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Abstract

In this thesis, we discuss three topics concerning extracellular electron transfer in
the Dissimilatory Metal Reducing Bacterium (DMRB) Shewanella oneidensis MR-
1. One proposed strategy to accomplish extracellular charge transfer in Shewanella
involves forming a conductive pathway to electrodes by incorporating redox com-
ponents on outer cell membranes and along extracellular appendages known as
bacterial nanowires within biofilms. In the first part of this dissertation, to describe
extracellular charge transfer in microbial redox chains, we employed a model based
on incoherent hopping between sites in the chain and an interfacial treatment of
electrochemical interactions with the surrounding electrodes. Based on this model,
we calculated the current-voltage (I-V) characteristics and found the results to be
in good agreement with I-V measurements across and along individual microbial
nanowires produced by the bacterium S. oneidensis MR-1. Based on our analysis,
we propose that multistep hopping in redox chains constitutes a viable strategy
for extracellular charge transfer in microbial biofilms.

In the second part, we report the first in vivo observations of the formation
and respiratory impact of nanowires in the model metal-reducing microbe S. onei-
densis MR-1. Live fluorescence measurements, immunolabeling, and quantitative

gene expression analysis point to S. oneidensis MR-1 nanowires as extensions of the
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outer membrane and periplasm that include the multiheme cytochromes respon-
sible for EET, rather than pilin-based structures as previously thought. These
membrane extensions are associated with outer membrane vesicles, structures ubiq-
uitous in Gram-negative bacteria, and are consistent with bacterial nanowires that
mediate long-range EET by our proposed multistep redox hopping mechanism.
Redox-functionalized membrane and vesicular extensions may represent a general
microbial strategy for electron transport and energy distribution.

In addition, to elucidate the membranous nature of Shewanella nanowires,
we imaged these filaments using Transmission Electron Microscopy. The TEM
images reported in this thesis also provide the most accurate estimates of bacterial
nanowire dimensions to date. Future TEM and cryo-TEM imaging can estab-
lish the specific alignment and configuration of outer membrane cytochromes that
facilitate electron transport along bacterial nanowires.

In the third part of this thesis, we focus on the molecular conductance of MtrF,
the first decaheme outer membrane cytochrome with a solved crystal structure.
Decaheme outer membrane cytochromes of Shewanella play a crucial role in all
the suggested pathways of extracellular electron transfer. An understanding of the
electron transfer properties in MtrF will therefore impact all aspects of extracellular
electron transfer research. In this thesis, using purified MtrF, we form monolayers
of the protein on atomically flat gold substrates and address the dry monolayer
with a Scanning Tunneling Microscope (STM) tip. This technique can be used in
the future to examine the conductivity of individual MtrF molecules within the
monolayer in the form of I-V curves. This methodology will allow experimental

comparison with recently developed simulations of MtrF conductance.
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Chapter 1

Introduction

Electron transfer plays an important role in our everyday lives, most visibly in all
solid state devices that we regularly use. But what may not be clear to many is
that electron transfer is one of the most fundamental and crucial phenomena in
sustaining life [1, 2]. In fact it is the flow of electrons that drives the energetics
of life. In respiratory organisms, higher energy electrons start from an electron
donor and move along several steps into and through a living cell and reach their
destination, an electron acceptor. But what does life gain from escorting electrons
from one molecule to another? The same way energy is harvested from water
in a turbine in a dam, flowing electrons through living cells can give energy to
organisms to sustain their lively functions [3].

In respiration, the electron flow in a cell is channeled through a series of
molecules in the cellular inner membrane (or in the case of eukaryotes the mito-
chondrial inner membrane). A proton gradient is then created across the inner
membrane, and is used to generate Adenosine Triphosphate (ATP), the energy
currency of life [3]. ATP can later be used for various functions including biosyn-
thesis and transportation of molecules in and out of cells. Although alternative
strategies such as substrate level phosphorylation (SLP) can be the primary source
of ATP production in some organisms under certain conditions (including in She-
wanella [4]), electron transfer to electron acceptors must still continue to ensure

that redox reactions in the cell are balanced.



While most organisms use some form of electron transport from an electron
donor to an electron acceptor to store energy in the form of ATP, the specifics of the
pathways for this process and the electron donors/acceptors used vary in nature.
Aerobic organisms transfer the electrons generated by oxidizing organic molecules
(their electron donor) to molecular oxygen available in soluble form inside the
cell. Therefore aerobic organisms including humans require molecular oxygen to
produce ATP and survive. Anaerobic organisms, on the other hand, are able to
use alternative electron acceptors other than molecular oxygen to sustain the flow
of electrons. Examples of anaerobic organisms are the bacteria that thrived on
the Earth before the atmosphere had enough molecular oxygen to sustain aerobic
life. In fact species of microbes exist today that have the same ability, i.e. to
survive under anaerobic conditions. But the question is what do these microbes
use instead of molecular oxygen as their electron acceptor?

Long before accumulation of molecular oxygen in the Earth atmosphere, iron
and other metals would have served as terminal electron acceptors for microorgan-
isms [5]. But to be able to reduce insoluble inorganic minerals such as iron oxide
based rocks, a cell requires the machinery to transport its respiratory electrons
outside the cellular outer membrane and perform extracellular electron transfer
(EET). Dissimilatory metal-reducing bacteria (DMRBs) are the group of microbes
existing on Earth today that have the capability of EET [6, 7].

The first DMRBs, Geobacter and Shewanella (Fig. 1.1), were discovered in the
late 1980s [8-10], thus beginning the search into the mechanisms of extracellular
electron transfer and understanding the long-range electron transport required to
move electrons to cellular exterior for reduction of solid phase metal oxides. It
was later discovered that multi-heme cytochromes (such as the one in Fig. 1.2)

play a crucial role in enabling this long-range transport [11-14]. These proteins
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Figure 1.1: Image of Shewanella oneidensis MR-1 cells on Fe;O3. Image credit:
Alice Dohnalkova, Pacific Northwest National Lab, Richland, WA.

incorporate multiple electron carrier heme sites within their structure (Fig. 1.2).
In fact periplasmic and outer membrane cytochromes form a complex along which
electrons can move and cross the cellular membrane [14, 15]. Due to the central
role of these multiheme cytochromes in extracellular electron transport, they have
been the subject of numerous studies in the past two decades [12, 14-19].
Extracellular electron transfer has gathered a large amount of interest in the
past few decades due to its applications in renewable energy conversion [20, 21],
bioremediation [22, 23], and waste water treatment [24]. DMRBs are not only
capable of reducing metal oxide rocks in the environment, but they are able to

transfer electrons to synthetic solid state electrodes [25]. By providing enough



Figure 1.2: Crystal structure of MtrF, a decaheme outer membrane cytochrome
of §. oneidensis MR-1. The hemes in this structure are positioned according to
a ‘staggered-cross’ pattern. The small (<1nm) distance between adjacent hemes
enables long range electron transfer in this outer membrane cytochrome [17].

soluble electron donor and tuning the redox potential of the electrode, the flow
of respiratory electrons and therefore the cellular metabolism and growth can be
controlled. As a result, a steady flow of electrons can be extracted and converted to
electricity from a community of cells in microbial fuel cells (MFCs) [20] (Fig. 1.3).
Another application of EET is microbial electrosynthesis in which bacteria perform
the above process in reverse: they gain electrons generated by renewable energy
sources such as solar cells to reduce soluble chemicals, resulting in the synthesis of
biofuels [26].

DMRBs are also used for bioremediation by reducing soluble toxic chemicals

that become insoluble upon reduction. Examples of such toxins are chromium or
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Figure 1.3: A) Photo and B) schematic of a microbial fuel cell (MFC). MFCs
are are able to convert renewable energy from organic matter (or possibly organic
contaminants) using dissimilatory metal-reducing bacteria such as Shewanella and
Geobacter. In this dual-compartment MFC, bacteria are introduced in the anode
compartment, they attach to the anode and transfer their respiratory electrons
to it. These electrons are transferred to the cathode compartment, where oxygen
is reduced to produce water. The separating membrane between the two com-
partments allows transfer of protons from the anode to the cathode compartment
which completes the cell reaction. From [20].

uranium, soluble contaminants in water which become insoluble upon reduction
by bacteria and therefore can be easily removed from water [22]. In addition, since
waste water has a high organic content, DMRBs can be used for its treatment and
for simultacous production of electricity [24].

Research on extracellular electron transport may also have implications for
astrobiology and the search for extraterrestrial life. Some of the minerals that
MR-1 is known to use as electron acceptor are very abundant on other planets,
e.g. iron oxides on the surface of Mars [27]. Thus a better understanding of the
mechanisms of extracellular electron transport in DMRBs may familiarize us with
possible extraterrestrial metabolisms on other planets including Mars.

The amazing level of sophistication in the design and manufacturing of the

semiconductor devices we use every day is partially due to our deep quantitative



understanding of movements and flows of electrons in these devices. Similarly,
quantitative knowledge of electron transfer processes in biology is essential in our
ability to enhance and tap the energy conversion potential of living cells. The
non-adiabatic electron transfer theory has typically been the starting point for
any physical model of biological electron transfer in the past half century [28].
This semi-classical theory describes how electrons are transferred from a donor
site to an acceptor site in solution and was later modified to also include quantum
mechanical effects [2, 29]. This theory has been tested for systems in which the
distance between the donor and acceptor is fixed, resulting in timetables for rates
of electron transfer in various environments.

However, until about two decades ago investigation of biological electron trans-
fer was limited to ET reactions occurring at nanometer length scales. The recent
emergence of EET measurements in DMRBs has indicated the possibility of elec-
tron transfer phenomena in microns-long structures [30-33]. Therefore, the addi-
tional complexity of these larger scale systems calls for more intricate quantitative
models that are still based on the fundamental theory of electron transfer, i.e.
Marcus theory. For instance, rather than having a single step electron hopping
event between a donor and an acceptor site, one may need to account for tens or
hundreds of hopping events to model a single EET process [34].

Understanding the ET properties of individual multiheme cytochromes can
serve as an important stepping-stone to the study of EET as a whole. For this
reason, there has been a large amount of interest in physical modeling of EET in
DMRBES in recent years [34-36]. Outer membrane cytochromes are the subject of
many of these studies, especially after the publication of the first solved crystal

structure of an outer membrane cytochrome [17, 19, 37-40].
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Figure 1.4: Pathways of extracellular electron transfer in S. oneidensis MR-1.
The direct pathways include electron transfer via cell surface contact and through
bacterial nanowires, whereas electron shuttling by flavins represents the indirect
pathway.

Localization of cytochromes in the outer membrane of DMRBs facilitates direct
electron transfer from the cellular inner membrane to the solid phase minerals
directly in contact with the cell exterior. However, DMRBs have also devised
strategies to reach insoluble electron acceptors located microns away from their
surface. One method, specifically in the case of Shewanella, is to use electron
shuttles, molecules that are reduced at the cell surface by the outer membrane
cytochromes, diffuse in solution to reach the terminal electron acceptor and get

oxidized at the metal oxide surface [41-43]. This process is suggested to repeat



Figure 1.5: Scanning electron microscopy image of bacterial nanowires from She-
wanella oneidensis MR-1. Image credit: Kar Man Leung, USC.

in cycles, transferring electrons at a fast enough rate to support the respiration
rate of cells. However, for this mechanism to be feasible there needs to be a large
concentration of shuttle molecules and relatively fast diffusion (i.e. large diffusion
coefficient) in solution.

Bacterial nanowires represent another EET pathway (Fig. 1.5), in addition to
cell surface contact and electron shuttling. The discovery of bacterial nanowires
has opened a new chapter in extracellular electron transfer research [30, 31]. These
filaments were first observed in Geobacter sulfurreducens and Shewanella oneiden-
sis MR-1 in 2005 and 2006 respectively. Bacterial nanowires of both organisms
were shown to be conductive across their width under non-physiological conditions
(30, 31]. In addition, Shewanella nanowires (Fig. 1.5) were shown to conduct elec-

trons at a rate of 10° e/s at 100 mV applied potential over a length of up to 2 um



(Shewanella cells are about 2 um in length), which is extremely long compared to
typical biological electron transfer length scales, i.e. nanometers [32].

It was shown early on that Geobacter nanowires are type IV pili [30], i.e.
protein filaments that are typically used for attachment and twitching motility in
bacteria. Deletion of the genes encoding the pilin subunits of these pili produced
strains that attached normally to iron oxide surfaces but were not able to reduce
these minerals [30]. Therefore it was concluded that the role of Geobacter pili in
reducing minerals is not in the form of cell attachment as previously believed, but
rather pili are transferring electrons to the oxide surface. However, the true identity
and composition of Shewanella nanowires was not clear from the beginning. The
most widely accepted hypothesis was that Shewanella nanowires are also type IV
pili [44].

The mechanism of electron transport in nanowires of Geobacter and Shewanella
has been a topic of controversy since their discovery [34-36, 44-46]. It has been
proposed that Geobacter nanowires conduct electrons through ‘metallic-like’ con-
ductivity that is facilitated by overlapping of m-orbitals of the aromatic amino
acids within the pilus structure [47]. On the other hand, Shewanella nanowires
are proposed to incorporate outer membrane cytochromes along their length that
facilitate the flow of respiratory electrons from the cell to the terminal electron
acceptor by allowing hopping of electrons between adjacent hemes within each
cytochrome and between neighboring cytochromes [32, 34-36]. This multistep
hopping hypothesis was supported by the fact that the Shewanella mutant lack-
ing genes encoding the outer membrane cytochromes MtrC and OmcA produced
non-conductive nanowires [32].

One of the main goals of this dissertation is to present a quantitative evalua-

tion of the two proposed ET mechanisms in bacterial nanowires. In chapter 3, the



experimental electron mobility values in bacterial nanowires are compared with the
expected mobility in either of the proposed mechanisms, i.e. ‘metallic-like’ con-
ductivity and multistep hopping. Based on this analysis and considering previous
measurements indicating the importance of cytochromes in nanowire conductivity,
we find that multistep hopping seems far more likely to be responsible for the
observed ET rates in bacterial nanowires of Shewanella.

Also in chapter 3, we describe the multistep hopping model which is based on
the proposed involvement of outer membrane cytochromes in Shewanella nanowire
conductivity. In this model a chain of redox sites, e.g. hemes, is suggested to facili-
tate long-range electron transport by hopping between adjacent redox centers. We
have combined the Marcus theory of ET to predict the rates of the non-adiabatic
ET between the redox sites and the electrochemical form of Marcus theory to
model the interfacial ET rates between the redox sites and the experimental elec-
trodes addressing the nanowires. A master equation that includes all these rates
is then presented and solved to give the predicted current-voltage behavior of the
nanowire system. In the end, we find the predicted current-voltage curves in good
agreement with previous experimental data.

Other than the mechanism of electron transport, fundamental questions about
bacterial nanowires still remain unanswered. Specifically, the composition and
structure of Shewanella nanowires is unknown. These filaments are generally
assumed to be type IV pili [44], perhaps due to their similar proposed function
as Geobacter pili, i.e. transporting electrons. However, it is important to note
that the composition of Shewanella nanowires had never been directly studied.
Researchers have attempted to evaluate the impact of deletion of type IV pili
genes in electricity production of Shewanella cultures in microbial fuel cells and

similar large scale systems [20]. These experiments however fail to isolate the
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impact of type IV pili in cell attachment and biofilm formation from their role in
electron transfer between cells and electrodes as possible structural components of
bacterial nanowires.

There are also other important questions regarding bacterial nanowires: What
is the physiological impact of nanowire production on cells? In particular, how does
producing nanowires enhance a cells ability to survive under electron acceptor-
limited conditions? What is its effect on cellular respiration?

One common weakness in all previous measurements on nanowire conductivity
is that they were performed under non-physiological conditions, i.e. samples are
typically fixed with aldehydes and dried while on a surface [30-32, 47]. Both the
fixation and the dehydration steps could potentially alter the nanowire structure,
the alignment and configuration of the OM cytochromes, and therefore change
the conductive properties of the nanowire under study compared to its native,
hydrated state. This lack of in vivo work has been due to the challenges that arise
monitoring and sustaining growth of nanowires in solution. However, in this thesis,
we find that in vivo imaging of bacterial nanowires is in fact the common basis in
answering all of the questions posed above.

In this thesis, we introduce a new experimental approach to investigate She-
wanella nanowires. In chapter 4 of this thesis, we report, for the first time, the
development of a technique for imaging bacterial nanowires in vivo. We used
fluorescence microscopy to image Shewanella cells that were maintained inside a
microliter-volume perfusion chamber. Monitoring growth of bacterial nanowires
using this method presented a significant challenge because all previous studies on
Shewanella nanowires used bioreactors with controlled concentration of oxygen to
produce the samples [31, 32]. However, in the new technique, nanowire producing

conditions were obtained inside the perfusion chamber that enabled us to watch
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the live growth of these filaments. The specifics of the developed experimental
platform and methods used are explained in chapter 4.

The in wvivo imaging platform also allowed us to examine the physiological
impact of nanowire production on cells using a fluorescent indicator of cellular
reductase activity [48, 49]. As nanowires were produced, the fluorescence intensity
of this respiratory indicator increased, showing elevated respiration rates correlat-
ing with nanowire production.

To address the composition of Shewanella nanowires, protein-specific and lipid-
specific fluorescent stains were used to label proteins and lipids on bacterial
nanowires in solution. To our surprise, the lipid stain completely stained all bac-
terial nanowires, indicating the presence of lipid in these filaments. To further elu-
cidate the structure, we localized fluorescent proteins inside the cellular periplasm
which also localized inside Shewanella nanowires. This observation demonstrated
that Shewanella nanowires are in fact extensions of the cellular outer membrane.

In vivo imaging of nanowires can also be used to investigate the possible mech-
anism of electron transport in nanowires. As proposed in the multistep hopping
model and also based on previous conductivity measurements, the presence of
outer membrane cytochromes facilitates the long range electron transport along a
nanowire [32, 34]. In this thesis, using the in vivo imaging platform in combina-
tion with immunofluorescence microscopy we demonstrate the presence of MtrC
and OmcA, the main OM cytochromes of Shewanella, along the filaments. In
chapter 5, we describe how nanowires imaged n vivo during their growth can later
be stained with antibodies raised against the specific OM cytochromes, allowing
the visualization of these proteins along the same nanowires.

Given the presence of OM cytochromes along bacterial nanowires, it is bene-

ficial to examine the electron transfer properties of individual OM cytochromes.
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This information can serve as the stepping stone for building a large scale physical
model that accurately describes the long-range electron transport characteristics
of the entire nanowire system. MtrF, the cytochrome studied in this thesis, was
chosen because it is the first outer membrane cytochrome with a published crystal
structure [17]. In chapter 5, we report the development of an approach for investi-
gation of the electron transfer properties of MtrF at the single-molecule level that is
based on scanning tunneling microscopy (STM). Recombinant MtrF molecules are
adsorbed on an atomically flat gold (Au(111)) substrate to form a uniform mono-
layer. Individual proteins are then approached by an STM tip, while a potential is
applied between the tip and the gold substrate. The transferred current through
MtrF can be measured as a function of the applied tip-substrate potential and
compared with the results from recent simulations of MtrF conductance [40].

Moreover, additional details about the alignment and configuration of OM
cytochromes on nanowires can be obtained by high resolution imaging using atomic
force microscopy (AFM) and transmission electron microscopy (TEM). These
observations can guide the assumptions regarding the configuration and spacing
of the redox sites (hemes) and cytochromes, important factors in the multistep
hopping model. In addition, the exact morphology and dimension of bacterial
nanowires is more accurately measured in AFM and TEM imaging. In chapter 5
of this thesis, we describe AFM and TEM imaging of bacterial nanowires produced
in the perfusion imaging platform. The preliminary TEM images reveal the mem-
branous nature of nanowires while, along with the AFM images, indicating their
various morphologies ranging from vesicle chains to smooth filaments.

In the context of MFCs, the biotic-abiotic interaction between the bacteria and

the electrode in the MFC is extremely important in the efficiency and quality of

13



renewable energy conversion [50]. Bacterial nanowires constitute one of the mecha-
nisms proposed for electron transfer between bacteria and extracellular solid phase
electron acceptors such as electrodes in a MFC [50]. Using bacterial nanowires, not
only the bacteria adjacent to the electrode can contact the surface to transfer elec-
trons, but other cells remote from the surface can transfer electrons to the cells that
are in contact with the electrode. Thus in a biofilm, which is normally formed on
such electrodes in MFCs, bacteria can breathe through one another using bacterial
nanowires and ultimately transfer the electrons extracted by the large community
of cells in the biofilm to the electrode [50, 51]. Therefore understanding mecha-
nisms of extracellular electron transfer in bacteria and the properties of bacterial
nanowires can help us improve electron transfer at the interface of bacteria and
electrodes and is crucial in developing more efficient microbial fuel cells as sources
of cheap renewable energy.

In addition to the impact in microbial fuel cell research, bacterial nanowires
might play an important role in biofilm formation and maintenance. First, they
may establish contact between cells by connecting cells together to possibly build
the structural backbone of the biofilm. Second, due to their conductive properties,
bacterial nanowires might have the ability to facilitate respiration of bacteria in
a biofilm by transferring electrons between cells which leads to sustained cellular
respiration and energy conservation [52]. Examples of such biofilms occur in oral
pathology, in disorders such as osteonecrosis of the jaw, where biofilms are difficult
to treat and are resistant to antibiotics [52, 53]. In this case, the ability to destabi-
lize the structural and metabolic integrity of the biofilm can be essential in treating
the disorder. Notably, bacterial nanowires have been shown to exist and play a

role in the stability of these biofilms [52, 53]. Therefore a better understanding of
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bacterial nanowires and their properties can lead to development of treatments for
biofilm-related disorders such as osteonecrosis of the jaw.

This thesis includes 6 chapters. Chapter 2 introduces the bioenergetic context,
the mechanisms of extracellular electron transfer, the non-adiabatic electron trans-
fer theory, and describes the specific fluorescence microscopy schemes used in this
thesis. In this chapter, we also review some aspects of the solved crystal structure
of the outer membrane cytochrome MtrF.

Chapter 3 features a quantitative evaluation of the proposed mechanisms of
electron transport in bacterial nanowires based on the experimental evidence. Then
we introduce the multistep hopping model of electron transport and compare its
results with the conductivity measurements on bacterial nanowires. This chap-
ter also motivates the in vivo cytochrome-localization experiments described in
chapter 5.

Chapter 4 introduces the in vivo imaging of bacterial nanowires. We demon-
strate that the production of nanowires correlates with increased cellular reduc-
tase activity. We also show, using fluorescent dyes and proteins, that Shewanella
nanowires are outer membrane extensions. We describe our gene expression analy-
sis of Shewanella nanowire samples in chemostats where we analyze the changes in
expression of various genes including type IV pili genes as cells produce nanowires.
This analysis serves as additional evidence supporting our findings on bacterial
nanowire composition.

Chapter 5 addresses the localization of outer membrane cytochromes MtrC and
OmcA on Shewanella nanowires as well as the electron transfer properties of the
outer membrane cytochrome MtrF. Antibodies raised against OmcA and MtrC
in combination with fluorescent secondary antibodies are used to demonstrate the

presence of these proteins along nanowires. Samples described in this chapter are
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prepared in the in vivo imaging platform described in chapter 4, where the target
nanowires imaged during their growth are later checked for OM cytochrome pres-
ence. The findings reported in this chapter point to the OM cytochromes as pos-
sible facilitators of ET along nanowires, as was assumed in the multistep hopping
model in chapter 3. Based on data from the gene expression analysis on chemo-
stat samples introduced in chapter 4, we also report an increase in expression of
OM cytochrome genes upon production of nanowires. These genes include omcA,
mirC and mitrA. In addition we describe the development of an approach for inves-
tigating the electron transfer characteristics of individual molecules of the outer
membrane cytochrome MtrF. Purified MtrF is used to assemble a uniform mono-
layer of the cytochrome on atomically flat gold substrate. Single MtrF molecules
can then be addressed with an STM tip in order to measure their conductivity,
resulting in current-voltage curves. In addition, using live fluorescence microscopy
in combination with TEM and AFM imaging, we demonstrate the different stages
of nanowire growth and the occasional transformation of nanowires from vesicle
chains to smoother filaments during early growth. The results reported here fur-
ther clarify the morphologies of bacterial nanowires and indicate the membranous
nature of these filaments. This chapter also points to TEM as a promising tech-
nique to investigate the configuration, alignment and spacing of outer membrane
cytochromes along bacterial nanowires.

Finally, chapter 6 concludes this thesis. We review the work presented in this
thesis and look at possible future work that can be built on the studies reported

here to further advance our knowledge of extracellular electron transfer.
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Chapter 2

Background

2.1 Energetics of life and oxidative phosphoryla-
tion

Living organisms are highly ordered systems in contrast to their environments. In
order for life to maintain this imbalance of order, free energy has to be continu-
ously transferred from the environment to the system [54]. A limited number of
strategies are used by various forms of life to accomplish this vital task including
respiration, fermentation and photosynthesis. An essential process in these strate-
gies is electron transfer (ET) within or between biomolecules in biomembranes.
The ET reactions lead to the formation of an electrochemical gradient across the
cell or mitochondrial membrane that provides energy for formation of phosphate
bonds in adenosine triphosphate (ATP). The dissociation of this bond, which leads
to the conversion of ATP to adenosine diphosphate (ADP) is a universal source of
free energy in biology [55].

In respiration, electrons derived from a high energy source, an electron donor
(ED), flow through the electron transport chain (ETC) and are discarded to the
environment, i.e. a low energy electron acceptor (EA) [3]. The energy dispar-
ity between high and low energy electrons is harnessed by the cell in the form of

produced ATP molecules. A variety of electron donors and acceptors are used in
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Figure 2.1: Schematic of the electron transport chain (ETC) in respiratory organ-
isms. Electron transfer through the components of the ETC drives the pumping of
protons across the inner (mitochondrial) membrane. The resulting proton motive
force then powers the production of ATP, the universal currency of free energy in
biology.

respiratory metabolisms, depending on their energy levels and availability. Exam-
ples of common electron donors and acceptors are carbohydrates and molecular
oxygen (for aerobic organisms), respectively.

Electron transport through the electron transfer chain involves a number of
carrier sites and proton pumps that are placed inside the inner membrane of the
cell (or the mitochondrial inner membrane) as well as the ATP producing enzyme
ATP synthase (Fig. 2.1) [56]. As electrons enter and move along the chain
between the carrier sites, protons are pumped from the inside of the cell to the
outside, building up a proton concentration gradient across the inner membrane
[3]. Subsequently the ATP synthase acts as a channel through which these protons

can move back to the cell interior. The energy from the proton gradient dissipation

is harnessed by ATP synthase to high energy phosphate bonds in ATP molecules
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through transforming ADP to ATP. Each ATP molecule stores about 500 meV
of energy which can be released through ATP hydrolysis [56]. The synthesized
ATPs are later used in various functions as source of energy, e.g. to synthesize
proteins, RNA and DNA or in active transportation of molecules within the cell
in eukaryotic cells.

Electron transfer from ED to EA is the driving force for cellular respiration and
is continuously required for steady production of ATP [3]. The redox potential
of the EA relative to the ED determines how favored the EA is to be used by the
organism. A more negative potential for ED and a more positive redox potential

for EA are favorable for the cell (Fig. 2.2) [57].

2.2 Anaerobic respiration and dissimilatory
metal reduction

Oxygen is the most energetically favored electron acceptor (Fig. 2.2 2), and it
is widely used by various species. When oxygen is used as electron acceptor, the
respiration is called aerobic as opposed to anaerobic respiration in the case of other
electron acceptors. Metals ions are one group of electron acceptors that are more
available than oxygen in some environments on earth, for instance meters beneath
the ground where oxygen is scarce [22]. Some of the organisms evolved under
oxygen-limited conditions use metal ions to dispose of their respiratory electrons.
The group of prokaryotes that couple metal reduction to cellular respiration is
called dissimilatory metal reducing bacteria or DMRBs. As opposed to oxygen
and other soluble electron acceptors, solid metal oxides can be used by DMRBs

as EA outside the cell [22]. To accomplish this there is an entire apparatus in
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Figure 2.2: Redox tower containing a list of electron donors and acceptors and the
redox potentials associated with their redox reactions. For electron donors a more
negative potential (top of the tower) and for electron acceptors a more positive
potential (bottom of the tower) is favorable for use by cells. Oxygen has one of
the most positive redox potentials in the list; therefore it is commonly used as the
EA by various organisms. Organisms are categorized (red arrows) according to
the electron donor/acceptor combination they consume. Aerobes, for instance, use
organic matter as electron donor and oxygen as the electron acceptor in respiration.

DMRBs to transfer electrons to the cell exterior and extracellularly reduce the EA
[14].

Shewanella oneidensis MR-1, a facultative anaerobe, is one of the well-studied
DMRBs that was isolated [8] from Lake Oneida in New York. This strain was
initially reported to couple its anaerobic growth to reduction of manganese oxide,
but was later confirmed to be much more versatile in terms of electron acceptor
reduction and hence serves as a great model organism for investigating extracellular
respiration [6, 8]. The connection between metabolic respiration and extracellular

oxide reduction has been shown using electron transport inhibitors [9]. These

20



chemicals disrupt the function of carrier sites in the electron transport chain and
thus stop the flow of respiratory electrons. When S. oneidensis MR-1 was exposed
to these inhibitors, the oxide reduction stopped; indicating the coupling between

electron transport and reduction of oxides [9].

2.3 Owuter membrane cytochromes

All the proposed mechanisms for extracellular electron transfer (EET) in S. onei-
densis MR-1 involve outer-membrane (OM) cytochromes [58]. Cytochromes, in
general, are proteins that incorporate specific iron-containing prosthetic groups
referred to as hemes. Presence of iron atoms in the cytochrome structure enables
it to catalyze redox reactions by carrying the electrons involved in the reaction [19].
In the case of extracellular respiration, outer-membrane cytochromes are shown to
be present on the outer surface of the outer-membrane of the cell [11, 13], enabling
the transfer of electrons from the cell to the terminal electron acceptor. In addi-
tion to that, other cytochromes have been found to be responsible for carrying the
electrons from the inner membrane (the electron transport chain) to the periplasm,
through a porin in the outer membrane, and to the exterior of the cell [14, 59|
(Fig. 2.3). As part of this chain, ‘porin-cytochrome’ modules are found to trans-
port electrons across the outer membrane [18, 59] (Fig. 2.4). Overall, this array
of cytochromes help conduct electrons necessary for ATP production to the outer

leaflet of the outer-membrane (Fig. 2.3).

2.4 MtrF and its crystal structure

Recently the crystal structure of MtrF, one of 42 putative OM cytochromes in She-

wanella has been published [17], raising the possibility of more careful and detailed
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Figure 2.3: The extracellular electron transport pathway in Shewanella. Respira-
tory electrons are transferred to the cytochrome CymA at the inner membrane and
subsequently to the porin-cytochrome module at the outer membrane. Reprinted
with permission from [14], copyright John Wiley & Sons Inc.

Figure 2.4: The porin-cytochrome module consists of a decaheme cytochrome
embedded from the periplasmic side into a porin in the outer membrane, the porin,
and an outer membrane cytochrome. From [59].
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Figure 2.5: Position of heme groups in the staggered cross-like structure of the
decaheme outer membrane cytochrome MtrF. The spacing between adjacent hemes
is less than 1 nm. From [17], Copyright National Academy of Sciences USA.

calculations regarding electron transport in MtrF, its homologs and larger extra-
cellular structures incorporating OM cytochromes. The molecule has an oblate
ellipsoid shape with dimensions of 85 x 70 x 30 A. This 3.2-A resolution crystal
structure shows the relative position of all the 10 hemes within a decaheme OM
cytochrome for the first time [17] (Fig. 2.5). The heme localization pattern in
MtrF resembles a staggered cross with a 65-A octaheme chain along the length
that is crossed by a 45-A tetraheme chain in the middle (Fig. 2.5).

Interestingly, the spacings between all adjacent hemes in MtrF are smaller
than 1 nm (Fig. 2.5), suggesting the possibility of ET through the entire molecule
by multistep electron hopping between neighboring hemes [34-36]. Heme 10 is

proposed to be the input site of electrons from the cell, while heme 5, evidenced
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by its high exposure to the solvent, would act as the exit point of electrons onto
the insoluble mineral [17]. This would mean that electrons move along the longer
chain (from heme 10 to heme 5) to reach the mineral.

In addition to the electron transfer path to the insoluble electron acceptor, there
are two beta-barrel domains containing extended Greek key split-barrel structures
which are common in flavin binding domains [17]. In addition, researchers have
shown that OM cytochromes of Shewanella reduce flavins, molecules proposed to
act as electron shuttles in EET [60]. Although it has not been directly demon-
strated, these findings point at the possibility that flavins are reduced by binding
to MtrF at these beta-barrel domains. The bound flavins would then exchange
electrons with hemes 2 and 7, the closest hemes to the flavin-binding sites [17].
Therefore, the electron transport from heme 10 to either heme 2 or 7 would be
another scenario of multistep ET that results in reduction of shuttles. This alter-
native pathway is especially beneficial if the heme 10-to-heme 5 ET pathway is
blocked, possibly due to lack of direct contact between the cytochrome (at heme
5) and the insoluble mineral.

To investigate the conductive properties of individual MtrF molecules, the pro-
tein must be placed between two conductors that act as electrodes. For this reason,
in the conductivity experiments described in this thesis, we use recombinant MtrF
that has a surface exposed tetra-cysteine tag at its C-terminus (Fig. 2.6), enabling
the cytochrome to covalently bind to Au(III) [40, 61]. Upon binding of MtrF to
gold, the gold substrate can be used as an electrode that is in contact with the
target molecule. The gold-adsorbed MtrF is then approached by the atomically
sharp and conductive tip of the Scanning Tunneling Microscope (STM) from above

to perform the desired conductivity measurements (Fig. 2.7) [40, 61]. This is
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done by applying a bias voltage between the gold substrate (bottom) and the con-
ductive tip (top) and measuring the current passing through the molecule, between

the two electrodes.

2.5 Atomic force and scanning tunneling
microscopy

Atomic force microscopy (AFM) [62] and scanning tunneling microscopy (STM)
[63] both belong to the family of probe-based microscopy techniques and are used
for nanoscale characterization of samples that are typically deposited on a surface.
In both techniques, a sharp tip approaches the sample from above while the sample-
tip spacing is measured through movements of the tip (in AFM) or the magnitude
of the tunneling current between the tip and the substrate (in STM). Using a
piezoelectric stage that accurately controls the height of the substrate, a feedback
loop maintains the tip-sample distance constant while the tip laterally sweeps the
sample. The obtained map of the stage height as a function of the lateral tip
position gives the topography of the sample. Unlike AFM, STM can also be used
to examine electron transfer properties of the sample by measuring the tunneling

current as a function of the applied tip-substrate potential.

2.6 Pathways of extracellular electron transport
(EET)

Extracellular electron transfer pathways can be categorized into two broad groups:
direct and indirect mechanisms [58]. Indirect mechanisms involve small molecules

such as flavins that either, as hypothesized, diffusively shuttle respiratory electrons
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Figure 2.6: Crystal structure of the decaheme outer membrane cytochrome MtrF
along with the position of the protein C-terminus. A tetra-cysteine tag added at
the C-terminus allows covalent binding of the protein to a gold substrate. From
[17], Copyright National Academy of Sciences USA.

from the cell surface to the solid-phase electron acceptor [41, 42] or chelate metal
ions inside the cell to interact with the cellular oxidoreductases.

In direct mechanisms, electrons are transferred via a number of multiheme
cytochromes directly to the mineral surface. This includes ET through direct con-
tact between cell and solid surface or through micrometer-long conductive filaments
known as bacterial nanowires [30, 31]. Another case of direct extracellular elec-
tron transfer occurs in interspecies electron transfer through natural conductive
minerals [64], where a cell from one species capable of oxidizing a specific electron
donor transfers its respiratory electrons through conductive minerals to another

cell of a different species that reduces a specific electron acceptor.
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Figure 2.7: Schematic showing an MtrF molecule adsorbed on an atomically flat
gold substrate with a scanning tunneling microscope (STM) tip approaching it
from above. The STM tip and the gold substrate act as two electrodes in the
MtrF conductance measurements.

2.7 Bacterial nanowires and their conductive
properties

Bacterial nanowires produced by S. oneidensis MR-1 were first discovered in 2006
[31]. Cell cultures were grown continuously in a chemostat with excess oxygen
as electron acceptor, under ED-limitation conditions. At some point, the oxygen
input rate into the system is reduced so much that the conditions are changed
from ED-limitation to EA-limitation in the reactor. Samples were taken from the
oxygen-limited culture, were imaged with a scanning electron microscope (SEM)

and were confirmed to contain microbial appendages. Further analysis of these
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samples using scanning tunneling microscopy showed that these appendages are
conductive and therefore can be referred to as nanowires. Also, as another indica-
tion of conductivity of these nanowires, they were shown to be essential in biological
reduction of solid metallic electron acceptors by §. oneidensis MR-1. But further
experiments were yet to be done to determine the exact transport mechanism and
the conductive properties of bacterial nanowires.

The first quantitative measurement on the conductivity of bacterial nanowires
was performed in 2008 [65]. Using conductive atomic force microscopy a voltage
was applied across the width of a single nanowire and the resulting current was
measured. The I-V curve from that experiment showed nA currents being carried
by the nanowire across its width (Fig. 2.8A). Two years later another experiment
demonstrated that bacterial nanowires are in fact able to transfer electrons longi-
tudinally (pm length scales) [32]. Chemostat samples containing nanowires were
deposited on a silicon oxide surface with pre-fabricated gold lines. Using SEM,
each nanowire candidate was found on the non-conductive silicon oxide between
two gold lines. Then by using platinum deposition, two micron-scale electrodes
were deposited to connect each end of the nanowire to one of the gold lines. Later
a voltage was applied between the two gold lines connected to the nanowire and
the current was measured, producing the I-V curve in Fig. 2.8B.

One important feature of both of these results is the magnitude of the current
at around 1 V. This number is orders of magnitude larger than the cellular respi-
ration electron transfer rate of 10° electrons per second [32, 66], indicating that
a single nanowire is capable of supporting an individual cell in terms of extracel-
lular respiration. This is consistent with the proposed role of bacterial nanowires,

namely to transfer a cell’s respiratory electrons to the terminal electron acceptor.
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Figure 2.8: I-V curves from conductance measurements on bacterial nanowires of
Shewanella. A) Transverse measurement across the 10-nm width of a nanowire. B)
Longitudinal measurement along the 2000-nm length of a nanowire. The transverse
and longitudinal curves appear to be different, raising questions about the physical
electron transport mechanism behind nanowire conductance. A reprinted from
[65], with permission from Elsevier. B reprinted from [32], Copyright National
Academy of Sciences USA.

By looking at the I-V curves from the longitudinal and transverse conductance
measurements, one may ask why the two curves appear to be so different. It is
worth noting that despite the importance of theoretical modeling of these conduc-
tance data in answering such questions and revealing the mechanism of electron

transport in bacterial nanowires, these measurements were not modeled in any way

prior to the work reported in this thesis.

2.8 The theory of non-adiabatic electron transfer

An initial step to investigate transport in both individual cytochromes and bacte-

rial nanowires is to specify the electron transfer (ET) rate between two neighboring
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redox sites, which are in this case two hemes. The powerful theory of non-adiabatic
ET which originated from the theoretical findings of Rudolph Marcus in 1956 [28]
describes the electron transfer rate in ET reactions in terms of two factors [2].
The first factor which was the focus of Marcus’ earlier work concerns the effect of
nuclear configurations of the donor-solvent-acceptor system on the ET rate that
are collectively reflected in a single nuclear reorganization parameter (A, or the
reorganization energy). Marcus introduced an exponential term involving A to

describe the effect of the nuclear configurations on the overall ET rate:

(AG + \)?
ANkpT

(2.1)

ker X €xp

where AG is the free energy change as a result of the ET, A is the reorganization
energy, kg is the Boltzmann constant and 7T is the temperature. A counter-intuitive
prediction resulting from Marcus’ exponential expression was the Marcus inverted
region, where increasing the driving force of the reaction reduces the overall reac-
tion rate. This prediction was later verified by experiments [67, 68].

Later in 1974, Hopfield introduced the effect of the electronic coupling between
the donor and the acceptor in the form of electron tunneling through a square
barrier [29]. This effect was included in the overall ET rate as a pre-exponential
term behind the Marcus exponential expression which is equal to the electron
tunneling rate when the nuclei are in the transition state from reactant to product
in the ET reaction. Combining the electron coupling and the nuclear configuration

effects gives the non-adiabatic ET rate as [2]:

by = 27 HpalP ) (AGH N (2.2)
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where A is the reorganization energy of the system, kg is the Boltzmann con-
stant, T is the temperature, AG is the free energy change as a result of the electron
transfer, and |Hp4| is the coupling matrix element which contains the exponential
tunneling factor. In the context of cytochrome ET, A is the reorganization energy
of the cytochrome and AG is the electric potential difference between the donor
and the acceptor as a result of the applied voltage to the system.

In experiments regarding the conductive properties of OM cytochromes and
nanowires, the potential is applied using two electrodes which make contact with
the system. Therefore, other than the protein-protein ET kinetics, the interaction
between the electrode and the cytochrome has to be taken into account [69].
For this reason, we also consider the density of states in the metallic electrode
which is a function of the potential applied to the electrode. So similar to the

protein-protein case, the protein-electrode ET rate is given by [69]:

M\e(E—E°) 2 kgT
Ooexp[—(x— kpT )(i\)]
dz

ke - Ce ectrode 2.3
= Curcroe | s 2.3
where Clectrode = %’r ]fffr—f |H|2p, E° is the potential of the protein, E is the

potential of the electrode, A is the reorganization energy of the protein, |H| is the
coupling matrix element, and p is the density of states in the electrode [69]. There-
fore this modified version of the non-adiabatic ET theory describes the protein-
electrode ET kinetics. In the end, a complete model attempting to describe the
experimental data on OM cytochrome/nanowire conductivity must address both
the protein-protein and protein-electrode interaction properties using the above

ET rate equations.
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2.9 Fluorescence Microscopy

Here we describe the various fluorophores used in combination with fluorescence
microscopy in this dissertation to characterize the composition, structure and com-
ponents of bacterial nanowires and outer membrane vesicles.

To visualize proteins in bacterial extracellular structures, we use the fluorescent
dye NanoOrange. This dye is nonfluorescent in aqueous solution, and undergoes a
significant increase in fluorescence upon binding to hydrophobic regions of proteins
[70]. NanoOrange was previously used to visualize nanometers-thick filamentous
protein structures such as bacterial flagella [71]. In this work we use NanoOrange
for staining the bacterial structures of interest, i.e. bacterial nanowires and outer
membrane vesicles, due to its effectiveness in staining similar bacterial structures.

To test the extent of membrane involvement in nanowire formation, we labeled
S. oneidensis MR-1 cells with the membrane stain FM 4-64FX. This styryl dye
is membrane-selective as a result of a lipophilic tail that inserts into the lipid
bilayer and a positively charged head that is anchored at the membrane surface
[72, 73]. The amphiphilic nature of this molecule hinders it from freely crossing
the membrane into the cellular interior except through the endocytic pathway,
as extensively characterized in eukaryotic cells [73, 74]. FM 4-64 has also been
widely used in bacterial cells and shown to specifically label membranes but not
extracellular protein filaments such as flagella [75, 76], except in a few bacterial
species where flagella are coated in membrane sheaths [77].

In addition, we used a fluorescent redox-sensing dye, RedoxSensor Green
(RSG), to demonstrate the impact of nanowire production on live cells of .
oneidensis MR-1. RSG is an indicator of bacterial reductase activity and it serves
as a reporter for changes in electron transport chain function [49]. This dye per-

meates through both cellular membranes and interacts with components of the
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cellular electron transport chain, producing a stable green fluorescence emission
upon reduction. Furthermore, bacterial cells undergo a significant decrease in
RSG fluorescence upon addition of inhibitors of different electron transport chain
components [49]. RSG was previously used as a reporter of bacterial metabolic
activity in environmental samples [48] and as an indicator of the respiratory activ-
ity of Geobacter sulfurreducens cells [78]. In this work, we demonstrate, for the
first time, the capacity of RSG as a marker for respiratory activity in Shewanella
(chapter 4) and subsequently use RSG to show the increase in cellular respiration
rate upon production of bacterial nanowires.

In this work, we use indirect immunofluorescence, a popular technique for visu-
alizing specific biomolecules, to observe localization of the OM cytochromes MtrC
and OmcA along bacterial nanowires [79]. In this technique, the structures are
stained with rabbit-raised polyclonal primary antibodies that are specific to MtrC
and OmcA (the antigens) and bind to the corresponding epitopes on these pro-
teins via their fragment antigen-binding (Fab) domains [79] (Fig. 2.9). A goat
anti-rabbit secondary antibody is subsequently added that binds the cytochrome-
bound primary antibodies at their fragment crystallizable region (Fc) [79] (Fig.
2.9). Since the Fc domain is constant between antibodies from the same species
(in this case rabbit), a single anti-rabbit secondary antibody is used to bind the
Fc domains of both MtrC and OmcA-specific rabbit-raised primary antibodies.
The secondary antibody used also carries multiple conjugated FITC (Fluorescein
isothiocyanate) fluorophores (Fig. 2.9), in turn allowing visualization of MtrC

and OmcA along bacterial nanowires.
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Figure 2.9: Schematic of the indirect immunofluorescence technique. After binding
of the primary antibody to the antigen, the Fab region of the secondary antibody
binds to the Fc region of the primary antibody. The fluorophore conjugated to
the secondary antibody enables visualization of the antigen through fluorescence
microscopy. Reprinted by permission from Macmillan Publishers Ltd: Journal of
Investigative Dermatology [79], copyright 2013.
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Chapter 3

Multistep Hopping Model of
Electron Transport in Bacterial

Redox Chains

3.1 Introduction

Reduction-oxidation (redox) reactions and electron transport are essential to the
energy conversion pathways of living cells [80]. Respiratory organisms generate
ATP molecules - life’s universal energy currency - by harnessing the free energy
of electron transport from electron donors (fuels) to electron acceptors (oxidants)
through biological redox chains. In contrast to most eukaryotes, which are limited
to relatively few carbon compounds as electron donors and oxygen as the predom-
inant electron acceptor, prokaryotes have evolved into versatile energy scavengers.
Microbes can wield an astounding number of metabolic pathways to extract energy
from diverse organic and inorganic electron donors and acceptors, which has sig-
nificant consequences for global biogeochemical cycles [8, 22, 81].

For short distances, such as between respiratory chain redox sites in mitochon-
drial or microbial membranes separated by < 2 nm, electron tunneling is known
to play a critical role in facilitating electron transfer [80]. Recently, microbial

electron transport across dramatically longer distances has been reported, ranging
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from nanometers to micrometers (cell lengths) and even centimeters [58]. A few
strategies have been proposed to mediate this long-distance electron transport in
various microbial systems: soluble redox mediators (e.g., flavins) that diffusively
shuttle electrons, conductive extracellular filaments known as bacterial nanowires,
bacterial biofilms incorporating nanowires or outer membrane cytochromes, and
multicellular bacterial cables that couple distant redox processes in marine sedi-
ments [30-33, 42, 47, 82, 83]. Functionally, bacterial nanowires are thought to offer
an extracellular electron transport (EET) pathway linking metal-reducing bacteria,
including Shewanella and Geobacter species, to the external solid-phase iron and
manganese minerals that can serve as terminal electron acceptors for respiration.

Furthermore, bacterial nanowires of Shewanella were shown to have electron
transport rates up to 10° s=! at 100 mV of applied bias and a measured resistivity
on the order of 1 €2 c¢m; sufficient to keep up with the typical specific respiration
rates of these microbes [32]. At the same time, mutants lacking specific multiheme
cytochromes (MtrC and OmcA) produce non-conductive filaments under identical
conditions, suggesting that extracellular redox sites are necessary for long-range
EET wvia microbial nanowires [32].

In addition to the fundamental implications for respiration, EET is an especially
attractive model system because it has naturally evolved to couple to inorganic
systems, giving us a unique opportunity to harness biological energy conversion
strategies at electrodes for electricity generation (microbial fuel cells) and produc-
tion of high-value electrofuels (microbial electrosynthesis) [26].

This chapter focuses on the theoretical basis of how biotic components such

as microbial nanowires and associated multiheme ¢ cytochromes form conductive
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biofilms facilitating direct microbe-to-electrode EET. We build on two recent the-
oretical studies proposing multistep hopping in redox chains as the physical mech-
anism of this long-range charge transfer in Geobacter biofilms and Shewanella
nanowires [35, 36]. The proposed model is based on an incoherent multistep hop-
ping mechanism between redox sites, and an interfacial treatment of non-adiabatic
(Marcus theory) electron transfer rate equations to account for the electrochemi-
cal interactions with measurement electrodes [69]. Using this model, we compute
current-voltage (I — V') curves consistent with both transverse and longitudinal
experimental measurements of Shewanella nanowires (published data [32, 65] and
new higher-bias data reported here) as well as inter-site spacings from the recently

determined crystal structure of Shewanella cytochromes [17].

3.2 Modeling

3.2.1 Background

Previous charge transport measurements in microbial nanowires and biofilms were
performed over length scales far exceeding the size of individual cells (>1 pm)
[32, 35, 47|, and are therefore beyond the scope of direct single-step tunneling
mechanisms relevant over much shorter distances (<2 nm) [80]. For this reason,
the direct EET systems have been interpreted in light of two mechanisms: (i)
fully coherent band conduction much like metals and semiconductors [47], and
(i) incoherent multistep hopping between charge localizing sites, such as redox
cofactors [35, 36]. We start by considering the length and time scales involved in
these physically distinct ideas, and consequently their applicability to microbial
EET.
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As discussed by Polizzi et al. [36], band conduction requires that the scattering
time of the carriers, T, and the width of the energy band, W, satisfy the condition
T,W > h with h being the Planck constant. The width of the energy band can
be defined as W = 4|Hpa|, where |Hpa| is the charge transfer integral between
the localizing sites in the system. At the same time, the charge mobility in band
theory is pupr = 26T2|HDA|TS/h2, where e is the charge and r is the distance
between localizing sites [84]. Combining these expressions results in a fundamental
requirement that pupr > er?/2h. In other words, there is a minimum mobility for
the band theory picture. Even using a small separation between neighboring sites,
0.35 nm (consistent with m-stacking in conducting polymers), this requires that
the mobility be far greater than ~ 1 cm®.V.s™! [36]. However, from our previous
measurements of Shewanella nanowires [32], the conductivity is measured to be 1
S.cem™! and the mobility can be estimated to be lower than 1073 cm?.V.s™! [36].
While enough to sustain microbial respiration [32], this is clearly well below the
band theory limit. For this reason, we contend that fully coherent band conduction
is not a viable model for microbial nanowire conductivity and therefore exclude
the band picture in the model and experimental measurements described below.
Other aspects of the applicability of band theory to describe previously reported
experimental measurements in Geobacter nanowires [47] (also with mobilities far
below the band limit described above) have been debated elsewhere [45].

In the hopping picture, for an electron hopping process between two wells, the
vibrational relaxation rate should be larger than the hopping rate for the hopping
step to be independent of the preceding and succeeding hopping, i.e. kye; > kpgp.
This has recently been interpreted by Troisi [85] as a ‘speed limit’, imposing a

maximum charge mobility for sequential hopping. Furthermore, this limit can be
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conveniently estimated from spectroscopic measurements in organic solids since
the vibrational relaxation rate is given by ke = 27cd, where ¢ is the speed of light
and ¢ is the Raman line broadening [85, 86]. Using standard values for molecular
materials, k. typically exceeds 10! s7! [85]. On the other hand kp,, can be

estimated from the non-adiabatic rate equation for electron transfer between two

sites [2]:
2 |Hpal? (AG + 1)
ki, — —X 1DAIT i 1
L vV At kT (3.1)

where A is the reorganization energy of the system, kp is the Boltzmann con-
stant, T is the temperature, and AG is the free energy change as a result of the
electron transfer. This expression is frequently encountered in the simplified phe-

nomenological form [36]:

(AG + \)?

k o -1\ _ 1013
hop(5™") oXp ANk T

— BR - (3.2)

where (3 is the tunneling decay factor (~ 1 A‘l), and R is the effective tunneling
distance between two neighboring sites (the difference between the nearest neighbor
hopping distance and the distance at van der Waals contact, the latter taken
to be 0.35 nm). At the maximum hopping rate for efficient biological electron
transfer, A = —AG, and taking R = 0.65 nm, a value consistent with typical
inter-cofactor distances in a Shewanella multiheme cytochrome [17], this results
in kpop = 1.5 x 101 s71. In summary, this rate can fall below the relaxation rate,
allowing for independent hopping steps from electrode to electrode through a chain

of redox sites.
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Figure 3.1: (a) A redox chain bridging two measurement electrodes. Forward and
backward charge transfer rates within the redox chain are determined by k. ¢
and kpepp respectively, while the interactions with electrodes are determined by
the electrochemical transfer rates k,..q and k,, at the left and right contacts. The
redox sites pictured in the schematic represent hemes such as those found in the
multiheme cytochromes of the dissimilatory metal-reducing bacterium Shewanella
oneidensis MR-1. (b) Scanning electron microscopy image of an experimental
platform, where two Pt electrodes address an individual microbial nanowire from
a single S. oneidensis MR-1 cell (rod shaped cell to the right). [34] - Reproduced
by permission of the PCCP Owner Societies.

3.2.2 Multistep Hopping

The multistep hopping chain model is schematically illustrated in Fig. 3.1(a),
where L redox sites bridge two measurement electrodes. This picture is motivated
by the experimental approaches recently used to measure the current response of
one dimensional structures such as microbial nanowires when a voltage V' is applied
between the electrodes (Fig. 3.1(b)). The forward and backward electron transfer
rates between redox sites within the chain are given by kjep ¢ and kpepp, both of
which follow the expression for kj,, above but with the corresponding AG values
of —eV/L and eV/L, respectively. This electron hopping step between sites ¢ and
i+1(1<i<L-—1)isrepresented by the following reaction [35, 85]:
Knop, s

( )reduced + (1 + 1)0X1d1Zed S — ( )ox1dlzed + ( + 1)reduced (33)

khop b
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which in turns gives the electron flux between two neighboring redox sites as [35]:
J = knop s P(i)[1 = P(i+ 1)] = knopp P(i + 1)[1 — P(i)] (3.4)

where P(i) denotes the occupation probability of site i (reduced probability) and
1 — P(i) denotes the vacation probability of site i (oxidized probability). The het-
erogeneous transfer from/to the electrodes (electrochemical oxidation and reduc-
tion of the first or L’th site) is determined using the electrochemical form of
the non-adiabatic electron transfer rate equation [69], by considering the overlap
between the electronic density of states in the metallic electrode, p (Fermi-Dirac
distribution), and the Gaussian oxidation or reduction peaks of the neighboring
redox site, situated +A and —\ with respect to the redox potential, as illustrated
in Fig. 3.2. The rates kyeqy and ko, representing electron transfer from and to

an electrode (to and from site n where n = 1 or L), are given by [36, 69]:

Me(E—E°) 2 kT
OOeXp[—<I— EgT n) (f_,\

krean = Celect d/
rea,n eLectrode - 1+exp(x)

>]
dx (3.5)

—e(E—E", \ 2
o |- (- =gy )|
d

kom = Ce ectrode 3.6
o electrod /_oo 1+ exp(z) ) (36)
where Cliectrode = 2% % |H|?p and (E — E°), is the difference between the

applied electrode potential (E) and the potential of its neighboring redox site (E°)
at either the left or right contact. The latter can also be represented as a local
voltage drop. For example, at the left electrode, (F — EY); = aV where « is

a fraction of the overall applied voltage V' between the two electrodes. These
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Figure 3.2: A schematic of the electrochemical interaction between the redox
species and a neighboring electrode. Applying a voltage V' changes the relation
of the metallic states with respect to the oxidation- reduction probability peaks
of the redox site. (a) When V' = 0, the Fermi energy of the metal electrode (eE)
is equivalent to the redox energy (eE°), leading the oxidation and reduction rates
to balance, and therefore the net charge transfer is zero. (b) Applying a voltage
shifts the energy level of the electrode with respect to the redox level, favoring
reduction or oxidation (V' < 0 pictured, leading to increased reduction rate). [34]
- Reproduced by permission of the PCCP Owner Societies.

heterogeneous transfer rates allow the calculation of the charge flux at the left and

right electrodes [87]:

Jl = kred,l [1 - P(l)] - kow,l P(l) (37)

Jr, = koac,L P(L) - kred,L [1 - P(L)] (38)

Two symmetric contact electrodes will lead to the same magnitude of local

voltage drop at opposite electrodes, i.e. (E — E°); = —(E — E°);, which in turn
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translates to kyeq1 = Kog,r and koy1 = kreq,r, - In addition, realizing that the charge

flux from one electrode to the other is equal:

Ty = ke [1=P(D)]—kpns P(1) = Jp, = Eyea P(L) ke [1-P(L)] = P(L) = 1-P(1)
(3.9)

Finally, realizing that the flux within the chain is equivalent to the flux at the

electrodes, J = J; = Jp, combining equations 3.4 and 3.9 gives the occupation

probability throughout the chain as:

Ehop, P(i) + koza P(1) — kyeas [1 — P(1)]
khops + (Knop.f — Knopp) P(7)

P(i+1) = c1<i<L-1 (3.10)

Next, we apply this analysis to calculate the probability profiles and correspond-
ing current-voltage (I — V') curves to compare with transverse and longitudinal

transport measurements of microbial nanowires from the bacterium S. oneidensis

MR-1.

3.3 Results and comparison to experiments

For a specific V' (applied bias), L (number of sites), R (effective tunneling distance),
A (reorganization energy), « (fraction defining the contact voltage drop), Ceiectrode
(pre-exponential of the heterogeneous transfer rates k;.q and ko), and kgT' (ther-
mal energy), the model outlined above allows the calculation of the occupation
probability profile throughout the redox chain, and consequently the overall cur-
rent response to applied voltage. At each voltage step, the last sites occupation
probability P(L) can be calculated as a function of the first sites occupation prob-

ability P(1), by solving equation 3.10 recursively. Combining this relation with the
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symmetric constraint from equation 3.9 results in a unique value for P(1), which is
dependent on the transfer rates knop, r, Khop,p, ko, and kyeq (note all these rates are
functions of voltage). Next, the entire probability profile P(i) can be calculated
from equation 3.10. We performed this calculation in MATLAB, using parameters
consistent with existing transverse (small L) and longitudinal (large L) I —V mea-
surements of Shewanella nanowires. The results described here assume the value of
kgT at room temperature, and take 1 nm as the typical distance between the redox
sites (i.e. R = 0.65 nm), consistent with the recently measured inter-heme spacings
in MtrF, a multiheme cytochrome from Shewanella [17]. We obtained excellent
fits to the experimental data by assuming an effective heterogeneous transfer rate
Ceiectrode sSmaller than the hopping rate between sites kypp. For each experiment, we
calculate the probability profile and the conventional (positive) current (I = —J)
as a function of applied bias V. Finally, we fit our calculations to I — V' measure-
ments, and comment on the parameters A, o, and Cieetroqe that give rise to good
agreement with these experiments.

Fig. 3.3 shows the calculated probability profile for a redox chain consist-
ing of 2000 sites as the voltage is swept from 0 to 1 V. As the voltage increases
the occupation probability rapidly changes from a linear and relatively flat pro-
file to a sharp sigmoid with high occupation probability near one electrode and
a high vacation probability near the opposing electrode. With the probabil-
ity profile in hand, the corresponding I — V' behavior is simply calculated from
I =—J; =koz1 P(1) —kyean [L— P(1)], and the result is plotted in Fig. 3.4. When
Cetectrode < knops P(1) =~ 1 under positive bias, except near zero applied voltage
(and similarly P(1) ~ 0 for negative non-small bias). Under these conditions, the

current essentially follows the form of the heterogeneous electron transfer terms

44



Occupation probability

0 4 1000 . 1500 2000
Redox site location

Figure 3.3: The occupation probability profile for a chain composed of L = 2000
redox sites as the applied voltage between the surrounding electrodes is stepped
up in 0.1 V increments (corresponding to the experiment in El-Naggar et al. [32]
and the calculated I — V profiles of Fig. 3.4 and 3.5(b)). Calculation parameters:
L =2000, \ =04 eV, a=0.015, R=0.65nm, §=1A"" kgT =0.025 eV. [34]
- Reproduced by permission of the PCCP Owner Societies.
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Figure 3.4: Calculated current as a function of the local electrode voltage drop for
the L = 2000 redox chain (using equation 3.7 and the occupation probability profile
of Fig. 3.3). The current reaches a constant value when the overlap between the
electrode’s Fermi function and the redox peaks saturates at high applied voltage.
Calculation parameters: L = 2000, A = 0.4 eV, a = 0.015, R = 0.65 nm, § =1
A1 kgT = 0.025 eV. [34] - Reproduced by permission of the PCCP Owner
Societies.
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Figure 3.5: A comparison of the measured I — V characteristics and modeling
results for two different experiments [32, 65]. (a) Transverse transport across the
thickness of a microbial nanowire (~ 10 nm), using a conductive tip as the top
electrode and a supporting surface as the bottom electrode (calculation parameters:
L =10, A = 04 eV, a = 0.3, Cuectrodze = 1.8 x 1010 s71 kT = 0.025 eV).
(b) Longitudinal transport along a microbial nanowire (2 pum) bridging two Pt
electrodes (calculation parameters: L = 2000, A = 0.4 eV, a = 0.015, Ceiectrodze =
5x 10M s71 kgT = 0.025 eV). Insets show the AFM images corresponding to the
measurements with 250 nm scale bars. [34] - Reproduced by permission of the
PCCP Owner Societies.
equation 3.5 and 3.6, 7.e. increasing the voltage increases the current response,
until the overlap between the electrode’s Fermi function and the Gaussian redox
peaks saturates for very high voltages, as schematically illustrated in Fig. 3.2 and
discussed elsewhere [36].

We now compare the predictions of this model to measurements of transport in
conductive microbial appendages, performed using two different experimental tech-

niques. In the first experiment [65] (Fig. 3.5(a)) transverse transport is measured

across the width (10 nm, corresponding to L = 10 in the model) of a microbial
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nanowire using a conductive atomic force microscope (c-AFM) tip as a top elec-
trode and the underlying substrate as a bottom electrode. In the second experiment
[32], longitudinal transport is measured along a nanowire using two electron/ion
beam deposited electrodes separated by 2 um (L = 2000). The previously reported
longitudinal measurements revealed linear I — V' curves for low voltages ( < 1 V),
but the non-linearity predicted by the model appears at higher bias, as can be seen
by the experimental data reported here for the same sample (up to 5 V in Fig.
3.5(b)).

For a similar voltage range, the I — V measurements of the transverse and
longitudinal experiments appear distinct [32, 65]. However, the model is in good
agreement with both measurements, as shown on Fig. 3.5. Both experiments
were fit with a reorganization energy A close to 0.4 eV. While there are no experi-
mental measurements of A in Shewanella’s cytochromes, 0.4 eV is consistent with
electrochemically determined values of A for cytochrome ¢ at electrode surfaces
[88]. It should be noted that A measured electrochemically, with a system probing
electron transfer to electrodes, is expected to be smaller than theoretical calcu-
lations in solution without electrodes, since the electrode approach decreases the
outer-sphere reorganization’s (Ayy) solvent contribution [88, 89]. In addition, the
experiments considered here were performed in air under ambient conditions.

Different Cejectroqe and « parameters are expected for the two different exper-
iments, since these parameters reflect the electronic interaction and fraction of
voltage drop at the measurement contacts. In the transverse experiment, the
nanowire is supported on a flat conductive surface and a metallized AFM tip is
held just above the nanowire (applying a force in the n/N range) [65]. The result-

ing transport behavior was fit using Cejeetroqze = 1.8 X 1019 s71. In the longitudinal
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experiment, Pt electrodes are directly vacuum deposited onto the nanowire sur-
face, and this intimate electronic contact was reflected with Ceectroge = D X 101
s~1. Tt is worth noting that both values are orders of magnitude higher than previ-
ously measured heterogeneous transfer rate constants of Shewanella cytochromes
[16]. The reason for this wide discrepancy is not clear, but it may be attributed
to the very different experimental conditions, namely the dry fixed environment
of the microbial nanowire measurements, and the likelihood that the system does
not adopt its native conformation under these conditions. By examining o, we
estimate that 30% of the overall voltage drop happened at the electrode-wire con-
tact (o« = 0.3) in the transverse measurement across 10 nm, compared to 1.5%
(v = 0.015) in the measurement along a 2 um nanowire. Indeed, it is reasonable to
expect that for a longer redox chain the local voltage drop at the electrode should
be smaller, relative to the total voltage, than in a shorter chain.

Furthermore, we previously measured the contact resistance for a 600-nm long
wire [32], and found that the corresponding local voltage drop at the electrode is
7% of the total applied voltage, i.e. giving an experimentally determined o = 0.07
for a 600-nm chain; an intermediate value between the 10 nm and 2 ym predictions,
further confirming the expected trend. With the fit parameters described here (Fig.
3.5 and Table 3.1), it is possible to calculate the voltage threshold corresponding to
the saturation of transport due to the maximum overlap between the metallic Fermi

function and the Gaussian redox peaks (Fig. 3.2 and 3.4). The saturation would

Measurement R(nm)| L | X(eV) a Coeetroge (5 1) | B (A~ | ksT (eV)
Fig. 3.5(a) - 10 nm transverse | 0.65 10 0.4 0.3 1.8 x 1010 1 0.025
Fig. 3.5(b) - 2 um longitudinal | 0.65 | 2000 | 0.4 |0.015 5 x 101 1 0.025

Table 3.1: Simulation parameters used to model the transverse and longitudinal
measurements (Fig. 3.5).
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Figure 3.6: Sensitivity of the calculation to variations in the reorganization energy
A while keeping the rest of the parameters the same as Fig. 3.5/Table 3.1. (a)
Transverse transport across the thickness of a microbial nanowire, using a con-
ductive tip as the top electrode and a supporting surface as the bottom electrode
(Calculation parameters: L = 10, SR = 6.5, A = 0.35 — 0.45 eV, a = 0.3,
Cotectrode = 1.8 x 1019 s71 kT = 0.025 V). (b) Longitudinal transport along a
microbial nanowire bridging two Pt electrodes (Calculation parameters: L = 2000,
BR =6.5, A =0.350.45 eV, a = 0.015, Cejectroge = 5 x 10" s71 kT = 0.025 eV).
[34] - Reproduced by permission of the PCCP Owner Societies.

be expected at 2.5 V and 50 V for the transverse and longitudinal measurements,
respectively. These predictions are useful for designing future experiments to test
and improve the model, provided that the high voltages required do not induce
physical damage in the biological structures under study.

Next, we examine the sensitivity of the calculation to the model parameters.
The assumption made that Cejectrode is smaller than k., places an upper limit on
the effective tunneling distance R. While this assumption should be easily met for
most reasonable distances that sustain tunneling because of the normally very small

heterogeneous transfer rates [16] (discussed above), using our higher fit values for

Cetectrode (~ 10' s71), and comparing with kj,,, suggests an upper limit SR = 6.9.
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Figure 3.7: Best fits to the transverse transport measurement (c-AFM) by simul-
taneously adjusting the reorganization energy A and the effective heterogeneous
transfer rate Cectrode- The model fit diverges from the experimental data at high
bias for A < 0.3 eV and A > 1 eV, regardless of the assumed heterogeneous transfer
rate. [34] - Reproduced by permission of the PCCP Owner Societies.

With a typical protein decay coefficient of 1 A~', this translates to an effective
tunneling distance R < 0.69 nm (i.e. taking the van der Waals contact distance to
be 0.35 nm, the nearest neighbor hopping distance is less than 1.04 nm). This result
is consistent with the previous finding by Polizzi et al. [36], and is also met by the
experimentally determined heme separation distances in Shewanella’s multiheme
cytochromes [17]. As noted above, in this regime the predicted current response
follows the form of the heterogeneous electron transfer terms equation 3.5 and

3.6, which makes the calculated I — V' behavior very sensitive to A and Clectrode-

Fig. 3.6 illustrates this sensitivity by showing the disagreement between model
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and experiment for slightly lower and higher reorganization energies, A = 0.35
and 0.45 eV respectively, while keeping Cljecrroqe fixed. However, it is possible to
compensate for the variation of the reorganization energy and obtain a good fit to
the experimental data by tuning Cejectrode Simultaneously, but only within the range
0.3 eV< A < 1 eV, outside which we observe disagreement between calculations
and experiments in the high bias region as shown in Fig. 3.7.

Understanding the theoretical basis of extracellular charge transfer in micro-
bial redox chains has significant implications for elucidating the natural respira-
tory strategies employed by important environmental bacteria. In addition, this
understanding can be harnessed towards defining the limitations and realizing the
untapped potential of emerging technologies (such as biofuel cells) where these
bacteria are employed as electrode-bound catalysts for driving redox reactions. In
light of the multistep hopping model described here (Fig. 3.1(a)), we note that
efficient EET requires a favorable interaction with electrodes (described by the
heterogeneous transfer rates), which may be a limiting factor in real devices, moti-
vating us to investigate new anode materials that maximize the electronic coupling
with redox molecules. Efficient EET also requires small separations between redox
sites within the chain (~ 1 nm) [17]; a requirement that seems to be satisfied
by the heme-to-heme distances of individual outer membrane cytochromes. How-
ever, this hopping picture appears to be sensitive to possible structural defects in
one dimension, and microbes may address this limitation through redundancy and
multiple redox chains spread over cell surfaces and extracellular appendages within

three-dimensional biofilms attached to electrodes.
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3.4 Conclusion

In summary, we presented a model to describe charge transfer in microbial redox
chains between electrodes. After reviewing the applicability of coherent band
conduction and incoherent hopping to the transport measurements of microbial
nanowires, we excluded band conduction as a viable model of charge transport
in these structures because the measured mobilities are far below the minimum
mobility set forth by the coherent mechanism. In contrast, the incoherent hop-
ping mechanism can account for the observed transport rates as well as the form
of the current-voltage curves from transverse and longitudinal measurements of
microbial nanowires. The proposed model is based on an incoherent multistep
hopping mechanism between redox sites, and an interfacial treatment of the elec-
trochemical interactions with the measurement electrodes. Using this model, we
computed the occupation probability profile throughout the redox chain, which
allowed the calculation of the current response to applied voltage between the
electrodes. We found the results to be in good agreement with two previously
reported experiments measuring transport in microbial nanowires produced by the
bacterium Shewanella oneidensis MR-1. Furthermore, the fit parameters were con-
sistent with the length scales and electrode contact conditions of each experiment,
as well as the typical reorganization energies expected from ¢ cytochromes known
to be critical for this organism’s extracellular charge transfer ability. Our analysis
motivates further experimental and theoretical investigations into the identity and
structural organization of redox components in microbial systems with significant

environmental and biotechnological implications.
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Chapter 4

In vivo Imaging of Bacterial

Nanowires of Shewanella
onetdensis MR-1 and Their

Composition and Structure

4.1 Background

A number of fundamental issues surrounding bacterial nanowires remain unre-
solved. Bacterial nanowires have never been directly observed or studied in vivo.
Our direct knowledge of bacterial nanowire conductance is limited to measurements
made under ex situ dry conditions using solid-state techniques optimized for inor-
ganic nanomaterials [30-32, 47|, without demonstrating the link between these
conductive structures and the respiratory electron transport chains of the living
cells that display them. Intense debate still surrounds the molecular makeup, iden-
tity of the charge carriers, and interfacial electron transport mechanisms respon-
sible for the high electron mobility of bacterial nanowires. Geobacter nanowires
are thought to be type IV pili, and their conductance is proposed to stem from
a metallic-like band transport mechanism resulting from the stacking of aromatic

amino acids along the subunit PilA [90]. The latter mechanism, however, remains
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controversial [45, 83]. In contrast, the molecular composition of bacterial nanowires
from Shewanella, the best-characterized facultatively anaerobic metal reducer, has
never been reported. Shewanella nanowire conductance correlates with the abil-
ity to produce outer membrane redox proteins [32], suggesting a multistep redox
hopping mechanism for EET [34, 36].

In this chapter, we address these outstanding fundamental questions by ana-
lyzing the composition and respiratory impact of bacterial nanowires in vivo. We
report an experimental system allowing real-time monitoring of individual bacte-
rial nanowires from living Shewanella oneidensis MR-1 cells and, using fluorescent
redox sensors, we demonstrate that the production of these structures correlates
with cellular reductase activity. Using a combination of gene expression analysis
and live fluorescence measurements, we also find that the Shewanella nanowires
are membrane- rather than pilin- based, and are associated with outer membrane
vesicles. Our data point to a general strategy wherein bacteria extend their outer
membrane and periplasmic electron transport components, including multiheme

cytochromes, micrometers away from the inner membrane.

4.2 Experimental

4.2.1 Cell growth conditions

All Shewanella strains were grown aerobically in 50 mL of sterile LB broth (Sigma
L3022, 20 g in 1 L of deionized water) in 125-mL flasks from a frozen (—80°C)
stock, at 30°C, shaking at 150 rpm up to an ODG600 of 2.4 — 2.8. 15 mL of the
preculture was centrifuged at 4226xg for 5 min, the pelleted cells were washed

twice, and finally resuspended in 45 mL of a defined medium consisting of 30 mM
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Figure 4.1: Perfusion chamber used in the in vivo imaging of nanowires. Chamber
is closed with a glass coverslip and placed on an inverted fluorescence microscope.
Laminar flow is maintained within the rectangular area at the center of the cham-
ber.

PIPES, 60 mM sodium DL-lactate as an electron donor, 28 mM NH,4CI, 1.34 mM
KCl, 4.35 mM NaH,PO,, 7.5 mM NaOH, 30 mM NaCl, 1 mM MgCl,, 1 mM CaCls,
and 0.05 mM ferric nitrilotriacetic acid. In addition, vitamins, amino acids, and
trace mineral stock solutions were used to supplement the medium as described

previously [31]. The medium was adjusted to an initial pH of 7.2.

4.2.2 Perfusion chamber platform
Perfusion chamber

A laminar flow Vacu-Cell incubation chamber (C&L Instruments, model VC-LFR-
25) was used in all perfusion and live microscopy experiments (Fig. 4.1). The
chamber was constructed from black polyether ether ketone (PEEK, custom order)
and modified with an additional port (0.0805 in), besides the inlet and outlet ports,
that housed an Ag/AgCl reference electrode (not used in the experiments described

in this thesis). An inverted 135-mL serum bottle was used to supply medium to

the perfusion chamber, and a bubble trap (Omnifit, model 006BT or 006BT-HF)
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placed upstream of the chamber (Fig. 4.2 and Fig. 4.3). After every time the
bubble trap and tubings were exposed to the NanoOrange or the RedoxSensor
Green stains, the bubble trap membrane as well as all tubings were changed and
the opened bubble trap was sonicated for 10 min while immersed in ethanol to
remove residual stain. Tygon S3 tubing, ID=1/32 in and OD=3/32 in, from Cole
Parmer Instrument Co was used throughout. The flow of media from the serum
bottle was established either by peristaltic pumping or by pressurizing the supply
bottle’s headspace with air or N, using a 6-inch septum needle, depending on
whether aerobic or anaerobic conditions were desired, while the serum bottle was
held slightly higher than the end of the outlet tube of the chamber. The flow
rate of media through the perfusion chamber was obtained by measuring the time
interval between two consecutive drops at the end of the chamber outlet tube.
Using a vacuum line, the perfusion chamber was sealed against a 43x50 mm No.1
coverslip (Gold Seal catalog #: 3329) while flow of media had started and the
main chamber area was covered with liquid, forming a small (250 um deep, 17.4 u
L volume) laminar flow rectangular chamber (Fig. 4.1).

The entire perfusion set-up was taped on a Nikon Eclipse Ti-E inverted micro-
scope stage (Fig. 4.2 and Fig. 4.3), equipped with a drift correction unit (Nikon
Perfect Focus System) for maintaining focus at the coverslip-medium interface
during time-lapse imaging. Washed cells were slowly injected into the perfusion
chamber (d = 250 ym, w = 9,580 um, L = 7,110 pm) using a 10-mL syringe
connected to the chamber inlet tube by a 4-way stopcock (Value Plastics, catalog
#: VPB1000110N) and the flow was stopped to allow the cells to settle on the
coverslip with a surface density of ~ 100 cells in an 83 x 66 — um field of view

while being imaged by the inverted microscope. After inoculation, sterile defined
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Figure 4.2: Schematic of the perfusion imaging platform. Perfusion chamber is
placed on an inverted microscope stage above the objective while medium flows
through the chamber from a serum bottle (left) and passes through a bubble trap.
Cells are injected using a syringe connected to the inlet tube with a stopcock.
Waste from the chamber flows into the waste container (right).

medium (100 mL in an inverted 135—mL sealed glass serum bottle) was connected

to the perfusion chamber inlet and passed through at a flow rate of 541 uL/s that

remained constant for 3 h.

Oxygen limitation

As previously detailed [31, 91], transition to electron-acceptor limitation was
required to promote the production of bacterial nanowires and membrane vesi-

cles; this was accomplished using one of two methods. In the first method, the

57



Perfusion chamber :

Figure 4.3: Perfusion imaging platform. Perfusion chamber is placed on an inverted
microscope stage above the objective while medium flows through the chamber
from a serum bottle (left) and passes through a bubble trap. Cells are injected
using a syringe connected to the inlet tube with a stopcock. Waste from the
chamber flows into the waste container (right).

experiment is started with fully aerobic medium flow before switching to supply
bottles containing medium made anaerobic by boiling and purging with 100% N,
(1 L of media boiled in a 2-L flask and transferred using a pump into serum bottles
that were previously flushed with Ny for 15 min, the media in serum bottles were
then bubbled with N, for one hour). This method has the advantage of providing
a precise time point for entering acceptor (Oz) limitation (Fig. 4.10A and Movies
S1 and S4 in [92]). In the second method, Oy becomes limited close to the coverslip
surface at high cell density, even with aerobic medium, as a result of the laminar

flow (no mixing between adjacent layers) and no-slip condition (zero velocity at

the surface); this is confirmed with the simple calculation outlined below.
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w=9,580pum

L=7,110pm

Figure 4.4: Schematic of laminar flow of medium inside the perfusion chamber
along. Oxygen becomes limiting close to the coverslip due to the celluar consump-
tion, in turn causing the production of nanowires.

For plane Poiseuille flow between two parallel plates (w = 9,580 um) separated
by distance d (250 um) (Fig. 4.4), the volumetric flow rate (5 ul/s in our experi-
ment) is given by Gwd®/12u, where p is the viscosity, allowing us to estimate G,
the pressure gradient in the flow direction z. In addition, the fluid velocity profile
between the plates is given by Gy(d—y)/(21), where 0 < y < d. Since the cells are
located at the coverslip (y = 0), we assume that the cells interact with the 1 um-
thick layer of media adjacent to the coverslip (no mixing from upper layers) where
the average flow velocity v is 25 um/s. The Oy concentration will consequently
diminish in the z direction according to C(z) = Cy — o X x/v, where Cj is the
inlet concentration (~ 8 mg/L at 100% of air saturation) and « is the cellular con-
sumption rate which we estimate from previous studies of per cell respiration rates

[32] and our surface cell density to be 0.63 mg/L/s. From this calculation, we find
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Figure 4.5: Concentration of molecular oxygen and lactate along the length (L in
Fig. 4.4) of the perfusion chamber close to the coverslip. Oxygen quickly becomes
limiting as medium flows from left to right inside the chamber.
that the Oy concentration drops below 10% of air saturation at x = 290 ym and
reaches 0% at z = 320 um (Fig. 4.5). A similar analysis for lactate reveals that the
donor concentration only drops to 96.9% of its inlet value (60 mM) at the outlet
(x = 7,110 pm) (Fig. 4.5). In other words, the majority of the surface-bound cells
are acceptor, rather than donor, limited.

Using method 2 described above, nanowires and membrane vesicles were con-

sistently observed after a lag period of 90-120 min from the start of perfusion flow
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(Movies S2 and S3 in [92]). We observed higher nanowire production rates and bet-
ter consistency using this method, possibly because the slower transition exposed
the surface-bound cells to a wide range of acceptor concentrations, compared with
the abrupt transition in the first method. Both methods resulted in identical mem-
brane extensions as observed using membrane fluorescence (FM 4-64FX), protein
fluorescence (NanoOrange), and the accompanying increase in reductase activity

(RedoxSensor Green).

Fluorescence microscopy

To visualize the nanowires/vesicles by fluorescence microscopy, either the protein
stain NanoOrange (Life Technologies) (Fig. 4.12A) or the membrane stain FM
4-64FX (Life Technologies) (Fig. 4.12A) was used. For each experimental run,
we added 100 uL. of the NanoOrange reagent or 25 ug of FM 4-64FX (dissolved
in 200 L of deionized water) to the autoclaved serum bottle containing the 100
mL of perfusion medium. Both of these fluorescent dyes allowed staining of cells,
membrane vesicles, and bacterial nanowires.

Fluorescence imaging of NanoOrange and FM 4-64FX was done in the
FITC (Nikon filter set B-2E/C) and TRITC (Nikon filter set G-2E/C) excita-
tion/emission channels, respectively. The exposure time in both cases was 500 ms.
Both channels were used at intensity level 2. The excitation and emission windows
for both channels are described in Table 4.1. NanoOrange fluorescence was visible
in both FITC and TRITC, whereas FM 4-64FX was only bright in TRITC.

Since NanoOrange has significant emission in the TRITC channel, we were not
able to simultaneously stain structures with FM 4-64FX and NanoOrange. We

began with FM 4-64FX in the medium, and imaged the nanowires produced by
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either wild-type MR-1 or the pilus-deletion mutant strains (Table 4.2) in TRITC.
We then stopped the medium flow, manually injected 10 mL of NanoOrange solu-
tion (20 L. NanoOrange reagent diluted in cell medium) using a syringe connected

to the stopcock, and imaged the same structures again in the FITC channel.

4.2.3 RedoxSensor Green assay

RedoxSensor Green (from BacLight’ RedoxSensor’™ Green Vitality Kit, Life
Technologies, catalog # B34954) was used to assess cellular respiration activity.
Because NanoOrange and RedoxSensor Green (RSG) reagents both fluoresced in
the same channel (FITC), we could not use NanoOrange and RSG simultaneously
in the same experiment. Instead, to test the impact of nanowire production on cel-
lular reductase activity, we used FM 4-64FX and RSG to simultaneously visualize
the nanowires and track the reductase activity, respectively. In these experiments,
0.3 uM RSG (30 uL of 1 mM RSG reagent in 100% DMSO) was added to the 100
mL of flow medium in the supply bottle, along with FM 4-64FX.

To measure the intensity of RSG in cells, brightness and contrast of images were

linearly adjusted, equally for all cells, to capture the entire range of RSG intensity

Excitation Dichromatic Barrier  Filter
Filter set name | Filter Wave- | Mirror Cut-on
Wavelengths
lengths Wavelength
465 — 495 nm 515 — 555 nm

505 nm (longpass,

B-2E/C - ‘FITC’ | (bandpass, 480 (bandpass, 535

CWL) LP) CWL)
G21/C 528 = 53 [ et ongpass, | 200 050 nm
“TRITC’ (bandpass, 540 LP) (bandpass, 620
CWL) CWL)

Table 4.1: Wavelength windows of the fluorescence channels used in the perfusion
chamber experiments.
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in all cells. The images were then exported to MATLAB where the average pixel
intensity (API, arbitrary units) of every cell was extracted by manual selection
of the cell periphery and calculating the API of the pixels inside the selected

periphery.

4.2.4 Verification of RedoxSensor Green as a probe for

active respiration in Shewanella

The redox sensing functionality of RedoxSensor Green (RSG) was verified in She-
wanella by observing fluorescence change in response to substrate activation (Fig.

4.6), as previously demonstrated for environmental samples [48]. S. oneidensis

Strain Description Source
MR-1 Shewanella oneidensis, wild-type 8]
AmitrC/omcA MR-1 Amitre, AomcA [31]
Apil A MR-1 Apil A This work
ApilM=Q/mshH - hAdE;IfLHIJKLMNEépBZ’%]j)gZ% )
Plasmid Description Source
pHGE-PtacTorAGFP iIirClRéFleg;w’ TorA,,-GFP (periplas- | [94]

R
p519ngfp il;lto,plafs’fgicc/ 27;]);)5—)2, mob™, GFP | [95, 96]
PPROBE-NT E%Rﬁpbroad host-range expression | [97]

R . :
pHydA-YFP EH;F; Pg é ?]93 Eﬁ%fj}ced with hydA—yfp | This work

Table 4.2: Strains and plasmids used in this study.
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Figure 4.6: Verification of RedoxSensor Green functionality by comparing starved
and electron-donor-activated Shewanella oneidensis MR-1 cells. A starved culture
was divided into two subcultures, one of which remained starved while the other
was activated with lactate as an electron donor. (A) Quantitative bar plot of
fluorescence intensity of RSG in cells from subculture with electron donor (gray)
and without electron donor (red) at various time points. Control refers to the
initial sample that was starved for 19 hours. For each time point, images were col-
lected from six random fields of view. The bar plot shows the average fluorescence
+SEM. (B) Representative reflection (left) and RSG fluorescence (right) images
of cells from the control sample that was starved for 19 hours (top panel) and
the subculture with added lactate after 7 hours of activation with lactate (bottom
panel). The lactate-activated cells are all visible with fluorescence, in contrast to
the starved cells not visible with fluorescence.

MR-1 cells were taken from LB culture in mid-log phase (OD600 = 1.5), washed
twice and starved by incubation in defined medium without lactate or any other
electron donor, for 19 hours at 30°C and shaking at 150 rpm in 125-mL flasks.
Following starvation, the cells were split into two subcultures. The first subcul-
ture was activated with 20 mM lactate, while the second culture remained starved.
Both subcultures were sampled at multiple time points (1, 4, 5.5, and 7 hours after
starvation) and imaged with the same microscope settings (fluorescence channel,

exposure time and intensity) following incubation with 1 uM RSG reagent at 30 °C
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for 40 min. Six randomly selected fields of view were imaged and analyzed at each
time point.

Fluorescence intensity of cells was analyzed by image processing functions in
MATLAB. The positions and exact periphery of cells were located using reflec-
tion mode (without fluorescence) and used to create a mask. The mask from the
reflection image was then fit on top of the RSG fluorescence image to remove
pixels lying outside the cells. The average pixel intensity (API) of the masked
fluorescence image was calculated and averaged over the six fields of view, for both
starved and activated samples at each time point.

The effect of three electron transport chain (ETC) inhibitors on RSG fluo-
rescence was monitored to further confirm and localize the redox sensing func-
tionality of RSG in Shewanella, as previously reported for other bacteria [49].
Rotenone, antimycin A, and sodium azide were selected because they affect respi-
ration by inhibiting different ETC components [98]. Mid-log S. oneidensis MR-1
cells (OD600 = 1.5) from LB cultures were washed twice and incubated in the
defined medium with 1 mM rotenone, 20 uM antimycin A, 10 mM sodium azide,
or no inhibitor (control) for 15 min at 30 °C. The RSG reagent (1 uM) was added
to each sample and incubated for 30 min at 30°C. Cells from all samples were
placed on a coverslip and imaged by fluorescence microscopy (Fig. 4.7) using the

same settings (fluorescence channel, exposure time and intensity).

4.2.5 Cytoplasmic and periplasmic green fluorescent pro-
tein (GFP) imaging

To express GFP in the cytoplasm, S. oneidensis MR-1 was transformed with plas-

mid p519ngfp [95, 96]. The resulting strain was grown in LB augmented with
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Reflection RSG fluorescence

Rotenone

Antimycin A

Figure 4.7: The effect of electron transport chain inhibitors on RedoxSensor Green
fluorescence. Shewanella oneidensis MR-1 cells were incubated with no ETC
inhibitor (control), 1 mM rotenone, 20 uM antimycin A, or 10 mM sodium azide.
Following staining with RedoxSensor Green (RSG), both reflection and RSG flu-
orescence images were collected. The top panel shows the control sample with-
out any ETC inhibitor. The second panel from the top shows cells inhibited by
rotenone, with cells significantly darker than the control sample. The third panel,
from the sample inhibited by antimycin A, also shows cells darker than the con-
trol. These images indicate that RedoxSesnor Green is capable of detecting the
drop in respiration activity caused by rotenone and antimycin A inhibiting the
ETC. However, cells inhibited by sodium azide are as bright as the control cells,
indicating that RSG interacts with the ETC at a point downstream of antimycin
A’s site of inhibition (cyt bel complex), but upstream of azide’s site of inhibition
(cyt ¢ oxidase).
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Cytoplasmic GFP Periplasmic GFP

Figure 4.8: Cells containing periplasmic and cytoplasmic Green Fluorescent Pro-
tein (GFP). (A) Fluorescence image of Shewanella oneidensis MR-1 constitutively
expressing GFP with no signal sequence for export, resulting in a uniform cellular
fluorescence pattern throughout the cytoplasm. (B) Shewanella oneidensis MR-1
expressing GFP fused with the twin-arginine translocation (Tat) signal peptide
from the E. coli TorA. Cells were imaged on an agar pad following LB growth
and IPTG induction. Due to the presence of the signal peptide, the fusion pro-
tein is exported to the periplasm, resulting in fluorescence limited primarily to the
periphery of the cell. Scale bars are 5 um.

50 pg/mL kanamycin ahead of use in the perfusion flow imaging experiment as
described above for the S. oneidensis MR-1. No kanamycin was added to the
washing or perfusion medium.

To localize GFP to the periplasm, S. oneidensis MR-1 was transformed with
plasmid pHGE-PtacTorAGFP (Table 4.2) as described previously [94]. pHGE-
PtacTorAGFP is an IPTG-inducible plasmid expressing GFP fused to the twin-
arginine translocation (Tat) signal peptide from E. coli TorA. Fusion to the Tat

signal peptide enables GFP to be exported to the periplasm [94]. This S. oneidensis

periGFP strain was grown in LB with 50 ug/mL kanamycin, and 0.1 mM IPTG
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was added to induce the expression of TorA,,-GFP at OD600 = 0.4 ahead of use
in the perfusion imaging experiment as described above. Since the Tat system
exports fully folded proteins from the cytoplasm, the cellular fluorescence pattern
of this S. oneidensis periGFP strain is not necessarily limited to the periplasm only,
and can change over time depending on the induction, export rate, or post-export
cleavage of the signal peptide [94]. Therefore, to assess the successful periplasmic
localization of GFP prior to use in the perfusion experiments (Fig. 4.12B), we
imaged this strain on 3% agar on a slide (no nutrients or further IPTG induction)
which resulted in the characteristic peripheral fluorescence pattern consistent with

periplasmic localization (Fig. 4.8).

4.2.6 Chemostat growth and qPCR analysis of the transi-
tion from electron-donor to electron-acceptor limita-
tion

S. oneidensis MR-1 was grown in chemostat medium (Table 4.3) at 30°C, pH 7.0,
and 20% dissolved oxygen tension (which was adjusted using controlled air and N
input) using continuous flow bioreactors (BioFlo 110; New Brunswick Scientific)
(Fig. 4.9) with a dilution rate of 0.05 h™* and an operating liquid volume of 1 L,
as previously described [31]. After 48 h of this aerobic growth, a reference sample
was taken (each sample was ~ 10 mL). The dissolved oxygen tension was then
manually dropped to 0% by adjusting the N,/air mixture entering the reactor,
and the first sample after electron acceptor limitation (¢ = 0) was taken at this
time. Oy served as the sole terminal electron acceptor throughout the experiment.

Samples were subsequently taken at 15-min intervals for 1 h. At each time

point, 10 mL of cells were harvested in ice-cold 5% citrate-saturated phenol in
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Figure 4.9: Picture of a chemostat used for analyzing the expression levels of
various genes before and after production of bacterial nanowires by S. oneidensis
MR-1 cells.
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ethanol to prevent further transcription and protect the RNA. Samples were taken
from three independent biological replicates (different chemostats).

The gene expression profiling was done as part of a larger collaboration with
Sarah Barchinger and John Golbeck (at Pennsylvania State University, University
Park) [92]. Total RNA was prepared using a hot phenol extraction, as previ-
ously described [99]. Five micrograms of total RNA from each of the time points
described above was used as input for reverse-transcriptase reactions with the
SuperScript III First-Strand Synthesis System, as per the manufacturers protocol
(Life Technologies). Subsequent cDNA was then diluted and used as template in
qPCR experiments with SYBR Select Master Mix (Life Technologies).

Fold change in gene expression relative to the reference sample was calculated

by 272ACT from at least four reactions of three independent biological replicate

Final con-

Ingredient FW g/L centration in
media (mM)

PIPES buffer 302.4 0.91 3

Sodium hydroxide 40 0.3 7.5

Ammonium chloride 53.49 0.53 9.9

Potassium chloride 74.55 0.1 1.34

Potassium phosphate monobasic | 136.09 0.6 4.4

Sodium sulfate 142.04 0.19 1.34

Sodium lactate (60%) 112.06 | 3.7 19.8

Minerals solution [31] 10 mL

Amino acids solution [31] 10 mL

V1tam1n§ solution [31] (after 10 mL

autoclaving)

M gCl, (after autoclaving) 95.211 0.095 1

CaCl, (after autoclaving) 110.98 | 0.11 1

Ferric nitrilotriacetic acid (after

. 0.05
autoclaving)

Table 4.3: Chemostat medium.
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samples, using recA for normalization. Similar results were obtained using rpoB

for normalization. The sequences of the primers used for each gene are shown in

Table 4.4.

4.2.7 Strains and plasmids generated for this study

Apil A: This strain was provided by our collaborators Rachida Bouhenni and Daad
Saffarini (at University of Wisconsin, Milwaukee) [92]. To generate a chromoso-
mal deletion of pilA, 1 kb DNA fragments that flank this gene were amplified
using the primers pilAF (5- GCATTGGCATGTCGATGAT), pilAR (5- ATG-
TAAGCCTGTGGTGGGCATTTTCTCGCTCCAATACAG), pilBF (5’- CCCAC-
CACAGGCTTACAT), and pilBR (5- TTCGCCCACCATTACCAC). The 1 kb

izl;ll:r Primer Sequence (5-3’)

RecAQF AGCTATAGCCGCTGAAATCG
RecAQR CCTCGACATTGTCATCATCG
RpoBQF AGGCGTATTCTTCGATCACG
RpoBQR | AACCATGAACCACGGTAAGG
MtrCQF CTCAAGAGTTTGCGGATGGT
MtrCQR CATGTCGGATTCAACGTGAC
MtrAQF CGGCACTTACCATCACAATG
MtrAQR ATCCCACTTCGACGCATAAG
OmcAQF | AACTGTGCATCTTGCCACAC
OmcAQR | TCGCCACCTTTATGGATAGC
PilAQF GAAAGGCCTTGCAGGATATG
PilAQR TGCTTCAGCAACATCAGGAG
MshAQF TGCGTCTGCATTACAAGGTC
MshAQR TCTCCCAATGAAAAGGTTGG
PilEQF TGGCCAATCTACAAGAGCAG
PIlIEQR TCACTGAGTAATTACCGTTTTCG
FimTQF CACGTAACACCGCAATCAAC
FimTQR CTTCAGTGCATTGACCATCG

Table 4.4: qPCR Primers.
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fragments were used as template to amplify a 2 kb fragment using cross-over PCR.
The resulting 2 kb DNA that lacks pil A was cloned into pER21 and used to gen-
erate chromosomal deletion mutant as described previously [93].

pHydA-YFP: Also as part of our collaboration, this fusion protein was
provided by Samantha Reed and Margaret Romine (at Pacific Northwest
National Lab) [92]. pProbeNT-YFP was constructed by replacing the
EcoRI-Nsil fragment encoding GFP in pProbeNT [97], with the FEcoRI-
Nsil fragment encoding YFP from pEYFP-C1 (Clonotech laboratories). A
PCR product encoding hydA gene (SO 3920) and its upstream promoter
was generated by amplification of Shewanella oneidensis MR-1 genomic
DNA with primers 5-gcgcTCTAGAGTCGACCATGCCGATAATCT-3" and 5’-
gcgcGAGCTCGTTACCCAGCCATGAAGAGC-3'. The PCR product was
digested with Sst/ and Xbal (sites underlined in primer sequence) and then cloned
into same sites of pProbeNT-YFP, yielding pHydA-YFP. S. oneidensis MR-1 was
transformed with this plasmid and the resulting strain, designated S. oneidensis
HydA-YFP, was grown in LB augmented with 50 ug/mL kanamycin ahead of use
in the perfusion flow imaging experiment as described above for the wild-type. No

kanamycin was added to the washing or perfusion medium.

4.3 Results and discussion

4.3.1 In vivo imaging of nanowire formation

Previous reports demonstrated increased production of bacterial nanowires and
associated redox-active membrane vesicles in electron acceptor (Os)-limited She-

wanella cultures [31, 32, 91]. To directly observe this response in vivo, we subjected
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Figure 4.10: In vivo observations of the formation and respiratory impact of bac-
terial nanowires in S. oneidensis MR-1. (A) A leading membrane vesicle and the
subsequent growth of a bacterial nanowire observed with fluorescence from the
protein stain NanoOrange. Extracellular structure formation was first observed in
the t = 0 frame, captured 20 min after switching from aerobic to anaerobic perfu-
sion. (Scale bars: 5 pum.) (B) Combined green (RedoxSensor Green) and red (FM
4-64FX) fluorescence images of a single cell before and after (35 min later) the pro-
duction of a bacterial nanowire. Movie S6 in [92] shows the time-lapse movie of B.
(Scale bars: 5pm.) (C) The time-dependent RedoxSensor Green fluorescence for
nanowire-producing cells, compared with neighboring cells that did not produce
nanowires (n = 13, mean cellular pixel intensity +SE). The nanowires were first
observed at the ¢ = 0 time point.

Shewanella oneidensis MR-1 to Os-limited conditions in a microliter-volume lam-
inar perfusion flow imaging platform (Fig. 4.2, Fig. 4.3 and Experimental section
above) and monitored the production and growth of extracellular filaments from

individual cells with fluorescent microscopy. The cells and attached filamentous

appendages were clearly resolved (Fig. 4.10 and Movies S1-S4 in [92]) at the
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surface-solution interface using NanoOrange, a merocyanine dye that undergoes
large fluorescence enhancement upon binding to proteins [70, 71]. This dye was
previously used to label bacterial nanowires recovered from chemostat cultures
[31, 100]. In all our experiments, the production of filaments coincided with the
formation of separate or attached spherical membrane vesicles, another observa-
tion consistent with previous electron and atomic force microscopy measurements
of Shewanella nanowires [91]. In Fig. 4.10A, a leading membrane vesicle can
be clearly seen emerging from one cell 20 min after switching to anaerobic flow
conditions, followed by a trailing filament. These proteinaceous vesicle-associated
filaments were widespread in all of the S. oneidensis MR-1 cultures tested; the
response was displayed by 65 4 8% of all cells (statistics obtained by monitoring
6,466 cells from multiple random fields of view in six separate biological repli-
cates). As a representative example, Movie S5 in [92] shows an 83 X 66 — ym area
where the majority of cells produced the filaments. The length distribution of the
filaments is plotted in Fig. 4.11, showing an average length of 2.5 ym and reaching
up to 9 um (100 randomly selected filaments from six biological replicates).

The filaments described here were the only extracellular structures observed in
our experiments, and possess several features of the conductive bacterial nanowires
previously reported in Oy-limited chemostat cultures. Specifically, the dimensions
of these filaments [32, 65, 101], their association with membrane vesicles [91], and
their production during O, limitation [31] led us to conclude that these structures
are the bacterial nanowires whose conductance was previously measured ex situ
under dry conditions [32]. Additionally, when we labeled cells grown in O-limited
chemostat cultures with the same fluorescent dyes, we observed identical structures

with the same composition as the perfusion cultures reported here (see below).
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Figure 4.11: Distribution of Shewanella oneidensis MR-1 nanowire length. His-
togram of nanowire length (100 randomly selected nanowires from 6 separate bio-
logical replicates). The average is 2.5 ym.

4.3.2 The production of S. oneidensis MR-1 bacterial
nanowires is correlated with an increase in cellular

reductase activity

To directly measure the physiological impact bacterial nanowire production has
on S. oneidensis, we labeled cells with RedoxSensor Green (RSG) in the perfusion
imaging platform described above. RSG is a fluorogenic dye that yields green flu-
orescence upon interaction with bacterial reductases in the cellular electron trans-
port chain, and has been previously demonstrated to be an indicator of active
respiration in pure cultures and environmental samples [48, 49, 78]. Because the
redox-sensing ability of RSG was not previously characterized in Shewanella, we

first confirmed that electron donor (lactate)-activated respiration increases RSG

75



fluorescence in aerobic cultures relative to starved controls (Fig. 4.6), and that the
addition of specific electron transport inhibitors abolishes RSG fluorescence (Fig.
4.7). S. oneidensis MR-1 cells displayed a significant increase in RSG fluorescence
concomitant with nanowire production (Fig. 4.10B and C and Movie S6 in [92]),
indicating increased respiratory activity compared with nearby control cells that
did not produce nanowires in the same field of view under identical perfusion con-
ditions. DMSO, which is respired extracellularly by Shewanella [102], was available

as a terminal electron acceptor in all RSG-labeled experiments.

4.3.3 S. oneidensis MR-1 nanowires are outer membrane

and periplasmic extensions

Membrane vesicles have previously been observed to be associated with Shewanella
nanowires [91] (Fig. 4.10A). To test the extent of membrane involvement in
nanowire formation, we labeled S. oneidensis MR-1 cells with the membrane stain
FM 4-64FX. To our surprise, the entire length of the Shewanella nanowires was
clearly stained with this reliable lipid bilayer dye (Fig. 4.10B, red channel, and
Fig. 4.12), indicating that membranes are a substantial component of Shewanella
nanowires, contrary to previous suggestions that these structures are pilin based.
We stained cells producing both nanowires and membrane vesicles with NanoOr-
ange and FM 4-64FX, demonstrating that proteins and lipid colocalized on these
extracellular structures, consistent with being derived from the cell envelope (Fig.
4.1247).

Most known bacterial vesicles are composed primarily of outer membrane and
periplasm. To determine whether Shewanella nanowires contain periplasm, we

expressed either GFP fused to a signal sequence that enables GFP export to the
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Figure 4.12: Bacterial nanowires contain lipids, proteins, and periplasm. (A)
Shewanella oneidensis MR-1 cells and attached bacterial nanowires, stained with
both NanoOrange (Upper) and FM 4-64FX (Lower), indicating the presence of
proteins and membranes, respectively. (Scale bars: 5 um.) (B) Bacterial nanowires
from S. oneidensis MR-1 strains containing GFP only in the cytoplasm (Upper)
or in the periplasm as well (Lower). The green and red channels monitor GFP and
FM 4-64FX fluorescence, respectively. The nanowires display green fluorescence
only when GFP is present in the periplasm (Lower Left). (Scale bars: 2 um.)

Periplasmic GFP FM 4-64FX

periplasm (Fig. 4.8) after folding in the cytoplasm [94] or YFP fused to the
S. oneidensis periplasmic [Fe-Fe] hydrogenase large subunit HydA (Experimental
section above). We observed fluorescence along the bacterial nanowires in both
constructs (Fig. 4.12B and Fig. 4.13). However, no fluorescence was detected along
nanowires from a strain expressing cytoplasmic-only GFP (Fig. 4.12B). Taken
together, these results indicate that Shewanella nanowires are outer membrane
extensions containing soluble periplasmic components.

It has previously been proposed, but never demonstrated, that pili are impor-

tant components of Shewanella nanowires. To test whether pili play a role in S.
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Figure 4.13: Localization of the periplasmic [Fe-Fe] hydrogenase large subunit
HydA along bacterial nanowires. Images are of Shewanella oneidensis MR-1 cells
expressing HydA fused to yellow fluorescent protein (HydA-YFP) under the con-
trol of the native hydA promoter. The perfusion flow imaging platform was used to
monitor bacterial nanowire production (arrows). The red (left) and green (right)
channels show fluorescence from the membrane stain FM 4-64FX and YFP, respec-
tively. Brightness/contrast adjustment and bilinear interpolation was applied
equally to the entire image on the right to highlight the HydA-YFP fluorescence.
Scale bars are 5 ym.

oneidensis nanowire production, we harvested RNA [99] from chemostat cultures
where Oy served as the only electron acceptor, before and at time intervals after
transition from electron donor (lactate) limitation to O, limitation. Electron accep-
tor limitation is known to result in increased production of bacterial nanowires, as
previously demonstrated in chemostat cultures [31, 32] (and confirmed by electron
microscopy). We then used qPCR to measure changes in the expression of key
genes necessary for type IV pilus assembly: pil A, encoding the type IV major pilin
subunit; mshA, encoding the mannose sensitive hemagglutinin (msh) pilin major
subunit; and pil E and fimT, encoding type IV minor pilin proteins. Expression of
all these pilin genes either remained constant or decreased after electron acceptor

limitation, when nanowire production was observed (Fig. 4.14A). Furthermore,

mutants lacking the type IV pilin major subunit (ApilA) or both the type IV and
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Figure 4.14: The genetic and molecular basis of bacterial nanowires. (A) Expres-
sion of pilin genes in S. oneidensis MR~1 measured by qPCR. Chemostat cultures
were grown under aerobic conditions (dissolved oxygen tension of 20%) at 30 °C for
48 h before the dissolved oxygen tension (DOT) was reduced to 0%. Samples were
harvested from cultures right before reducing the DOT (¢ < 0, reference sample),
at t = 0, and in 15-min intervals for 1 h. The fold change in gene expression rela-
tive to the reference sample was calculated by 2722¢T from at least four reactions
of three independent chemostat cultures, using recA for normalization. (B) Com-
bined green (RedoxSensor Green) and red (FM 4-64FX) fluorescence images of the
Apil A strain, lacking the type IV pilin major subunit PilA, before and after (95
min later) the production of a bacterial nanowire. ApilA is capable of producing
bacterial nanowires with a similar respiratory impact as wild-type S. oneidensis
MR-1, evidenced by the increase in reductase activity (green fluorescence) after
nanowire production. (Scale bars: 2 pum.)

msh pilus biogenesis systems (ApilM — Q/AmshH — Q) [93] produced bacterial
nanowires and displayed an increase in reductase activity in the perfusion imaging
platform (Fig. 4.14B and Fig. 4.15) - a response identical to wild-type S. oneiden-
sis MR-1. The chemostat qPCR and perfusion pilus-deletion observations both
support the conclusion that Shewanella nanowires are distinct from pili.

Why were the membrane and periplasmic components of these structures over-
looked in previous studies? One important factor is the difficulty of isolating the
appendages and separating them from cells before downstream compositional anal-

ysis (e.g., liquid chromatography-tandem mass spectrometry). In fact, membrane
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Figure 4.15: Nanowire production by ApilM — QQ/mshH — @) and its impact on
cell respiration indicated by RedoxSensor Green fluorescence. Images show com-
bined fluorescence from membrane stain FM 4-64FX (red) and RedoxSensor Green
(green) before (top) and after (bottom) nanowire production. The production of
extracellular structures was correlated with a sudden increase in redox sensing
fluorescence, similar to the wild-type strain. Scale bars are 5 um.

and periplasmic proteins were previously identified in a study focused on devel-
oping optimal methods for removing the Shewanella filaments, although it was
not possible to rule these proteins out as an artifact of the shearing procedure
[103]. The present in vivo microscopy work circumvents some of the previous arti-
fact problems by fluorescently labeling specific cellular components (protein, lipid,
and periplasm) on intact nanowires attached to whole cells. In light of these new

results, we revisited the chemostat samples from our previous conductance study,

and noted that in those samples, SEM images also revealed vesicular morphologies,
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Figure 4.16: Os-limited chemostat cultures contain membranous and vesicle-
associated filaments. (A) Scanning electron microscopy of Shewanella oneiden-
sis MR-1 from an Os-limited chemostat which was previously used for nanowire
conductance measurements [32]. Scale bar is 500 nm. (B) Fluorescence image
of an Os-limited chemostat sample stained by the membrane stain FM 4-64FX.
A representative membranous filament is observed connecting two MR-1 cells.
Brightness/contrast adjustment and bilinear interpolation was applied equally to
the entire inset image to highlight the filament. Scale bar is 2 ym.

non-uniform cross-sections, and diameters > 5 nm (larger than pili; Fig. 4.16A
and the source-drain devices in [32]). These suggestive links did not become clear
until the present in vivo results. We fixed samples from Os-limited chemostat cul-
tures and labeled them with FM 4-64FX. The nanowires from chemostat cultures
contained both protein and membrane (Fig. 4.16B), further demonstrating that
these structures are the same as those observed in the perfusion cultures in vivo.
Though the net patterns of gene expression measured in the planktonic chemostat
cultures may differ from the surface-attached perfusion cultures, it is important to
stress that identical membrane extension phenotypes were observed in both these

experiments where O, served as the sole electron acceptor in limiting concentra-

tions.
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4.4 Conclusion

Bacterial nanowires from Shewanella oneidensis MR-1 were previously shown to be
conductive under nonphysiological conditions. Intense debate still surrounds the
molecular makeup, identity of the charge carriers, and cellular respiratory impact
of bacterial nanowires. In this chapter, using in vivo fluorescence measurements
and quantitative gene expression analysis, we demonstrated that S. oneidensis
MR-1 nanowires are extensions of the outer membrane and periplasm, rather than
pilin-based structures, as previously thought. To study the physiological impact
of nanowire production on Shewanella cells, we also demonstrated that production
of bacterial nanowires correlates with an increase in cellular reductase activity. In
the next chapter, in order to examine the mechanism of electron transport in She-
wanella nanowires, we investigate the involvement of outer membrane cytochromes

along these filaments.
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Chapter 5

Cytochrome Localization and
Nanoscale Characterization of

Bacterial Nanowires

5.1 Introduction

As a metal reducer, Shewanella has evolved an intricate EET pathway to traffic
electrons from the inner membrane, through the periplasm, and across the outer
membrane to external electron acceptors, including minerals and electrodes. This
pathway includes the periplasmic decaheme cytochrome MtrA, as well as the outer
membrane decaheme cytochromes MtrC and OmcA, which may interface to soluble
redox shuttles or, via solvent-exposed hemes, directly to the insoluble terminal
acceptors [17].

However, the presence of outer membrane cytochromes along bacterial
nanowires had never been directly shown before this work. Therefore, in light of the
structural finding that Shewanella nanowires are outer membrane and periplasmic
extensions (chapter 4), in this chapter we will examine whether expression of these
periplasmic and outer membrane cytochromes increases during nanowire produc-
tion in 5. oneidensis bioreactors that transition from electron donor-limitation to

electron acceptor-limitation.
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In addition, we will use immunofluorescence to visualize and indicate the pres-
ence of specific outer membrane cytochromes along bacterial nanowires produced
in the in vivo imaging platform described in chapter 4. After this demonstration
we will examine the electron transport characteristics of single molecules of outer
membrane cytochromes. This basic knowledge can serve as the buiding block for
future large scale models describing the long range transport physics in bacte-
rial nanowires. To this end, we demonstrate the development of an experimental
approach to examine the basic physics of electron transfer in individual molecules
of the MtrC homolog, MtrF, which is the first outer membrane cytochrome with
a solved crystal structure. Monolayers of MtrF are produced and the mono-
layer properties are investigated using scanning tunneling microscopy (STM). The
approach developed here can be used in future in combination with tunneling
spectroscopy (TS) I-V measurements to examine electron transfer characteristics
of individual MtrF molecules.

During in wvivo imaging of bacterial nanowire formation, ocassionally we
observed the initial growth of a vesicle chain that later transitioned into a smoother
filament. In addition, it had been previously shown that bacterial nanowires are
typically associated and attached to outer membrane vesicles in Shewanella [91].
To investigate the involvement of outer membrane vesicles in nanowire forma-
tion, and to gain a more accurate estimate of the morphologies and dimensions
of bacterial nanowires, we performed atomic force microscopy (AFM) as well as
transmission electron microscopy (TEM) on nanowires previously produced in the
in vivo imaging platform described in chapter 4. This technique revealed the inter-
mediate steps in the formation of nanowires and demonstrated the true dimensions

of these filaments.
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5.2 Experimental

5.2.1 Immunofluorescence with MtrC or OmcA antibody

S. oneidensis MR-1 and AomcA/mtrC (Table 4.2 in chapter 4) were used in the
perfusion chamber experiment as described in chapter 4. As soon as the nanowires
were produced and observed through staining by FM 4-64FX, the media flow was
stopped and the chamber was opened in a petri dish containing 20 mL of sterile
medium such that the coverslip remained hydrated. The sample (coverslip with
attached cells) was cut to retain only the area corresponding to the laminar flow
region of the chamber and was fixed with 4% (vol/vol) formaldehyde solution in
PBS (at pH 7.4) for 1 h at room temperature (RT). After rinsing in PBS (each rinse
corresponds to incubation in fresh PBS for 30 seconds), the sample was incubated
in 0.15% glycine in PBS at RT for 5 min to quench free aldehyde groups and reduce
background fluorescence. The sample was then transferred to a blocking solution
of 1% BSA in PBS for 5 min, and reacted with the diluted polyclonal rabbit-
raised MtrC or OmcA-specific primary antibody [104] at RT for 30 min (MtrC
Ab: 2.6 ug/mL, OmcA Ab: 1.9 ug/mL, both in 1% BSA/PBS). The MtrC and
OmcA-specific primary antibodies were provided by our collaborator Liang Shi (at
Pacific Northwest National Lab). After rinsing four times in PBS, the sample was
incubated with anti-rabbit FITC-conjugated secondary antibody (Thermo Scien-
tific Pierce antibodies, catalog no. 31635; 7.5 ug/mL in 1% BSA/PBS) at RT for
30 min. Finally, the coverslip was rinsed twice in PBS before immunofluorescence
imaging in the green channel while the side of the coverslip with cells remained

hydrated on the microscope. To perform immunofluorescence on the same cells and
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nanowires observed during live imaging (Movies S7 and S8 in [92] and Fig. 5.4),

we modified the coverslips with surface scratches that acted as fiducial markers.

5.2.2 Preparation of MtrF monolayers on Au(111)

A 4xCys/V5/6xHis tag (DDDDKAACCPGCCKGKPIPQPLLGLDSTRTGHH-
HHHH) was added at the C-terminus of MtrF to make the recombinant MtrF
used in this study. This tag allowed purification of the protein, while its cysteine
residues established covalent bonds between the recombinant protein and gold sur-
faces. As was described previously for recombinant MtrC [105], we prepared a
construct with a gene encoding this recombinant MtrF, resulting in the construct
(pLS289) which was then introduced into S. oneidensis MR- 1 to give LS622 [106].
Using the protocol described in [17], we overexpressed LS622 and then purified the
tetra-cysteine tagged MtrF. The purified MtrF (1.7 mg/mL) was divided into 100
pl aliquots, stored at -20 °C in 20 mM HEPES-buffered solution with protease
inhibitor, 10% glycerol, 250 mM NaCl, 1% OGP, and 5 mM S-mercaptoethanol at
pH 7.6. Using a fresh buffer solution of 20 mM OGP and 50 mM HEPES at pH 7.6,
we exchanged the solution twice by centrifuging at 14,000 rcf at 10 °C in Amicon
Ultra-0.5 mL centrifugal filters (10 kDa molecular weight cut-off), as described
previously [61]. We then fourfold diluted the extracted solution containing MtrF
with deionized water.

The diluted solution was carefully deposited on atomically flat Au(111) sub-
strates (Agilent annealed N9805B) (Fig. 5.1). These gold surfaces are made by
Au(111) evaporation onto a 50 to 75 pm thick mica substrate that is 1.4 x 1.1 cm
in size. The gold surface itself is 1.0 x 1.1 cm and is then flame-annealed to give

atomically flat terraces that are several hundred nanometers across. The Au(111)
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Figure 5.1: Deposited MtrF solution on atomically flat Au(111) substrate. The
substrate along with the deposited solution is placed on top of wet Kimwipes and
inside a closed petri dish for 15 hours at 4°C.

substrate along with the solution were incubated for 15 hours at 4 °C while sit-
ting on wet Kimwipes inside a closed petri dish. Before STM measurements, the
majority of the solution was removed from the surface using a pipette applied to
the corner, followed by wicking to minimize the remaining solution on the surface.
The substrate and surface-adsorbed MtrF layer were then left at room temperature
and ambient humidity for about 2 hours to dry. The sample was then attached
to an 18-mm diameter mounting disk (Bruker Product #:APSH-0010) by apply-
ing silver paint between the mounting disk and the bottom of the mica substrate.
The electrical connection between the gold and the mounting disk was achieved
by extending the silver paint over the mica surface and to the corner of the gold

surface. The sample was then left to dry for 15 mins at room temperature.

5.2.3 Scanning tunneling microscopy of MtrF monolayers

A Bruker Innova AFM/STM was used in combination with 80/20 Pt/Ir STM tips
(Bruker CLST-PTBO) to perform STM measurements. Initially 500x500 nm areas
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of the dried MtrF sample were scanned while the STM tip was held at a more posi-
tive potential (+1 V) than the substrate with a tunneling current setpoint of 2 nA.
These scans showed ‘pits’ in the MtrF monolayer (Fig. 5.6B), similar to the fea-
tures previously observed in MtrC and OmcA monolayers [61]. Subsequently the
STM tip-substrate potential difference was reversed and the same area was scanned
while the STM tip was held at -3V with respect to the substrate, with a 2 nA tun-
neling current setpoint. As suggested with MtrC and OmcA monolayers [61, 107],
this second scan ‘activated’ the MtrF monolayer by removing the OGP overlayer
that was covering the MtrF proteins. The tip potential and current setpoint were
then changed back to the initial values (+1 V and 2 nA) and the activated area was
scanned for a third time, revealing individual MtrF molecules forming a uniform

monolayer on the atomically flat terraces of the Au(111) substrate.

5.2.4 Atomic force microscopy following live perfusion flow
imaging

Following in vivo imaging of vesiculation and nanowire growth under perfusion flow
conditions, samples were imaged by atomic force microscopy (AFM) to correlate
fluorescence and nanoscale topography data (Fig. 5.7). Each sample (coverslip
and attached cells) was fixed in 2.5% glutaraldehye overnight at 4 °C. The sample
was rinsed four times in deionized water (each rinse was a 30-sec incubation in
DI-water) and left to air dry. The coverslip was then cut and prepared for AFM
imaging. The AFM imaging was performed using a tapping mode tip (Asylum
Research, silicon probe model AC240TS with 2 N/m nominal spring constant)

on a Veeco Innova instrument. Scratch marks previously placed on the coverslips
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acted as fiducial markers, allowing us to perform AFM on the same cells and

nanowires observed during live cell growth.

5.2.5 Transmission electron microscopy following nanowire

formation in the 2n vivo imaging platform

After production of nanowires by the cells attached to the coverlips in the in vivo
imaging platform was confirmed, the perfusion chamber was opened in a Petri dish
containing 20 mL of 1x Phosphate Buffer Saline (PBS) at pH=7.4. The coverslip
was then cut to only retain the area corresponding to the laminar flow region of
the perfusion chamber (rectangular area in Fig. 4.1). The sample was then left
in a 4% (vol/vol) formaldehyde solution in PBS for 1 hour. The sample was then
washed in 100 mM (pH 7.2) sodium cacodylate buffer by soaking 5 times in the
solution. Afterwards, the coverslip was soaked in 1% aqueous osmium tetroxide for
30 min, washed with deionized water and then soaked again for 30 min in reduced
osmium (the same osmium solution used before but containing 0.3% potassium
ferrocyanide, from a 3% aqueous solution).

The coverslip was washed with deionized water and then quickly passed through
increasing concentrations of ethanol (30%, 50%, 70%, 80%, 90% and 100%) and
given two extra changes in 100% ethanol. The sample was then soaked in a 50:50
mix of dry ethanol and epoxy resin (Eponate 12 kit from Ted Pella, with a formu-
lation that made a harder rock). No catalyst was added to the resin mixture for
soaking. After the coverslip was left for an hour in the mixture, the resin amount
was increased to a 1:3 ratio of ethanol to resin (no catalyst used).

After soaking the sample overnight, the old resin:ethanol mix was washed away

and was replaced by fresh resin that contained N,N-Dimethylbenzylamine (BDMA)
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as a catalyst. Next, the back side of the coverslip was wiped, small gelatin capsules
(Electron Microscopy Sciences, gelatin capsules, catalog #: 70104) were filled and
the excess resin was blotted off from the specimen side. The filled capsules were
then inverted onto the coverslip to embed the specimen in resin. The resin was
polymerized by heating overnight in a 60 °C oven. Polymerized resin blocks were
removed from the oven and the glass substrate was removed from the resin. This
was done by breaking the glass and separating the resin blocks. The resin with
glass attached was repeatedly immersed in liquid nitrogen and warmed up, until
the glass fell away from the resin. Anything that was initially on the glass surface
was embedded in the resin, but only at the top face of the block.

To section the bacteria that were initially on the glass coverslip surface, the
block was put into an ultramicrotome (Leica UC 6) and the front of the block was
cut with a diamond knife (Diatome: EMS). The knife was positioned so that it was
not perfectly aligned with the block face, but was offset to only cut a band from
the block on one side. All sections were collected and mounted on Formvar-coated
single slot grids (Electron Microscopy Sciences, catalog#:G205-Cu), contrasted
with 3% aqueous uranyl acetate, washed in a jet of water, and contrasted again
with an aqueous solution of lead citrate (Reynolds recipe [108], but modified by
Venable and Coggeshall [109]). The lead citrate was EM grade which was prepared
fresh as follows: 0.1 g lead citrate was dissolved in 1 mL of 1 N sodium hydroxide
and made up to 10 mL. The grids were contrasted by floating them, section-side
down on drops of the heavy metal solution and then dipping them in degassed
water 10x sequentially in 4 different beakers. The first beaker (10 mL) contained

1 drop of 1 N sodium hydroxide.
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The grids were dried and imaged with a Tecnai BioTwin Spirit operating at

120 kV (FEI Company, Hillboro, OR).

5.3 Results and discussion

5.3.1 Localization of the decaheme cytochromes MtrC and

OmcA along nanowires

We measured the expression levels of mtr A, mirC', omcA, and dmsFE, a periplasmic
decaheme cytochrome required for maximal extracellular respiration of DMSO
[102], during and after the transition to Oy limitation in chemostat cultures. These
EET components had significantly increased expression in response to electron
acceptor limitation (Fig. 5.2 and Fig. 5.3).

Using MtrC- and OmcA-specific antibodies [104] following in vivo observation
of the target nanowires in the perfusion imaging platform (Movies S7 and S8
in [92]), we observed MtrC and OmcA localization at the periphery of the cell,
as expected. We also observed clear localization of these cytochromes along the
membrane-stained bacterial nanowires (25 of 35 nanowires labeled with anti-MtrC
and 19 of 22 nanowires labeled with anti-OmcA), whereas no fluorescence was
detected from AmitrC/omcA negative control cells or their membrane extensions
(none of 22 nanowires labeled with anti-MtrC and none of 20 nanowires labeled
with anti-OmcA; Fig. 5.4).

Though the conductance of Shewanella nanowires was previously only demon-
strated under nonphysiological conditions [32], the data reported here are consis-
tent with membrane extensions that could function as nanowires to mediate EET

from live cells. Localization of MtrC and OmcA to these membrane extensions

91



10 7 Q0 min
015 min
< 9 1 =230min
2 g { F45min
g @60 min
g 7
(]
S 6
Q
o
£ 5 7
>
5 4
S
s 3
e
2 -
1 T

mtrC mtrA omcA

Figure 5.2: Profiling of mtrC', mtrA, and omcA expression during transition from
electron donor to electron acceptor limitation. Shewanella oneidensis MR-1 cells
were grown under aerobic conditions (dissolved oxygen tension of 20%) at 30°C
in a chemostat for 48 hours before the dissolved oxygen tension was reduced to
0% (t = 0). Samples were taken from the chemostat right before reducing the DO
tension (¢ < 0, reference sample), at t = 0 and in 15-minute intervals for an hour.
Following RNA purification and qPCR, the fold change in gene expression relative
to the reference sample was calculated by 2722¢T from at least four reactions of
three independent cultures, using recA for normalization.

provides the most compelling evidence to date, and directly supports the proposed
multistep redox hopping mechanism [34, 36, 83], allowing long-range electron trans-
port along a membrane network of heme cofactors that line Shewanella nanowires
(Fig. 5.5). We have shown that S. oneidensis nanowires contain periplasm (Fig.
4.12B in chapter 4); therefore, it is also possible that periplasmic proteins and

soluble redox cofactors may contribute to electron transport through these exten-

sions.

92



25 700 min

015 min
22 4 B30 min
845 min
860 min

19 1

16 1

13 1

10 1

Fold change in gene expression

dmsE

Figure 5.3: Profiling of dmsE expression during transition from electron donor
to electron acceptor limitation. Shewanella oneidensis MR-1 cells were grown
under aerobic conditions (dissolved oxygen tension of 20%) at 30 °C in a chemostat
for 48 hours before the dissolved oxygen tension was reduced to 0% (¢ = 0).
Samples were taken from the chemostat right before reducing the DO tension
(t < 0, reference sample), at ¢t = 0 and in 15-minute intervals for an hour. Following
RNA purification and qPCR, the fold change in gene expression relative to the
reference sample was calculated by 2722¢T from at least four reactions of three
independent cultures, using recA for normalization.

5.3.2 Proof of concept for single-molecule electron transfer

measurements in MtrF

Considering previous findings pointing at a long range electron transport in bacte-
rial nanowires facilitated by cytochromes [31, 32], we aimed at developing a method
to examine, at the single-molecule level, the electron transfer properties of outer
membrane cytochromes. This basic understanding is a fundamental step toward
building models that describe the entire system of cytochromes mediating the long

range electron transfer in bacterial nanowires.
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Figure 5.4: Involvement of outer membrane cytochromes in bacterial nanowires.
Labeling with antibodies against MtrC (Left) or OmcA (Right) and membrane
fluorescence (FM 4-64FX) images of wild-type S. oneidensis MR-~1 (Upper) com-
pared with the AmtrC/omcA control strain (Lower). Nanowire-localized MtrC
and OmcA are observed in the wild-type strain. (Scale bars: 2 pum.)

Figure 5.5: Proposed structural model for Shewanella nanowires. S. oneiden-
sis MR-1 nanowires are outer membrane (OM) and periplasmic (PP) extensions
including the multiheme cytochromes responsible for extracellular electron trans-
port.

94



Figure 5.6: A) Scanning tunneling microscopy image of an activated MtrF mono-
layer on atomically flat Au(111) terraces. Individual MtrF molecules forming a
uniform protein monolayer can be resolved. B) Scanning tunneling microscopy
image of an MtrF monolayer before activation. The pits seen here are observed as
a result of the detergent overlayer blanketing the protein monolayer.

Here we follow the previously reported procedures used in preparation and
investigation of single molecules of MtrC and OmcA [61]. However, the avail-
ability of the crystal strcuture of MtrF [17], unlike MtrC and OmcA, presents a
unique opportunity for comparison between future experimental results that will
be obtained using this method and the existing theoretical models that are built
upon the knowledge of the MtrF crystal structure.

We report, for the first time, scanning tunneling microscopy measurements
on monolayers of Shewanella’s outer membrane cytochrome MtrF. Purified MtrF
molecules adsorbed on the Au(111) substrate via covalent thiol bonds between the
cysteine residues in the tetra-cysteine tag of the protein and the gold surface. This
strong bond allows electrons to tunnel from the protein to the gold substrate dur-
ing STM and TS measurements. Initial scanning of the MtrF monolayer revealed
features that were previously observed in MtrC and OmcA monolayers and were

referred to as ‘pits’ [61] (Fig. 5.6B). A second scan of the same area with the tip-

substrate bias reversed ‘activated’ the monolayer. During the activation scan, as
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suggested previously with MtrC and OmcA samples [61, 107], the detergent (Octyl
B-D-glucopyranoside or OGP) overlayer blanketing the protein monolayer is dis-
rupted enough to open a window for interaction of the STM tip with cytochromes
adsorbed on the surface. The detergent overlayer forms in solution when the OGP
detergent used to solubilize the cytochromes covers the hydrophobic region of the
proteins adsorbed on the surface. After the activation scan, imaging with the ini-
tial tip-substrate bias revealed the uniform monolayer of cytochromes and allowed
the estimation of single protein dimensions (Fig. 5.6A). Individual cytochromes
within the monolayer can be visualized continuously after a one-time activation.
Based on the obtained STM images, we found the lateral dimensions of MtrF
molecules to be in the 6 to 9 nm range. Although, the expected distance between
heme 5 and 10 in the MtrF crystal strcuture (~7 nm, [17]) lies in the mea-
sured range of MtrF size in our experiment, it is possible that the adsorbed MtrF
molecules on the surface were tilted at an agle realtive to the ideal upright position
where the heme 5 to heme 10 axis is normal to the substrate surface. This tilt
can be explained by the fact that the C-terminus of the protein, where the tetra-
cysteine tag is located, lies closer to the MtrF center and relatively distant from
heme 10 [17]. In addition, flexibility of the C-terminal region or the tag as well as
partial denaturation of the protein can explain the possible tilting of the protein.
The platform developed here has enabled recent STM and tunneling spectroscopy
(TS) I-V measurements of individual MtrF molecules [40] that together with the
recently reported kinetic Monte Carlo simulations of MtrF conductivity [40] led to

a deeper understanding of the basic physics behind electron transport in MtrF.
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5.3.3 Nanoscale characterization of the intermediate steps

in nanowire formation

The extension of outer membrane filaments, and their functionalization with elec-
tron transport proteins, may represent a widespread strategy for EET. Virtually all
Gram-negative bacteria produce outer membrane vesicles, and can alter the rate
of production and composition of those vesicles in response to various stress condi-
tions [91, 110]. More recent electron microscopy reports describe membrane vesicle
chains and related membrane tubes (also referred to as periplasmic tubules) that
form cell-cell connections in the social soil bacterium Myzococcus xanthus [111] as
well as the phototrophic consortium Chlorochromatium aggregatum [112]. Con-
sistent with these reports, we observed both a transition from vesicle chains to
smoother filaments (Movie S9 in [92]), as well as nanowires connecting separate
Shewanella cells (Movie S4 in [92]).

To gain a clearer picture of the role of membrane vesicles in Shewanella
nanowire formation, we performed atomic force microscopy (AFM) on the same
bacterial nanowires after observing their growth with fluorescent imaging under
perfusion flow conditions. In addition, we imaged bacterial nanowires produced
in the in vivo imaging platform using transmission electron microscopy (TEM).
Such observations were not possible in steady-state chemostat cultures where the
nanowire growth is not confined to the surface-solution interface. Perfusion was
stopped and the samples were fixed quickly after observing the early signs of
nanowire production, allowing us to examine the initial stages of nanowire for-
mation with nanoscale resolution using AFM (Fig. 5.7) and TEM (Fig. 5.8).
Using AFM, we measured the nanowires to be 10 nm in diameter under dry condi-

tions, consistent with previous observations [32, 65, 101] and roughly corresponding
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Figure 5.7: Correlated atomic force microscopy (AFM) and live-cell membrane
fluorescence of bacterial nanowires. (A-C) Tapping AFM phase images of S. onei-
densis MR-1 cells after producing bacterial nanowires in the perfusion flow system.
The sample is fixed and air-dried before AFM imaging. (Scale bars: 2 um.) (Insets)
In vivo fluorescence images of the same cells/nanowires at the surface/solution
interface in the perfusion platform. The cells and the nanowires are stained by
the membrane stain FM 4-64FX. (Scale bars: 1 um.) The morphologies observed
range from vesicle chains (A) to partially smooth filaments incorporating vesicles
(B), which is consistent with SEM imaging of chemostat samples (Fig. 4.16A),
and, finally, continuous filaments (C). See also Movie S9 in [92], which captures
the transition from a vesicle chain to a continuous bacterial nanowire.

to two lipid bilayers. In addition, we were able to resolve different morphologies
corresponding to different stages of nanowire formation (Fig. 5.7 and Fig. 5.8),
consistent with the chain-to-filament transition in Movie S9 in [92]. The mor-
phologies observed ranged from vesicle chains (Fig. 5.7A and Fig. 5.8A and B)
to partially smooth filaments incorporating vesicles (Fig. 5.7B, also consistent
with SEM imaging in Fig. 4.16A in Chapter 4), and finally continuous filaments
(Fig. 5.7C and Fig. 5.8C and D). In addition to possibly mediating EET up
to micrometers away from the inner membrane, the vesiculation and extension
of outer membranes into the quasi one-dimensional morphologies observed here
increase the surface area-to-volume ratio of cells. This shape change can present a

significant advantage, increasing the likelihood cells will encounter the solid-phase

minerals that serve as electron acceptors for respiration.
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5.4 Energy cost calculations of nanowire produc-
tion

To better understand the energetics involved in the process of nanowire produc-
tion by a cell, we calculated the free energy necessary to produce a 1-um long
nanowire which includes the free energy of bending the lipid bilayer (cellular outer
membrane) into a 1-um smooth cylinder as well as the energy required to produce
the outer membrane cytochromes on the nanowire. The contribution of the former
part can be calculated using the expression for the bending energy of lipid bilayer
[56]:

K
Epond = 7b / (Ch + C5)2dA (5.1)

where K, is the bending rigidity of the lipid bilayer and is typically estimated to be
around 20 KgT' (K p being the Boltzmann constant and 7" temperature in Kelvin)
[56], Cy and Cj are the two principle curvatures at each point on the surface, and
[ dA is taken over the entire surface. Assuming a radius of 10 nm for the filament,
calculation of this integral over the surface of a 1-pum cylinder-shaped nanowire
gives ~ 6000 KT (or energy of hydrolysis of 300 ATP molecules [56]) as the total
requirement for the bending energy. Previous measurements in mid-log cultures of
E. coli have shown an ATP concentration of ~ 105 ATPs per cell [113]. Assuming
a similar value for ATP concentration in Shewanella means that the the above
membrane bending energy represents less than ﬁth of the cellular ATP budget.

Next, we calculate the cost of production and assembly of the OM cytochromes

on nanowires. The average length of MtrC and OmcA is ~ 700 amino acids, and

the average energy cost of production and adding an amino acid to the peptide
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chain is 5.2 ATPs per amino acid [56]. Therefore, each OM cytochrome costs about
3600 ATP molecules to make. Assuming a single linear chain of OM cytochromes
along a 1-pm nanowire (the minimum number of cytochromes to sustain multistep
hopping), where each cytochrome is approximately 10 nm long, we can conclude
that the nanowire contains a minimum of about 100 OM cytochromes. Multiplying
that number by the cost per cytochrome gives an overall cytochrome cost of 3.6 x
105 ATPs, which is 3 orders of magnitude larger than the membrane bending cost
to produce the nanowire, and comparable to the cellular ATP content (~ 10 ATPs

per cell [113]).

5.5 Conclusion

We demonstrated the presence of outer membrane cytochromes MtrC and OmcA
along bacterial nanowires, which points to the involvement of cytochromes in
nanowire conductivity and to multistep hopping as its underlying mechanism. In
addition, we developed an approach to investigate the electronic properties of indi-
vidual molecules of MtrF, an MtrC homolog, which can be used in the future to
build a more comprehensive model of nanowire conductance based on cytochrome-
mediated electron transport.

Given the ubiquity of membrane vesicles and related extensions in Gram-
negative bacteria, the localization of electron transport proteins along membrane
extensions in a manner consistent with bacterial nanowires that could mediate
extracellular electron transport, and the finding of nanowire-based cell-cell con-
nectivity, our results raise the intriguing possibility of redox-functionalized mem-
brane extensions as a general microbial strategy for EET and cell-cell signaling.

Our study motivates further experimental and theoretical work to build a detailed
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understanding of the full biomolecular makeup, electron transport physics, and

physiological impact of bacterial nanowires.
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Figure 5.8: Transmission electron microscopy (TEM) images of S. oneidensis MR-
1 bacterial nanowires produced in the perfusion imaging platform. A and B show
nanowires in the form of vesicle chains and C and D demonstrate smoother fil-
aments. The transition from vesicle chains to smooth filaments is also observed
both in live fluorescence microscopy and in atomic force microscopy of nanowires.
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Chapter 6

Conclusion

Dissimilatory metal reduction in bacteria has been the topic of many studies in
the past two decades. The interest in this topic is mainly rooted in the desire for
renewable energy recovery using bacteria as well as to gain a better understanding
of the global elemental cycles affected by microbes [6, 51]. One of the strategies
used by the dissimilatory metal reducing bacteria such as Shewanella oneidensis
MR-1 to couple their respiration to the reduction of extracellular electron acceptors
involves bacterial nanowires [31]. The conductance of bacterial nanowires has been
characterized before, although under non-physiological conditions [32, 65]. How-
ever, the physical mechanism behind this long-range transport, the compositional
and structural properties, and the physiological relevance of nanowires remained
elusive until this work. Motivated by these questions, in this thesis we addressed
three topics regarding bacterial nanowires.

The first topic concerns the physical mechanism of electron transport along
bacterial nanowires which has been the subject of intense debate in the past few
years [45]. Some studies have suggested that cytochromes, with their heme groups
acting as redox sites, are responsible for mediating long range electron transport in
nanowires and biofilms [35, 36], whereas others have described Geobacter nanowire
electron transport to stem from ‘metallic-like’ conductivity mediated by stacking

of aromatic amino acids along nanowires [47].
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In chapter 3, to elucidate the physical nature of electron transport in She-
wanella nanowires, we developed a theoretical model that aims at describing the
results from two separate conductance studies on bacterial nanowires of S. oneiden-
sis MR-1 [32, 65]. In addition, it was previously shown that deletion of two outer
membrane cytochromes, MtrC and OmcA, from S. oneidensis MR-1 results in non-
conductive nanowires. Informed by this observation, our proposed model features
a chain of redox sites along nanowires, 7.e. heme groups within outer membrane
cytochromes, that mediate the long-range electron transfer along nanowires via
a multistep hopping mechanism. As opposed to ‘metallic-like’ conductivity, the
proposed ET mechanism in nanowires of Geobacter, multistep hopping involves
electrons localizing on each site after every hopping event between two adjacent
redox sites along the chain. We found the outcome of this model to match well with
the measured conductance (current-voltage I — V') curves of Shewanella nanowires.
Future models informed by the exact structure of outer membrane cytochromes
as well as the redox potential of their hemes can motivate further experimental
investigations into the electron transfer properties of bacterial nanowires. While
the overall data is most consistent with a multistep hopping mechanism, questions
still remain about the high electronic couplings measured in experiments compared
to the theoretical predictions. This discrepancy motivates the use of new experi-
mental approaches such as spectroscopic measurements in the future to shed more
light on the experimental electronic coupling values.

The second topic revolves around fundamental properties of bacterial nanowires
that are still unknown, including their composition, structure, and physiological
impact. This lack of basic understanding about nanowires was partially caused by

the fact that all previous experimental investigations of bacterial nanowires were
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performed under non-physiological conditions. In addition, S. oneidensis MR-1
nanowires were widely assumed, but never shown, to be type IV pili, proteinaceous
filaments that are typically used for cell attachment and twitching motility. This
assumption was based on the fact that Geobacter nanowires were previously shown
to be type IV pili.

In chapter 4, we addressed these issues by developing a platform that, for the
first time, allowed us to image in vivo growth of nanowires from live Shewanella
cells. Through staining the structures with fluorescent dyes and localizing the
Green Fluorescent Protein (GFP) to the cellular cytoplasm and periplasm, we
showed that bacterial nanowires are extenions of the outer membrane that contain
periplasm. In addition, using a fluorescent redox activity sensor, we measured an
increase in the cellular respiration rate upon production of nanowires, hinting at
the physiological impact of these structures.

Our study motivates future work in which, under physiological conditions (i.e.
in live cells), electron transfer rates through nanowires that connect cells to elec-
trodes are electrochemically measured. This experiment can quantitatively char-
acterize the physiological impact of nanowires on live Shewanella cells. In light
of our finding that nanowires are outer membrane extensions, it is possible that
these structures are also used for molecular transport between cells through the
extended periplasm contained within the nanowire structure. Future studies can
shed light on this issue, potentially by monitoring in vivo transport of fluorescent
proteins within nanowires that connect live cells to one another and revealing the
exchange of periplasmic content between connected cells.

The third topic of this thesis is about visualization of cytochromes along

nanowires as well as nanoscale characterization of these filaments. The role of
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cytochromes in Geobacter and Shewanella nanowire conductivity has been the
topic of controversy in recent years [45], mainly due to the alternative proposition
of a ‘metallic-like” transport mechanism in Geobacter nanowires [47] and the find-
ing that the spacing between cytochromes bound to Geobacter nanowires is too
large to sustain cytochrome-mediated electron transfer along nanowires [114, 115].
However, in Shewanella, the deletion of two outer membrane cytochromes MtrC
and OmcA from the genome was shown to result in non-conductive nanowires [32].

In chapter 5, to investigate the involvement of cytochromes in nanowire conduc-
tance, we stained nanowires produced in our in vivo imaging platform with OmcA
and MtrC-specific antibodies. Fluorescence microscopy revealed the presence of
these two cytochromes along the entire length of bacterial nanowires. Further-
more, nanowires produced from a Shewanella strain lacking MtrC and OmcA were
not stained by the antibodies. These results point at the possible role of outer
membrane cytochromes in nanowire conductivity and are consistent with the pro-
posed multistep hopping mechanism of long-range electron transfer in Shewanella
nanowires [34]. In addition, in this chapter we demonstrated the development of
a method for investigation of electron transfer characteristics of outer membrane
cytochromes at the single-molecule level. This information can serve as the build-
ing block of a large scale physical model that describes nanowire conductance.

In future work, it would be necessary to examine the exact configuration and
spacing between cytochromes along bacterial nanowires. This information will
be beneficial in understanding the physics of long-range electron transport in
nanowires as well as in building more accurate theoretical models describing this

phenomenon.
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Shewanella nanowires were previously reported to be smooth, quasi-one-
dimensional structures that are about 10 nm in diameter [31, 32]. In light of our
finding that nanowires are outer membrane extensions, we examined the dimension
and various morphologies of these structures using atomic force microscopy (AFM)
and transmission electron microscopy (TEM). Using live fluorescence microscopy,
we report the observation of a transition from vesicle chain to smooth filaments
during nanowire formation. The different stages of this transition were also cap-
tured in the AFM and TEM images.

An intriguing question that remains to be addressed by future studies is about
the formation mechanism of bacterial nanowires. The fact that some nanowires
initially appear as vesicle chains points at the important role of vesicles in nanowire
formation. However, more work is required to elucidate how exactly nanowires are

produced by Shewanella cells, both at the genetic regulation and biophysical level.
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