-times the size of the cell. This long-
distance transport enables bacteria to get rid of electrons derived from metabolism and
survive in harsh environments that lack soluble, membrane-ingestible electron acceptors
such as oxygen. Polymerized cytochromes produced by soil bacteria function as
18,19

“microbial nanowires” by transporting electrons through seamlessly stacked hemes

In addition, filamentous proteins produced by both soil *° and sediment bacteria 37 have



been shown to be conductive, even in the absence of cytochromes *’. However, the
underlying conductivity mechanism is unclear. Aromatic residues present in these

1% and sediment bacteria > have been proposed to carry

filamentous proteins of soi
electrons over long distances. However, this hypothesis is open to question because
previous studies of DNA conductivity have shown that charge transport through aromatic

bases is not possible beyond nanometer distances 4% 4!

, even using a very large driving
force (> 5V) and synthetic bases *!.

Many soluble proteins aggregate into an insoluble amyloid state to form elongated,
unbranched fibrils that are associated with several fatal diseases, such as Alzheimer’s,
type 11 diabetes, and some types of cancers 2. Amyloids are attractive model systems to
evaluate protein conductivity mechanisms due to their unique ability to form several
distinct, highly-ordered, self-replicating, and stable biomimetic structures (Figure 2.1).
Short peptide-based amyloids are particularly attractive because of their computationally-
guided, autonomous, and high-precision synthesis as well as their diverse chemical
properties and biocompatibility.

In addition to their biomedical importance, amyloids are attractive biomaterials due to
their high stability and capacity to reproduce themselves by seeding, enabling the
development of self-repairing and replicating biomimetic materials 2°. However, two
major bottlenecks remain in the use of amyloids as a model system to evaluate
conduction mechanisms and for the development of protein-based multifunctional
biomaterials. First, like most proteins, amyloids lack electronic or optical functionality 4>

43 and in prior studies of protein conductivity, high contact resistance - either between

proteins or at the protein-electrode interface - has been shown to mask the intrinsic



electronic properties *. Second, in contrast to over 100,000 structures of globular
proteins, only a few dozen amyloid fibril structures are available 2°, and conformational
changes induced by experimental conditions, such as added dyes or tags, hinder the
elucidation of structure-function correlations*>*7.

To address both these bottlenecks, here I employ a strategy to measure intrinsic
conductivity of pristine amyloid microcrystals, with atomic resolution structures 3 4°,
aiming to correlate structure with function by avoiding modification or tagged molecules
that can induce large conformational changes ***. I use individual microcrystals with
defined geometry to perform measurements of charge transport through stacked
tyrosines, or along the fibril axis (Figure 2.1, Figure 2.2). Notably, I employ a four-

A X1: NNQQNY-zn?* B [
X2: GNNQQN ’

X3: Zn’*-GGVLVN
X4: KVQIINKKL

Figure 2.1: Strategy to evaluate protein conductivity mechanism using short peptides as building
blocks for model systems.

A, Amino acid sequences of the short peptides used with Tyrosine (yellow) and zinc (grey) highlighted. B,
Light microscopy image of microcrystals, scale bar 50 um. C-F, Atomic structures of microcrystals with
grey arrows indicating the direction of the fibril axis. C, X1: Zn>*’ NNQQNY (PDB 5K2E) D, X2:
GNNQQNY (PDB 5K2G) E, X3: Zn**GGVLVN (PDB 3PPD). F, X4: KVQIINKKL (PDB 6NK4)
Tyrosine edge-to-edge distances are 3.5 A. Chemical elements are shown as green: carbon, blue: nitrogen,
red: oxygen, grey: zinc.
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electrode system with ionically-blocking electrodes and measure steady-state electronic

2

30.51 "polarization resistance 2,

current %4 to avoid artifacts due to contact resistance
and ionic currents °°, which are known to mask the intrinsic conductivity of the protein °%
33, Our studies show that amyloid proteins can efficiently transport charges over
micrometer distances under ordinary thermal conditions without any need for redox-
active metal cofactors. In contrast to single-step tunneling commonly observed in
proteins, I find evidence for a hopping mechanism, previously observed experimentally
only in synthetic conjugated molecular wires ** 3% to account for long-distance
conductivity.
2.5 Results
2.5.1. Strategy to Measure Contact-Free Electron Transport in Proteins to
Determine Intrinsic Conductivity

Although charge transfer over nanometers is well documented in several protein
systems °°, contact-free DC conductivity measurements of intrinsic charge transport have
not been performed for any well-defined proteins, to our knowledge. During charge
transfer, electrons are exchanged between donor and acceptor molecules within
nanometer distances and remain localized on the protein. In contrast, conductivity
measurements involve the passage of charge through a protein without charge residing on
the protein 7. Such conductivity measurements are extremely challenging due to contact
resistances obscuring the intrinsic conductivity, as most of the applied voltage drop
occurs across the contacts °* >3, Even single molecule measurements have shown that
protein conductance is strongly affected by the nature of contacts > 3334, Therefore,

previous measurements of single molecule protein conductance have emphasized the

11



C E

4 a1 ] P X1 _e 4-Probe  » 2-Probe
- 0y de i ® - T s <4
g- 2 2:2:'}:.: X2 X3 X4 " g 5 g 2 &
E ogdoosmmssee o7 Bk o 5o
£ 5 S, &
8 2 - - o5 2"
-4 -7 ; fitta | = Gc\" > -4 — fitta | = Go[V+eV
| T | | I | 1 | I ! |
D -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 F 10 00 .0 -1.0 0.0 1.0
Voltage (V) Voltage (V] Voltage (V)
5° -
w 4 (=]
s 2 10"
P >3 g 10
~ I\ = =
/ | g2 & oM
| \ 2 4
N \ E1 [
P 8 10"
400 800 1200 X1 X2 X3

(nm) ®m 2-Probe O Contact = IS = 4-Probe

Figure 2.2: Intrinsic conductivity measurements of amyloids reveal micrometer-long charge
transport through stacked tyrosines.

A, A schematic for measuring the intrinsic conductivity of a protein crystal (black) using 4-probes. Inset:
Atomic structure of X1 showing stacked tyrosines. B, (/eff) Atomic Force Microscopy image of X1 crystal
spanning multiple electrodes and (right) corresponding height profile at the red dotted line. Scale bar in B,
1 um. C, Representative current-voltage (I-V) curves taken by two-probe electrical measurements. The
dashed lines are linear fits to the data shown. Inset: Zoomed I-V curve for low-conductive microcrystals. D
Comparisons of the four-probe (black) and two-probe (grey) conductivity of the microcrystals. Inset:
Zoomed values (below X2 two-probe dashed red line) on a log scale. E, The average two-probe, contact,
AC impedance spectroscopy (IS), and four-probe resistance of applicable microcrystals. Bars represent
mean + standard error of the mean (S.E.M) of multiple replicates [n (2-Probe) =19, 8, 9, 4 and n (4-Probe)
=38,9, 6 for X1, X2, X3, and X4 respectively. n (IS) =11]. F, Comparison of current-voltage profile for X1
measured using (/eft) four- and (right) two-probe method.

pressing need to inject charges into the protein interior via ligands or good contacts for
reliable determination of protein conductance >

To avoid artifacts due to electrode polarization and contact resistance developed at
the interface between the protein and electrode *4, here I employ a 4-electrode setup in
which I applied the current (/) to the outer 2 electrodes and measured the direct current
(DC) voltage (V) across the inner 2 electrodes (Figure 2.2A). As no current can flow
through the inner circuit due to the high impedance of the voltmeter, this method
eliminates artifacts due to contacts and electrode polarization and enables the
determination of intrinsic conductivity 4. Furthermore, the carrier injection can be

controlled precisely by ensuring current conservation between the outer two electrodes
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and maintaining the voltage between the inner electrodes larger than thermal energy
(ksT). This setup thus avoids any electrochemical processes or the need for
photosensitizer to generate high oxidation states of aromatic residues °°. By eliminating
hot carrier injection, this method enables measurements of conductivity in its truest sense
to evaluate whether there are free charge carriers that can move under ordinary thermal
conditions °. We had previously applied the four-probe method to measure networks of
microbial nanowires, which eliminates the contact resistance between the protein and
electrode *%. However, the inter-filament contact resistance dominated the overall
response, leading to 1000-fold lower conductivity 3® than individual nanowires '3 1%,
Therefore, here I measure individual protein crystals with atomic-resolution structures
using a 4-probe method to determine the intrinsic conductivity mechanism.

2.5.2. Micrometer-long Chains of Stacked Tyrosines Confer Conductivity to
Amyloids.

I selected for comparison four amyloid fibril-forming peptides with atomic-resolution
structures to probe how charge transport is affected by periodic stacking of tyrosine and
metals (non-redox-active Zn>"): 1) X1: Zn>**NNQQNY; 2) X2: GNNQQNY; 3) X3:
Zn**GGVLVN; and 4) X4: KVQIINKKL (Figure 2.1). These fibril-forming peptides
form elongated microcrystals (Figure 2.1. B) where, like natural amyloid fibrils, the
peptides form extended parallel B-sheets whose constituent -strands run perpendicular to
the fibril axis, with both fibrils and microcrystals having similar diffraction patterns *°. In
contrast to large macromolecular systems, the minimalistic nature of this system (6-9
residue peptides and metal ion) is helpful in identifying components essential for

engineering desired functionalities.
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I individually placed each microcrystal on gold electrodes separated by 300 nm non-
conductive gaps and located their electrode contacts using atomic force microscopy
(AFM; Figure 2.2B). I performed measurements at atmospheric pressure.

All four peptide microcrystals showed conductivity with linear (Ohmic) current-
voltage behavior in two-probe measurements (Figure 2.2C). I calculated the microcrystal
conductivity from the measured conductance using a conformal mapping technique

accounting for the microcrystal and electrode device dimensions (Equation 2.1, See

Methods) 38,
-1
mwa
-6 1 tanh E
G = 3 «In 2 — 2.1
tanhz—
g

I found that X1 had the highest conductivity among all four microcrystals (Figure
2.2D) and even the lower conducting microcrystals had higher conductivity than a blank
device (93.4 £ 31.6 pS/cm) (Figure 2.2 inset). As expected, four-probe measurements
showed higher conductivity than two-probe, and the conductivity of X1 was significantly
higher (p < 0.05) than the conductivity of the other peptides (Figure 2.2).

The mean four-probe conductance of a single X1 microcrystal was 74.8 + 19.9 pS,
which is the highest conductance reported for a single amyloid protein macrostructure .
Although conductance values have been reported in networks of amyloid and peptide
fibrils ©'-%, the lack of a consistent, uniform macromolecular conformation of amyloids
as well as the dependence of conductance values on electrode and sample geometries
prevented direct comparisons between these measurements . The electrical resistance of

the sample measured using the two-probe method is dependent on the crystal size and the
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nature of contacts whereas the four-probe conductivity is an intrinsic property of the
material. The mean four-probe conductivity of the X1 microcrystal was 3.5 + 0.96 uS/cm
(Figure 2.2), which is the highest conductivity for amyloids reported to date, to our
knowledge. As expected, the conductivity through proteins without metal cofactors is
lower than the conductivity of other conducting proteins such as the polymerized
cytochrome filaments of Geobacter sulfurreducens that transport electrons via stacked
hemes rather than tyrosines '® . The X2 microcrystal that lacked metal ions, but
contained stacked aromatics, showed a 6-fold lower conductivity (0.59 + 0.20 uS/cm)
than X1. The X3 microcrystal that lacked tyrosines showed the lowest four-probe
conductivity (0.11 + 0.045 uS/cm) which is 32-times lower than X1. Our studies thus
show that although other amino acids can also contribute to protein conductivity, stacked
tyrosines provide a more efficient transport path for conductivity. The microcrystals of
X4 that lacked both tyrosines and metal ions were too short for four-probe measurements;
they exhibited low two-probe conductivity (0.35 + 0.20 uS/cm). Both X3 and X4 lack
stacked tyrosines; however, the two-probe conductivity of X4 was higher than both two-
and four-probe conductivity of X3. This could be due to the differences in contact
resistances as our results show that two-probe resistance values are comparable to the
contact resistance (Figure 2.2). It could also be due to the basic residues (lysines)
included in the X4 sequence, but intrinsic conductivity is required for direct comparison
% Both X1 and X2 have tyrosines with a suitable arrangement for n-stacking interactions
at 3.56 A 7. Therefore, our measurements indicate that stacked tyrosines can transport
charges over micrometer distances even in the absence of strong oxidants that are

typically required to oxidize individual tyrosines for conductivity .
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The contact resistance (the difference between measured two- and four-probe
resistances) for all microcrystals was substantially higher or comparable to the intrinsic
(four-probe) resistance (Figure 2.2), demonstrating the large influence of contacts on
conductivity measurements of proteins. For X3 and X1, the contact resistance was about
6-fold higher than the intrinsic resistance whereas for X2 it was 2-fold higher. All
measurements confirm that significant contact resistance masks the true conductivity of
these proteins in the two-probe setup because most of the voltage drop occurs across the
contacts. Differences in measured contact resistances are likely due to differences in
microcrystal shape, composition, and size. Our results demonstrate that contact resistance
plays a significant role in measurements of protein conductivity, even for samples with
lower conductivity. Our micrometer-scale studies thus complement and extend previous
single-molecule studies which have shown that contact resistance masks the intrinsic
conductance of biomolecules 3% 3!,

To complement DC conductivity measurements, I performed AC impedance
spectroscopy (IS) to separate electronic and ionic conductivity **. I fit the data to the
equivalent circuit containing only electrode capacitance and crystal resistance (Figure
2.3). Because there is no additional plateau in impedance at higher frequency, I
determined that the IS of a single X1 microcrystal showed that there was no major ionic
contribution to the sample conductivity (Figure 2.3)*. Acidic and basic side chains have
been known to increase the ionic conductivity in some cases **7°. Therefore, the lack of
charged residues in the X1 peptide is consistent with the lack of ionic current in these

microcrystals. Resistance values extracted from an equivalent circuit analysis of these AC

measurements were comparable to DC resistance values, thus validating our
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Figure 2.3: Impedance spectroscopy confirms purely electronic conductivity in amyloids.

AC impedance spectroscopy (IS) on X1 single crystals. (Inset) The circuit diagram used to fit to the data.
The fits for a circuit with a true capacitor were compared to those modeled with a constant phase element
and no significant differences were seen.

measurement approach that measured conductivity by 4-probe method is primarily
electronic in nature (Figure 2.2E).
2.5.3. Increased Structural Rigidity of Amyloids due to Metal Ions Enhances
Conductivity

The conductivity of X1 was higher than X2 despite having nearly identical structures
with close tyrosine stacking. The main difference between these two structures is the
introduction of Zn*"in X1 instead of glycine (Figure 2.1C and D). As the tyrosines and
surrounding residues are conserved, it would be expected that both microcrystals have
similar conductivity. However, redox activity or charge transfer involving tyrosine is
typically proton-coupled owing to the high acidity of oxidized tyrosine (pKa -2) !,
which gives rise to proton-coupled electron transfer (PCET). Because tyrosine
participates in PCET, any changes in the hydrogen bonding network surrounding tyrosine
can modulate the rate of charge transfer 7!, Notably, in both X1 and X2, tyrosine is
within close hydrogen bonding distance to the nearest glutamine sidechain (pKa 2),
positioning the glutamine as a probable proton acceptor for proton transfer (PT) '. The

tyrosine OH could be stabilized in a stretched configuration by hydrogen bonding
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interactions with the amide oxygen or nitrogen of the glutamine, analogously to the PT
mechanism from Tyr to Gln proposed for the blue-light using FAD (BLUF) domain
protein 7*74,

My coauthors performed molecular dynamics (MD) simulations at 300 K to
investigate ensembles of conformations of X1 and X2 and examine their hydrogen-
bonding networks. To analyze structural changes involving charge transfer residues, we
monitored three key distances over the MD trajectories: tyrosine edge-to-edge, tyrosine
hydroxyl-oxygen (Tyr-O) to glutamine amide-oxygen (GlIn-O), and Tyr-O to glutamine
amide-nitrogen (GIn-N) (Figure 2.4A-C). The comparison of X1 and X2 revealed that
Zn*" stabilizes the microcrystal structure of X1, as evidenced by the wider tyrosine edge-
to-edge distance distribution in X2, with a larger tail compared to X1 which could reduce
electron hopping in X2 (Figure 2.4A). There was no significant difference in crystal
packing of X1 and X2 to explain the difference in distributions *°.

Analysis of the other key distances showed that the glutamine can form two distinct
rotamer forms designated R1 and R2, with the GIn-O or GIn-N closest to the tyrosine,
respectively (Figure 2.4D and E). X1 can stably form the R1 conformation which
becomes more prominent as temperature is lowered (Figure 2.4B and Figure 2.7C). In
addition, it has a high likelihood of remaining at distances around 3.8 A for Tyr-O to Gln-
O and 3.4 A for Tyr-O to GIn-N at 300 K (Figure 2.4B). PT rates are known to depend
strongly on the proton donor-acceptor distances ' ’*. Therefore, our analysis suggests
that when the R1 conformation is stabilized by Zn?**, the GIn-O is the preferred proton
acceptor in X1, whereas when the R1 conformation is not stabilized both the GIn-O and

N are equally accessible. In contrast, the X2 microcrystal was more likely to form the R2
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Figure 2.4: Tyrosine stacking and proton acceptor availability govern conductivity.
MD simulations at 300 K to compare the order of X1 (blue) and X2 (red) crystals. (A-C) Probability
density distributions of the separation between key residues. A, Tyrosine edge-to-edge distance. B,
Tyrosine hydroxyl-oxygen to glutamine amide-oxygen distance with the R1 conformation labelled at the
2.7 A peak of X1. C, Tyrosine hydroxyl-oxygen to glutamine amide-nitrogen distance with the R2
conformation labelled at the 3.24 A peak in X2. Insets show the distances measured with a black dotted
line. D, Chemical representation of the R1 and E, R2 rotamers.

conformation at 300 K as evidenced by the larger probability of short GIn-N distances
(3.2 A), indicating the most probable proton acceptor in X2 is the GIn-N (Figure 2.4C).
Considering that X1 and X2 would primarily utilize the closest available proton acceptor
for PCET, charge transfer would likely be overall slower in X2 because it has larger
mean tyrosine edge-to-edge separations and proton donor-acceptor distances when
compared to X1.

In addition to hydrogen bond network changes from thermal fluctuations, electronic
effects that modulate the pKa of any residues surrounding the charge transfer region
could also regulate PCET !. Although Zn** is not redox active and cannot directly take
part in electron transport, it could potentially lower the pKa of residues by up to 4 pH
units which would facilitate PCET 7°. However, our density functional theory (DFT)
calculations showed that Zn?" does not significantly change the pKa of tyrosine in X1
microcrystals (SI Table 3), confirming that it must play a primarily structural role. In
summary, X1, which contains a readily available proton acceptor and rigid tyrosine
stacking, displays higher conductivity than X2. This suggests that ordered metal

incorporation likely enhances conductivity by making the structure more rigid,
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preventing thermal fluctuations from disrupting the charge transport pathway and
stabilizing the R1 conformation.

2.5.4. DFT suggests Hole Conductivity due to Proton Rocking and the Energetics of
Proton Acceptor Determines the Transport Rate.

Our MD simulations combined with conductivity measurements indicated that the
surrounding hydrogen-bonding network was fundamental to charge transport in the
highest conducting amyloids, X1, by maintaining close tyrosine stacking and short proton
donor-acceptor distance for PCET. To explore the possibility that proton transfer can
occur in X1, my coauthors performed DFT calculations on model amyloid chains (SI Fig.
2 and SI Table 4). Due to the presence of both R1 and R2 rotamers in our MD

simulations (Figure 2.4D and E), they included both forms in their calculations. Relaxed
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Figure 2.5: DFT calculations confirm proton transfer in oxidized X1.

Relaxed potential energy scan for reduced, A, and oxidized, B, X1 in R1 and R2 conformations. Energy is
normalized to the minimum value of R1 scans. C, Chemical structure of oxidized minimum energy
conformation (left) and the DFT optimized geometry (right). The oval highlights the tyrosine O-H bond

and the optimized bond length. Chemical elements are colored as grey: carbon, blue: nitrogen, red: oxygen,
white: hydrogen.
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potential energy scan calculations, in which geometry optimizations were performed at
fixed tyrosine O-H distances with a polarizable continuum model for water, revealed that
both reduced conformations (R1 and R2) had a single minimum at a tyrosine O-H bond
distance of 1 A suggesting that proton transfer does not occur (Figure 2.5A). In contrast,
potential energy profiles for the oxidized R1 conformation indicated that there was no
barrier to PT as the potential energy curve has a single-well shape characteristic of strong
hydrogen bonds (Figure 2.5B) 7. The oxidized R2 conformation was characterized by a
low-barrier hydrogen bond with a barrier of 0.5 kcal/mol that can be overcome by
thermal energy (Figure 2.5B). Thus, our DFT calculations showed that PT can readily
proceed when the tyrosine is oxidized in the R1 conformation (Figure 2.5C), while it is
unlikely to occur in the reduced state. Further, the R1 conformation is thermodynamically
favored in the reduced form (5.3 kcal/mol) and even more so after oxidation (11.4
kcal/mol), consistent with the MD simulations for X1 (Figure 2.7C; SI Tables 5 and 6). In
the oxidized R1 conformation, the small energetic difference between protonated and
deprotonated Tyr suggests that the proton can move back and forth readily. Therefore, we
conclude that the single-well potential or proton transfer in this conformation may
indicate a proton rocking mechanism, where the proton can be delocalized in the barrier-
less energy well, in a manner similar to TyrZ in photosystem II and Tyr122 in
ribonucleotide reductase !. The oxidation of tyrosine creates a positive charge that may be
associated with ionic transport as seen in other systems’’, however this proton rocking
mechanism does not require long-range proton transport and is therefore consistent with
our impedance experiments that did not show any ionic conductivity (Figure 2.3).

Calculations performed in polarizable continuum models resembling the dielectric

21



environments inside and on the surface of proteins showed nearly identical results (SI
Fig. 5 and SI Tables 4-6).
2.5.5. Stacking Substantially Lowers the Redox Potential of Tyrosine

Our contact-free conductivity measurements were performed under ordinary thermal
conditions at low bias potentials (Figure 2.2C). Because specific hydrogen bonding
networks and hydrophobic protein environments can change the effective oxidizing
potential of tyrosine my coauthors investigated the oxidation potential in the case of X1 !.
They performed DFT calculations of tyrosine in the R1 conformation of X1 using
implicit solvents with several dielectric constants and found that the maximum potential
for oxidation was +0.8 V vs SHE or +5.2 V vs vacuum (SI Table 7). Comparison of one-
and two-layer models of X1 showed that tyrosine stacking lowers the oxidation potential
by approximately 150 mV (SI Table 8). The calculated oxidation potential of tyrosine in
X1 is in proximity with reported values for the Fermi level of gold electrodes
(approximately +5.1 V vs vacuum)’®. This proximity between the redox potential of the
tyrosine and the Fermi level of the electrode allows for charges to be injected even at low
applied bias.

On the other hand, the oxidation potential of tyrosine in the R2 conformation was
roughly 340 mV higher than R1 in all dielectric environments due to the facile proton
transfer that stabilizes the oxidized R1 species. As the R1 conformation is also the
thermodynamically favored conformation in the reduced state, we propose that the charge

transport mechanism involves proton rocking in the R1 conformation.
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Figure 2.6: Resistance increases linearly with crystal length, consistent with a hopping mechanism.
A, 4-probe resistance versus length measurements of X1. P-values: * = p < 0.05, ** = p < 0.01. Linear fit
R? = 0.8. B, Electron flux (J) vs. number of carriers calculated from (A). Values represent mean + S.E.M.
(n=3). Inset: Schematic of hole hopping through tyrosines with their edge-to-edge distance labeled.

2.5.6. Resistance Increases Linearly with Protein Length Suggesting a Hopping
Mechanism

The electrical resistance was measured as a function of microcrystal length (Figure
2.6A) to probe the mechanism of charge transport through the highest conducting
amyloids (X1). The four-probe technique was adapted such that the first two probes
remained stationary and the distance to the final two electrodes increased by one
electrode after each measurement until the desired length was reached. The resistance
versus length relationship for X1 agreed well with the expected linear relationship of a
hopping conductor. The calculated conductance from the linear fit yielded a conductivity
of 4.8 £ 0.76 uS/cm in agreement with our measurements (Figure 2.2D). Although many
proteins are shown to transport electrons by tunneling with the resistance increasing
exponentially with distance >* >, computational studies on longer peptides have predicted
a transition from tunneling to hopping as a dominant transport mechanism 7. In addition,
computational studies on proteins have predicted hopping transport **#!. Our finding of
linearly increasing resistance suggests hole hopping between closely stacked tyrosines as

a dominant mechanism of conductivity (Figure 2.6). Using a steady state hopping theory,
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I estimated the hopping rate between tyrosines by using /] = (kup + knop/N ) where kj,op
is the hopping rate and k., is related to injection rate from the electrode into the crystal
82, By converting resistance into electron flux, and distance into the number of hopping
steps, I found that hopping rate was ~10° s and k,,;, was ~10 s at 100 mV for X1
(Figure 2.6B). These rate measurements suggest that transport through tyrosines is 1000-
fold faster than the charge injection into the protein. This rate was estimated with the
assumption that all tyrosines in the crystal contribute to measured current under uniform
electric field. However, due to coplanar geometry of electrodes, the electric field is not
uniform and possible defects in the crystal may lower the number of tyrosines
participating in the transport. Therefore, the estimated rate represents a lower limit .
Nevertheless, the hopping rate measured at ordinary thermal conditions is comparable to

82-84 measured by

rates for charge transfer in protein crystals with heme or metal cofactors
photochemical injection methods.

2.5.7. Higher Availability of the Proton Acceptor leads to a 200-fold Increase in
Amyloid Conductivity.

Our DFT calculations and resistance versus length measurements suggest that proton
rocking coupled with electron hopping is a likely mechanism for charge transport in X1.
To further investigate the mechanism of conductivity, I analyzed the temperature
dependence of the conductivity as measured in a four-probe configuration (Figure 2.7A-

black). The conductivity increased exponentially to 260 K and then decreased

exponentially to 225 K. The response was reversible without any hysteresis. An
Arrhenius fit to the data for the 225-260 K range, using o(T) = gyexp (%) yielded an

activation energy (ksTo) of 0.77 eV. As nanoscale measurements have also reported
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Figure 2.7: Exponentially-Increasing Crystal Conductivity Upon Cooling Near Physiological
Temperatures due to Increased Availability of Proton Acceptor.
A, Temperature dependence of the X1 conductance measured with a four-probe (black circles) and two-
probe (grey triangles) arrangement. The green circles and solid line indicate the inverse of the contact
resistance. Errors shown are fit errors to the linear region of an I-V curve measured as in Fig. 2 at each
temperature. The calculated hydrogen bonding frequency between Tyr-O and GIn-O is also shown (red
squares) with the S.E.M. reported for each temperature (n=6). B-D, MD simulations from 300-200 K to
determine changes in X1 structure upon cooling. B, Tyrosine edge-to-edge distance. C, Tyrosine hydroxyl-
oxygen to glutamine amide-oxygen distance with the labelled R1 conformation. D, Tyrosine hydroxyl-
oxygen to glutamine amide-nitrogen distances with the labelled R2 conformation. Insets: the corresponding
distances are indicated with a black dotted line with the residues colored as in curve measured as in Fig. 2
at each temperature. The calculated hydrogen bonding frequency between Tyr-O and Gln-O is also shown
(red squares) with the S.E.M. reported for each temperature (n=6). B-D, MD simulations from 300-200 K
to determine changes in X1 structure upon cooling. B, Tyrosine edge-to-edge distance. C, Tyrosine
hydroxyl-oxygen to glutamine amide-oxygen distance with the labelled R1 conformation. D, Tyrosine
hydroxyl-oxygen to glutamine amide-nitrogen distances with the labelled R2 conformation. Insets: the
corresponding distances are indicated with a black dotted line with the residues colored as in Figure 2.1.

similar activation energy, our measurements thus establish that proteins can extend
transport from nanometers to micrometers with no change in the activation energy °.

In contrast to the four-probe arrangement, two-probe measurements (Figure 2.7A-
grey) showed a much weaker temperature dependence. The slopes in the major regions,
220-260 K and 260-300 K, decreased by 2 and 7-fold respectively compared to four-
probe measurements (Figure 2.7A, SI Table 9). Notably, the changes in slope led to an
activation energy of 0.30 eV in the 2-probe measurements, which is substantially lower
than 0.77 eV measured using four-probe. Therefore, our studies indicate that the true
activation energy can be severely underestimated when using the two-probe method due
to large contact resistance.

Notably, the potentials corresponding to the measured activation energy are

comparable to the potentials that enhance conductivity for both the two- and four-probe
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measurements of current voltage curves (Figure 2.2F). The four-probe measurement
showed an increase in conductance around 0.7 V indicated by linear behavior with a
different slope. The two-probe measurement showed an increase around 0.3 V with
behavior that fit well to a linear + cubic relationship, consistent with a Simmons model of
a tunneling barrier forming at the contacts *°. This response was reversible because
reversing the polarity yielded similar non-linear region with similar slope (Figure 2.2F).
These comparative measurements demonstrate that contact resistance strongly affects the
two-probe measurements and the increase in current at low potentials is likely due to a
barrier bending effect that decreases the contact resistance at higher bias 3. Therefore, it
is important to evaluate the role of contacts in prior studies that used two-probe and bulk
methods to evaluate charge transport through aromatic amino acids, including tyrosines
86-89

The large differences in slopes between two- and four- probe measurements further
underscore how contacts mask the true nature of protein conductance and why is it
critical to measure intrinsic conductivity to determine underlying transport mechanisms. I
compared the contact resistance to the sample response, which revealed that contact
resistance dominates the response for two-probe measurements (Figure 2.7A-green
circles). Thus, our measurements show that the contact resistance masks the true
temperature dependence of protein conductivity in the two-probe approach, making it
difficult to resolve the underlying conduction mechanism. This is important because
previous studies have found different transport mechanisms based on temperature

dependencies that were impacted by the contact resistance.
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To understand the mechanism underlying a 200-fold increase in conductivity upon
cooling, my coauthors performed MD simulations in the temperature range 300-220 K
(Figure 2.7B-D). Our MD simulations at 300 K had indicated that the sidechains involved
in charge transfer experienced substantial thermal fluctuations. Therefore, we examined
these same key distances as the temperature was lowered. We found that the tyrosine
edge-to-edge distance was well preserved for all temperatures with a peak around 3.4 A
(Figure 2.7B). The Tyr-O to GIn-O distance distribution sharpened to a prominent peak at
270 K and then returned to a broader distribution at 220 K (Figure 2.7C). My coauthors
also computed temperature-dependent hydrogen bonding frequencies to account for both
donor-acceptor distance and orientation. The probability of forming a hydrogen bond
between Tyr-O and GIn-O (R1 conformation) increased by 15-fold when cooling from
300 to 270 K (Figure 2.7A). In contrast, hydrogen bonding between the Tyr-O and GIn-N
(R2 conformation) was at least an order of magnitude less frequent than in the R1
conformation for all temperatures (SI Fig. 6). The observed increase in probability to
form a hydrogen bond with the proton acceptor upon cooling in R1 is consistent with the
increased conductivity (Figure 2.7A) indicating that the PT mechanism through the R1
conformation results in the most efficient charge transport. Thus, the observed
temperature dependence of the X1 microcrystal can be explained by a competition
between the increasing availability of a proton acceptor and the decreasing thermal
energy available for hopping as the temperature is lowered, resulting in a crossover at

260 K.
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2.6 Discussion

Recent studies have identified the critical need to develop model systems to
understand the mechanism of charge transport in proteins 3°. Here, I utilize four fibril
forming short peptides with atomically resolved structures to determine how charge
transport is influenced by the protein environment, aromatic residues, and metal ions. Our
combined experimental and computational analysis suggest that PCET confers
conductivity in amyloid microcrystals. The high conductivity of the X1 microcrystals
compared to the other examined microcrystals suggests that the presence of periodically
stacked aromatic residues can mediate efficient charge transport with the availability of a
nearby proton acceptor. Using a four-electrode setup, I measure intrinsic charge transport
unaffected by contacts or other typical artifacts to determine the length- and temperature-
dependencies of conductivity. With recent advances in fabrication of nanoscale
electrodes down to sub-nanometer *°, this method could be widely applicable to a large
number of biomolecular systems irrespective of their size '% 3% 4,

It has been suggested that chains of redox active amino acids could serve a biological
role by mediating hole hopping to prevent oxidative damage of enzyme active sites 3.
Here, I provide direct evidence that proteins can transport charges over micrometer
distances under low applied bias potentials via stacked tyrosine residues. Our study
shows that carefully structured protein environments can lead to tyrosine oxidation well
below the standard oxidizing potential and without any need for a photosensitizer to
generate a high oxidation state. We also found that rigidity of the structure, enhanced by
the incorporation of a metal ion, is important in maintaining the efficiency of the charge

transport pathway as suggested by the higher conductivity of X1 than X2 microcrystals.
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Both structures showed higher conductivity than metal-incorporated peptide
microcrystals that lacked tyrosine residues (X3), demonstrating the crucial role of
aromatic residues as a hopping step for transport. We have thus employed both theory
and experiments to develop a model for charge transport in these peptide crystals.

Computational studies on modeling of current in filaments of Shewanella oneidensis
have also invoked multi-step hopping models 8'. These studies concluded that to account
for observed currents, charge localizing sites need to be within 1 nm even if
reorganization energies are assumed to be zero 8!. However, structural studies found that
cytochromes on these filaments are up to 40 nm apart °!. Therefore, it has been proposed
that diffusion of cytochromes along the filaments confer the conductivity to filaments °'.
A hopping model *° has also been invoked for the electron transfer through monomeric
cytochromes °2. While we have demonstrated long-range hole hopping through closely
stacked tyrosines, there are many ways for proteins to carry out charge transport, and
more studies are needed to understand the varying mechanisms.

We expect that these results will motivate the synthesis of new peptides to test
predictions of computational models. These findings can help to facilitate a bottom-up
atomic-level approach to conductive protein design with structure-function correlation
studies leveraging atomic-resolution structures of amyloid crystals. Our methodology will
help to set standards for reporting protein conductivity for accurate comparison of
different protein systems. In addition, the suggested critical role of the glutamine rotamer
conformation is similar to the proton transfer mechanism proposed for the BLUF domain
protein 2. Therefore, the suggested transport mechanism may help address long-standing

questions about how protein architecture influences electron transport > for a wide range
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of applications which all employ aromatic residues and PCET, including artificial
photosynthesis, biocatalysis, prevention of oxidative damage, and nucleic acid
biosynthesis.

2.7 Materials and Methods

2.7.1. Preparation of Peptide Microcrystals.

Crystals X1%8, X2, and X3*° were prepared as described previously. Microcrystal
X4 was prepared by purchasing KVQIINKKL synthetic peptide from GenScript.
KVQIINKKL was crystallized using the hanging drop method with a 2:1 mixture of 20
mg/mL KVQIINKKL and 0.2 M Lithium Citrate, 20 % PEG 3350. All microcrystal
hanging drop samples were diluted in their respective crystallization reservoir buffer for
storage and subsequent single-crystal conductivity measurements.

2.7.2. Sample Preparation for Conductivity Measurements.

Nanoelectrode devices were washed with acetone, isopropanol, ethanol and water
twice then plasma cleaned for 2 minutes on a low setting (Harrick Plasma Cleaner, PDC-
001-HP). All microcrystals were suspended in their respective reservoir buffer at varying
dilutions. Appropriate dilutions of the original microcrystal stock solution (1:100) were
made with either reservoir buffer or water and 3-4 uL was dropped onto a clean device.
Devices were first dried in a desiccator for ~25 minutes. Excess dried buffer was
removed with filter paper. Samples were checked under the MPI probe station optics and
if necessary, a microcrystal was moved onto the center of electrodes using a titanium
probe needle. For all samples, the area of the device around the electrodes was cleaned
with water and dried with filter paper to remove residual buffer. All samples were air

dried overnight and mounted onto a metal puck for imaging by AFM in air (Oxford
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Instruments Co, Cypher ES or Bruker Dimension Fastscan). All experiments were
performed at atmospheric pressure in ambient air.
2.7.3. Direct Current (DC) Conductivity Measurements.

Connections to device electrodes were made with a probe station (MPI TS50) inside a
Dark Box. Current and voltage were applied using a semiconductor parameter analyzer
with preamplifiers (Keithly 4200 A-SCS) allowing for 1 fA current and 0.5 pV
resolution. Two-probe DC conductance measurements utilized two probe needles to
contact the device on two adjacent electrodes. A fixed voltage was applied to the two
electrodes for a minimum of 200 s in sampling mode until a steady current was reached.
Voltage-current points were fit with a line, and the slope was used to determine
conductance (G). In four-probe DC measurements, contacts were made with 4 gold
electrodes connected by a microcrystal. Current was applied to the outer two electrodes in
the range of +/- 1-100 pA. The current was held for a minimum of 200 s, and the voltage
difference at steady state was recorded from the two inner electrodes. The slope of the
subsequent V-I curve was used to determine intrinsic sample resistance. For resistance
versus length measurements, the setup started in the four-probe setup; the last two probes
were moved over by one electrode such that the four probes spanned 5 electrodes. The
resistance was measured, and the last two probes were again moved by one electrode.
This process was repeated three times to reach 350 nm. For measuring conductivity using
both two- and four-probe measurements, linearity of current and voltage was maintained

by applying appropriate voltage and current respectively.
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2.7.4. Impedance Spectroscopy (IS)

IS was performed at ambient room temperature and humidity. For all experiments,
humidity was continuously monitored and maintained at less than 50%. The probe station
connections and sample prep were identical to those for two-probe measurements. The
two probe needle cables were connected to working and sense and counter and reference
electrodes respectfully on a Gamry Interface1000. An AC voltage of amplitude 100 mV
was applied in Potentiostatic mode sweeping from 100,000 to 0.2 Hz. Equivalent circuit
modeling was performed with Echem Analyst Software, and all data was fit to a resistor
and constant phase element in parallel.

2.7.5. Temperature Dependent DC Conductivity Measurements.

The sample was placed in a cryostat (Quantum Design DynaCool PPMS), and
conductivity was measured using the Keithly 4200 A-SCS. Both two and four-probe DC
measurements were performed at each temperature once the temperature reached an
equilibrium. Activation energy was calculated by an Arrhenius fit to the natural logarithm
of conductivity versus the inverse temperature.

2.7.6. Conductivity Calculations.

Conductivity of the microcrystals was calculated by using the conformal mapping

a
1tanh——

-1
= > where G is the conductance (S), a is half the

4 tanh™2
2g

technique: o = _T”G * ln<

separation of electrodes (150 nm), b is the width of the electrode plus a (450 nm), L is
the length of the microcrystal in contact with the electrode, and g is the height of the
microcrystal®®. In our case g=L because the microcrystals are very regular in shape. A
table of all crystal conductivities, average resistance, and average heights can be found in

SI Table 10. Conductivity of a blank device was calculated using the formula o= KG
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where K is the cell constant calculated to be K=50630 m™! for n=2 electrodes of length 30
um, width 300 nm and gap size 300 nm °*. The conductivity value for resistance versus
length was calculated by using the linear fit at 300 nm to get a resistance value and then
using the equation above. Flux at 0.1 V was calculated by assuming all tyrosines within
the crystal are active carriers and that transport occurs only along the crystal’s long axis.
Additionally, I assumed every charge transport path is independent of one another and
thus adds linearly to the flux. The height of the crystal was 200 nm. Assuming a square
cross-sectional area and 0.5 active Tyr per nm? (from the structure), I calculated the flux
per path of stacked tyrosines (Figure 2.6B). Length was converted to number of hopping
steps by dividing the distance by edge-to-edge separation of Tyr (3.5 A). Contact
resistance in Figure 2.7 was calculated as the difference between the two and four probe
resistances at each temperature of two separate crystals.
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3. OmcS as a physiological nanowire

Redox Regulation and Re-Engineering in a Multiheme Cytochrome Nanowire

Matthew J. Guberman-Pfeffer*, Catharine Shipps*, Pilar C. Portela, Vishok Srikanth,
Jens Neu, Carlos A. Salgueiro, Nikhil S. Malvankar

3.1 Author Contributions

C.C.S.,N.S.M,, and C.A.S. designed experiments, P.C.P. and C.C.S. purified protein
samples. C.C.S. performed electrochemistry experiments on nanowires, M.G.P.
performed computational analyses, V.S. produced TEM images, J.N. fabricated
electrodes.
3.2 Summary

The role of OmcS in EET has been under reinvestigation since the discovery that it
forms cytochrome nanowires. OmcS is essential for growth on Fe(III) oxides and its
transcripts are upregulated under a variety of other growth conditions for Geobacter
sulfurreducens. Although genetic studies suggested that OmcS plays a terminal role in
EET, the underlying biophysical mechanism is unclear due to the far-negative redox
potential (-0.212 V) reported for OmcS, measured under non-physiological conditions. I
find through spectroelectrochemistry that the macroscopic midpoint potential of the
OmcS nanowire is physiologically relevant at -0.130 to -0.176 V range. Electrochemistry
of nanowire films by differential pulse and cyclic voltammetry agreed well with solution
state spectroelectrochemistry. The microscopic potentials derived from
spectroelectrochemistry are quantitatively reproduced by quantum mechanical/molecular
mechanical computations, permitting an assignment of the spectroelectrochemical data to
specific hemes in the cryoEM structure. The resulting redox landscape along a subunit of

the nanowire follows an overall nearly thermoneutral pattern, consistent with the
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negligible decay in electron energy over micrometers observed in experiments These
results help to establish OmcS’s role in EET as a protein that can favorably accept
electrons from the periplasm while simultaneously being the terminal electron donor and
can enable the rational design of mutants to increase conductivity or cellular function.
3.3 Introduction

Geobacter sulfurreducens (G.s.) uses direct extracellular electron transfer (EET) to
transport electrons generated by the TCA cycle through the inner and outer membrane to
external electron acceptors including metal oxides by direct contact'*. The electron
acceptors in soil are diverse and bacteria that utilize them likely have a multitude of
metabolic pathways and feedback mechanisms to survive®®. G.s. has a putative 111
cytochromes based on recognition of heme binding sites''. Of these, several outer
membrane cytochromes have been shown to be important for growth on insoluble Fe(III)
oxide including OmcS?*, OmeB®, and OmcE?® because knockouts of the genes show
poor or absent Fe(III) oxide reduction. There are many additional genes for which
transcription is upregulated when grown on Fe(III) oxide, but the highest upregulated
gene is omcS and its co-transcribed homologue omcT?°. In addition to growth on Fe(III)
oxide, omcS was found to be upregulated in an adapted strain grown on Fe(IIl) citrate in
the absence of OmcB?’. OmcS is also essential for syntrophic growth with Geobacter
metallireducens®.

Since OmcS is one of the most abundant proteins in outer surface preparations and
was shown to be important for a variety of growth conditions, multiple studies focused on
determining OmcS’s direct role in EET?. Two previous studies have largely solidified

the current model for OmcS in EET'. First, a localization study found that OmcS
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antibodies decorated extracellular filaments, presumed to be comprised of PilA-N, on
WT cells grown on Fe(I1I) oxide®. Concurrently, the redox potential of OmcS was
reported to be -212 mV vs SHE with a 320 mV redox active range and experiments
confirming that OmcS can donate electrons to a variety of terminal electron acceptors'®.
These studies together seemed to solidify OmcS’s role as the final step in EET. The
mechanism of electron transfer to OmcS was still under study but it was thought that
electrons would travel from periplasmic cytochromes through e-pili, or through trans-
outer-membrane porin cytochrome complexes'’!, to OmcS then to terminal electron
acceptors’. With the recent discovery that OmcS polymerizes into cytochrome
nanowires, along with OmcE and OmcZ, the model for EET must be reevaluated to probe
the role of cytochrome nanowires'®: 12!,

The collection of extracellular structures on G.s. is growing more complex than
previously realized. Filaments of multiple outer surface cytochromes, PilA-N/C, and
DNA have morphologies that are challenging to consistently, accurately distinguish in
routine images from AFM, TEM, and even Cryo-EM micrographs?!. Thus, we need to
reinterpret previous work with caution especially when viewing images of nanowires.
The simplest reinterpretation of the localization of OmcS antibodies on filaments, based
on structural analysis, is that those filaments were OmcS filaments as no biochemical
evidence was given in that study to show otherwise®.

The OmcS’s redox potential was measured before the discovery that OmcS formed
nanowires on bacterial surface '®. As a result, the study subjected OmcS preparations to

boiling in an aqueous solution of the denaturant sodium dodecyl sulfate which may have
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Figure 3.1: Strategy to determine role of OmcS in EET
a, TEM Image of OmcS nanowires attached to a AOmcZ cell. b, TEM image of the purified nanowire
sample. ¢, Heme stain of purified nanowire sample and d, Trimer model used throughout the study from
structure of OmcS (PDB 6EFS8).

broken the filaments leaving the hemes more solvent exposed. The greater polarity of an
aqueous environment compared to the protein could stabilize the oxidized state of the
heme cofactor, thereby making the redox potential more negative. Consistent with this
hypothesis, microperoxidases which are prototypical systems for fully solvent-exposed
hemes with bis-histidine ligation, exhibit macroscopic midpoint potentials in the -0.190
to -0.220 V range'*>1%. Common periplasmic cytochromes typically have more positive
redox potentials. Since OmcS was reported to be more negative than common
periplasmic cytochrome PpcA and family'4, and it was previously reported that its
location was outside the periplasm due to immunogold labeling®® it was deduced that it
played no role in periplasmic electron transfer.

Extracellular OmcS is still likely to be one of several terminal steps in EET but the
procession of electrons to nanowires is still not understood'*. Understanding the redox
potential of intact OmcS nanowires, and the individual hemes in OmcS, will help
reevaluate their role in EET, especially within the periplasm, and enable rational design
for mutants to tune nanowire conductivity and possibly alter the range of terminal

electron acceptors available to the cell.
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Herein, I perform the first measurements of redox potential for intact OmcS
nanowires. We compare and quantitatively reproduce experimental estimates for the six
heme redox potentials in OmcS. Finally, I analyze surface potentials of OmcS and
periplasmic cytochromes to determine possible interaction sites and propose a new model
for EET involving nanowires.

3.4 Results
3.4.1. Redox characterization of OmcS nanowires reveals more positive midpoint
potential

To investigate the redox potential of native OmcS nanowires, I purified them from
AomcZ cells grown under fumarate conditions in combination with size exclusion
chromatography to specifically purify OmcS nanowires (see Methods) (Figure 3.1a-c). I
used spectroelectrochemistry (SEC) to determine the redox potential of nanowires in
solution at pH 7'%. Spectroelectrochemistry is a sensitive electrochemistry technique that
allows you to measure the redox potential of your protein in solution without the need to
subtract background current or modify electrodes as in other voltammetry techniques. I
found the midpoint to be -129 + 13 mV vs SHE which is 80 mV more positive than the
previously reported potential (Figure 3.2¢). There was some hysteresis observed with the
anodic trace being on average more positive than the cathodic by 17 mV. The hysteresis
might indicate some changes in protein structure accompanied with the redox
transition!% or it could be from the large macroscopic nature of the nanowires or
aggregation which might influence reaction kinetics at the electrode surface. The active
range for OmcS was on average between -0.31 to 0.05 V for a total range of 360 mV

which is similar to the previously reported range for OmcS'%. Additional measurements
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Figure 3.2: OmcS has more positive redox potentials than previously reported.

a, Modified schematic of spectroelectrochemistry setup from Pine Research Honeycomb
Spectroelectrochemical Cell User Guide (see methods). b, The alpha peak in the Q-band region of OmcS
nanowires shown as it changes from oxidized to reduced as a representative image. ¢, Oxidized fraction of
OmcS nanowires shown versus applied potential calculated from the area of the alpha peak in (b). Anodic
(filled circles) and cathodic (open circles) traces are shown in addition to a six-heme independent Nernstian
with hemes fitted individually (solid lines) or with all hemes having a potential of -130 mV vs SHE (dashed
line) d, Comparison of solid-state measurements by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) of OmcS redox potential to spectroelectrochemistry (SEC).

of nanowire films in solid state with differential pulse voltammetry (DPV) and cyclic
voltammetry (CV) were consistent with spectroelectrochemistry results (Figure 3.2d).
The more negative results from CV could be due to irreversible dynamics of the system
(shown by hysteresis) or the fact that CV is less sensitive than SEC or DPV!?7,
3.4.2. Macroscopic Reduction Potentials

With a better understanding of the experimental redox potential of OmcS we can
explore the ways to tune its electrical properties and interactions with other proteins by
modulating the individual heme potentials. Fully determining individual heme redox
potentials on a multitheme cytochrome requires a combination of redox titration
measurements with complex NMR measurements. To include the possibilities of heme
interactions and redox-Bohr effects, individual hemes signals need to be monitored by

NMR at different pH values and oxidations states'®® %, Nanowires are challenging to
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Figure 3.3: Computational calculations of heme redox potential agree with experimental microscopic
potentials.
The final calculated heme potentials compared to the six independent Nernstian-fit experiment values with
their errors indicated and heme numbers shown for computational values. All values with error bars are
mean + SEM.

purify, and as of yet there is no way to monitor them by NMR, so for simplicity here I
just report the results of fitting spectroelectrochemical experiments compared to
computational modeling as a secondary input.

Spectroelectrochemical data can be fit with either independent or sequential redox
centners, where the sequential model implies interaction between hemes and the
independent model does not!''® (Equation 3.1-3.5). I tested fitting the experimental data
(Figure 3.2¢) with both six independent and six sequential Nernstian centers which
yielded similar results (Figure 3.3). The close agreement suggests that the heme-heme

interactions were presumably small compared to the uncertainties in the reported

Table 3.1: Macroscopic potential comparison between experiments and computations
All Values in volts (V) vs SHE. Error as standard error of the mean (SEM)

Sequential SEM Independent SEM Heme# Computed SEM
-0.240 0.024 -0.230 0.030 1 -0.063 0.034
-0.184 0.009 -0.172 0.011 2 -0.111 0.027
-0.151 0.005 -0.158 0.006 3 -0.071 0.027
-0.106 0.011 -0.108 0.019 4 -0.248 0.036
-0.075 0.010 -0.082 0.013 5 -0.177 0.024
-0.021 0.008 -0.027 0.010 6 -0.095 0.031
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potentials. I thus used the independent model values to limit assumptions about the
system.

Calculations for heme redox potentials were carried out on a trimer model of OmcS
(Figure 3.1¢) by my coauthor to include heme distortions and full electrostatic solvation
using QM/MM methods. These calculations agreed well with experimental values
(Figure 3.3). The close agreement between calculations and experiment can be leveraged
for rational design and re-engineering the redox-based conductivity of this biological
nanowire. Work is underway to elucidate the controlling factors that sculpt the redox

landscape at an atomistic level. The resulting redox landscape across a subunit of the

OmcS 4
nanowire £ £ @

180° Cbc/ImcH

Figure 3.4:Revised model of extracellular electron transfer with OmcS

a, Surface potential of OmcS filament highlighting the regions of negative potential in various places
including pockets between protomers that have exposed hemes (yellow outlined region). b, Zoom-in image
of the yellow outlined region in (a) showing the exposed heme surrounded by a negative surface potential.
¢, Surface potential of PpcA showing mostly positive charge including in areas around the exposed hemes.
Surface potential in (a-c) is shown using the color bar in (b) with units of kcal/esmol. d, Model of
extracellular electron transfer where PpcA receives electrons from the inner membrane complex and
donates them to OmcS nanowires which then transport electrons outside the cell due to the potential
difference between the cell and surrounding environment. The OmcB complex could also be involved in
transporting electrons to the nanowire. Panel d generated in Biorender.
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nanowire follows an overall nearly thermoneutral pattern, consistent with the negligible
decay in electron energy over micrometers observed in experiments!!!,
3.4.3. Surface potentials of OmcS and PpcA are compatible

To understand the possibility of electron transfer between OmcS and PpcA I look to
their surface potentials. OmcS has a variety of surface potentials while PpcA is primarily
positive (Figure 3.4a-c). One area of possible interaction could be near an exposed heme
on OmcS surrounded by an area of negative potential (Figure 3.4b). The contrasting
surface potential of the two proteins in this region combined with relative heme exposure
could create an opportunity for electron transfer between the two proteins. Detailed
interaction studies would be needed to confirm this hypothesis.
3.5 Discussion
3.5.1. Proposed model for periplasmic electron transfer to OmcS

The mechanism of electron transfer would depend on how OmcS nanowires are
assembled, and if they are accessible in the periplasm. With our data and considerations, I
present the model that PpcA could diffusively exchange electrons with exposed OmcS
nanowires in the periplasm facilitating extracellular electron transport (Figure 3.4d). This
model for EET does not exclude respiratory electrons from passing through other
pathways which are known to be important such as the OmbB/OmaB/OmcB complex
which is pictured'*, or other porin cytochrome complexes such as ExtABCD, ExtEFG,
OmbC/OmaC/OmcC 2. While it would require future study, it is also possible that
OmcB can transfer electrons to nearby OmcS nanowires '#. This model emphasizes that
given the more positive midpoint potential of OmcS nanowires, they could be involved in

periplasmic electron exchange. Collaborators are currently investigating electron transfer
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between PpcA and OmcS nanowires by NMR. These results will tell us if electron
transfer is possible between the two proteins.
3.6 Materials & Methods
3.6.1. Purification of OmcS
AOmcZ cells were grown in 10 L jugs at 25 C to OD ~0.8-1 in NBAF media with

113 Cells were collected at

10xMgSO4 compared to typical growth and without reazurin
~15,000 g for 12 minutes. Pellets were resuspended in 150 mM ethanolamine pH 10.5
and homogenized with a tissue grinder then left to stir at 4 C overnight. Cells were then
blended on low speed for 2 minutes and cell debris was pelleted by spinning at 10,000 g
for 30 minutes. Supernatant was homogenized by stirring overnight with 1 ml 12.5%
Triton X-100 per 250 ml supernatant. The solution was then dialyzed to 20 mM
triethanolamine pH 8 exhaustively using 50 kDa cutoff membrane. Nanowires were
pelleted by spinning solution at 23,000 g for 1 hour. Pellets were resuspended in 20mM
ethanolamine pH 10.5 and left on a rotary shaker overnight. Any insoluble material left
was removed by centrifugation at 10,000 g for 30 minutes. This process was repeated as
desired if sample had an excess of undesired proteins at this stage. Sample was run
through gel filtration column Sephacryl S-500 HR and fractions were pooled to contain
purified nanowires.
3.6.2. TEM Imaging

Electron microscopy Sciences grids (mesh size 400) were plasma cleaned for 30 s in
PDC-001-HP Harrick Plasma cleaner. 5 ul of sample (nanowires or cell culture) was

dropped onto carbon face of grid and let stand for 10 minutes. Excess solution was

blotted. Samples were placed face down on 50 pL drops of negative stain (1%
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phosphotungstic acid, pH 6) for 30 seconds, remaining solution was removed by blotting,
then repeated once more. Grids were air-dried and stored in a sealed case until imaging
using JEM-1400Plus microscope operating at 80 kV (JEOL).
3.6.3. Electrostatic Potential Visualization

The electrostatic potential was generated on OmcS (PDB: 6EFS8) and PpcA (2MZ9)
using ChimeraX software!2.
3.6.4. Electrochemistry

Platinum wire with 0.5 mm diameter served as the counter electrode while an
Electrolytica C-925 1mm (Ag/AgCl with 3.4 M KCl) served as the reference electrode.
The reference was compared to a standard before each use. The counter electrode was cut
fresh or cleaned in 0.5 M H2SOsas the gold electrodes before use by holding 2.04 V for
5s,-0.31 V for 10 s, followed by cyclic voltammetry from -0.26 V to 1.6 V at 4000 mV/s
for 20 cycles then at 100 mV/s for 4 cycles!!*. Electrodes were then washed in ethanol
then water and dried in stream of Na. 1.5 pL of filament solution was drop cast onto the
device and air dried overnight before measurement. Cyclic Voltammetry (CV) and
Differential Pulse Voltammetry (DPV) were performed using Gamry potentiostats. For
all biofilms, CV was performed from 0.4 to -0.7 with step size of 1 mV at a scan rate of
SmV/s unless otherwise indicated. All DPV was performed from 0.4 to -0.7 with a step
size of 1 mV, sample period of 0.5 s, pulse size of 25 mV and pulse time of 0.1 s. The

electrolyte in all cases was 50 mM KH2PO4and 100 mM KCl at pH 7 sparged with N2 for

at least 30 mins and stored in a serum tube to remain anaerobic!!3. Peak fitting was

tllS t116

performed using MATLAB scripts including the EzyFit' "> and peakfit''® modules.
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3.6.5. Spectroelectrochemistry
Spectroelectrochemistry experiments were performed in Pine Research Honeycomb

Spectroelectrochemical Cell according to the user guide'?

. Briefly, 1 ml of purified
OmcS was concentrated through a 30 kDa cutoff Amicon centrifugation column at
14,000 g for 5 mins. 400 pl electrolyte solution (50 mM KH2PO4 and 100 mM KCl at pH
7) was added to the column and any pelleted nanowires were resuspended. This process
was repeated 3X. A final spin at 17,000 g was used to pellet nanowires into an Eppendorf
tube. Any excess buffer was pipetted off leaving a pellet of nanowires. The tube was put
into an anaerobic chamber with the cap open so ambient oxygen was removed by
transferring purge process. The pellet was resuspended in 200-400 pl of electrolyte until
homogenous. The concentration of OmcS was measured by absorbance at the 528 nm
peak!? and was between 30-60 uM for all trials. A solution of equal concentrations of 15
mediators that span a potential range from -440 to +80 mV vs SHE was added to a final
concentration of 1-2 % of the heme concentration in the sample!?’. Additional
investigation shows that higher [Mediator]/[Hemes] percentage resulted in distortion of
the alpha peak and background subtraction could not consistently correct the issue (SI
Figure 3.1). Subsequent potential steps were applied to the sample for 2 minutes and
simultaneous UV-Vis spectra were recorded. Samples were scanned in the cathodic then
anodic direction and the cuvette solution was mixed in between runs.

Data processing

Spectra were recorded continuously throughout the measurements and the time

signatures of the applied potentials and spectra were synched to process only the spectra

recorded at the end of the 2-minute window. Isosbestic points were calculated by finding
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the points with lowest standard deviation across the collected spectra in the expected
range (540-565 nm). The area under the alpha peak above the line between isosbestic
points was used to calculate the oxidized fraction. Midpoint was determined by fitting a
single Nernst equation to the data (Equation 3.1). Individual macroscopic potentials were

fit with either independent or sequential six-centered Nernst equations (Equation 3.2-

3.5)10,
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3.7 Supplement
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SI Figure 3.1: OmcS and mediator interference is concentration dependent.
The absorbance of purified oxidized OmcS nanowires at concentration 37uM with the indicated
concentration of mediators representing at 0, 0.5, 2.5, and 5 % ratio of mediators to hemes in the sample.
The mediators spectra is most strong around 600 when oxidized. The spectrum around the alpha band
remains undistorted for percentages less than 2.5 %. Thus we chose a mediator ratio in 1-2 % to avoid the
signal interference.
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4. Nanowires in mutant biofilms: a look at what OmceS and OmcZ do

for EET

Tunable redox profile and conductivity of biofilms via cytochrome nanowires

Catharine Shipps, Cong Shen, Zion Perry, Aldo I. Salazar Morales, Jens Neu, Nikhil S.
Malvankar

4.1 Author Contributions

C.C.S. and N.S.M. designed experiments, C.C.S. and C.S. performed
electrochemistry on biofilms, C.C.S. and Z.P. performed electrochemistry on nanowires,
C.C.S. performed conductance measurements, biochemical analyses, and analyzed all
data. A.S.M. provided strains and TEM imaging. J.N. fabricated electrodes.
4.2 Summary

Cytochromes OmcS and OmcZ have been found to be of critical importance to
Geobacter sulfurreducens respiration processes over the years. Recently the discovery
that both proteins form micrometer long nanowires in vivo has prompted an investigation
into how each nanowire contributes to cellular metabolic processes. It is known that
OmcS is important for growth on solid electron acceptors, and it is known that OmcZ is
critical for high current production. However, all previous work investigating the redox
properties of these two cytochromes has been on monomeric samples. Here I determine
the redox properties of purified OmcZ nanowires. I also investigate how differential
expression of nanowires over time controls biofilm conductivity and redox potential in
strains of wild type, AomcS, and AomcZ. 1 find that OmcZ nanowires have multiple redox
peaks that range from -70 to -281 mV which indicates unique heme grouping in OmcZ. 1

find that knockout strains produce continually increasing amounts of extracellular protein
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and that OmcS and OmcZ abundance increases over time. I find that wild type reaches a
plateau very early on for both proteins’ expression. I find that electrochemical gating of
wild type and AOmcS matches the gating of OmcZ nanowires very well and confirm that
OmcZ has greater than 400-fold conductance compared to OmcS. Understanding how the
nanowires’ and biofilms’ redox behavior overlaps will help us not only understand G.s.
metabolism but help us tune the performance of biofilms for use in energy harvesting and
as chemically tuned biological switches.

4.3 Introduction

The criticality of OmcS and OmcZ to extracellular electron transport (EET) in various
conditions has been extensively demonstrated!!’, but with the recent discovery that the
two proteins form distinct nanowires we must reevaluate their roles in the EET
pathway!'® 1% 22 In early studies of biofilms, OmcZ was found to be essential for high
current production as metabolic current remained low and resulting biofilms were in thin
in an OmcZ knockout 2*. OmcZ was found to be highly concentrated near anodes in
biofilms where the metabolic activity of cells is highest, and less concentrated in biofilm
layers away from the electrode where cells show lower activity!!® 117,

Recent studies created strains that overexpressed proteins critical for biofilm growth
including OmcS and OmcZ found increases in current density, biofilm conductance, and
biofilm thickness'?. Other studies that looked at strains where OmcS or OmcZ nanowires
were omitted but flagella were introduced looked to study how nanowires effected the
structural components of biofilms'?!. They found that OmcZ was critical to both while

lack of OmcS made biofilms more resistive but did not affect biofilm heights'?!.
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Electrochemical studies of mutant biofilms show differentiation in redox profiles due
to mutations'2® 122, The potentials of biofilms are complex but the final steps in EET to
the anode should be visible in voltammetric studies. In order to compare redox profiles of
OmcS and OmcZ to these biofilm studies we need accurate redox profiles of nanowires
as previous studies were performed on SDS-boiled monomers' 1%, Another challenge
of many biofilm studies is that protein abundance is often analyzed or inferred from
whole cell lysates or transcriptional data which may not accurately show the extracellular
abundance of nanowire proteins.

Here I use simultaneous electrochemical and biochemical analysis on identical
biofilms and new redox measurements on purified OmcZ nanowires to compare
extracellular cytochrome filament OmcS and OmcZ composition to biofilm phenotypes
in WT, AomcS, and AomcZ biofilms. I find that the AomcS strain lacks OmcZ nanowires
at early growth stages and overproduces them over time which correlates with the
increase in metabolic current and across-biofilm conductivity. The AomcZ cells
overproduce OmcS significantly outside the cell but show no increase in current and
maintain low conductance underscoring the critical role for OmcZ in biofilm
performance. Electrochemical signatures from AomcS biofilms agree very well with
purified OmcZ nanowires, while WT has additional negative signatures not accounted for
by OmcZ nanowires.

4.4 Results

I investigated biofilms of three strains of Geobacter sulfurreducens: WT, AomcS, and

AomcZ. All strains were monitored over time in microbial fuel cells operating in

constant flow-through mode. Figure 4.1a shows the schematic for simultaneous
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Figure 4.1: Strategy to investigate nanowire expression and conductivity, redox profile
simultaneously.

a, (eft) Image of biofilm grown on a graphite electrode (red substance) with interdigitated gold electrodes
for concurrent biochemical and biophysical analysis of biofilms. (center) Biochemical analysis of
extracellular nanowire production by scraping biofilm from electrodes, shearing nanowires, and collecting
them via salt precipitation. (right) schematic of electrochemical measurements with counter (CE), reference
(REF), and working electrodes (WE) shown of biofilm in solution taken directly from the electrode.
Conductance measurements performed similarly without counter and reference submerged using the two
gold contacts shown. b, Image of AomcS cell with nanowires protruding from surface. ¢, Close up TEM
image of OmcS and OmcZ nanowires. d, OmcZ nanowire structure showing the close spacing of hemes
and thinner nanowire than in e, OmcS nanowire.

biochemical and electrophysical analysis on grown biofilms that focus on analysis of
cytochrome nanowire expression. When the fuel cell is disconnected at a certain time
point, the biofilm is collected and nanowires are extracted using previously established
methods'?. I chose to do nanowire purifications rather than whole cell lysates because I
specifically wanted to look at extracellular nanowire composition rather than
unpolymerized monomers of OmcS and OmcZ. I attached interdigitated microelectrode
arrays to graphite electrodes to collect enough biofilm for nanowire purification and have
the same biofilm grown on electrodes for electrochemistry and conductance
measurements. The devices were removed from the graphite block to be measured in our
electrochemical setup (Figure 4.1a, right). A representative TEM image of cell from a

AomcS biofilm shows nanowires protruding from its surface (Figure 4.1b). Comparisons
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of the OmcZ and OmcS nanowires in TEM reveal morphological differences which
reflect their structures (Figure 4.1c-e). OmcZ is thinner than OmcS and the hemes in
OmcZ are more closely packed than in OmcS (Figure 4.1d-¢)*>. OmcZ also has a heme
that breaks from the center heme chain and is solvent-exposed. These structural
differences could account for the different physiological roles of the two nanowires
discussed above.
4.4.1. Extracellular OmcZ nanowires stimulate biofilm metabolic current and
conductivity

Figure 4.2 shows analysis of all three strains of biofilms over time. The metabolic
current of all three strains varied with WT reaching maximum current quickly whereas
the AomcS strain exhibited a lag in current production, and AomcZ did not produce much
current at all (Figure 4.2a). These results were consistent with previous findings on
strains with critical cytochrome knockouts?> 122, The metabolic current at harvesting is
summarized in Figure 4.2b showing WT was relatively consistent over the examined time

while AomcS showed an increase over time and AomcZ produced very little current
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Figure 4.2: Nanowire-deficient mutants have more protein in filament preparations over time.

a, A representative metabolic current from the biofilms over time. b, The metabolic current at the point the
fuel cells were taken down for conductance analysis. ¢, Quantification by Bradford colorimetric assay of
protein mass from nanowire preparations of harvested fuel cells divided by the cell pellet mass of the
collected biofilm. Errors shown are standard deviation. The color code is blue:WT, red:domcS,
black:4omcZ.
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compared to the other two. This immediately confirms the importance of OmcZ for
current production of biofilms, as summarized by other studies'?*!?2, Extracellular
filament preparations were harvested as described previously'. The total amount of
protein collected in the filament preparation (mg) divided by the total cell pellet collected
(mg) was measured and shown to increase over time for the mutants but remain relatively
constant for the WT strain (Figure 4.2c, SI Figure 4.2). The lag in protein production in
AomcS correlates with the lag in current production for AomcS fuel cells. However, this is
not the case for AomcZ cells which failed to produce large current even at later time
points (Figure 4.2a). Even though the protein-to-pellet ratio increases over time, the ratio
in AomcS does not match WT until the final time point even though metabolic current
catches up around 20 days. Alternatively, the AomcZ ratio far exceeds the other two in
the final time-point with very low current. The general amount of protein in this purified
fraction does not correlate with metabolic current for the mutants. Thus, I decided to look
at the distribution of OmcS and OmcZ nanowires in these fractions by western blot
analysis.

Western blots of the filament preparations for each strain over time for both OmcS
and OmcZ proteins are shown in Figure 4.3a. Each sample was normalized to the cell
pellet mass of the smallest scraped biofilm (AomcZ timepoint 2), then equal volumes
were loaded onto the gel for each timepoint such that the protein loaded would represent
the rough filament distribution in the biofilm at that timepoint. I see that there is no
OmcS in the AomcS strain, that AomcZ shows a large increase in OmcS filament
production and that WT has a very constant OmcS production. The quantification of the

western by densitometry is shown in Figure 4.3b (top) as a visual guide. Blotting for
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Figure 4.3: Conductance increases with OmcZ production in biofilms.

a, Westerns of the filament preparations blotted with antibody for OmcS (top) and OmcZ (bottom). The
lanes were loaded by normalization of the cell pellet. The ladder is labeled in kilodaltons. b, Quantification
of the western gels in a for OmcS (top) and OmcZ (bottom) normalized to the most intense band. ¢, The
conductance of each biofilm across three strains measured in the indicated time range shown below. All
errors shown are standard deviation.

OmcZ shows no signal for AomcZ and that WT and AomcS increase OmcZ production
over time, with AomcS exceeding WT levels. Quantification is again shown in Figure
4.3b (bottom) as a guide. These comparisons illustrate that although total protein in the
filament prep was lower in AomcS than in WT at the second time point, the amount of
OmcZ was greater and correlates with the timeline of metabolic current (Figure 4.1a,c
and Figure 4.2b, bottom). The opposite is true for OmcS which is greatly overproduced at
late times in AomcZ biofilms but again is not accompanied by an increase in current
(Figure 4.1a,c Figure 4.2b, top). Western blot staining for Gro-El, a cytoplasmic
protein'?, showed no signal in the filament preps (SI Figure 4.2).

The conductance of each biofilm was measured under hydrating conditions in an
anaerobic environment. The conductance of WT increased slightly over time while that
of AomcS increased to the second time point but then fell after 30 days (Figure 4.3c). The
fall in conductance was likely due to poor electrode coverage on that last timepoint (SI
Figure 4.1). Increases in conductance are correlated with an increase in OmcZ production

in AomcS in the second time point. The AomcZ strain could only be measured once and
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its second timepoint value was low but indicates that OmcS nanowires contribute some
conductance to biofilms. The challenge with measuring the devices concurrently was that
it was difficult to remove them from the graphite electrode without breaking them (SI
Figure 4.1). This method could be improved in the future to get more consistent readings
of biofilm conductance.
4.4.2. OmcZ shows broad redox range similar to AomcS biofilms

While the redox potential of both OmcS!% and OmcZ!% has been previously reported
after harsh denaturing treatments, it is important to evaluate the redox potential of whole
filaments since these are physiologically relevant to the EET pathway. Because OmcZ is
found closest to the anode under biofilm growth conditions and because it is essential for
high current production''® I focused on electrochemical studies of OmcZ nanowires.
utilized electrochemical techniques to determine the midpoint of OmcZ nanowire films.
Under DPV, three peaks arose when measuring purified OmcZ nanowires near -280, -

140, and -70 mV vs SHE. The values were averaged over both anodic and cathodic DPV
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Figure 4.4: OmcZ nanowires show multiple redox centers that overlap with biofilm signatures.

a, Differential pulse voltammetry of OmcZ nanowires with the averaged results of multipeak fitting the
DPV signal. Three peaks were identified at -0.27, -0.34, -0.48 vs Ag/AgCl. b, Representative DPV signals
from the three strains of biofilms from timepoints older than 20 days. ¢, All redox peaks taken from
multipeak fitting of DPV signals shown over time plotted for each strain (biological replicates = 17, 7 ,4 in
WT, domcsS, and domcZ respectively). Also shown are shaded purple boxes indicating the average +/-
standard deviation of redox peaks in OmcZ (n=8 over 4 biological replicates combining anodic and
cathodic values)(a).

56



scans (Figure 4.4a,c). The previously reported value of -220 mV could be skewed by
exposed hemes in a monomer compared to a filament, or the harsh conditions utilized to
purify the sample.

I then compared the behavior of the three strains of biofilms to the OmcZ nanowire
behavior at late time points. I show representative DPV scans for the three strains with
AomcS and AomcZ shown for clarity again in the inset (Figure 4.4b). I used multipeak
fitting to fit the DPV data to produce Figure 4.4c which indicates the peaks that appeared
across all biofilm samples over all periods of time. Overall, I see that the WT biofilm has
two clusters of redox centers, and the AomcS biofilm has a large spread with some
clustering near the lower two potentials measured in OmcZ. WT is marginally more
negative than AomcS and OmcZ potentials. AomcZ biofilms showed very low signal with
some peaks but the overall signal was greatly lower than the other two strains due to poor
growth overall (Figure 4.2a).

4.4.3. Electrochemical gating on biofilms shows overlap with Omc¢Z

Electrochemical gating is a tool that can reveal underlying mechanisms of
conductivity for a material. If a material behaves like a band conductor, the material will
show a constant current with gate voltage and only a change in current with source-drain
voltage. If the material is a redox conductor the material will show a peak in current with
gate voltage near the redox centers of the material'?* 2%, I performed electrochemical
gating on OmcZ nanowire networks by using the bipotentiostat method'®. I found that
OmcZ exhibits a large gating effect with a large enhancement of current around the
potentials found by DPV centered at -186 +£ 3 mV (Figure 4.5a). OmcS exhibits a smaller

peak centered around -146 £ 10 mV. The fact that OmcZ and OmcS exhibit peaks near
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Figure 4.5: Electrochemical gating shows overlap between biofilm and OmcZ response.

a, Electrochemical gating of nanowire films of OmcZ and OmcS compared. Representative data curves are
shown with the average peak center and height overlayed as dots. Values are mean + standard deviation
(n=2 biological replicates for both). b, Gating on AomcS (red) and WT (blue) biofilms with OmcZ (dashed
purple) gating for comparison. All responses are normalized to the maximum current for better comparison.
Shading indicates standard deviation of averaged curves (n=15, 1, 2 for WT, AomcS, and OmcZ
respectively). All scans shown are in the cathodic direction. ¢, A model for extracellular electron transfer to
anodes involving OmcZ nanowires which can communicate with periplasmic cytochromes given its broad
span of redox potentials. OmcZ may also accept electrons from other outer membrane cytochromes. d, A
model for the composition of WT biofilms shows the nanowires dispersed at varying density with OmcZ in
very dense aggregates near the anode and sparse greater than 10pum away due to changes in metabolic
needs of the biofilm. Panel d generated in Biorender.

their redox centers suggests that they are redox conductors!?%, as has been shown for
OmcS''!. The gating curve for OmcZ was quite wide which indicated multiple
overlapping redox potentials contributing to the maximum current, consistent with the tri-
fold redox behavior found in DPV'?°, These results are consistent with the fact that
OmcZ has been shown to have higher conductivity than OmcS at pH 7. These and
previous measurements are performed in a two-probe geometry and cannot perfectly
exclude the effects of contact resistance between OmcS and OmcZ. The solvent exposed
hemes in OmcZ can be contributing to a lower contact resistance, and the greater than
400-fold difference in peak gate current between the two nanowires. Gating on WT and
AomcS biofilms exhibit some overlap with gating on OmcZ nanowires when the current

is normalized to the maximum (Figure 4.5b). The WT biofilms, consistent with their
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DPYV signal, exhibit a more negative potential shift when compared to the other two. The
shape and peak positioning of AomcS agrees very well with OmcZ nanowires.
4.5 Discussion

The combined results demonstrate that OmcZ is the primary nanowire required for
biofilm conductivity and current production. I show that although OmcS was thought to
be critical to early-stage biofilm growth, the biofilm lag and recovery is largely correlated
with external production of OmcZ nanowires. Thus the lag is likely due to delay in the
production of OmcZ nanowires by AomcS cells. The regulatory mechanisms of OmcS
and OmcZ production are not fully understood. It is known that pilA-N, and hence
PilR/PilS system'?’, is required for extracellular localization of OmcS, OmcZ?. It’s
known that overexpression of OmcZ can downregulate OmcS expression'?® and it was
recently shown that transcription of pilA-N, OmcS, and OmcZ share the transcriptional
regulator GSU1771'%. The complex regulatory relationship between these proteins could
explain the lag in extracellular OmcZ production in the AomcS strain.

Knowing that OmcZ forms nanowires that aggregate and that they accumulate near
the anode surface, it seems reasonable that they can be responsible both for turnover
current (DPV) and source-drain current, or conductance along the biofilm-anode

interface'®

. This would explain the similarity between responses of biofilms and OmcZ
nanowires.
The multicentered, wide redox potential window of OmcZ nanowires make them

capable of interacting with a larger variety of electron donors and acceptors'®. It is

critical to note that OmcZ has redox centers within range of the most abundant
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Figure 4.6: Electrostatic potentials favor interaction between PpcA and OmcZ.

a, The electrostatic surface potential of OmcZ with the inset showing a very negative area around an
exposed heme of OmcZ. b, Surface potential of PpcA showing largely positive surface. Colors are shown
according to the color bar in units of kcal/esmol.

cytochrome in the periplasm, PpcA, which is crucial for EET!'®® (Figure 4.5c). The
nanowires may also be capable of accepting electrons from donors in the periplasm to
export to extracellular acceptors, contrasting with the somewhat outdated view that they
only play a role on the cell surface. The electrostatic surface potentials of PpcA and
OmcZ favor interactions near exposed hemes on each molecule (Figure 4.6). The wide
range in potential of OmcZ implies that it could also accept electrons from porin
cytochrome complexes or other outer-membrane cytochromes, who may divert electrons
to OmcZ for more efficient delivery to the anode under biofilm conditions. The extABCD
complex is important for current generation in biofilms and may directly give electrons to
OmcZ'3°. Since OmcZ seems to form very dense aggregates around cells near the

anodezz’ 118

, perhaps it acts to facilitate a conductive matrix between the electrode and the
cells so that any OmcZ nanowire contact with outer-membrane electron donors can easily

pass electrons out of the cell, regardless if that OmcZ nanowire was actually anchored to

that particular cell (Figure 4.5c¢,d).
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In the layers of biofilm away from the electrode OmcZ is less abundant and it is
possible that OmcS nanowires play a role there along with OmcB which appears more
often farther from the anode (Figure 4.5d)"*!. Although AomcZ biofilms did not grow
well, they showed some low conductance in the second time point indicating they can
confer some conductivity to biofilms but can’t sustain high metabolic currents (Figure
4.3). WT biofilms show steady amounts of OmcS produced over time (Figure 4.2b).
Immunogold labeling indicates OmcS is dispersed throughout the biofilm in WT!,
Perhaps the metabolic cost of producing that specific ratio of cytochrome nanowires is
ideal, but not required, to maintain through-biofilm conductance to the anode.
Immunogold for OmcZ through AomcS biofilms could tell us whether all cells produce
OmcZ to compensate for a lack of OmcS or OmcZ is merely overproduced even more at
the cells near the anode. The results shown here make it clear that OmcS plays a role in
biofilms that can be filled by OmcZ and any other changes in cytochrome expression
undergone by the cells.

I demonstrated that the metabolic response, conductivity, and redox properties of
AomcS biofilms is dominated by OmcZ nanowires. WT biofilm redox properties overlap
with OmcZ but exhibit an additional more negative redox center. By tuning the quantity
and type of nanowires within biofilms we can thus tune their conductivity or ability to
interface with other materials. Turning on and off the expression of OmcZ nanowires
would significantly impact the conductivity of biofilms. As we strive to achieve
combination between living materials and electronics, tuneability is of the utmost

importance.
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4.6 Methods
4.6.1. Device fabrication and preparation

Devices were fabricated as described previously*!. PDMS wells with outer diameter 9
mm and inner diameter 6 mm were attached to each device around the interdigitated array
by ambient air plasma cleaning both the device and PDMS well on medium for 45s. Then
the well was placed on the device and pressed firmly together. The gold electrodes were

then electrochemically cleaned as described previously'!*

. Briefly, each chip underwent a
potentiostatic hold at 2.04 V for 5 s then a hold at -0.311 V for 10 s. The potential was
then swept from -0.261 to 1.59 V at a scan rate of 4 Vs™! for 20 scans. Then the scan rate
was reduced to 100 mV/s for 4 additional scans. Afterwards the electrode was rinsed with
ethanol and water.
4.6.2. Bacterial strains and growth conditions

Geobacter sulfurreducens wild-type (WT) strain PCA (designated WT) (ATCC
51573)'2, omcS knock-out mutant strain?® (designated as AomcS), the omcZ knock-out
mutant strain?* (designated as AomcZ) were obtained from our laboratory culture
collection. G. sulfurreducens cultures were maintained at 30 °C under strictly anaerobic
conditions in growth medium supplemented with acetate (10 mM) as the electron donor
and fumarate (40 mM) as the electron acceptor. As described previously'8, the G.
sulfurreducens cells were grown in sterilized and deoxygenated NBAF medium'", and 1
L NBAF medium contained the following: 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
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chloride, vitamins and minerals as listed in !'>. 1 mM cysteine was added as an oxygen
scavenger. All bacterial strains were stored at 80 °C as 15 % DMSO stocks for G.
sulfurreducens.
4.6.3. Biofilm Growth

Graphite electrodes were cleaned by soaking in 0.5 M HCL and 0.5 M NaOH. Then
2-3 IDA devices were attached to a plastic coverslip with double tape, then the assembly
was attached via carbon paint to the surface of the graphite such that each gold finger of
the device was electrically connected to the graphite. After the carbon paint dried, PDMS
was poured into an 8 cm? well surrounding the devices such that the electrical contacts of
the device were coated except the center array of electrodes. The PDMS was cured in an
oven at 120 °C for 30 mins. The graphite electrode was then attached to the microbial
fuel cell connector pin and assembled as described previously!!'*. WT, AomcS, and
AomcZ were handled in an identical manner. Cell cultures were thawed and grown in
anaerobic NBAF medium in a 10 ml serum tube and grown to exponential phase, then
transferred into a 100 ml bottle and grown to exponential stage twice before inoculation.
Fuel cells were inoculated with 50ml of the third transfer of culture at OD around 0.4.
MFC’s were operated at 25 °C for the indicated time at which point cells were harvested
and biomass and electrodes were measured. Interdigitated electrodes were removed from
the graphite with a razor blade in an anaerobic chamber and kept anaerobic and hydrated
until measurement. Growth medium was dabbed off and replaced with electrolyte

solution so there was no excess acetate in solution.
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4.6.4. Filament Preparations

Cells were scraped from biofilm with a plastic spatula and suspended in PBS isotonic
wash buffer. The suspension was spun at 2500 g to pellet cells. The supernatant was
poured off and the pellet dried for 1 min over a Kim wipe before recording cell pellet
mass. The cells were then resuspended in 150 mM ethanolamine (ETA) at pH 10.5 and
blended in a commercial blender on low setting for 2 minutes. The mixture was collected
and spun at 13000 g for 30 minutes and the supernatant was collected. The filaments
were precipitated with 12.5% saturated ammonium sulfate overnight at 4 C and then spun
down at 23000 g for 1 hr. The pellet was collected and resuspended in 1.3 ml ETA pH
10.5 for all samples.

4.6.5. Protein Normalization & Gels

The cell pellet mass was recorded as described above. Before loading into gel each
filament sample was normalized to the lowest cell pellet mass of 0.134 g so notably the
amount of loaded protein per well is intentionally unequal and should represent the
mixture of filaments per 0.134 gram of cells. The samples were mixed with 4X loading
dye with B-mercaptoethanol as the reducing agent and boiled for 10 min at 95 C. Equal
volumes of sample were loaded in the wells of BioRad 4-12% SDS gels and run at 190V
for 36 minutes.

For westerns the gel was transferred to a PVDF membrane, blocked in 5% milk in
TBST, then incubated with primary antibody overnight at 4 C. We used 1:500 OmcS
antibody (2 mg/ml) and 1:2000 OmcZ antibody (2.75 mg/ml). The membrane was
washed in TBST then incubated with secondary antibody for 1 hr at room temperature.

The membrane was washed in TBST and water then incubated with Immun-Star AP Goat
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Anti-Rabbit IgG (H+L) substrate for 5 mins. Membrane was imaged for colorimetric and
chemiluminescence.
4.6.6. Electrochemistry

Platinum wire with 0.5mm diameter served as the counter electrode while an
Electrolytica C-925 1mm (Ag/AgCl with 3.4 M KCl) served as the reference electrode.
The reference was compared to a standard before each use. Cyclic Voltammetry (CV)
and Differential Pulse Voltammetry (DPV) were performed using Gamry potentiostats.
For all biofilms, CV was performed from 0.4 to -0.7 with step size of 1 mV at a scan rate
of 5mV/s unless otherwise indicated. All DPV was performed from 0.4 to -0.7 with a step
size of ImV, sample period of 0.5 s, pulse size of 25 mV and pulse time of 0.1s. The
platinum counter electrode was freshly cut or cleaned in same manner as the gold
electrodes before use. The electrolyte in all cases was 50 mM KH2PO4and 100 mM KCl
at pH 7 sparged with N2 for at least 30 mins and stored in a serum tube to remain
anaerobic!'®. Peak fitting was performed using MATLAB for DPV results.

Electrochemical gating was used as described previously!%’

. Briefly two potentiostats
were connected to the IDA such that one formed a three-electrode circuit with the left
side of the IDA and the other formed a three-electrode circuit with the right. Both used
common counter electrode and reference. Synchronized cyclic voltammetry sweeps were
performed with a 30-50 mV offset so the source-drain voltage was 30-50 mV. The

source-drain current was calculated by subtracting the raw source current from the raw

drain current to remove any faradic background current.
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4.6.7. Conductance Measurements

The conductance of the biofilm was measured with a Gamry potentiostat while
submerged under electrolyte solution. The current at a constant voltage was recorded for
100 s and an exponential fit to the current versus time trace was used to determine the
current at each voltage point. The IV curve was extracted, and the slope of the linear
region was used as the conductance.
4.6.8. Data Analysis

All data analysis was performed using MATLAB scripts including the EzyFit!!® and
peakfit!'® modules.
4.6.9. Electrostatic Potential Visualization

The electrostatic potential was generated on OmcS (PDB: 7LQ5) and PpcA (2MZ9)

32

using ChimeraX software!

4.7 Supplement

SI Figure 4.1: Atypical growth on AomcS final timepoint.
a, Coverage of AomcS biofilm from > 30 days on electrode that broke when removing from graphite surface. b,
Coverage of an electrode on same graphite surface in the exact same fuel cell had less coverage likely due to bad
electrical connection. The final conductance point was measured on this biofilm which may explain the drop
from previous timepoint as this coverage is atypical. ¢, Coverage of solid electrode used for electrochemistry
also taken from the same graphite surface showing typical coverage. All gold electrode are 3mm wide for scale.
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SI Figure 4.2: Additional gel images on filament preparations.

a, Coomassie stained gel of filament preparations used in this study. b, Anti-Gro-EL western of filament
preparations. Gels were loaded by normalizing to cell pellet. Final lane is the lysate of collected cells from the
later time WT strain.
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5. Living Photoconductors

Microbial biofilms as living photoconductors due to ultrafast sub-picosecond electron
transfer in cytochrome OmcS nanowires

Jens Neu", Catharine C. Shipps’, Matthew J. Guberman-Pfeffer, Cong Shen, Vishok
Srikanth, Jacob A. Spies, Nathan D. Kirchhofer, Sibel Ebru Yalcin, Gary W. Brudvig,
Victor S. Batista, and Nikhil S. Malvankar

*These authors contributed equally

This chapter is a modified excerpt of a published paper!®.
DOI: https://doi.org/10.1038/s41467-022-32659-5

5.1 Author Contributions

J.N. and N.S.M designed experiments, J. N. fabricated electrodes and performed fs-
TA with J.A.S., J.N. and C.C.S. measured conductivity of nanowires and biofilms C.C.S.
measured UV-Vis spectra, M.J.G. performed computation under the supervision of
V.S.B, C.S. grew biofilms on electrodes in microbial fuel cell and fabricated electrodes,
V.S. purified protein nanowires, N.K. and S.E.Y. performed pc-AFM, G.W.B helped
with data interpretation and N.S.M. supervised the project. J.N. C.C.S. and N.S.M. wrote
the manuscript with input from all authors.
5.2 Summary

Light-induced microbial electron transfer has potential for efficient production of
value-added chemicals, biofuels and biodegradable materials owing to diversified
metabolic pathways. However, most microbes lack photoactive proteins and require
synthetic photosensitizers that suffer from photocorrosion, photodegradation,

cytotoxicity, and generation of photoexcited radicals that are harmful to cells, thus
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severely limiting the catalytic performance. Therefore, there is a pressing need for
biocompatible photoconductive materials for efficient electronic interface between
microbes and electrodes. Here I show that living biofilms of Geobacter sulfurreducens
use nanowires of cytochrome OmcS as intrinsic photoconductors, without the need for
additional dyes. Photoconductive atomic force microscopy shows >10-fold increase in
photocurrent in purified individual nanowires. Photocurrents respond rapidly (<100 ms)
to the excitation and persist reversibly for hours. Femtosecond transient absorption
spectroscopy and quantum dynamics simulations reveal ultrafast (~200 fs) electron
transfer between nanowire hemes upon photoexcitation, enhancing carrier density and
mobility. Our work reveals a new class of natural photoconductors for whole-cell
catalysis.
5.3 Introduction

Living cells have been incorporated with quantum dots and nanostructures for
fluorescent labelling and drug delivery for over two decades!**. However, light-absorbing
nanostructures have not been used to drive catalytic reactions inside of cells due to lack
of biocompatibility and high cytotoxicity of foreign materials, such as photosensitizers,
inside the cell which often limits the operational efficiency'**. Furthermore, inherent
defects in synthetic photosensitizers cause several problems such as photocorrosion,
photodegradation and the generation of photoexcited radicals, which results in low
stability, irreproducibility and lack of sustainability of biohybrid materials'>.

Some bacteria produce light-absorbing centers but suffer from low electron transfer

134

efficiency and a lack of durability °*. Natural electron transfer proteins such as azurins,

myoglobin and c-type cytochromes do not show photoconductivity'*® 137 due to short (~
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ps) carrier lifetimes of the heme iron which inhibits any charge separation'®

. Covalently
linking artificial photosensitizers to these proteins yields low electron transfer rate on the
10 ns timescale or slower, greatly limiting their applications'*’. Furthermore, it is not
feasible to use of longer excited state lifetimes, such as electron injection from the triplet
states due to rapid degradation caused by reactive oxygen species produced in these
processes. Therefore, there is an urgent need to develop novel biomaterials capable of
ultrafast primary electron transfer to achieve efficient charge separation, followed by
sequential secondary electron transfer for long-lived charge separation and charge
accumulation'’.

To evaluate the use of engineered living materials as living photoconductors, we
chose the electroactive soil organism Geobacter sulfurreducens because it has evolved
the ability to export electrons, derived from metabolism, to extracellular acceptors such
as metal oxides and electrodes in a process called extracellular electron transfer (EET)!®
19 Bacteria establish direct electrical contact to electron acceptors via micrometer-long,
polymerized cytochrome nanowires, called OmcS, which eliminates the need for
diffusive redox mediators'® !? (Figure 5.1b). Hemes in the OmcS nanowire form a
parallel, slipped-stacked pair with each pair perpendicular (T-stacked) to the next pair,

forming a continuous chain over the entire micrometer length of the nanowire’ (Figure

5.1d). The minimum edge-to-edge distances is 3.4-4.1 A between the parallel-stacked
hemes and 5.4-6.1 A between the T-stacked pairs.

Owing to this evolutionary optimized OmcS nanowire structure with seamless
stacking of hemes, G. sulfurreducens can transfer electrons over one hundred times their

size by forming more than 100 um-thick highly-conductive nanowire network in

70



biofilms3%: 140

, which enables cells to generate the highest current density in
bioelectrochemical systems!#!. Owing to large electron storage capacity, cytochromes
also confer high supercapacitance to biofilms with low self-discharge and reversible

142

charge/discharge'*”. Moreover, a network of purified nanowires can transfer electrons

over thousands of times the size of a cell'*’. Therefore, G. sulfurreducens serves as an
143,144 14

ideal model system for electrocatalysis, metal corrosion and production of fuels

was previously thought that conductive filaments of the surface of G. sulfurreducens are

145 38, 143

pili'™ and a network of pili confers conductivity to G. sulfurreducens biofilms
However, structural, functional and localization studies revealed that nanowires on
bacterial surface are composed of cytochromes whereas pili remain inside the cell during
EET and are required for the secretion of cytochrome nanowires to the bacterial surface®”
146

Nanowires could be widespread and their photophysical properties could be
physiologically important because many Geobacter-like metal-reducing bacteria form

highly conductive biofilms'47- 148

and are widely distributed at the surface of earth in
shallow sediments which contain abundant sunlight and metal oxides'*-!>!. The
sediments are capable of transporting electrons over centimeters'>? and can convert
incident light into electricity'>*. Illuminating visible light on G. sulfurreducens cells have
been shown to improve its catalytic performance such as increase in metabolic electron
transfer to metal oxides'>* or other semiconductive materials by over 8-fold compared to
that observed under dark conditions'*’, Furthermore, light-induced bacterial electron
transfer correlated well with the rates of microbial respiration and substrate

154

consumption'~*. However, the underlying molecular and physical mechanism for this
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increased photocatalytic performance has remained unclear. We hypothesized that
cytochrome nanowires in the biofilms could be photoactive, enabling efficient electronic
interface between microbes and electrodes.

149.154 artificially expressing

In addition to light-induced whole-cell catalysis
cytochrome OmcS in photosynthetic cyanobacteria, increased catalytic performance in
diversity of processes such as an increase in photocurrent by 9-fold?’, increased nitrogen
fixation by 13-fold'>> and improved photosynthesis by increasing 60% biomass'®
compared to the wild-type cyanobacteria. These studies highlight the important role of
OmcS in light-driven biocatalysis. However, intrinsic photophysical properties of OmcS,
which could account for these catalytic improvements, have not been investigated.

OmcS is also required for interspecies electron transfer in Geobacter cocultures to
carry out “electric syntrophy”®® 43157 This interspecies electron transfer via naturally
conductive microbial consortia is important in diverse environments!**-1%°, Photosynthetic
bacterial species have also been shown to perform electric syntrophy with light-driven
conversion of CO2 to value-added chemical commodities'*>. However, the components
and pathways responsible for such light-driven biocatalysis have not been identified and
potential for photoactivity beyond photosynthetic microorganisms remains largely
unknown.

Here we show that living biofilms of Geobacter sulfurreducens use nanowires of
cytochrome OmcS as intrinsic photoconductors. Surprisingly, nanowires show
photoconductivity with ultrafast, sub-picosecond heme-to-heme electron transfer which

could explain their influence on photocatalytic performance mentioned above. These

rates are among the highest reported for excited-state electron transfer in biology'®'.
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5.4 Results
5.4.1. Photoconductivity in living biofilms made up of OmcS nanowire network
To determine the role of OmcS nanowires in light-induced electron transfer, we used
the genetically engineered G. sulfurreducens strain CL-1 because it overexpresses OmcS
nanowires (Figure 5.1c-d) and forms highly conductive and cohesive biofilms!® (Figure
5.1a). Upon laser photoexcitation (A=408 nm) which is specific to the Soret band of c-
type hemes'®’, biofilm conductance remained ohmic and increased by 72 + 21% (Figure
5.1e-f). These studies show that living G. sulfurreducens biofilms can serve as intrinsic
photoconductors.
5.4.2. Rapid photoconductivity in purified nanowires reversible for hours
To determine the origin of photoconductivity in biofilms, we purified nanowires from
the CL1 strain (Figure 5.2a). The ultraviolet-visible (UV-Vis) absorbance spectrum of
nanowires showed a strong Soret band at 410 nm for air-oxidized nanowires (Figure

5.2b). Nanowires were fully oxidized under these conditions because addition of oxidant
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Figure 5.1: Living photoconductors.

a, Measurement schematic. Biofilms are grown on transparent fluorine-doped tin oxide (FTO) electrodes.
b, Transmission electron microscopy of CL-1 cells producing OmeS nanowires. Scale bar, 200 nm. c,
AFM height image of a single OmcS nanowire on mica (left) and corresponding height profile (right) at a
location shown by a red line. Scale bar, 50 nm. d, Hemes in OmcS stack seamlessly over the entire
micrometre-length of nanowires. Edge-to-edge distances are in A. e, UV-Visible spectroscopy of biofilm
on FTO electrode with the excitation wavelength of 410 nm marked as a pink triangle. f, Current voltage
response of biofilm with the laser on and off. Percentage value represents mean =+ standard deviation (S.D)
of two biological replicates.
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(ferricyanide) did not change the spectrum (SI Figure 5.1). Upon addition of a chemical
reductant sodium dithionite, the Soret band for reduced nanowires red-shifted to 420 nm
as expected'” (Figure 5.2b). I placed the nanowires on interdigitated gold electrodes and
illuminated from the top (Laser Power = 100 mW/cm?2). Photoconductance of nanowire
network initially increased more than 6-fold (Figure 5.2¢), but the extent of conductance
increase decreased over time, likely due laser damage. Nanowires responded faster than
100 ms (Figure 5.2c inset). The photoresponse persisted for hours but decreased over
time (Figure 5.2¢). Both the dark current and photocurrent were proportional to an
applied voltage ranging from —0.2 to +0.2 V (Figure 5.2d), indicating an ohmic
conduction behavior of nanowires similar to biofilms. Remarkably, nanowire networks,

with and without laser excitation, showed a linear current-voltage response with an
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Figure 5.2: High photoconductivity in purified protein nanowires.

a, Heme staining gel of nanowires showing a single band of OmcS. b, UV-Vis spectrum of oxidized
(green) and reduced (red) nanowires. ¢, Photocurrent response of nanowire network at 200 mV with the
current decay of the off-state subtracted. Inset: Fast (<100 ms) photoresponse of nanowires. Axes are same
as in Fig. 2¢c. d, Current-voltage response of nanowire network and cytochrome c for comparison e,
Comparison of conductance of nanowire network with laser on or off. Values represent mean + standard
error of the mean (S.E.M) with individual data points shown as grey dots (n=7). ** indicates p value =
0.003. f, Schematic of pc-AFM of individual nanowires. g, Current-voltage response of an individual
nanowire with a linear fit shown by a purple dashed line. h, Comparison of conductance increase upon
photoexcitation in individual nanowires. Values represent mean + S.E.M. (10< n < 120). i, Comparison of
conductance of individual nanowires with laser on or off. Values represent mean + S.E.M with individual
data points shown as grey dots (n=15). ** indicates p value = 0.007.
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average conductance increase of 230 + 28% (n=7), which is higher than common

162,163 and porphyrin nanowires!®* (Figure 5.2d-e). In contrast, horse-heart

perovskites
cytochrome-c showed very low dark current and photocurrent as expected!*® 137 when
measured under identical conditions (Figure 5.2d). Switching the electrode material from
gold to tungsten also retained photoconductivity, confirming that the measured response
is not an artifact of the electrode material (SI Figure 5.2). Furthermore, chemically
reduced nanowires (ASoret=420 nm) did not show significant photoconductance upon
excitation at A=405 nm, confirming that photoreduction of oxidized hemes are necessary
for photoconductivity in nanowires at this excitation (SI Figure 5.1). The ratio of laser-
on/ laser-off (on/off) current of nanowires increased with increasing laser power, further
demonstrating that the measured photoconductivity is solely due to laser excitation (SI
Figure 5.3). All these experiments together confirm that the nanowires show intrinsic
photoconductivity which can account for observed photoconductivity in living biofilms.
The difference in photoconductivity between biofilms and purified nanowires is likely
due to non-conductive materials such as cells and polysaccharides present in the biofilms.
5.4.3. Individual nanowires show up to 100-fold photoconductivity increase

To quantify the photoresponse of individual nanowires, we used photoconductive
atomic force microscopy (pc-AFM)'% (A=405 nm, Initial Power = 3.20 kW/cm?).
Individual nanowires generally showed a 10-fold increase in conductance upon
photoexcitation with some nanowires showing up to a 100-fold increase (Figure 5.2h-1),
likely due to variation in the laser power caused due to limitation of experimental setup
(see Methods 5.6.7 and SI Figure 5.11). The difference in the photoconductivity between

individual nanowires and nanowire network is likely due to inter-nanowire as well as
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nanowire-electrode contact resistance. Notably, the observed 10 to 100-fold increase in
conductance for protein nanowires at relatively low bias (< 0.5 V) is substantially greater

than that of synthetic porphyrins!¢®

that show only up to a 5-fold increase at very high
bias of 12 V.

These experiments on individual nanowires confirm that the observed
photoconductivity response in networks of nanowires is due to nanowires alone and not
because of an artifact of the measurement setup. Furthermore, the observed
photoconductivity is not due to heating effects because All pc-AFM experiments were
performed in a temperature-controlled environment thus inhibiting any large increase in
temperature. Furthermore, the linearity and stability of our IV curves indicate that
measured conductivity increase is not due to heating (Figure 5.2g). In addition, the
conductivity of OmcS nanowires decreases upon heating''! whereas we observed up to
100-fold increase in conductivity upon photoexcitation.

5.4.4. fs-TA revels sub-picosecond charge separation in nanowire

To understand the mechanism of photoconductivity in protein nanowires, we
performed femtosecond transient absorption (fs-TA) spectroscopy by determining the
electron dynamics upon photoexcitation on an ultrafast (~100 fs) time scale!* 167 (Figure
5.3a). Fs-TA tracks the UV-Vis spectral changes by changing the time delay At between
the femtosecond laser pump and the probe pulses and recording a differential absorbance
spectrum (AA) at each time delay'¢” (Figure 5.3a). This difference spectrum contains
information on the dynamic processes occurring in the system such as excited state

energy migration, electron or proton transfer processes and isomerization'®’. In contrast

to the above studies of photoexcitation in the Soret band (Figure 5.1 and Figure 5.2), we
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performed fs-TA using excitation in the Q-band (A=545 nm) to avoid thermal damage,
and to monitor changes in the region of the strongest absorption bands'¢’. It is important
to note that Soret and Q-band transitions arise from the same ground state making Q-band
excitation a suitable proxy to monitor these processes'®’. Photoexcitation with A=530),

545 and 400 nm yielded similar dynamics, demonstrating a wide spectral range for
photoconductivity (SI Figure 5.4 and SI Figure 5.5). Neither buffer alone nor the blank
substrate showed any response and measurements in solid and liquid state are similar (SI
Figure 5.6 and SI Figure 5.7) indicating that observed dynamics are due to nanowires and

not an artifact of the environment or the substrate.
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Figure 5.3: Ultrafast (<100 fs) charge transfer between hemes in nanowires revealed by femtosecond
transient absorption spectroscopy (fs-TA).

a, Schematic of fs-TA. A pump beam (A=545 nm) followed by a probe beam with the difference absorption
spectra detected. b, Averaged transient absorption data of nanowires (n=6). ¢, Change in differential
absorption with wavelength at different delay times. Key wavelengths are marked as A=410 nm (green),
A=424 nm (red), and A=367 nm (blue). d, The experimental (solid) and simulated (dashed) spectra of
oxidized, reduced, and singlet doubly-oxidized nanowires. Wavelength markers are same as in (c). e,
Change in differential absorption over delay time at key wavelengths. Time-markers are shown in the same
color as time traces in (¢). Traces in ¢ and e represent mean (line) = S.D. (shaded). (n=6).
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Upon photoexcitation of protein nanowires, electrons are promoted from the ground
state to the excited state, decreasing the ground state population. This decrease caused a
negative signal in AA at 410 nm known as a ground state bleach!®’. In addition, we
observed a positive AA which is indicative of excited-state absorption at A=367 nm and
A=424 nm after At=0.1 ps and 2 ps, respectively (Figure 5.3c-d). These absorptions are
absent in the native, air-oxidized, unexcited nanowires (Figure 5.3d), indicating that the
photoexcitation is causing these absorptions. In particular, the absorption at A=424 nm
agrees well with the absorption of chemically reduced nanowires (Figure 5.3d),
suggesting that upon photoexcitation, excited-state electron transfer is reducing the
hemes in the nanowires and thus photoreduction is a component of nanowire
photoconductivity.

To understand the origin of different transient oxidation states, we determined the
kinetics at the key wavelengths mentioned above using a sequential model'®’ consisting
of four interdependent exponential growth and decay rate equations that yielded the first
excitation timescale of 19 + 23 fs (see Methods). This timescale is faster than the
instrument response function (100 + 50 fs) and can, therefore, be treated as an
instantaneous excitation on the timescale of the measurement (Figure 5.4a). Following
this excitation, the charges were transferred between hemes with a decay time of 212 +
27 fs. The corresponding spectra are a superposition of a ground state bleach and the
appearance of a new feature around 367 nm, which can be attributed to the doubly
oxidized hemes based on the spectral simulations (Figure 5.3d). Based on simulations
(see below, Figure 5.4d), we conclude that the ultrafast charge transfer also results in the

formation of a reduced heme in its excited state, which is spectroscopically dark. We also
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found a second decay with a time constant of 1.0 £ 0.1 ps that can be attributed to
relaxation of the excited reduced heme that increases in absorption at the reduced Soret at
A=424 nm. In addition, we found a third decay time of 7.9 + 0.3 ps that can be attributed
to the recombination to their initial state, including charge transfers back to the singly
oxidized heme ground states.

5.4.5. Computations suggest excited state electron transfer between hemes

We further compared our experimental UV-Vis spectra of nanowires with TD-DFT
calculations of hemes in the nanowire (Figure 5.3d). The maximum of the computed
Soret band in the reduced heme (A= 420 nm) is shifted by 9.5 nm to the red of the band
maximum for the oxidized heme, in good agreement with the 10.5 nm shift observed
experimentally (Figure 5.3d). These computational analyses further suggest that
photoexcitation causes reduction of hemes in the nanowires. Our finding is consistent
with prior studies of photoreduction of monomeric cytochromes mediated by the light-
induced excited state of hemes even in the absence of external electron donors!'®% 162,

To evaluate the transient kinetics data obtained using the sequential model fitted to
experimental data, we performed quantum dynamics simulations at the Extended Hiickel
level of theory!”® 7!, We simulated the propagation of an electron wavepacket in the
excited state from hemes in the nanowires, in a slip-stacked as well as in T-stacked
orientation'®. Our simulations suggest a ~ 100 fs timescale for photo-induced charge
transfer between the slip-stacked pair of hemes (Figure 5.4d). This timescale agrees with
the experimentally determined timescale for the excited state charge transfer (212 £27
fs). The survival probability for electron transfer in a slipped-stack heme pair remains

low (< 60%) for most energy levels, indicating a high probability for electron transfer to a
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nearby heme within 100 fs (SI Figure 5.9).Thus the timescale for electron transfer
between slipped-stack heme pair is similar for most initial energy levels.
5.5 Discussion
5.5.1. Hemes are likely electron source for observed photoreduction

As no external electron donor was added, our results suggest that the additional
electrons that reduce the heme are intrinsic to the nanowire itself. We further analyzed
the possibility that surrounding protein causes the observed photoreduction of OmcS
hemes. Several aromatic amino acids, including tryptophan and tyrosine, are within 5 A
of the hemes in the OmcS. Although excitation of either tryptophan or tyrosine is not

possible at the wavelengths used in this study!6% 16

, we considered a possibility that
electron transfer can quench a photoexcited heme in a manner similar to flavins in a
cryptochrome!”?. This quenching would reduce a heme and leave behind an amino acid
radical. The most likely amino acid candidate for radical formation is tryptophan because
its radicals have absorbance which would explain the 367 nm species'’>. While the
formation of such radicals is possible, the signal strength in fs-TA measurements is
determined by the molar extinction coefficients (¢) of the (transient) species. The molar
extinction coefficient of OmcS’s Soret band is approximately 100 times larger than those
of tryptophan radicals'%* 73, The ground state bleach represents all the photoexcited
hemes in the OmcS nanowires and the species corresponding to A=367 nm and 424 nm
have differential absorptions of ~20% and 10% of the total magnitude, respectively.
Therefore, the number of tryptophan radicals created from electron transfer needs to be

larger than the number of excited hemes in OmcS if the radical species at A=367 nm

arises from tryptophan. Such a possibility seems unlikely because only one radical can be
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Figure 5.4: Model for origin of photoconductivity in protein nanowires.

a, Simplified energy level diagram depicting the changes that occur upon photoexcitation in transient
absorption and their respective decay times. b, The dark current in the ground state arises due to
propagation of a reduced state created by electron injection from the electrode. ¢, The photocurrent is due
to the laser excitation initiating an ultrafast charge transfer between hemes, creating newly reduced and
double oxidized hemes. The photoreduction provides additional charge carriers and larger driving force for
charge transfer, which therefore increases the current under bias. d, Quantum dynamics simulations of
ultrafast charge transfer between hemes in protein nanowires, forming a doubly oxidized heme and an
excited state of a reduced heme.

created for every quenched excited heme. Thus, the observed spectra cannot be accounted
for by amino acid radicals.

We also evaluated the possibilities of other electron sources causing photoreduction.
We found that multi-photon processes are absent in our experiments because the ET
dynamics were independent of the laser intensity and power (SI Figure 5.8). The
magnitude of photocurrent is also linear with increased power (SI Figure 5.3). Redox

impurities also did not contribute to the measured spectra because of identical dynamics
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in solution and in solid-state (SI Figure 5.7). Photodegradation also did not change the
electron transfer dynamics, only the magnitude of spectra by < 10% over two hours.

We therefore considered an alternative possibility that parallel-stacked hemes can
serve as an electron donor and acceptor pair (Figure 5.4). We hypothesized that if the
excited state charge transfer is occurring between two neighboring hemes with only one
of the hemes being in the excited state. Such charge transfer would result in the
appearance of a reduced heme and leave behind a doubly oxidized heme (Figure 5.4).
The computed UV-Vis spectrum of a doubly oxidized heme indeed showed an absorption
maximum at A=365 nm which agrees with the experimentally observed species at A=367
nm. Our computed spectrum of a doubly oxidized heme thus recaptures the blue shift
observed in the transient absorption experiment (SI Figure 5.10). The qualitative
agreement between the computed and experimental spectra is independent of the spin
state of doubly-oxidized species such as the singlet and triplet state.

To identify the nature of doubly oxidized species, we performed an analysis of atomic
spin populations. We found that the change in the spin populations occurs only on the
ligands and not in the iron center. Therefore, our analysis suggests that doubly oxidized
species are Fe*" + porphyrin radical which agrees with the observed spectra at 367 nm.
These analyses further suggest that the doubly oxidized species are not Fe* due to lack
of change of spin density on the iron center upon additional oxidation of the heme in the
Fe** state (SI Figure 5.10).

To further evaluate the thermodynamic feasibility of radical heme species, we used
the Rehm-Weller cycle. This analysis requires four energetic terms: 1) energy required to

form radical heme species (based on iron-porphyrin systems'’#) (1.7 V), 2) the ground
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state redox potential of OmcS (-212 mV)!'%, 3) the photon energy used to excite OmcS
nanowires (A = 545 nm = 2.3 eV), and 4) the vibrational energy difference between the
ground and excited states called the Coulomb stabilization energy associated with the
intermediate radical ion pair!”® (wp) ~ 60 meV. Therefore, the energetics of this process
would be AGet=[1.7eV —(-0.212eV) +0.06 eV] -2.3 eV = - 0.4 eV. Thus, AGet <0
for the formation of the radical species. Our analysis is a lower estimate for the net
energy available for the formation of the radical species. Therefore, in combination with
our simulated analysis, our studies suggest that doubly oxidized species are Fe3+ +
porphyrin radical and nanowires are photoreduced by ultrafast light-induced heme-to-
heme charge transfer.
5.5.2. Proposed mechanism for ultrafast photoconductivity in OmcS nanowire
Based on above results, we propose the following model for the origin of
photoconductivity in OmcS nanowires (Figure 5.4). This model is focused on the singlet
states and not triplet states because these states are spectroscopically dark and would be
less pronounced due to their lower energies. As these nanowires transport charges
through seamless stacking of hemes (Figure 5.1c¢), our prior experiments have shown that
they can be treated as redox conductors, with the long-range charge transfer governed by
a theoretically-predicted hopping mechanism with negligible carrier loss over

micrometers!!!

. All hemes in the nanowires are initially oxidized and in their ground state
as confirmed by UV-Vis spectroscopy (Figure 5.2b). Upon applying a bias, electrons are
injected from the electrode into the nanowire, creating a reduced state that travels through

the nanowire (Figure 5.4b). The photoexcitation triggers an ultrafast charge transfer

resulting in an additional reduced state that persists for picosecond timescale, without any
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applied bias, far away from the electrode (Figure 5.4c). This newly formed reduced state
will have a mobility similar to the electrode-injected state as they both are present in the
same nanowire with identical structure. Therefore, upon photoexcitation, the density of
reduced states is increased, thus increasing the carrier density of the nanowires to
generate photoconductivity response in OmcS nanowires. The photoreduction observed
in our fs-TA is consistent with this model.

In addition to the higher carrier density due to photogenerated electrons, it is likely
that the mobility of electrons increases upon photoexcitation due to increased driving

force for charge transfer in the excited state of hemes!!!

. Upon photoexcitation an
electron is promoted from the ground state to an excited state. The ultrafast charge
transfer between neighboring hemes creates a reduced-state heme in the excited state and
a doubly oxidized heme (Figure 5.4c-d). The reduced-state heme can then relax from the
excited to the ground state. Upon photoexcitation, the uniformly oxidized nanowire is
thus partially reduced and partially double oxidized (Figure 5.4c).

The generated doubly oxidized heme will alter the redox energies of the heme chain,
with a more positive redox potential. We have previously found that the redox potential
of OmcS hemes becomes substantially positive upon oxidation. The OmcS nanowires
transport charges via a hopping mechanism'!! - a process in which a charge (electron or
hole) temporarily resides at a heme, changing its redox state. The driving force for charge
transfer depends on the redox energies of the electron donating and accepting hemes.
Therefore, the charge transfer rate is directly related to the mobility.

For the fully oxidized (non-excited) state, this process initiates at the electrode

surface where injected electrons hop to nanowire redox sites, creating locally reduced
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hemes. For the photoexcited state, this process is enhanced because transferring an
electron to the double-oxidized species, and removing an electron from a reduced heme,
are significantly more favorable in the illuminated nanowire than for the oxidized
nanowire in the dark. The increased likelihood for charge transfer upon photoexcitation
will then result in increased mobility. Furthermore, the initial ultrafast charge transfer
between hemes increases the lifetime of the photogenerated state. Both the generation of
a “new” mobile charge and the increase in its mobility will contribute to the observed
increase in conductivity upon photoexcitation.

In summary, we demonstrate, for the first-time, significant photoconductivity in a
living system due to ultrafast light-induced charge transfer within protein nanowires. The
surprising origin of photoconductivity in these natural systems lies in the higher carrier
density and mobility upon photoexcitation.

Although ultrafast electron transfer can occur in monomeric cytochromes, it typically
requires incorporated dyes as photosensitizers and sacrificial electron donors'®! which
can be toxic to cells'**. In contrast, we find that the protein nanowires intrinsically exhibit
robust and ultrafast charge transfer without any need for such site-selective labeling. Our
studies thus establish OmcS nanowires as photoconductors intrinsic to cells with
capability of ultrafast electron transfer, thus eliminating the need for foreign materials
such as molecular dyes or inorganic nanoparticles that limit the catalytic performance'.

Furthermore, our studies show that sub-ps charge transfer is possible in natural
proteins in an excited state. Prior ultrafast electron transfer studies have reported the

ground state rates of 15-90 ps in the closest-stacked hemes!®'. This difference is likely
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because excited-state rates are known to be faster due to higher energy and larger orbital
delocalization compared to the ground-state rates'’>.

Although many bacterial EET studies remain focused on electrons, protons play a
very important role, not only in bacterial energy generation, but also in the electronic
conductivity of proteins'’®. For example, through measurements of the intrinsic electron
transfer rate, we previously found that that both the energetics of a glutamine (proton
acceptor) and its proximity to a neighboring tyrosine (proton donor), regulate the hole
transport over micrometers in amyloids through a proton rocking mechanism?!.
Therefore, it is very important to couple electron/proton transfer to accelerate EET and
for the development of electronically conductive protein-based biomaterials.

The high surface area of these nanowires, combined with their biocompatibility and
lack of toxicity, make them attractive candidates for an emerging field of light-driven
whole-cell bioelectrocatalysis for a wide range of applications such as water splitting,
chemical sensing and CO: fixation and production of chemicals, fuels and materials'”’.
Our studies may also help establish the efficient and stable production of liquid fuels
from sunlight using a liquid sunlight approach!®®. Future studies on nanowires with
different heme stacking and protein environment'® or substituting the metals from iron to
zinc!”® or tin'” could vary the interactions between the heme cofactors to alter the
electronic and photophysical properties of nanowires for tunable functionality'”’.
5.6 Methods
5.6.1. Bacterial Biofilm Growth and OmcS nanowire Purification

Geobacter sulfurreducens’ strain CL-1, which produces an elevated abundance of

OmcS protein'®, was obtained from our laboratory culture collection and grown on
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electrodes in a bioelectrochemical system as previously described!!* 48, For the growth
in liquid culture, cells were grown until stationary phase!!'® and collected via
centrifugation, and then a slightly modified version of a previously described protocol'®
was used to shear extracellular filaments from the cells. In brief, pelleted cells were
suspended in 150 mM ethanolamine pH 10.5 and blended for 2 minutes on low speed in a
commercial unit (Waring). Cells and cell debris were removed by centrifugation, first at
13,000 and then at 23,000 x g. OmcS filaments were then collected either by precipitation
in 12.5% ammonium sulfate or ultracentrifugation at 100,000 x g, in accordance with
previously described protocols for obtaining microbial nanowires from G.
sulfurreducens’®. Collected OmcS filament samples were resuspended and stored in 150
mM ethanolamine pH 10.5 and dialyzed to remove residual ammonium sulfate where
appropriate.
5.6.2. UV-Vis Spectroscopy

UV-Vis spectra were recorded with an Avantes (AvaSpec-ULS2048CL-EVO). For
nanowires, a quartz slide was cleaned with ethanol and 2 pl of 80 uM protein was
dropped on this slide and then dried for 20 min in the desiccator. Another 2 pul was
dropped on the same spot and again dried in the desiccator for 20 min. The spectrum was
collected for the air oxidized sample. Then 40 mg/ml of sodium dithionite in water was
dropped to cover the protein spot (2-3 ul). The dithionite caused a chemical reduction of
the hemes in the protein. The spectrum of the reduced material was then recorded. All
spectra were normalized such that the minimum and maximum absorbance values for

wavelengths above 380 nm were set to zero and 1 respectively. The biofilm solid state
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measurements were taken on a FTO electrode in hydrating conditions with the
background of a clean FTO electrode subtracted.
5.6.3. Electrode Fabrication

Three different types of electrodes, based on gold (Au), Tungsten (W) and fluorine
doped tin oxide (FTO), were used. The designs consisted of interdigitated electrodes,
which create a “finger” pattern in which every odd-numbered line is connected to one
pad, and every even numbered to the opposite electrical contact. This dense electrode
packing ensures a large number of electronic contacts. The measured data are averaging
over 132 wire connection pairs and provides superior signal compared to a single
electrode device.

For the gold-electrodes, the spacing between each line was 5 um, and for the tungsten
and FTO-electrodes, the spacing was 10 um. For all cases, the electrode (the metalized
part) was 10 pm wide.

The gold and tungsten electrodes were fabricated using UV-Lithography on thermally
oxidized Silicon wafer. The thermal oxidation created a 300 nm silicon oxide layer which
provides a plain and electrically insulating substrate. The metal electrodes were
fabricated by spin coating a double resist, consisting of LOR 5-A and S1805. LOR 5-A
was coated at 3000 rpm for 1 min followed by 5 min heating at 180 °C. Following this
baking step, a second resist layer S1805 was applied at 3000 rpm for 1 min and cured at
120 °C for 2 min. Afterwards, the resists were exposed to UV radiation through a
shadowmask and developed in MIF 319 developer for 2 minutes. The structured
photoresists were then metalized using 5 nm Ti or Cr and 40 — 60 nm Au or W. A lift-off

in heated (80-120 °C) NMP removed the metalized resists and resulted in the final
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microstructure electrode. A protection coating was then spin coated onto the device. This
coating was washed off with acetone before using the electrode. Each electrode was
tested prior to protein deposition to ensure proper electric insulation between the two
electrodes.

For the FTO IDE electrodes, commercially available FTO on Quartz glass was used.
S1805 resist was spin coated and structured as previously described. After structuring this
resist was used as a soft mask in reactive ion etching. The etching was carried out in an
Oxford Plasmalab 100 RIE with a chamber pressure of 8 mTorr, and a gas flow of 8 sccm
CI2 and 40 sccm Ar. The etching was carried out until the unwanted FTO was completely
removed. The remaining photoresist was cleaned off in hot NMP (120 °C) and the final
devices was covered with protective coating. This coating was removed with acetone
prior to usage of the electrodes. Each electrode was carefully checked to ensure that the
two contacts are electrical insulated.

5.6.4. DC Conductance of Biofilms and Nanowires
Conductivity measurements on nanowires and biofilms were performed as described

previously'®

. Connections to device electrodes were made with a probe station (MPI
TS50) inside a Dark Box which formed a Faraday cage and also blocked background
light. Current and voltage were applied using a semiconductor parameter analyzer with
preamplifiers (Keithly 4200 A-SCS) allowing for 1 fA current and 0.5 uV voltage
resolution. Two-point DC conductance measurements utilized two probe needles to

contact the device on two adjacent electrodes. A fixed voltage in the range of +/- 0.3 V

was applied to the two electrodes for a minimum of 100 s in sampling mode until a
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steady current was reached. Voltage-current points were fit with a line, and the slope was
used to determine conductance (G).

Devices were prepared by dropping 0.5 pL of 8 uM nanowires in 150 mM
ethanolamine pH 10.5 on to the device and let dry in ambient atmosphere overnight. The
drop formed on the material had a diameter of 1.4 +/- 0.1 mm. The electrode area was
2x2 mm, which ensured that all the material was electrically contacted.

To perform photoconductivity measurements, the previously described probe station
was equipped with a diode laser, with an average output flux of 100 mW/cm? and a
center wavelength of 408 nm. This laser spot was adjusted to be larger than the electrode
area which ensured a homogenous excitation of the material. The laser beam was
blocked/released using an optical shutter with a 1 ms response time.

Conductance measurements on reduced nanowires was performed by mixing 0.25 pL
of a concentrated solution of sodium dithionite with 9.75 puL of nanowires in an anaerobic
environment such that there was 50-fold molar excess of dithionite to heme concentration
in the final solution. 0.5 pL was dropped onto an electrode and dried in the anaerobic
chamber overnight.

5.6.5. Transient Absorption (TA) Data Collection

The transient absorption spectra were collected at the Center for Functional
Nanomaterials (CFN), part of the Brook Haven National Laboratory. Further data was
collected at Drexel University. The signal to noise ratio of the commercial CFN
spectrometer was superior to the data from Drexel, hence the data collected at Drexel
were solely used in the supplement of this manuscript. The detailed description refers to

the data collection at CFN.
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The TA spectra were collected using a Helios (Ultrafast Systems) TA spectrometer.
The excitation wavelength was generated in a TOPAS OPA. The probe pulse was
generated via supercontinuum in calcium fluoride.

For each measurement, spatial overlap was optimized for strongest signal. Each set of
data was iterated for several hours. Each iteration was then compared to the mean of the
iteration to ensure long-time stability of the spectrometer and the sample material.

The sample was prepared by drop casting 5 pl of protein solution onto a freshly
cleaned quartz substrate. The samples were allowed to dry for 60 minutes in a desiccator.
This deposition was repeated to create thicker films. Based on the optical transmission a
location on the sample with sufficient Soret band absorption and acceptable scattering
was chosen.

5.6.6. Transient Absorption (TA) Data Processing

The collected TA spectra were processed using three softwares: Surface Xplorer
(Ultrafast Systems), a selfwritten matlab script, and Glotaran
(https://www.jstatsoft.org/article/view/v049103). Surface Xplorer was used to visualize
the data and select measurements with adequate signal to noise. This selection reduced
the number of processed spectra to 15. Of these measurements seven were pumped at 545
nm (shown in the main text) four pumped at 530 nm (shown in SI) and four pumped at
400 nm (shown in SI). All these measurements were evaluated to determine kinetics and
dynamics of the spectral evolution. The main evaluation was performed for a pump
wavelength of 545 nm, as this was depositing the lowest energy and therefore heating

into the sample material. The other two wavelength confirmed the determined kinetics.
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Surface Xplorer was used to compensate for spectral chirp associate with wavelength
dependent dispersion in the used sample and the quartz substrate. This correction ensured
that the time zero point was independent of the wavelength. After this initial processing,
the measured 1024 wavelength points were adjacent averaged to 512 points, resulting in a
wavelength resolution of approximately 1 nm.

The preprocessed data were then imported into the matlab script. Six measurements at
545 nm pump were averaged into a single set (after accounting for time-zero jitter).

These data sets are shown in the main text. The dynamics at 410 nm, 367 nm, and 424
nm was simultaneously fitted with a double exponential function convoluted with the
instrument responds function and an instantaneous injection model as Heaviside function.
The lifetimes from this simple three wavelength dynamic fit are used as starting points
for the detailed target analysis using Glotaran.

The preprocessed data (from the Surface Xplorer data processing) were then loaded
into Glotaran and truncated to -2 ps to inf in time and 340-505 nm in the wavelength
space. This software was used for global analysis. The model assumes a global decay
dynamic defined by a fixed number of decay constants. Based on our model we decided
that a sequential analysis is best suited to describe the processes in photoexcited OmcS.

The sequential model, however, cannot directly separate the individual species from
the ground state bleach of the main species. This is caused by the temporal overlap
between the decays and the parallel decay into the ground state from the excited heme
species which is not completely undergoing a charge separation step.

The sequential model assumes an excitation, which fitted to 19 +/- 23 fs. This is faster

than the instrument responds function of 100 +/- 10 fs. The excitation can therefore be
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considered to be instantaneous (justifying the used Heaviside approximation in the
preliminary analysis in matlab). Following the excitation, the charges are transferred
from one heme to another within 212 +/- 27 fs. The corresponding spectra are a
superposition of a ground state bleach and the appearance of a new feature around 367
nm, which is identified as a double oxidized heme (according to the presented spectral
simulation). This charge transfer results in the formation of a reduced heme in the excited
state. A second decay with a time constant of 1 +/- 0.1 ps describes the relaxation of the
excited reduced heme. A final third time constant with 7.9 +/- 0.3 ps describes the
relaxation of the system to its initial state, including charge back transfer to the single
oxidized heme ground state.

5.6.7. Photoconductive AFM (pc-AFM)

Topography and electrical conductivity of nanowires on the gold surface were both
measured using conventional tapping (AC) and conductive atomic force microscopy
(cAFM, ORCA™) measurement modes with a commercially available AFM (Cypher ES,
Oxford Instruments Asylum Research, USA) equipped with blueDrive™ photothermal
excitation. The probe was a commercially available ASYELEC-01-R2 probe (Asylum
Research) with Ti/Ir coating and nominal resonant frequency f= 75 kHz, spring constant
k= 2.8 N/m, and tip radius Rip = 28 + 10 nm; measured values were fo = 86.6 kHz and ko
= 5.8 N/m for the specific probe used in these measurements. In order to bias the sample,
a small neodymium magnet (1/32” x 1/16” diam., K&J Magnetics) was both adhered and
electrically contacted to the top surface of the nanowires-on-gold sample using silver

paint (PELCO® Leitsilber, Ted Pella).
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For tapping mode topography, the probe was driven with piezo actuation at a scan
rate of 1 line/s, a free amplitude of 120 nm (0.58 V at a sensitivity of 207 nm/V), and a
~100 nm setpoint (0.5 V) to keep the tip-sample interaction very gentle in the so-called
“attractive” or “non-contact” state to avoid damaging the nanowires.

Following the topographical scan, cAFM was used with a force setpoint of 50 nN to
execute point I-V measurements on individual nanowires to measure their conductivity
(n=15 nanowires), with a sample voltage sweep of +0.5 V at 1 V/s sweep rate for 20
sweep cycles at 2 kHz acquisition rate (1 kHz lowpass filter). The additional effects of
photoexcitation on nanowire conductivity was examined by toggling the blueDrive™
laser as the excitation source (405 nm, 10 mW DC, with a spot diameter of 2+ 1 pm) on
at least 20 sequential I-V sweeps. This was accomplished using the provided 0.01X filter
cube (Asylum Research) and positioning the laser spot at the very apex of the probe tip
(rather than using it as the probe oscillatory excitation); this provides [10e-3 W]/[n*(1e-6
m)?]*0.01 = 32 pW/um? illumination on the nanowires.

For control experiments in these pc-AFM measurements, a fresh template stripped
gold sample (identical to the surface that the nanowires were deposited on) was also
prepared with an electrical contact as above. As a positive control, the tip-gold
conductivity was measured at the same conditions (50 nN loading force, 0.5 V at 1 V/s,
20 cycles) to ensure an ohmic contact in the absence of nanowires. As a negative control
for photoconductive measurements, the tip-gold conductivity was measured at the same
conditions (50 nN loading force, 0.5 V at 1 V/s, 20 cycles) with the blueDrive excitation
sequentially toggled on and off to confirm that there was no change in tip-gold

conductivity from the 405 nm excitation in the absence of nanowires.
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pc-AFM Data Analysis

At each collection point on an individual nanowire, at least 20 IV curves were
collected. The last half of all the current voltage curves collected (minimum 10 curves) at
a single point were used to calculate conductance. The IV curves were then sorted by
nanowire and the slope of each curve was measured to get the conductance. For all
nanowires, any outliers in conductance were removed by three median absolution
deviation analysis on the logio of conductance. All the remaining individual conductance
values for each nanowire were averaged to get the mean conductance of the single
nanowire. The analysis for the laser OFF and laser ON current voltage curves was
identical.

5.6.8. Laser Characterization

When interpreting photoexcitation experiments it is crucial to verify whether the
experiment was performed in a linear or non-linear excitation regime. In the later the
photoexcitation would be strong enough to trigger non-linear effects (i.e., saturable
absorption) or cause electron-electron interaction (e-e scattering, Auger-effect, etc.).
These effects would make a conclusive discussion of the experiments more challenging.
In the linear regime, only a small percentage of molecules is excited, while the majority
remains in their ground state. While there is no ultimate threshold for the linear vs non-
linear regime, it is common to accept less than 1% excitation as linear.

We calculated the percentage excitations based on the known optical power density
100 mW/cm?, and the total lifetime of the photoexcited system (t = 7.9 ps). The core
concept used here is that for any given time point a certain number of photons hit the
hemes and excite them while previously excited hemes are recombining into their ground

state.
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The recombination is described as N(t) = N(t-At) e™-At/t , with At as small time
step'8!. The CW laser excitation was discretized using the time step to yield a total
photon flux set by the laser power. Assuming a 100% quantum yield, this means that the
generation of excited hemes is described directly by the photon flux. Starting at t=0, the
population rises in competition with the recombination as N(t) = G(At) -N(t-At) e*-At/1.
After a time of a nanosecond, N(t) approaches a quasi-steady state value of 1.6 10°
molecules/cm?. Comparing this value to the total protein density of 2.5 10'3
molecules/cm? yields a ratio 6.4 10" %. This approximated value is well below 1%,
justifying the linear interpretation of our experiments.

5.6.9. Computational Methods

OmcS Structure Modeling. The c-type heme cofactors of OmcS were modelled as
iron porphyrin, with the methyl, thioether, and propionic acid substituents of the
macrocycle replaced by hydrogen atoms. The two axially coordinated histidine residues
were truncated at the Cb-Cg bond to give 1-methylimidazole ligands. This model system
has been extensively used to theoretically characterize the structures, spectra, and
reactivity of heme cofactors.'®?

The geometry of the heme model was optimized at the density functional theory
(DFT) level in the reduced, singly oxidized, and doubly oxidized redox states. Harmonic
frequency analyses confirmed that the heme model was at a local minimum on the
respective ground state potential energy surface for each redox state. The reduced and
singly oxidized species were optimized with the lowest spin multiplicity (singlet and
doublet, respectively). The doubly oxidized heme model was examined in both the triplet

and singlet manifolds. For the ground-state singly and doubly oxidized species, the
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expectation value of the spin-squared operator, <S?>, was 0.75, and 2.00 after annulation
of spin contaminates.

All geometry optimizations and harmonic frequency analyses were performed with
the Becke, three-parameter, Lee—Yang—Parr (B3LYP) hybrid functional'®} and a mixed
basis set, applying the LANL2DZ effective core and valance functions to Fe,!3* and the
6-31G(d) basis to H, C, and N atoms. As with the vertical excitation calculations
described in the next subsection, we employed tight self-consistent field convergence and
an ultrafine integration grid, as implemented in Gaussian 16 revision A.03.

The simulation was performed on two types of adjacent heme pairs, namely T-Stack
and slip stack present in the OmcS structure (Figure 5.1d). Only the slip-stack pairs
exhibited charge transfer (SI Figure 5.9b). Therefore, this calculation was limited on
neighboring hemes.

Simulated absorption spectra. The absorption spectrum of the heme in each redox
state was simulated in vacuo with time dependent (TD)-DFT using the B3LYP functional
and a 6-31+G(d) basis set for all atoms.'3"137 The predicted spectra were uniformly
shifted by 38 nm to improve the alignment with the experimental spectra. The excited
states of interest—the two Soret transitions—exhibited some spin contamination for the
singly and doubly oxidized species, which is a well-known issue with TD-DFT'#8,
However, <S?> deviated by only 0.2-0.5 from the uncontaminated value, and the blue-
shift predicted for the doubly oxidized species relative to the reduced or singly oxidized
species was similar irrespective of whether it was modeled as a closed-shell singlet or

open-shell triplet. We therefore conclude that the blue shift needed to explain the
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experimental observation is independent of the spin contamination present in our open-
shell calculations.

Quantum dynamics simulations. The dynamics of photoinduced intermolecular
electron transfer between adjacent hemes was modeled with a previously described
wavepacket propagation methodology implemented within the tight-binding Extended
Hiickel framework.!”® This level of theory was previously used to describe the electronic

structure of iron-, as well as other, metalloporphyrins.!”!

98



5.7 Supplement
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SI Figure 5.1: Nanowires are oxidized in air and chemically reduced nanowires do not show
significant photoconductivity.
a, The UV-Vis of nanowire solutions after normal preparation and with a molar excess of potassium
ferricyanide. Current-voltage curves showing very low (12%) change in conductance (G) for chemically
reduced nanowires.
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SI Figure 5.2: Nanowires show photoconductivity irrespective of electrode materials.
Upon photoexcitation, nanowire conductance increased 110% on tungsten electrodes with 10 pm spacing
(blue) and 230% on gold electrodes with 5 um spacing (yellow).
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SI Figure 5.3: Nanowire conductance increase upon laser on/off increases with laser power.

a, Laser characterization for network measurements. b, Ratio of current for nanowires with laser on and
laser off under 200 mV bias with a linear fit shown by a solid line. Values represent mean + S.D. (shaded
region) for three independent samples.
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SI Figure 5.4: Ultrafast (<100 fs) charge transfer between hemes in nanowires revealed by fs-TA with
a pump beam at 2=530 nm.

a, 2-D map of differential absorption over the probed wavelengths and delay time. b, Change in differential
absorption over wavelength at different delay times as stated in legend. ¢, Change in differential absorption
over delay time at key wavelengths.
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SI Figure 5.5: Ultrafast (<100 fs) charge transfer between hemes in nanowires revealed by fs-TA with
a pump beam (2=400 nm).

a, 2-D map of differential absorption over the probed wavelengths and delay time. b, Change in differential
absorption over wavelength at different delay times as stated in legend. ¢, Change in differential absorption
over delay time at key wavelengths.
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SI Figure 5.6: Lack of charge transfer without nanowires.

a, 2-D map of differential absorption over the probed wavelengths and delay time shows lack of charge
transfer in the substrate alone without nanowires and b, lack of charge transfer in the buffer alone without
nanowires.
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SI Figure 5.7: Solid state and liquid measurements give similar dynamics.
a, Change in differential absorption over wavelength 2 ps after photoexcitation. b, Change in differential
absorption over delay time at key wavelengths; solid line shows solid state and dashed lines are liquid state.

a b o2
c 0
o
e
5. E’ 0.2
§ 2
< 44 < 04
3 —0.42 mN @ 410nm) ®
g | =042 m\N @ 367rim)| €
2 | =—0.42 MW @ 424nm| S .06
a8 || 0,60 M @ 410nm| 8
ere 60 MW @ 36Trm| E
| 0,60 miN @ 424nm) 8 gal |/ —0.42 mW
0&r 0,80 mi @ 410nm| 0 ——0.60 mW
=+-0.80 mW @ 367nm| 1 0.80 mW
N . [---0.80 m\W @ 424nm| A i I i —_—
-1
0 5 10 15 20 0 2 4 6 8 10
Delay Time {ps) Delay Time (ps)

SI Figure 5.8: Transient absorption dynamics not dependent on laser power.
a, Normalized change in differential absorption over delay time at key wavelengths. b, Normalized
dynamics in at indicated powers for 410 nm wavelength.
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a, Survival probability of an electron starting in each initial state on a slip stacked pair of hemes. Sub
picosecond transfer is likely (>40% ) for all states except LUMO. b, Wavefunction transfer probability for
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SI Figure 5.10: Atomic spin populations for doubly oxidized species.

a, Simulated UV-Vis spectra for doubly oxidized species in singlet and triplet state compared to the ground
state. Representation of the change in Mulliken atomic spin populations upon conversion of the singly

oxidized heme in the doublet spin state into either the open-shell singlet (b) or triplet (¢) doubly oxidized
species. Coloration from blue to red indicate positive to negative changes in spin populations along a

symmetric color range between +0.13. Note that there is hardly any change in the spin population on the Fe

center as a result of the second oxidation.
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SI Table 5.7.1: Spin Densities

Summary of Mulliken atomic spin densities upon second oxidation of the heme cofactor

Singly Oxidized Doubly Oxidized Doubly Oxidized

(Doublet) (Open Singlet) (Triplet)
Fe 1.038 1.037 1.022
Ligands®  -0.039 -1.036 0.980
Total 1.000 0.001 2.002

2The ligands to the Fe center include the tetrapyrrolic macrocycle with all substituents (except the
propionic acid groups) and 4-methylimidazole axial ligands

SI Table 5.7.2: cp-AFM Nanowire Conductance Values.
The number of conductance values used to calculate the average conductance of each nanowire with the
laser ON and the laser OFF under cp-AFM.

NW | Nusedtocale. | NW N used to calc.

AVG. AVG.

ON OFF ON OFF
1 40 10 9 10 30
2 80 40 10 10 10
3 100 20 11 10 10
4 20 40 12 120 70
5 40 60 13 20 120
6 40 20 14 20 40
7 80 80 15 20 40
8 20 40
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Laser

SI Figure 5.11: Laser alignment for Pc-AFM.

a, No blue laser applied. b, Blue laser aligned to cantilever. ¢, Schematic showing the laser aligned to the
cantilever (purple dot) and the angle between the laser alignment and tip. The laser power that reaches
nanowires will differ from the applied power.

Energetic Considerations

We used the Rehm-Weller cycle to determine whether the radicals are
thermodynamically favorable. Unfortunately, we did not find any electrochemical
energies reported on identical hemes. We turned to work that looked at different heme-
porphyrin salts and the redox energies involved in radical formation!’*. Based on the
energetically least favorable transformation (~1.7 V), the previously published redox
potential of OmcS (-212 mV)!'?°, and the photon energy (545nm = 2.3 eV) we calculated
an energy of AGet=1.7eV — (- 0.212 eV) - 2.3 eV+ op =~ -0.4 ¢V + op. The above
values correspond to the highest energy barriers reported in the cited paper, and even
with these worst-case-assumptions electron transfer still has a driving force of -0.4 eV.
Whether Fe**or Fe** porphyrin radicals are formed cannot be determined from this

energetical considerations.
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6. Conclusions and Future Directions

In this thesis I showed that long range electron transport over micrometers can be
accomplished given the right arrangement and stability of electron donor and acceptor
molecules including proton acceptors as necessary. I also showed that both OmcS and
OmcZ nanowires have broad redox potential windows that may allow them to interact
with periplasmic cytochromes. OmcS has a more uniform heme environment than OmcZ
shown by its single redox peak compared to the tri-centered behavior of OmcZ. This
multipeak behavior is mimicked by biofilms that overexpress OmcZ nanowires, lack
OmcS, and produce metabolic current equally well as wild type. Thus, I showed that
OmcZ can completely account for biofilm conductance and metabolic current in the
absence of OmcS nanowires. Finally, I show how cytochrome nanowire OmcS acts as an
intrinsic photoconductor to biofilms because it exhibits photoconductivity when the
hemes are exited due to ultrafast heme-to-heme electron transfer. This finding explains
why OmcS can improve catalytic performance in bacteria that undergo photosynthesis.

Both OmcS and OmcZ nanowire networks show hallmarks of redox conductors, as
shown in Chapter 4, therefore determining the exact potential landscape of their heme
cofactors is critical to understanding and tuning nanowire functions''!. OmcZ is a more
recently discovered nanowire with structural details just now available. Its higher
conductivity and seemingly evolved role to operate in conductive networks gives it high
potential for use as an electronic biomaterial'®> %%, Studies to perform
spectroelectrochemistry on OmcZ nanowires are ongoing but its sensitivity to ionic
strength is a challenge for solution-state electrochemical experiments®?. Calculations of

the redox landscape as was done for OmcS are underway to help determine external
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factors that control individual heme potentials such as heme distortion and surrounding
electrostatics.

OmcZ is essential to high current production in biofilms and therefore enhancement
of OmcZ conductivity could improve metabolic current output of biofilms which can lead
to better catalytic performance'*®. Thus, conductivity and optical studies on OmcZ
nanowires and biofilms that overproduce OmcZ could yield significant improvement over
the effects shown for OmcS (Chapter 5) and have implications for a wide range of
bioelectrochemical systems?®.

Understanding electron transport in nanowires and biofilms is critical to creating new
classes of biomaterials that can interface with electronics from sustainable sources at a
low cost. A major barrier that remains to utilizing nanowires at a large scale is isolation
of enough purified nanowires to perform bulk spectroscopic measurements. With the
continuous discoveries of new extracellular filaments that co-purify, detailed purification
protocols for each separate nanowire must be developed '*-%2. Alternatively, production of
cytochrome nanowires from E.coli, as has been done for various periplasmic
cytochromes'®®, would be a better way to scale up nanowire protein production because
of the ease of growing E. coli over Geobacter. Expressing nanowires in E. coli could also
help ease the incorporation of isotopic elements necessary for determining heme
signatures in NMR, and thus determining the exact redox landscape inclusive of proton-

coupled electron transfer effects'®®. Scaling up protein production would help to probe

additional nanowire modifications such a removing or replacing heme metals.
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