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Chapter
1

General introduction

1-1.  Overview and objective of this study

Electron transport processes sustain the energy production in live organisms. As it was
suggested that aerobic organisms obtain energy from molecular oxygen over 200 years
ago, redox reactions of chemicals such as oxygen and organics coupled with sequential
electron transport through intracellular respiratory chain produce energy available to life
1 Since cells possess insulative membranes, it has been assumed that the biological
electron transfer reactions occur inside cells, and that electron donors and acceptors are
limited to soluble chemicals permeable to membranes. However, in 1980s, it has been
found that some bacteria are able to exchange electrons with extracellular solid minerals
such as iron oxides and manganese oxides (Details in 1-2) 2. Since energy metabolism
can be driven even in soluble nutrient-limited conditions, this interfacial electron
transport process, extracellular electron transport (EET) through electron transport
proteins localized on outer-membrane (OM), expands the limitation of bacterial habitat
and living strategies as well as has an impact on environmental elemental cycling (Details
in 1-3) 50, Furthermore, electrodes can be served as electron donors or acceptors for
EET-capable bacteria instead of minerals, which enabled development of various bio-

electrochemical technologies (Details in 1-4) 13, While the EET process has been
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assumed to be limited to specific bacterial strains (iron-reducing bacteria), recently EET-
coupled respiration was found outside the context of mineral-based respiration, e.g.
sulfate reducing bacteria which is one of the most widely distributed bacterial species in
the world *+17 gut bacteria which potentially affect the health of mammal, and so on
(Details in 1-5) #1°, Due to those significance of EET in the environment and industrial
applications, and generality of EET as a bacterial respiratory strategy, the mechanisms
and kinetics of EET process have been extensively studied in molecular-level.

The mechanisms of EET have been extensively studied using a model bacterium,
Shewanella oneidensis MR-1, which possesses multi-heme cytochromes complex on OM
(OM c-Cyts) as electron conduits (Details in 1-6) 222, Accumulating studies have
revealed that, in nature, the respiratory electrons conveyed from cell interior are exported
by the combination of OM c-Cyts and a self-secreted redox molecule, flavin 23!, The
role of flavin in EET is not limited to S. oneidensis MR-1, but also used by a variety of
bacteria such as Geobacter which is another model EET-capable bacterium 2732 and over
100 strains of Gram-positive bacteria including representative gut bacteria, Lactobacillus,
and food-borne bacterial pathogen, Listeria 8°. Furthermore, the involvement of flavins
enhances the rate of EET compared with that in flavin-limited condition, with
implications for the development of emerging bioelectrochemical technologies as well as
the ecophysiology of EET-capable bacteria 23-?* 33, Thus, the molecular mechanisms for
involvement of flavins to accelerate EET has been the focal point.

Because flavins have been believed to shuttle electrons between OM c-Cyts and
extracellular solids by molecular diffusion as two-electron reduced state, the electron
transport between OM c-Cyts and flavins has been studied from the viewpoint of redox

potential and diffusion constant 3%, However, recently it was found that flavins are



stabilized as one-electron reduced semiquinone form and bound with OM c-Cyts as non-
covalent redox-active cofactor molecules 2528, The bound flavins pass electrons from OM
c-Cyts to extracellular solids without diffusion, which predominantly contribute on EET
acceleration rather than shuttling mechanism (Details in 1-7) %35, However, the redox
cycling of the bound flavin has a redox potential of about —150 mV versus standard
hydrogen electrode (SHE), which is about 200 mV lower than that of heme groups in OM
c-Cyts on average 2% 3637, The electron transfer from OM c-Cyts to flavin is
thermodynamically unfavorable, conflicting with the rate enhancement of EET; thereby,
it is still unclear about the mechanisms underlying the EET acceleration and the potential
for further enhancement of the rate of EET. Given that flavin and analogous molecules
are key players in metabolic redox reactions (e.g. those of the Q-cycle), and that (both
bound and free) flavins of several types are major factors in many kinds of anaerobic
electron bifurcation reaction (all involving flavins as semiquinone intermediates) 3%, an
understanding of the mechanisms in flavin-mediated EET enhancement is of fundamental
importance.

Flavin acts as an electron carrier in EET process. However, when thinking about
functions of redox molecules as cofactors of electron transport proteins, it is notable that
bound cofactor plays roles not only as an electron carrier but also as a regulator to induce
functional and structural change of proteins. For example, in ubiquinol-cytochrome-c
reductase (complex IlI) in respiratory electron transport chain, bound ubiquinone
molecule acts as a proton carrier as well as an electron carrier 404,
Protonation/deprotonation reaction of ubiquinone coupled with redox cycling endows
complex I1 with the function of proton translocation across inner-membrane. In addition,

such redox molecules induce local conformational change of proteins as ligands, which



enhance the electron flow. Based on this background, in this thesis, it was hypothesized
that the act of bound flavin as a regulator to couple proton transport and induce structural
change of OM c-Cyts leads to EET rate enhancement.

Since biochemical analysis of purified OM c-Cyts is one of the most direct
approaches to test the role of flavins on EET acceleration, the interaction with flavins has
been extensively studied using OM c-Cyts dissolved in solution or embedded in artificial
lipid bilayer 2% %2, Although those approaches demonstrated the complex formation 2°, the
observation of stabilized semiquinone state of flavins has been limited to whole-cell
system 25 28: thereby experiments with purified OM c-Cyts have failed to exhibit the
semiquinone-based stable rate enhancement of EET #2. Therefore, in this thesis, the author
examined the mechanisms in EET acceleration caused by bound flavins with OM c-Cyts,
using whole-cell of S. oneidensis MR-1, i.e. “Microbio-electrochemistry”.

This thesis comprises five chapters. In this chapter 1, the general background of
this research was described. In detail, in chapter 1-2 ~ 1-5, the importance in exploiting
EET reaction was mentioned from the viewpoint of bacterial respiration, environmental
elemental cycling, emerging bio-electrochemical technologies, and relevance to various
bacterial phenomena occurring in nature. Then, in chapter 1-6 ~ 1-7, the mechanisms in
EET mediated by the combination of OM c-Cyts and flavins are reviewed mainly
focusing on S. oneidensis MR-1 as a model system. In chapter 2, the role of proton
transport in flavin-mediated EET enhancement was examined using microbio-
electrochemistry. Because whole-cell approaches limit accesses to molecular-level
information regarding specific enzymes, a variety of techniques were combined with
microbio-electrochemistry to investigate the EET mechanisms, e.g. design of flavin

analogues to bind with OM c-Cyts instead of flavin, kinetic isotope effect (KIE) on EET



using deuterated water, and impact of pH on EET Kkinetics. In chapter 3, the author
developed a methodology to monitor the geometry of hemes inside OM c-Cyts in whole
S. oneidensis MR-1 cells, and the acceleration mechanisms were investigated from the
viewpoint of the structural change of OM c-Cyts. Based on the insight about flavin-
mediated EET enhancement, in chapter 4, the author examined the mechanisms how
bound flavin dictate the direction of electron flow through OM c-Cyts, i.e. forward and
reverse electron transport. The conclusion and future perspective of this study are

described in chapter 5.



1-2. Extracellular electron transport (EET) as an energy metabolism

One of the aspects of bacterial respiration is to convert energy from nutrients into
chemicals available to life such as adenosine triphosphate (ATP). This biological energy
conversion system can be considered as a coupling of redox reactions from the viewpoint
of electrochemistry %, For example, aerobic respiration is coupled with oxidation of
organics and reduction of molecular oxygen. Since oxygen has higher redox potential
than organics (thermodynamically more stable to accept electrons), electrons produced
from organics flows to oxygen following a thermodynamic gradient. Given that the
energy generated by the electron flow can be converted into ATP using a gradient of
protons across bacterial inner-membrane (IM), bacteria can survive within the area
containing both electron donor and acceptors. Since bacteria have insulative OM, it has
been assumed that the bacterial habitat is limited to the place with soluble redox pairs
permeable to OM.

However, in 1986, M. R. Hoffman et al, isolated a bacterium, Pseudomonas sp.
200, and revealed that Pseudomonas sp. 200 can reduce insoluble iron-oxide 2. This is the
first report to suggest extracellular electron transport (EET) across bacterial OM,
conflicting with the conventional concept that respiratory electron transfer reactions
complete inside bacterial cells. In 1988, C. R. Mayer and K. H. Nealson reported that
Alteromonas putrefaciens MR-1 (Later, this bacterium is identical with Pseudomonas sp.
200 and named as Shewanella oneidensis MR-1) can reduce manganese-oxide and grow
without any soluble electron acceptors (Figure 1-1), suggesting the a novel bacterial
survival strategy that the electron transfer beyond bacterial OM generate energy to sustain

bacterial life 3. In the same year, D. R. Lovely and E. J. P. Phillips discovered another



EET-capable bacterium, Geobacter sulfurreducens (Figure 1-2), which supports the EET-
based respiration as a general strategy for bacteria to gain energy in soluble-nutrient
limited conditions #. Recently, it was found that EET-capable bacteria are not limited to
Shewanella and Geobacter, but exist in a diverse environment with a wide range of
lifestyles in both Gram negative and positive bacteria 8. The generality of EET-capable
bacteria on the earth demonstrates that EET is one of the common process involved in

energy metabolisms and highlights the importance in investigation of EET process.

Figure 1-1. Transmission electron microscopic image of Shewanella oneidensis MR-1 in
the presence of silica ferrinydrite 4. (Copyright 2006, National Academy of Sciences.)

Figure 1-2. Transmission electron microscopic images of Geobacter species. Scale bars
represent 1 pum. (Reprinted with permission from ref. . Copyright 2002, Nature
Publishing Group)



1-3. Impact of EET on elemental cycling

One of the roles of EET in nature is elemental cycling. Given that the total amount of
matter on the earth is limited, elemental cycle is essential to realize sustainable
environment. Since metal elements such as iron and manganese exhibit several orders
lower solubility in oxidized form than that in reduced form, in the ocean, metal oxides
precipitate at the sea bottom once metals in reduced state react with dissolved oxygen.
Therefore, available metal elements on the earth should be diminished without reduction
reaction of metal oxides at the sea bottom. While the metal cycling in the ocean has been
assumed to be driven by abiotic reaction, e.g. reduction of metal by sulfide, the finding
of EET-capable bacteria demonstrated that iron and manganese are reduced by EET-
capable bacteria coupled with oxidation of organic compounds, driving the geochemical
cycling of metal elements 745, Due to the diversity of habitat for EET-capable bacteria,
the impact of EET on mineral cycling may not be limited to ocean but a variety of

environments such as a high pH serpentinizing spring .
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1-4. Emerging bio-electrochemical technologies with EET-capable bacteria

Since electrodes can be served as electron donors or acceptors for bacteria instead of
minerals, EET-capable bacteria can be utilized for emerging bio-electrochemical systems
(BES). Here two representative EET-utilizing technologies, microbial fuel cells (MFCs)

and microbial electrosynthesis (MES), are described.

(A) Microbial fuel cells (MFCs)

Microbial fuel cells (MFCs) are devices that exploits microbial EET to generate electrical
energy (Figure 1-3). Since the EET processes are catalyzed by bacterial respiration
coupled with oxidation and catabolism of organics, the MFCs are the only technologies
to generate energy from waste without external energy > 478, Thus, the main motives
for development of MFCs are 1) the potential to complement the existing wastewater
treatment systems with huge cost, and 2) the potential to act as sustainable energy system.
Conventional wastewater treatment system also utilizes bacterial respiration and
metabolism, which degrade waste coupled with oxygen reduction; thereby significant
costs for oxygen supply and removal of dead bacterial cells were problematic. MFCs are
advantageous because of low running-cost by the diminishment of oxygen and dead cells,
in addition to the gain of electrical energy by EET process ' %°, Furthermore, the MFCs
system can potentially operate with optional functions such as production of hydrogen as
bio-fuel in microbial electrolysis cells and desalination of water in microbial desalination

cells 5052,
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Figure 1-3. Schematic illustration of MFCs system. (Reprinted with permission from ref.

13, Copyright 2006, American Chemical Society.)

(B) Microbial electrosynthesis (MES)

Given that the EET process is linked with intracellular enzymatic reactions, EET-capable
bacteria can be utilized as catalysts to produce bio-fuels and bio-chemicals from electrical
energy 12 %, Thus, cathodic bio-chemical production associated with reverse EET
(bacterial uptake of electrons from electrode) has been developed as microbial
electrosynthesis (MES). One of the examples of biochemical products in MES system is
elongation of hydrocarbons (Figure 1-4). It was reported that low-grade chemicals such
as acetate and butylate can be anabolized into valuable fuels like alcohols and caproate
associated with cathodic EET °*. Another study demonstrated production of valerate with
5-carbon chain from propionate with 3-carbon chain . In addition, fixation of carbon
dioxide in MES system has been also tested in a variety of EET-capable bacteria 557,
Although the MES system is still under development, the idea to utilize EET-capable
bacteria as bio-catalyst for reduction reaction has been gaining wide interest with

significant implications, e.g. immobilization of heavy metals for bioremediation 589,

12



/
2e 3-Hydroxybutyryl-CoA
NS
Acetoacetyl-CoA

Acetyl-CoA

yZ N\ /e A N\ ' S\
U@ Surplus electricity

Figure 1-4. The upgrade of waste into value-added biofuels. The acetate from wastes,
such as waste activated sludge, food waste, and animal manure, was feed stocks for
biofuel production by electroactive microorganisms. The extracellular electron transfer
from cathode to microbe via electron transfer protein could be used for the reduction of
acetate to butanol. NADH the reduced form, NAD+ the oxidized form of nicotinamide

adenine dinucleotide, respectively. > (Copyright 2015, BioMed Central.)

In addition to MFCs and MES, a variety of biotechnologies utilizing EET-
capable bacteria are proposed. For example, utilization of EET-capable bacteria as nano-
or micro- scale electronic components  or logic gates °, and energy conversion from
solar to electrical energy %3 Thus, investigation of the mechanisms of EET in the
molecular-level and development of techniques to accelerate EET is fundamentally

important.
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1-5. Diversity of phenomena related with EET-capable bacteria

Since the EET process had been recognized as a minor biological process limited to iron-
reducing bacteria until 2000s, the attention about EET had been limited to understanding
of elemental cycle on the earth and development of bio-electrochemical technologies.
However, recently it has been discovered that EET is a common respiratory process
utilized by a variety of bacteria and archaea. Therefore, understanding and controlling
EET process has gained more importance to control diverse EET-related phenomena.
Here, some of the EET-capable bacteria other than iron-reducing bacteria and related
phenomena are described.

In 2004, a paper suggested that some of sulfate reducing bacteria (SRB) have an
ability to grow with iron as a sole electron donor, i.e. ability to conduct cathodic EET 4.
Recently, some groups supported the electron extraction of SRB from extracellular metal
17,64-65 Gijven that SRB is one of the most ubiquitous bacteria on the earth and the genes
corresponding electron conduits of SRB are broadly conserved in a variety of bacteria,
the ubiquity of the EET in subsurface environments was indicated. In addition, recent
studies suggested the EET of SRB is utilized to metabolically connect with anaerobic
methane oxidation reaction in archaea (Figure 1-5) 1>16.6¢_Since this the aggregation of
SRB and methanotrophic archaea is known to control the emission of the greenhouse gas,
methane, from the ocean floor, the EET process may play significant roles in carbon cycle
and global warming ®"-%8, Furthermore, the EET of SRB is proposed to act a major role in
anaerobic corrosion of iron and steel (Figure 1-6) ** 7. The anaerobic bio-corrosion of
iron and steel has a significant economic and environmental damage, e.g. the economic

loss caused by corrosion was estimated to be over 1 % of gross domestic production in
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U.S.A., of which over 10 % was estimated to be induced by bacteria %°-7°,
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Figure 1-5. Schematic illustration of syntrophy constructed by SRB (illustrated in green)
and anaerobic methanotrophic archaea (illustrated in red) sustained by EET-capability.
(Reprinted with permission from ref. 1°. Copyright 2015, Nature Publishing Group)
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Figure 1-6. Schematic illustration of a proposed model of iron corrosion mechanism
catalyzed by SRB. (Reprinted with permission from ref. . Copyright 2004, Nature
Publishing Group)

Recently, the EET-capability of cyanobacteria has also been reported .
Cyanobacteria have an ability to thrive in nutrient-limited condition by virtue of
photosynthesis, where metabolisms can be driven by solar energy. Although detailed
molecular mechanisms of EET are still under investigation, the EET-capability may

convert a part of energy gained by photosynthesis into electricity by serving electrodes to
15



2 Therefore, the elucidation of bacterial EET mechanisms has

cyanobacteria
implications towards development of cyanobacteria-based electrical technologies such as

bio-photovoltaics (microbial solar cells) and bio-sensors (Figure 1-7) 7.

Electrode

Cyanobacteria

Figure 1-7. Schematic illustration of a bio-photovoltaics (microbial solar cells) using

EET-capable cyanobacteria.

The EET-related respiration has been found even in pathogenic bacteria. In 1993,
it was found that a food-borne bacterial pathogen, Listeria monocytogenes, can reduce
extracellular iron oxide, suggesting the EET-capability . In 2018, S. H. Light et al,
reported that L. monocytogenes has electron conduit for EET and thrives dependent on
EET-related respiration 8. Given that L. monocytogenes frequently has a host-associated
part of its life cycle in mammalian gut and gets associated with decaying plant matter 77,
the EET process might be closely related with host-associated bacterial communities and
diseases. Notably, S. H. Light et al, found that the genes corresponding with the proteins
acting as electron conduits are phylogenetically widely distributed. Homologues of the
genes were identified in hundreds of species of Gram-positive bacteria with a variety of
lifestyle (Figure 1-8). Since those bacteria do not always starve with soluble nutrient in
the habitats. Thus, those findings may indicate that EET is used not only to survive in
soluble nutrient-limited condition but also to save the investment to synthesize proteins

as life-sustaining infrastructure in nutrient-abundant environments 8.

16



Globicatella sanguinis

Streptococcus suis

Atopobacter phocae

Granulicatella elegans

Jeotgalibaca dankookensis

99 Trichococcus pasteuni b
Pisciglobus halotolerans

Lacticigenium naphtae

Alkalibacterium gilvum

Lactococcus lactis

Lactococcus garvieae

Lactobacilius plantarum

Oenococcus oeni

Vagococcus lutrae
100 Enterococcus faecalis

Lactobacillales
| Enterococcus fascium

92
Enterococcus raffinosus
Bavariicoccus seiler
Enterococcus saccharolyticus
78 Tetragenococcus solitarius
Carnobactenum maltaromaticum

Listeria monocytogenes

L 99| 5 Bacillus circulans
Bacillales Amphibacillus jilinensis
a7 Sporolactobacilius nakayamae
17 Oceanabacillus oncorhynchi
100 — Gracilibacillus timonensis

Caldanaerobius fijiensis

Bacilli
100

100
Thermonanaerobacterales

Eremococcus coleocola
Ignavigranum ruoffiae

Streptococcus dysgalactiae

Listeria monocytogenes

fmnA  dmkA  fmnB §JA ndh2 eetd eetB dmkB

Enterococcus faecalis

Bacillus circulans
Alpase 1&2

Lactobacillus plantarum

Streptococcus suis

Clostridium intestinale

Clostridium perfringens

Caldanaerobius fijiensis

—Th bacter m
Matiall -
Clostridia idin
Clostridium botulinum
Clostridiales Clostric

Cellulosilyticum lentocellum
Romboutsia weinsteinii

Figure 1-8. (a) Phylogenetic tree constructed based on a gene corresponding with EET
conduit (Ndh2 homologue sequences). Labels on the branches refer to the percentage of
replicate trees that gave the depicted branch topology in a bootstrap test of 1,000
replicates. (b) Distinct EET loci from select genomes. (Reprinted with permission from

ref. 18, Copyright 2018, Nature Publishing Group)

In 2013, G. Wanger et al, reported that biofilm in oral environments has a
conductivity with the help of EET capability ’°. Oral biofilm formed on teeth causes oral
diseases such as gingivitis and periodontitis promoting the dissolution of teeth. One of
the central mechanisms of teeth dissolution is acidification of teeth surface caused by
biofilm. Recently, it was suggested that an oral bacterium, Streptococcus mutans, conduct

EET coupled with pH drop, suggesting the link of EET process with oral cavity

(Unpubilshed).
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Taken together, recent studies accumulate the evidence that a variety of bacteria
and archaea such as SRB, methanotrophic archaea, cyanobacteria, mammalian pathogen,
and oral bacteria, have an ability to conduct EET, and the EET process is related with
wide range of bacterial phenomena such as anaerobic metal corrosion with huge
economic and environmental damages, development of microbial solar cells, infectious
diseases, and oral cavity. Those findings highlight the importance of understanding and

controlling EET process.
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1-6. Multi-heme cytochromes complex on outer-membrane (OM c-Cyts) act as an

electron conduit for EET in a model bacterium, Shewanella oneidensis MR-1

Since S. oneidensis MR-1 is one of the EET-capable bacteria discovered in 1980s and
easy to cultivate, the molecular mechanisms of EET were mainly studied using S.
oneidensis MR-1. It was found that abundant cytochromes containing multi-heme redox
centers are located on both IM and OM of S. oneidensis MR-1, which suggest
cytochromes as potential respiratory electron transport pathways . Accumulating
genome analyses and biochemical experiments illustrated the detailed electron transfer
pathway between cytoplasm (cell interior) to extracellular insoluble metal oxides . The
EET pathway of S. oneidensis MR-1 proposed in 2018 is as follows (Figure 1-9). First,
electrons provided in a form of intracellular NADH are delivered into IM as quinone. The
reduced quinone (quinol) transports electron to tetraheme cytochrome ¢ (CymA), which
is localized to the periplasmic side of the IM. The electrons are finally delivered to the
cytochromes complex on OM (OM c-Cyts) acting as electron conduits for extracellular
electron acceptors 20 228283

While several types of OM c-Cyts are found in S. oneidensis MR-1, MtrCAB
complex is the most biosynthesized OM c-Cyts (Figure 1-9) 8. This complex comprises
of three proteins, MtrA and MtrC which contain ten heme redox centers, and a
transmembrane protein MtrB 8. The electrons delivered by CymA are accepted by MtrA,
which is located to the periplasmic side of the complex, and then are passed to solid
materials through MtrC. The ability of MtrCAB complex to transport electrons to metal
oxides or electrodes has been demonstrated both in a purified system embedded in

liposome (artificial lipid bilayer) and in whole cell system of S. oneidensis MR-1 36-37: 8,
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Figure 1-9. Schematic illustration of typical EET pathway of S. oneidensis MR-1

spanning from cell interior to extracellular electron acceptors.

The electron transport reactions through OM c-Cyts have been examined based
on their crystal structure to clarify the EET mechanisms. In 2011, the crystal structure of
MtrF, which is a homologous protein of MtrC was resolved, and subsequently that of
MtrC was revealed in 2015 (Figure 1-10) 2> %, Since the structural information of
MtrCAB complex is limited to the data of small-angle neutron scattering &, the molecular
mechanisms are usually discussed based on the crystal structures of MtrF/MtrC. The
structure reveals that, 10 hemes are aligned in MtrC with approximate dimensions of 90
A x 60 A x 40 A. MtrC is folded into four distinct domains (Domain | ~ IV indicated in
Figure 1-10). Domains Il and 1V each contain 5 hemes attached to the cysteine residues.
Domains | and 11l each contain seven antiparallel B-strands with Greek key topology
forming a split-barrel structure. The 10 hemes of MtrC are organized into a so-called

“staggered cross” configuration. 8 hemes (hemes 10, 9, 8, 6, 1, 3, 4, 5 in Figure 1-10b)
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are aligned throughout the domains 1l and 1V, and this penta-heme conduit is crossed at
the middle by tetra-heme chain (hemes 2, 1, 6, 7 in Figure 1-10b) connecting with the
Greek key split pB-barrel domains | and Ill. Several theoretical studies have been
conducted to estimate the electron transport mechanisms, and now it is proposed that

electrons are conveyed through the penta-heme in domains Il and 1V 0878,
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Figure 1-10. Crystal structure of MtrC at 1.8 A resolution (PDB ID: 4LM8) referred from
29 (A\) Cartoon representation of MtrC. The four domains indicated by roman numerals.
The polypeptide chain is shown in cartoon representation and colored from blue (N-
terminus) to red (C-terminus). The iron atoms of the hemes are represented as orange
spheres and the porphyrin rings of the hemes are shown as yellow sticks. The cysteines
of the disulfide bond are represented as yellow spheres. (B) Heme packing and putative
electron transfer distances between porphyrin rings. The numbers of hemes are indicated.
Ref. 2. (Copyright 2015, Nature Publishing Group)

In addition to the theoretical simulation, electron transfer mechanisms have been
tested using purified MtrC/MtrF. For example, conductive AFM and STM experiments
or 1 -V measurements in solid state have been conducted °*°2. In both theoretical
simulations based on the crystal structures and biochemical experiments suggested that

electron hopping among hemes is the major mechanisms to proceed EET through
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MtrC/MtrF 3. This highlights the importance of inter-hemes coupling and the redox
potential of hemes are critical to the EET mechanisms and kinetics. In contrast, OmcA,
another homologous protein of MtrC, flexibly change its conformation. For example, one
study with small-angle X-ray scattering showed that upon being reduced, the overall
length of OmcA is shortened by nearly 8 % ®4. In addition, the structural changes of OmcA
associated with physical contact with grapheme oxide was monitored by circular
dichroism spectroscopy combined with infrared spectroscopy techniques, probably
shortening the electron-transfer distance to mitigate the energy barrier ®. Those data
imply that OM c-Cyts potentially change their structure with distinct heme geometry and
inter-hemes coupling in whole-cell. However, the detailed electron transport mechanisms
through OM c-Cyts in whole-cell is still under debate due to the limitation of

methodology to examine the structure of OM c-Cyts using S. oneidensis MR-1.
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1-7. Flavins act as redox centers in EET pathway

While the electron transport mechanisms through OM c-Cyts has been extensively
studied, it was found that in nature, the EET is usually not mediated only by OM c-Cyts,
but also the combination of OM c-Cyts and a self-secreted redox molecule, flavin 224,
Furthermore, the involvement of flavins to the EET pathway enhances the rate of EET
(Figure 1-11) >33, Therefore, the molecular mechanisms for the involvement of flavins
to accelerate EET has major implications to ecophysiology of EET-capable bacteria as
well as development of emerging bioelectrochemical technologies 2324 %3, In addition, the
involvement of flavins in EET process is a universal phenomenon observed in not only S.
oneidensis MR-1, but also another iron-reducing bacteria, Geobacter, 2 *? and over 100
strains of Gram-positive bacteria including Lactobacillus, a representative gut bacterium
1819 highlighting the fundamental importance in elucidation of mechanisms underlying
flavin-mediated EET reactions.

In 2008, it was found that the supernatant after cultivation of S. oneidensis MR-
1 contains riboflavin (RF) and riboflavin mononucleotide (FMN) in micromolar-order
concentration in both aerobically and anaerobically condition 2*. In the same year, E.
Marcili et al, reported that RF and FMN are secreted from biofilms of Shewanella during
current production, and removal of flavins drops the rate of EET over 70 % 2. In 2010,
electrochemical experiments with gene-deleted S. oneidensis MR-1 demonstrated that
flavins deliver electrons from OM c-Cyts to extracellular minerals and electrodes .
Therefore, it has been assumed that flavins shuttle electrons between OM c-Cyts and

extracellular solids by molecular diffusion °’. Namely, it was believed that self-secreted

flavins increase the current production by increasing the number of current-contributing
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cells, since flavins may deliver electrons from S. oneidensis MR-1 cells lacking direct
contact with solids by molecular diffusion (Figure 1-12a).
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Figure 1-11. Time course profile of current production from S. oneidensis MR-1 referred
from 2. Bioreactors were continuously flushed with nitrogen gas, and electrodes were
poised at a potential of +0.242 V versus a standard hydrogen electrode (SHE). Current
measurement of S. oneidensis MR-1 (black), S. oneidensis MR-1 + 10 uM FMN (gray),
the gene deletion mutant corresponding with FMN biosynthesis mutant (Abfe, blue), and
the Abfe mutant + 10 uM FMN (red) in bioreactors is shown. (Copyright 2013, American
Society for Microbiology)

However, in 2013, completely different mechanisms for flavin-associated EET
was proposed 2. It was proposed that flavins are bound with OM c-Cyts (MtrC) as non-
covalent redox-active cofactor molecules, and that flavins deliver electrons without
molecular diffusion (Figure 1-12b). In detail, it was found that the non-covalent bond
formation with MtrC stabilizes flavin as a one-electron reduced form (semiquinone state,
Sq, Equation 1-1), which is distinct from two-electron redox reaction of diffusing flavin
molecule (Equation 1-2).

Flavin (Ox) + 1e"+ 1H* 2 Flavin (Sq) (Eq. 1-1)

Flavin (Ox) + 2e"+ 2H" 2 Flavin (Hq) (Eg. 1-2)
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where Ox represents the oxidized form of flavin and Hq represents hydroquinone, the

two-electrons reduced form of flavin.

Electron shuttling Electrode

_—— o = = = =

Flavin ) \
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Electrode

Shewanella ~  ,—=—=—=—~=— ) e
oneidensis MR-1 >

- o —

Direct electron transfer

Figure 1-12. Schematic illustration of flavins mediating EET processes of S. oneidensis
MR-1. Upper side: Electron shuttling process between OM c-Cyt complexes and
electrodes by two-electron redox reaction of free-form flavins. Lower side: Direct EET
process via a one-electron reaction of flavins that are associated with the flavin binding

site in OM c-Cyt (MtrC protein).

This “bound cofactor model” is supported by several research group until now,
e.g. it was demonstrated that purified MtrC in reduced state stably binds with flavins 2°.
Furthermore, it was also proposed that the “bound cofactor model” predominantly
contribute on EET acceleration rather than the shuttling mechanism (Details in 1-7) 26 3%
%, Although the detailed binding site of MtrC with flavins are still unclear, it was
demonstrated that reductive cleavage of the disulfide bond in the domains Il of MtrC
resulted in the complex formation of MtrC/FMN, suggesting that the domain IlI,
especially the Greek key split B-barrel is essential for the binding process (Figure 1-10)
29 Since computational docking studies of MtrC and FMN has not yet been succeeded in
the identification of binding site %, crystallization of FMN-bound MtrC is greatly

anticipated.
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The bound flavin cofactor also act as an electron carrier in electron uptake
process, i.e. reverse EET in S. oneidensis MR-1 with implications for development of
MES as described in chapter 1-4 (Figure 1-13a). Since S. oneidensis MR-1 have IM-
bound fumarate reductase, FccA, in periplasm, the OM c-Cyts can deliver electrons from
cathode to FccA in the presence of fumarate *°. The bound flavin stabilized as Sq state
shows redox cycle of Sg/Hq during electron uptake as described in Equation 1-3,
accelerating the electron transport %,

Flavin (Sq) + 1e + 1H" 2 Flavin (Hq) (Eq. 1-3)
Since Sg/Hq redox cycle shows about 300 mV lower redox potential than that of Ox/Sq
(Figure 1-13b) 1%, the electron uptake from cathode can be thermodynamically favored

without additional gene expression or protein synthesis.
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Figure 1-13. (a) Schematic illustration of reverse EET through OM c-Cyt, which is
initiated by the semiquinone/hydroquinone (Sg/Hq) redox reaction of bound flavin. (b)
Proposed model for switching the direction of the electron flow depending on the
electrode potential owing to the flavin redox bifurcation. (Reprinted with permission from
ref. 10 Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Due to the role of flavins as electron carriers, the flux of electron import is almost
identical with that of export. As shown the data of linear sweep voltammetry of S.
oneidensis MR-1 in Figure 1-14, the absolute value of cathodic current (rate of electron
import) around the peak potential of Sq/Hq was the same order with that of anodic current

(rate of electron export) around the peak potential of Sg/Ox.
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Figure 1-14. Linear sweep voltammograms of a monolayer biofilm of S. oneidensis MR-
1 in the presence of 2 uM RF at a scan rate of 0.1 mVs™ in the presence of 10 mM lactate
(ja) or 50 mm fumarate (jc) as an electron donor or accepter, respectively. Inset: the
absolute value of the first derivative of ja and jc. (Reprinted with permission from ref. 1%,
Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

While flavins also act as electron carriers in another iron-reducing bacterium,
Geobacter sulfurreducens PCA 232, the rate of electron import is over 10 times lower
than that of export 19-1% Geobacter sulfurreducens PCA conduct EET through OM c-
Cyts (OmcB, OmcE, OmcS, and OmcT as major cytochromes on OM), and produces
anodic current with highest efficiency reported so far *2. Electrochemical voltammetric
studies have exhibited that the flavins in the presence of G. sulfurreducens PCA have

redox potential of about —0.20 V versus SHE, which is distinct from that of unbound
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flavins of —0.27 V (Figure 1-15). The anodic current linearly increased with the amount
of flavins with redox potential of —0.20 V, and the redox property of flavins altered by
deletion of OMcBEST, suggesting that G. sulfurreducens PCA utilize flavins as bound Sq
cofactors of OM c-Cyts as with the case of S. oneidensis MR-1 (Figure 1-15). Although
S. oneidensis MR-1 proceed efficient bi-directional EET based on the bound cofactor
model, G. sulfurreducens PCA have preference for electron export like a biological diode.
It would be of great interest to test how the bound flavins control the bias in electron

transport direction.

OM c-Cyts
OM c-Cyts lacking OmcBEST
Froe RF Geobacter cell AomcBEST cell
(E,=-0.27V)
O«
@, »
2e": )
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e e

Bound RF to OmcBEST Bound RF to remaining OM c-Cyts

Electrode (E,=-02V) (E,=-0.12V)

Figure 1-15. Schematic illustration of EET process in Geobacter sulfurreducens PCA
referred from 2. (Copyright 2014, Published by The Royal Society of Chemistry.)

The act of flavins as bound cofactor is even suggested in over 100 strains of
Gram-positive bacteria including a Gram-positive food-borne bacterial pathogen, L.
monocytogenes *81°. As mentioned in chapter 1-6, Light et al., identified the proteins
Ndh2, EetB, EetA and PplA as key proteins for the EET process using a combination of
genetic and biochemical approaches (Figure 1-16) 8. Notably, it was revealed that a
membrane-bound protein, termed PplA, containing two bound flavin molecules enables

the electron export through the cell wall in L. monocytogenes (Figure 1-16). In addition,
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injection of flavin into L. monocytogenes showed a pronounced increase in anodic current

in an electrochemical reactor.
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Figure 1-16. Schematic illustration of EET process in Listeria monocytogenes referred
from 8. (Reprinted with permission from ref. *. Copyright 2018, Nature Publishing
Group)

Taken together, those studies indicate that the bound cofactor model is a
universal EET mechanisms used by a variety of microorganisms including both Gram-
negative and -positive bacteria. Notably, the bound cofactor mechanisms can be driven
under micromolar-order concentrations of flavin, which is typical condition of nutrient-
rich environments, such as the plant biomass and mammalian hosts %1%, Therefore, an
understanding of the mechanisms in EET process mediated by bound flavin is of

fundamental importance.
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Chapter
2

Flavin enhances the rate of extracellular electron

transport by acceleration of coupled proton transport

In chapter 1, the importance and generality of flavin-mediated EET was reviewed. Flavin
is stabilized as one-electron reduced semiquinone form (Sq) and is bound with OM c-
Cyts as a non-covalent redox-active cofactor molecule 3. Although the flavin Sq has
modified redox potential of about —145mV (vs standard hydrogen electrode, SHE),
however, it is lower than that of OM c-Cyts (about 50mV on average) * #®. The flavin-
mediated EET process involves up-hill electron transfer reaction with about 200 mV
(Figure 2-1), thus, it remains questionable how the involvement of flavin Sq accelerates

the EET process through OM c-Cyts.

Flavin-bound EET

\ -145mV

Bound flavin
(FMN)

Direct EET

Electrode

Potential (mV) vs SHE pH 7.8

~+50mV

/|

Heme
(OM c-Cyts)

Figure 2-1. Energy diagrams for EET process in S. oneidensis MR-1.

Although the EET process has been studied from the viewpoint of energetics of
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electrons 88, little attention has been given to the alternative roles of counter cations,
e.g. protons. Proton transport is essential for biological energy conversion driven by
enzymes that catalyze electron transfer. For example, sequential electron transfer in
bacterial inner-membrane or mitochondrial membrane is coupled with formation of
proton gradient or proton motive force (PMF) °1°. However, the role of protons in EET
process is still unclear, thus, protons have been primarily considered to promote
chemiosmotic ATP production i Importantly, those proton transfer reactions are
kinetically coupled with biological electron transfer, potentially limiting the rate of
electron transfer. Thus, in chapter 2, it was hypothesized that proton transport reaction is
coupled with EET through OM c-Cyts, and flavin enhances the rate of EET by
acceleration of coupled proton transport. To test this hypothesis, in chapter 2-1, the impact
of the basicity of bound cofactor on EET kinetics was tested. Bound-flavin cofactor was
replaced with its analogous molecules with different pKa, and the current production
through OM c-Cyts was compared using microbio-electrochemistry. In chapter 2-2, the
solvent kinetic isotope effect (KIE) and the effect of pH change on EET Kinetics were
examined as one of the most critical ways to study the contribution of proton transfer on
the kinetics of EET. The author also discusses about the PMF generation and proton

translocation during EET process.

Figures in chapter 2 are reprinted with permission from WILEY-VCH Verlag GmbH &
Co. KGaA and The Chemical Society of Japan.

A. Okamoto+, Y. Tokunou+, S. Kalathil, K. Hashimoto, Angew. Chem. Int. Ed., 2017, 56,
9082-9086.  +: Equal contribution

Y. Tokunou, K. Hashimoto, and A. Okamoto, Bull. Chem. Soc. Jpn, 2015, 88, 690-692.
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2.1
Basicity of N(5) in flavin semiquinone dictates the rate
of extracellular electron transport through the outer-

membrane c-type cytochromes

2.1.1 Introduction

Extracellular electron transport (EET) is the process whereby prokaryotes move electrons
between the inner membrane and cell exterior, such that redox reactions can occur with
otherwise unavailable extracellular electron donors or acceptors 213, Microbes exhibiting
EET molecular machinery are thus capable of innovative metabolic processes not
available to microbes without EET machinery, e.g., redox reactions with solid minerals
12-13 ‘intercellular electron transfer 41 and even surface interactions with electrodes for
application to novel energy-production and environmental technologies °1. One
controversial aspect is the role of redox molecules as enhancers of bacterial current
production. High concentrations (10 puM or above) of exogenous quinone and flavin
analogues (QFAs) enhance EET via an electron shuttling mechanism (a two-electron
redox process) & 1%, In contrast, low levels (1 uM or below) of endogenous riboflavin
(RF) or flavin mononucleotide (FMN) accumulate in cultures of EET-capable bacteria,
and these molecules non-covalently bind specific sites of OM c-Cyts as cofactors - 2122,
This leads to formation of single-electron reduced semiquinone (Sq), which strongly
enhances the EET rate to the same extent as the exogenous quinone-mediated shuttling
mechanism, despite the 100-fold lower endogenous concentration > 222°_ Given that
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QFAs are the major redox molecules in various environments such as sediments, waters,
and soils typically at micromolar concentration 26, EET-coupled metabolisms must be
strongly influenced by QFAs in nature. The knowledge on the spectrum of QFAs that
highly accelerate EET in a few micromolar concentration remains a challenge. Therefore,
understanding the mechanism(s) by which QFAs enhance the rate of EET and controlling
the EET rate is central to understanding the role of EET in microbial eco-physiology.

In this chapter 2-1, the author has used microbio-electrochemistry using S.
oneidensis MR-1 as a model system to estimate rates of EET enhancement by various
QFAs, taking into consideration the pKa value of QFAs as calculated using a quantum
chemical approach 2%, These data showed that the nitrogen atom located at the same
position with flavins termed as N(5) is critical for QFAs to bind with OM c-Cyts
stabilizing semi-reduced state (SR, analogous with Sq) and its extent of protonation is a

key regulatory factor for EET (Figure 2-2).

EET
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Figure 2-2. Schematic illustration of molecular control for extracellular electron transport
in S. oneidensis MR-1 mediated by flavin, flavin analogues and quinones. a-AQS,

anthraquinone-1-sulfonate; RF, riboflavin; MB, methylene blue.
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2.1.2 Methods

Strains and culture conditions

Shewanella oneidensis MR-1 cells were grown aerobically in 15 mL of Luria-Bertani
(LB) medium (20 g L) at 30°C for 24 hours. The cell suspension was then centrifuged
at 6,000 g for 10 min, and the resultant cell pellet was resuspended in 15 mL of defined
medium (pH 7.8) (DM: NaHCOs [2.5 g], CaCl2-2H.0 [0.08 g], NH4CI [1.0 g],
MgCl2-6H20 [0.2 g], NaCl [10 g], yeast extract [0.5 g], and (2-[4-(2-hydroxyethyl)-1-
piperazinyl] ethanesulfonic acid [HEPES; 7.2 g] [per liter]) supplemented with 10 mM
lactate as the source of carbon for S. oneidensis MR-1%. The cells were further cultivated
aerobically at 30°C for 12 hours and centrifuged again at 6,000 g for 10 min. The resultant
cell pellet was then washed twice with DM medium by centrifugation for 10 min at 6,000

g before electrochemical experiment.

Electrochemical measurements for the catalytic current of microbial lactate
oxidation (ic) from S. oneidensis MR-1 with each redox molecule

A single-chamber, three-electrode system for whole-cell electrochemistry was
constructed as shown in Figure 2-3. An indium tin-doped oxide (ITO) substrate (surface
area: 3.1 cm?) placed at the bottom of the reactor was used as the working electrode, and
Ag/AgCI (sat. KCI) and a platinum wire (approximate surface area: 10 mm?) were used
as the reference and counter electrodes, respectively. 4.0 mL DM (pH 7.8) containing
each redox molecule (Figure 2-4) with 10 mM lactate as a sole electron donor was
deaerated by bubbling N2> more than 20 min and added to the electrochemical cell as an

electrolyte. The concentration of small redox molecule was set as 2.0 uM unless noted.
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The reactor was maintained at a temperature of 30°C and was not stirred during
measurements. Cell suspensions with an optical density of 0.1 at 600 nm (ODeoo) were

inoculated in the reactor with the working electrode poised at +0.4 V versus SHE.

(a)
\., oot FE
) Glass cylinder
Buty| rubber PTFE cover
L
Screwcap  Oring ~—+kf7PTFE base
= % 3
e B
——— 2
Septa Parts of Working Counter Reference
reference electrode electrode electrode electrode
(ITO) (Platinum wire) (Ag/AgCI KCl.5)
(b) (C) Piatinum  Ag/AGCI KCly,
Injection port wire -
- , PTFE cover
| 1
ra— Gle_lss
cylinder e
30°C water] z nm
Medium
=

Working Counter electrode : PTFE base

electrode : ITO Platinum wire
Reference electrode :
Ag/AgCI KCl. 5

Monolayer biofilm of
Shewanelia oneidensis MR-1

Figure 2-3. Electrochemical reactor used in this study. Photograph of the electrochemical
cell before construction (a) and after construction (b). (c) Schematic illustration of the
electrochemical reactor.
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Voltammetric techniques

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) was conducted to
examine electrochemical property of small redox molecules and a monolayer biofilm of
S. oneidensis MR-1 using an automatic polarization system (VMP3, Bio Logic). DPV
was conducted under the following conditions: 5.0 mV pulse increments, 50 mV pulse
amplitude (4Epa), 300 ms pulse width, and a 5.0 s pulse period. As a redox potential (Eo)
is approximated with the equation Eo = Ep + (4Epa/2)%, Eo is estimated to be 25 mV more
positive than peak potential (Ep) observed in DPV. In order to correctly determine the
peak potential (Ep), half-width (4Epr), and intensity of oxidation peak in DPV, the
background current was subtracted by fitting the baseline from regions sufficiently far
from the peak and assuming the continuation of a similar and smooth charging current
throughout the peak region. The subtraction was performed using the open source

program, SOAS 3L,

Estimation of current production from S. oneidensis MR-1 mediated by diffusion of
redox molecules

The catalytic current of lactate oxidation (ic) mediated by diffusion of redox molecules
originates from sequential redox reaction steps and diffusion step as follows 32

Step. 1 Incorporation of lactate into S. oneidensis MR-1

Step. 2 Reduction of OM c-Cyts by metabolic electrons generated by oxidation of lactate
Step. 3 Reduction of redox mediators associated with oxidation of OM c-Cyts

Step. 4 Diffusion of reduced mediators from cell to electrode

Step. 5 Electron transfer from reduced mediator to electrode

In this study, we assumed the maximum ic values (I¢) in the 10 h measurements are limited
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by the diffusion of a-AQS between cell and electrode (Step. 4) in the range of 2~800 uM.
A linear relationship between Ic and concentration of a-AQS was depicted in Figure 2-
11a because current density under diffusion-controlled condition linearly increases with

the concentration of diffusive molecule in Fick’s laws.

Condition of circular dichroism (CD) spectroscopy in far-UV region

CD spectroscopy was performed on J-1500 (JASCO) CD spectrometer at room
temperature (25 = 1°C). Purified MtrC protein was dissolved in phosphate buffer at pH
7.4 (5.7 mM K;HPO4 + 3.3 mM KH2POs). The spectra are collected in a quartz cuvette
with path length of 1.0 mm under following conditions: 100 nm min scan rate, 0.1 nm

data pitch, and 1.0 nm bandwidth.

Estimation of dissociation constant (Kd) for complex formation between OM c-Cyts
and cofactor
The dissociation constant (Kqg) for complex formation between OM c-Cyts and a redox

cofactor for each redox molecule was estimated using the following equation.

[P][L]
Kd = m (Eq 2— 1)

where [P] is the concentration of OM c-Cyts, [L] is the concentration of unbound redox
molecule in solution, and [PL] is the concentration of the OM c-Cyts complex with the
molecule. Because the [PL] associates with the intensity of the oxidation peak current for
the bound cofactor in DPV in the concentration range of several uM as demonstrated in
Figure 2-6, Kq can be estimated from the peak intensity at different concentration of each
redox molecule. When the peak intensity increased about a times with increase of the

concentration of redox molecules from [L]:1 to [L]2, K4 can be described as below,
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assuming the sum of [P] and [PL] is constant throughout the measurement as previously

described

1 a

“_1=Kd([ul_@

) (Eq2-2)

The Kq for complex formation between OM c-Cyts and each cofactor was estimated via

linear regressions obtained from the plot of a — 1 against ﬁ — ﬁ in the range of
1 2

2~10 pM redox molecule.

Quantification of EET capability for each redox molecule, normalized by the
amount of complex of OM c-Cyts and cofactor molecule

EET capability of each molecule was approximated as the maximum ic value (lc) in the
10 h measurements for each 2.0 uM N(5) molecules, normalized by the amount of
cofactor-bound OM c-Cyts complex. When the produced current is proportionally related
to the amount of binding redox cofactor, the rate of EET per unit concentration of complex

of OM c-Cyts and cofactor, B, can be described as follows.

I¢

B= (Eq2 - 3)

where [PL] represents the concentration of the OM c-Cyts complex with the molecule.

Incorporation of Kg provides:

(UKL B
B= Dy Ea2-9

In order to compare B among cofactors, [L] was set as 2.0 uM and the sum of [P] and
[PL] was assumed to be the same among each reactor. Normalization by the  for RF

(Brr) provides EET capability for each redox molecule shown below.

EET capability : Bi
RF
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Calculation of the acid-base equilibrium dissociation constants (pKa) in redox active
molecules.

To compute the absolute pKa values, a quantum chemical approach was employed 7. In
the deprotonation reaction of the protonated state (AH) to deprotonated state (A") in

aqueous solution, pKa is defined as

AGag
PKa= 5303 RT (Eq2—-5)

where AGaq is the free energy difference between AH and (A~ + H*) in water (i.e., 4Gy
= Gag(A) + Gag(H") —Gag(AH)), R is the gas constant, and T is the temperature. AGaq can

also be written as
AGag = AGgas + AGso(A) + AGso(H*) — AGson(HA) (EqQ2—6)
AGgas = Ggas(A”) + Ggas(H") — Ggas(AH) (Eq2-7)
The free energy Ggas in vacuum can be obtained, using the following equation;
Ggas = Eo + ZPE + AGo-29sK (Eq2-8)

where Ep is the ground-state energy in vacuum, ZPE is the zero-point vibrational energy,
and AGo-.29sx is the thermal vibrational free energy at 298 K. For proton, the free energy
Ggas(H") of 6.28 kcal/mol and AGson(H*) of 265.74 kcal/mol?” were used. To obtain Eo,
ZPE, and AG-.298k, full geometry optimizations were carried out using the restricted DFT
method for the non-radical states and the unrestricted DFT method for the radical states
with the B3LYP functional and 6-31g** basis sets, and we used the Jaguar program code

3, Vibrational frequencies and electrostatic potentials were calculated using the
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geometry-optimized structures at the same level of theory. To calculate the ground-state

electronic energy Eo, we employed cc-pvqz basis sets for accuracy.

The solvation energy AGsoy Was calculated by solving the Poisson equation using
the Solvate module from MEAD **, where van der Waals radii for H, N, O, Cl, and
titratable H* are 1.2, 1.4, 1.4, 1.9, and 1.0 A, respectively; C for -CHz and -CH2- groups
are 2.0 A, whereas C for others are 1.2 A %. Atomic partial charges used for AGsoly Were

determined by the restraint-electrostatic-potential (RESP) method 36-%,

To evaluate the accuracy of the method, calculatioin of pKa values was conducted for 28
compounds whose experimentally measured pKa values are reported (i.e., ref. % for H,0
and NH4* and ref. % for other compounds) (Figure 2-17). The experimentally measured
pKa values were reproduced with a root-mean square deviation of 0.94 and a maximum

error of 1.77 in pKa units (Figure 2-17).

Estimation of nucleophilicity at N(5) site of cofactor by Hammett substituent
parameter (c parameter)

Because methylene blue (MB), toluidine blue (TB), new methylene blue (NMB), and
thionine (TN) have the same backbone except for the substituent at para- and ortho-
position to N(5), the electronic characteristics at N(5) site of each molecule can be

estimated by the sum of Hammett substituent parameters, Gpara and Gortho™°.
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2.1.3 Results and discussion

N(5) in isoalloxazine ring in flavin is essential to bind with OM c-Cyts

The author first identified key molecular structure of QFASs to work as potential cofactors
bound with OM c-Cyts by checking the EET kinetics. Redox molecules not acting as
bound cofactors can also accelerate EET by diffusing and shuttling electrons between OM
c-Cyts and electrode. QFAs acting as shuttling mediator have often been used at several
tens or hundreds uM to demonstrate enhancement of EET in microbial electrode systems
19.41 "In contrast, S. oneidensis MR-1 can utilize FMN at micromolar or submicromolar
concentrations, leading to a similar rate enhancement of EET 2 22, The fundamental
difference between these two alternatives is that at low concentrations RF binds to an
extracellular part of OM c-Cyts where it is stabilized as one-electron reduced form of
FMN (semi-reduced state, SR) to enhance the rate of EET, while at higher concentrations,
RF reduction in solution can proceed via a two-electron reaction * 8. To determine the key
molecular structure required for bound cofactor of OM c-Cyts, Therefore, the catalytic
current produced during lactate oxidation (ic) by S. oneidensis MR-1 was measured in the
presence of 12 different QFAs including FMN (Figure 2-4), fixing the concentration at
2.0 uM, in which FMN strongly enhances ic from S. oneidensis MR-1 as a bound cofactor
via the formation of a SR intermediate state, but not as a shuttling molecule ' *°.
Simultaneously, differential pulse voltammetry (DPV) was conducted to
electrochemically support the act of bound cofactors by tracking the SR form during ic

generation.
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Figure 2-4. The chemical structure of redox molecules used in this study. Nitrogen atom

at position 5 (N(5)) in isoalloxazine ring is highlighted in the chemical structure of flavin.

The QFAs with a nitrogen atom in position 5 of the isoalloxazine ring (N(5)) in
their polycyclic backbone, all enhanced i at a rate equal to, or higher than that seen with
FMN at a concentration of 2.0 uM (Figure 2-5a and b), suggesting the act as bound
cofactors in OM c-Cyts. In accordance with the analysis of ic measurements, stabilization
of these N(5) compounds as SR forms in OM c-Cyts was confirmed by the number of
electrons involved in the redox reaction of all N(5) molecules via DP voltammetry. After
the addition of 0.5, 1.0, 1.5 and 2.0 uM MB (possessing N(5)) to the electrochemical
reactor containing S. oneidensis MR-1, the peak anodic current was observed at +25 mV
vs SHE and increased with increasing MB concentration (Figures 2-6 and 2-7), indicating
that the anodic peak at +25 mV is assignable to the redox reaction mediated by MB. The
half-width potential (4Ep2) for the peak was approximately 120 mV (Figure 2-7), which
is close to the characteristics of the one-electron redox reaction in bound FMN with MtrC.
In contrast, the two-electron redox reaction of unbound MB in a cell-free system has AEp»

and E, values of approximately 55 mV and —25 mV, respectively (Figure 2-7). These
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redox profiles strongly suggest that MB mediates one-electron redox reactions in the
presence of S. oneidensis MR-1, similar to the bound FMN cofactor in MtrC*. To support
the assignment of E, of +25 mV to the SR state of MB, the effect of the addition of the
free radical scavenger, a-tocopherol, on the DPV signals was further examined. The
addition of 0.1 mM a-tocopherol showed approximately 10% of decrease in the peak
intensity at +25 mV decrease, and subsequently added a-tocopherol further decreased the
anodic peak as previously demonstrated in FMN (Figure 2-8)1. Consistently with the
bound-cofactor model, the anodic DP peak at Ep of +25 mV gradually shifted to negative
direction, which suggests that MB also acts as shuttling electron mediator at the
concentration of several tens or hundreds uM (Figure 2-9). As the same with MB, other
QFAs possessing N(5) showed DP voltammograms consistent with bound-cofactor model
(Figure 2-10). The DPV of QFAs in the presence or absence of S. oneidensis MR-1
showed redox profiles characteristic of one- or two-electron redox reactions, respectively

(Figure 2-10).
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Figure 2-5. (a) The maximum catalytic current of microbial lactate oxidation from S.
oneidensis MR-1 (I¢) in 10 hours measurement in the presence of each molecule shown
in (b) and (c). The Ic in the presence of flavin, flavin analogues, and quinones are
represented as gray, red, and blue bars, respectively. The concentration of each redox
molecule was set as 2.0 uM. The error bars represent mean = SEM obtained from at least
three times individual experiments in separate reactors. (b, ¢) Representative time courses

of current generation from S. oneidensis MR-1 (ic) in the presence of QFAs.
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Figure 2-6. (a) Time course for a current production from S. oneidensis MR-1. The arrows
and the gray regions indicate the timing at which MB was added and DPV was conducted,
respectively. (b) DPV for S. oneidensis MR-1 containing 0.5, 1.0, 1.5, 2.0 uM MB (solid
lines) and in the absence of MB (dotted line), which were obtained during the
measurement in (a). (c) Plots of the current production from S. oneidensis MR-1 obtained
in (a) against the peak current of MB in DPV obtained in (b). Both the current production
and the peak current are subtracted by the value obtained in the absence of MB. The

square of the correlation coefficients, R? = 0.991, includes the point of origin.
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Figure 2-7. A representative data of DPV for DM medium with 10 mM lactate (DM-L,
dotted line), DM-L with a monolayer biofilm of S. oneidensis MR-1 (black line), DM-L
containing 2.0 uM MB (blue line), and DM-L with a monolayer biofilm of S. oneidensis
MR-1 containing 2.0 uM MB (red line). The half width (4Ep2) and the peak potential (Ep)
of the oxidation peak for MB in DPV measurement are indicated.
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Figure 2-8. The effect of a-tocopherol addition on the DPV for S. oneidensis MR-1 on

an ITO electrode in the presence of 2.0 uM MB. The concentrations of a-tocopherol added
into the reactor are indicated.

DPV DPV

V DPV
(a) 160 100 uM (b) E,=-25mV E,=+25mV
1401 L // 80-
< 1201 F ‘5 60 Concentration of
5 100 = added MB (uM)
g 80, 100
E S 404
3 601 3 %
401 10mM 20.
20+ 30 min
0 : i o 04— . . , —
Time -02 -01 00 01 0.2

Potential /V versus SHE

Figure 2-9. (a) Time course for a current production from S. oneidensis MR-1. The arrows
and the gray regions indicate the timing at which MB was added and DPV was conducted,
respectively. (b) DPV for S. oneidensis MR-1 containing 10, 50, 100 uM MB, which were
obtained during the measurement in (a).

55



(a) (b) 565
160 - E3 = ]
£ 1201 @ 20
E > 100 &
80 - P 1
40 w04 @ & @
E]]
0 : : : ' -100 - T 1
2 M a4 R 04747 e M B 04747
g (S
(€) 2 (d) 20 (e)
| 124 2uM T1 |
< < (| < s
215 . 215 2 ? ; 2uM TN
31 310 3 s — \
5 6 ; —
0.2 0.0 0.2 0.2 0.0 0.2 0.2 0.0 0.2 0.4
f Potential /V versus SHE (g) Potential /V versus SHE Potential /V versus SHE
( ) 3 20,
201 {uM DMME
< ‘sl\— ! 2uM RS < | +Biofm A
= + Biofilm = 154 % SN
§ 164 5 | X
5 14j 8 104
124 |
oS 5
0.0 0.2 0.4 0.6 0.2 0.0 0.2
Potential /V versus SHE Potential /V versus SHE

Figure 2-10. DPV for QFAs containing N(5). The half width (4Ep-) (a) and the peak
potential (Ep) (b) of the oxidation peak for small redox molecules containing N(5) in DPV
measurement in cell-free medium (white bar and plot), in the presence of monolayer
biofilm of S. oneidensis MR-1 (light gray bar and plot). The oxidation peak for RS in cell-
free condition was not detected. The standard errors in the 4Ey2 and E, are obtained from
at least three individual DPV measurements in separate reactors. The representative data
of DPV for TB (c), NMB (d), TN (e), RS (f), DMMB (g) in the presence (solid lines) and
absence (dotted lines) of a monolayer biofilm of S. oneidensis MR-1. The concentration
of each molecule and the position of the oxidation peak are indicated.

In contrast, much less enhancement was observed in the presence of the quinones
that lack the N(5) atom (Figure 2-5 a and c). For example, a-AQS showed about 4 uA of
Ic, which is over 10 times less current of that with MB. When the concentration of a-AQS

was increased, the ic increased following the diffusion kinetics of a-AQS estimated by
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Fick’s law, and 100 uM a-AQS was required to reach the ic to the level achieved with 2.0
UM RF (Figure 2-11). This diffusion-limited features of a-AQS are consistent with
undetectable SR state formation in DPV analysis (Figure 2-12). In contrast, the same
analysis on the N(5)-containing compounds (RF and MB) showed that their electron
transport process to the electrode occurred at low concentrations, indicating the N(5)
molecules localized at cell-electrode interface and predominantly worked as bound
cofactors (Figure 2-13). Taken together, these results suggest that the N(5) atom in their
polycyclic backbone is the critical structural feature in the QFAs, allowing them to
function in the SR state as a bound cofactor in OM c-Cyts.

The formation of the SR state, with the enhancement of electron flow is
reminiscent of the SR states observed in electron bifurcation reactions for a number of
microbial reactions #2, some of which have now been confirmed with detailed analysis of
the crystal structure of the bound flavins in flavodoxins 423, While similar studies have
not yet been possible with the OM c-Cyts, our data suggest that the N(5) atom in RF and
other flavin analogues plays a critical role in binding with OM c-Cyts probably through
hydrogen bond formation at N(5) of RF in the protein scaffold, similar to that seen with

the formation of Sq (SR) state in representative flavodoxins 4.
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Figure 2-11. (a) The Ic against the concentration of MB or a-AQS in the reactor. Blue
dotted line represents the estimated Ic by Fick’s laws following the diffusion kinetics of
a-AQS between cell and electrode. The error bars represent mean £ SEM obtained from
at least three times individual experiments in separate reactors. Representative time
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Figure 2-12. The representative data of DPV for a monolayer biofilm of S. oneidensis

MR-1 in the absence (dotted line) and presence of 2.0 uM a-AQS.
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Figure 2-13. (a) Plots of peak current obtained in CV for 4.0 uM RF (black plots) or 4.0
uM MB (blue plots) in the presence of a monolayer biofilm of S. oneidensis MR-1 as a
function of a scan rate. When the scan rate is fast enough to neglect metabolic current,
both plots showed a linear relationship, demonstrating that both RF and MB are adsorbed
and localized at the interface between cell membrane and electrode®. (b) Plots of peak
current obtained in CV for 4.0 uM RF (black plots) or 4.0 uM MB (blue plots) in the
absence of a monolayer biofilm of S. oneidensis MR-1 as a function of as a function of
the square root of a scan rate, demonstrating that both RF and MB proceeds redox reaction
as diffusing species without a monolayer biofilm of S. oneidensis MR-1.

Comparison of binding machinery between FMN and MB using purified MtrC

In order to confirm that the QFAs containing N(5) binds with MtrC at the same site with
that of flavins, circular dichroism (CD) spectra of purified MtrC protein were compared
in the presence of FMN or MB. Since the CD spectra at far-UV region correspond with
the excitation of electronic transitions in amide groups, the content of secondary structure
can be estimated. The CD spectra of MtrC in reduced state changed by the addition of 80
puM FMN, indicating that the binding reaction of FMN with MtrC causes secondary
structural changes (Figure 2-14). In order to quantitatively estimate the changes of
secondary structure, the CD spectra were analyzed using BeStSel, which improved the
accuracy of estimations in the secondary structure content by taking the conformation of

B-sheet into account *>*¢, Four types of secondary structures, an a-helix, a p-sheet, a turn
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motif, and others (including random coil), were identified, and their contents are
summarized in Table 2-1. Notably, the content of B-sheet decreased upon the binding
reaction. Considering that the binding site is proposed to be the domain I or 111 composed
of B-sheet?® ', the decrease of B-sheet content indicates that the binding reaction causes
local conformational change around the binding site. The change was also observed in
the content of a-helix, which is located not around the binding site but in domain Il and
IV including 10 hemes in MtrC, indicating that the structural change caused by FMN is
not limited near the binding site, but also whole-protein including electron transfer
pathway. Addition of MB also showed the same tendency, decrease of both a-helix and
[-sheet. Furthermore, MB changed the twisting angle of B-sheet in a same way with FMN.
In both cases, the content of relaxed B-sheet decreased, and instead, the ratio of left-
twisted p-sheet increased. The same tendency of secondary structural change in both the
content and conformation strongly suggest that the binding reaction of MB occurs in a
same manner with FMN. The content of both a-helix and p-sheet lost by binding reaction
was smaller in MB than FMN, probably suggesting that not only the N(5) but also other

part of FMN is partly associated with the binding reaction as demonstrated in flavodoxin®.
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Figure 2-14. CD spectra of purified MtrC protein reduced by 0.7 mM NaS,04. Red and
blue lines were obtained by addition of 80 pM of FMN or MB to the reduced MtrC,
respectively. Those spectra were obtained after subtraction by that of 0.7 MM NazS204
and FMN or MB. The Ae was divided by the number of amino acids in the MtrC protein.
The maintenance of reduced state after addition of FMN or MB was confirmed by CD

spectra in the Soret region.

Table 2-1. Estimation of secondary structure of reduced MtrC*
Reduced MtrC /% Reduced MtrC Reduced MtrC
+80 uM FMN /%  + 80 uM MB /%

a-helices 8.4 6.2 7.4
B-sheet 31.8 27.3 28.8
Turn 13.2 14.9 14.2

Others including
candom coil 46.6 51.6 49.6
Left-twisted B-sheet 4.4 59 5.8
Relaxed B-sheet 13 4.6 6.8
Right-twisted B-sheet 124 13.1 125
Parallel B-sheet 2.1 3.7 3.7

*Estimated by a software, BeStSel 4>4°,

Correlation of EET kinetics with pKa suggests rate limitation by protonation at N(5)
Given that the flavins receive electrons from the heme groups of OM c-Cyts, the N(5)

molecules with more positive redox potential should be more favorable for the
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acceleration of EET in the experimental condition (+0.4 V versus SHE) *°. To this end,
it is clear from the data shown in Figure 2-5 that the level of enhancement is not the same
for all of N(5)-containing compounds. However, the relationship between ic values
produced and their redox potentials (Eo) was different from what was predicted (Figure
2-15a). EET capability was approximated as the max ic value (Ic) in the 10 h
measurements for each of the N(5) molecules per the concentration of OM c-Cyts
complex with bound cofactors (Figure 2-16 and Table 2-2) and their redox potential was
estimated by DPV (Figures 2-7 and 2-10). As shown in Figure 2-15a, while the rate of
EET increased with the redox potential for those N(5) molecules with redox potentials
below about 50 mV versus SHE, this tendency diminished with N(5)-containing
molecules with higher redox potentials. The cut off was almost identical with the redox
potential of OM c-Cyts [Eo = ~40 mV versus SHE]®. The N(5) molecules with redox
potential over 50 mV accept electrons from OM c-Cyts with thermodynamically
favorable down-hill reaction, suggesting that the rate suppression might be caused by
some other process. Given that the SR species of RF is known to form a hydrogen bond
at the N(5) site with flavodoxin associated with electron transfer reaction 3, the author
reasoned that the rate of EET in bound RF with OM c-Cyts could be limited by the rate
of protonation reaction of the N(5). Thus, it was hypothesized that the N(5) atom is not
only critical for the stabilization of SR state, but also its proton uptake capability may be

rate limiting for EET.
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Figure 2-15. Correlation between current production from S. oneidensis MR-1 and redox
property of QFAs. Plots of the EET capability of S. oneidensis MR-1 with each N(5)
molecule as a function of the redox potential (Eo) of each cofactor (a) and pKa at N(5) in
one-electron reduced form (b). The Eo of each cofactor, bound with OM c-Cyts, were
obtained by DPV (Figures 2-7 and 2-10), except for FMN and RF, of which Eo were
quoted from refs.}2. The pKa at N(5) were calculated by quantum chemical approach
using 28 compounds as reference (Figure 2-17). Note that pKa at N(5) of FMN and RF
were quoted from ref.#®. The error bars represent mean + SEM from at least three

individual experiments. Dotted line is a guide to the eye.
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Figure 2-16. Estimation of dissociation constant (Kqg) for complex formation between

OM c-Cyts and cofactor. Kq for complex formation between OM c-Cyts and each cofactor

was estimated via linear regressions, setting ﬁ—ﬁ and a— 1 as horizontal and
1 2

vertical axis, respectively as described in eq. 2-2. (a) Kq for complex formation at pH 7.8.
The linear regressions are as follows; MB: b = 8.560a, R?2=0.939; TB: b = 8.079a, R?=
0.997; NMB: b = 8.071a, R?=0.949; TN: b = 9.227a, R?>=0.949; RS: b = 7.890a, R?=
0.927; DMMB: b = 6.013a, R?=0.958. (b) Kq for complex formation at pH 7.0 or in the
presence of 4% (v/v) D20 at pH 7.8. The linear regressions are as follows; RF with 4
vol% D20: b = 7.579a, R? = 0.987; MB with 4 vol% D.0: b = 7.172a, R?> = 0.972; TN
with 4 vol% D,0: b = 7.781a, R?= 0.977; RF at pH 7.0: b = 8.137a, R>= 0.906; MB at
pH 7.0; b = 2.910a, R?= 0.854. Each Kg with standard error is summarized in Table 2-2.

Table 2-2. Quantification of EET capability with each redox molecule normalized by
the amount of cofactor-bound OM c-Cyts

Maximum current production Dissociation constant ~ EET capability

with 2.0 uM molecule (l¢) /pA (Kq) /uM

FMN 26.73+1.72 10" 0.89+0.06
RF 30.07+2.08 10" 1.00+0.07
MB 57.15+3.12 8.56+0.55 1.67+0.13
B 48.03+6.22 8.08+0.12 1.34+0.17
NMB 43.47+2.32 8.07+0.41 1.21+0.08
TN 31.51+4.24 9.23+0.57 0.98+0.14
RS 28.08+3.30 7.89+0.59 0.77+£0.10
DMMB 25.78+1.46 6.01+0.34 0.57+0.04

*V/alues from 2
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To test this prediction, the author compared pKa of the N(5) with the EET
capability for each N(5)-containing quinone. The pKa at the N(5) site in the SR state was
calculated using a quantum chemical approach (Figure 2-17) 2’28, As shown in Figure 2-
15b, the larger EET capability was observed with the molecules having higher pKa at the
N(5) site in the SR form. Since the N(5) with a higher pKa rapidly accepts a proton, the
increase of current production by higher pKa suggests that the protonation reaction at N(5)
in one-electron reduced cofactor controls the EET kKinetics. Consistent with this, the
increase of nucleophilicity at N(5) estimated by Hammett substituent parameters, Gpara
and oortho, INCreased the current production (Figure 2-18 and Table 2-3). Furthermore,
introduction of a methyl group near to the N(5) suppressed the EET capability by about
65% likely due to the prevention of protonation at N(5) (Figure 2-15b). In contrast, there
was no clear relationship between the current production and pKa of any of the two-

electron reduced forms (Figure 2-19).

65



(a) AH{jgas}—AanS—> A~(gas)+ H*(gas)

aGsolv(AH}l’ Q‘Gsol\t("ﬁ“_)l IvﬂGsolv(H-F}
o Caa) 4 o
AH(aq) —_}AGaq A-(aq) H*(aq)
(b) _ﬁ (©)
-.-:\):i\_:_ __.:/\)L-:- *
15+
\H‘\C_ - /\.J\g \/\i} xm
o * 8
. o 104 *
. ks A
O O O O O § 5. Ad
@— ’"'_\ — @_ ;_\— . :.
. 4 0 5 10 15
H= Fa 4 1 .
P Q Ci Experimentally measured pK,

Figure 2-17. (a) Thermodynamic cycle for obtaining AGaq, according to egs. 2-6 and 2-
7. (b) 28 compounds evaluated in Figure ¢ (c) Correlation between experimentally
measured and calculated pKa values of 28 compounds in (b). The root-mean-square

deviation and the maximum error were 0.94 and 1.77 in pKa units, respectively
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Figure 2-18. Correlation of the EET capability and the nucleophilicity at N(5) site,
estimated by the sum of the Hammett Gpara and cortho parameters for MB, TB, NMB, and
TN. The molecule possessing more negative ¢ shows higher nucleophilicity at N(5).
Hammett opara and cortho parameters of each substituent and numeric data for the sum of

opara and oortho are provided in Table 2-3.
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Figure 2-19. Plots of the EET capability of S. oneidensis MR-1 with each N(5) molecule
as a function of the pKa of cofactor in two-electron reduced form. The pKa of each cofactor

was obtained by refs. 48-%0,

Table 2-3. Hammett parameter (Gpara and Gortho) and the sum of 6para and Gortho (£0) to
N(5) site of MB, TB, NMB, and TN

Opara Gortho 20
MB -1.66 0 -1.66
B -1.49 -0.07 -1.56
NMB -1.22 -0.14 -1.36
TN -1.32 0 -1.32

Gpara for NHZ: '066, Opara for N(CH3)2: '083, Gpara for NH(CZHS) '061, Oortho for CHS: -
0.07

2.1.4 Conclusion

The results presented here demonstrated that the variation in the enhancement of
EET of S. oneidensis MR-1 by flavins and flavin analogues is due to variation in the
ability of these electron carriers to bind with OM c-Cyts, and is also a function of their
proton uptake capability (Figure 2-2). Given that the redox potential and pKa of N(5) atom
in the polycyclic backbone is potentially tunable, the flow of protons, could well be a key
control point for the regulation of EET. Whether similar activities are also involved with

uptake of electrons (and protons) via EET is now under investigation -2,
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2.2
Coupled proton transport limits the rate of extracellular

electron transport

2.2.1 Introduction

The iron-reducing bacterium, S. oneidensis MR-1, is capable of moving electrons from

the respiratory chain to the cell exterior by a process called EET 3. Respiratory electrons
are transported extracellularly via OM c-Cyts >*, which have implications for iron and
manganese circulation in nature °3 and for microbial technologies such as microbial fuel
cells > and electrode biosynthesis °6. Direct interfacial electron transport to extracellular
solids is terminated either by a covalent heme center in OM c-Cyts or a non-covalently
bound flavin Sq cofactor with OM c-Cyts (Figure 2-20) 2 6 8 22,57 \While the kinetic
aspect has been the focal point of EET process, however, the mechanisms underlying the
flavin-mediated EET enhancement has remained questionable due to the limited
approaches to investigate the OM c-Cyts/electrode interface using intact cell. In chapter
2-1, it was revealed that the pKa value as well as the redox potential of flavin Sq is critical
for flavin-mediated EET kinetics by means of molecular design of 10 flavin analogues,
suggesting that the protonation reaction at N(5) in flavin dictates the rate of EET.

Thus, in chapter 2-2, it was hypothesized that proton transport reaction is coupled
with EET through OM c-Cyts, and flavin enhances the rate of EET by acceleration of
coupled proton transport. To test this hypothesis, the solvent kinetic isotope effect (KIE)
on EET through OM c-Cyts was compared with that of flavin-mediated EET, because the

extent of the KIE reflects the molecular characteristics of a rate-limiting proton transfer
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process. Furthermore, the effect of pH change on EET Kkinetics was tested to clarify the
significance of proton transport on EET process. In addition, the author discussed about
the relationship of the EET-coupled proton transport on biological energy production

(PMF generation) with implications to bacterial ecophysiology.
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. _MtrA
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H* MtrC/OmcA
/
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ky/kp >1
e ¥ o ey Ox+e +H*s Sq
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Figure 2-20. Schematic illustration of extracellular electron transport via outer-
membrane flavocychrome complex in S. oneidensis MR-1 and the non-covalent flavin
cofactor that involves in a rate-limiting proton transport. Ox and Sq represents fully

oxidized flavin and semiquinone, respectively.
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2.2.2 Methods

Formation of a monolayer biofilm of S. oneidensis MR-1 on ITO electrode

S. oneidensis MR-1 was grown as described in chapter 2-1, and the electrochemical
experiments were conducted using the same reactor with chapter 2-1. For the formation
of a monolayer biofilm, 4.0 mL of DM (pH 7.8) with 10 mM lactate was added into the
electrochemical cell as an electrolyte and was deaerated by bubbling with N2 for more
than 20 min. Cell suspension of S. oneidensis MR-1 with ODsgo = 0.1 was cultivated in
the reactor with the working electrode poised at +0.4 V versus SHE in the presence of 10
mM lactate as a sole electron donor at 30°C with no agitation for 25 hours. The formation
of a monolayer biofilm was confirmed by in situ confocal fluorescence microscopy as

previously described °.

Addition of deuterated water (D20) to the electrochemical reactor in the presence of
a monolayer biofilm of S. oneidensis MR-1

After formation of a monolayer biofilm of S. oneidensis MR-1 on ITO electrode, the
supernatant solution was refreshed with anaerobic DM with 10 mM lactate containing
either 2.0 uM methylene blue (MB) or 2.0 uM thionine (TN) at pH 7.8. Then D>O was

sequentially added to the reactor at final concentrations ranging from 0.5 % to 4% (v/v).

Quantification of the kinetic isotope effect (KIE) on EET, normalized by the amount
of cofactor-bound OM c-Cyts complex
The extent of kinetic isotope effect (KIE) on EET was evaluated from the difference

between the current production 10 minutes after the addition of 4 % (v/v) D20 and H.O
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(ic(H20)/ic(D20)) to the electrochemical system in the presence of a monolayer biofilm
of S. oneidensis MR-1, followed by normalization of the amount of cofactor-bound OM
c-Cyts complex using dissociation constant (Kg) in the presence of 4% D0 and in the
absence of D20 as below:

_ ic(Hz0) [PL]p _
KIE_ic(DZO) [PL]y (Eq2—9)

where [PL]o and [PL]+ show the concentration of the OM c-Cyts complex with cofactor
in the presence of 4% (v/v) D20 and in the absence of D,O, respectively. [PL] can be

described from the definition of dissociation constant (Kg) (Eg. 2-1) as follows.

— [Pltotar[L] _
[PL] = =27 (Eq2 - 10)

where [P]iotar IS the sum of the concentration of OM c-Cyts unbound by cofactor and OM
c-Cyts bound with cofactor, [L] is the concentration of unbound redox molecule in
solution. Assuming that [P]wtal is constant before and after the addition of D.0O, the KIE

can be described as follows.

_ ic(H20)  Kq(H20)+[L]
KIE =3 5,0) " Ka(020)+(1]

(Eq2 —11)

K4(D20) and K4(H20) represent the dissociation constant in the presence of 4% (v/v) D20

and in the absence of D20, respectively. [L] was set as 2.0 uM for KIE experiment.

Monitoring the current production from S. oneidensis MR-1 in several pH

After formation of a monolayer biofilm of S. oneidensis MR-1 on ITO electrode, the
supernatant solution was refreshed with anaerobic DM with 10 mM lactate containing 2.0
uM riboflavin (RF), 2.0 uM methylene blue (MB), or 100 uM 2-hydroxy-1,4-
naphthoquinone (HNQ), whose pH was adjusted at 8.17. The micro-electrode of the pH

meter (D-73, pH meter, Horiba, Japan) was directly introduced into the electrochemical

71



reactor. HCI was added into the reactor to change the pH.

Protein Content Assay

To determine total protein content, ITO electrodes with attached cells after 24 h of Ic
measurements were gently washed once with an aqueous buffer solution consisting of 4.3
mM NaHPO4 and 1.4 mM KH2PO4 (pH 7.5). The washed electrodes were carefully
broken into small pieces, placed in a 2 ml tube containing 300 ul phosphate buffered
saline (PBS), and then vortexed for 5 min. The protein concentration was determined
using a Micro BCA Protein Assay Kit (Pierce) according to the manufacturer’s

instructions.

Fluorescence measurements

Flavin concentration in the cell suspensions was quantified by fluorescence in supernatant
after centrifugation of cell suspension with an optical density of 1.0 at 600nm (ODsepo) in
the presence of polymyxin B (PMB) and 10 mM lactate as a sole electron donor. We
performed fluorescence measurement experiment two times separately and shown data is
representative one. Fluorescence measurement was performed in a plate reader (SH-
9000Lab, Corona-el). The wavelength of excitation and emission was 445nm and 525nm,

respectively.
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2.2.3 Results and discussion

Flavin changes the kinetics and pathway of proton transport coupled with EET
through OM c-Cyts
To test the role of proton transfer in the kinetics of EET, the kinetic isotope effect (KIE)
of deuterium on EET was examined using a 3-electrode electrochemical system with an
ITO electrode. To utilize the KIE to examine whether proton transport determines the rate
of EET via OM c-Cyts in vivo measurements, the rate of EET via the OM c-Cyts must
limit or reflect the catalytic current (ic) production. For this reason, the experiments were
conducted in an electrochemical system containing sufficient lactate as an electron donor
and under pH and temperature conditions that support oxidative lactate metabolism,
thereby limiting the ic to EET via OM c-Cyts, as confirmed in previous reports 28, The
measurements were conducted following the electrochemical cultivation of S. oneidensis
MR-1 as a monolayer biofilm on an ITO electrode, poised at +0.4 V [vs. the standard
hydrogen electrode (SHE)]. The supernatant solution in the electrochemical cell was
refreshed before the addition of deuterated water (D20) to maximize the cellular
metabolic activity for lactate oxidation and to minimize the involvement of motile
bacteria.

Upon the addition of D20 to the electrochemical system, the ic sharply decreased
within 10 s; the further addition of DO, up to a final concentration of 4%, resulted in a
further decrease in the ic, whereas almost no reduction in the ic was observed following
the addition of H2O (Figure 2-21 a and d). To confirm that the large current reduction was
not attributable to the slower diffusion of deuterium ions compared to protons, the author

examined the effect of D2O on I¢ in the presence of anthraquinone-1-sulfonate (a-AQS),
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which functions as a shuttling mediator for the transport of both electrons and protons
that are in the electron transport chain and are located in the inner membrane or periplasm
%9, In the presence of 100 UM a-AQS, the ic was limited by diffusion (Figure 2-22) and
the addition of D20 had minimal impact on the ic (Figure 2-21b and d), indicating that the
potential delay of the upstream reactions by deuterium ions did not cause the large KIE.
Based on these results, the large KIE could be attributed to the EET process via OM c-
Cyts, indicating that the EET is limited by proton transport. It is notable that even 0.5 %
DO largely decreased ic, and the magnitude was gradually buffered in higher
concentration of DO (Figure 2-21d). This non-linear bowed-shaped relationship of ic-
D>0 concentration is characteristics of multiple protonic sites related with rate-limiting
proton transfer 6962, Therefore, it is plausible that the OM c-Cyts possess hydrogen bond

networks related with rate-limiting proton transfer.
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Figure 2-21. Time versus current production (ic) for a monolayer biofilm of S. oneidensis
MR-1 in an electrochemical system containing 10 mM lactate (a), and additionally 100
MM anthraquinone-1-sulfonate (a-AQS) (b), or 2 uM flavin mononucleotide (FMN) (c).
The arrow indicates the time of the addition of D.O (solid line) or H20 (dotted line). The
data corresponding to the dotted line were normalized to the data point just prior to the
addition of D.O in the solid line data. (d) The ratio of ic before and 10 min after the
addition of D20 versus the DO concentration up to 4% (v/v). The data are shown as the

means + standard error of the mean (n > 3).
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Figure 2-22. (a) Cyclic voltammograms (CV) of the cell-attached electrode for S.
oneidensis MR-1 at 30 °C in the presence of 100 uM a-AQS measured at scan rates (v)
of 1, 5, 10, 20, 50, and 100 mVs? (pH 7.8). (b) Plot of peak current in the CVs in panel
(a) as a function of the square root of v. The same trend was observed in more than two

independent experiments.
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The observation that proton transport limits the rate of EET is in accordance with
the acceleration of EET via OM c-Cyts in the presence of flavins, RF or FMN. The Sq
state of these non-covalently bound cofactors in OM c-Cyts 1> 22 have an unfavorable
energy level for accepting electrons from heme redox centers. Because the bound Sq
cofactor has a more negative redox potential than heme cofactors in OM c-Cyts, the rate
of electron transport should not be enhanced compared with the highly efficient electron
transport circuit of hemes in the OM c-Cyts complex. Therefore, it is likely that the
association of flavins with OM c-Cyts, i.e., the formation of an OM flavocytochrome
complex, enhances the rate of proton, not electron transport, resulting in an apparent
enhancement in the rate of EET. To directly test the hypothesis that flavin-bound OM c-
Cyts operate with a rate-limiting proton pathway, the KIE on EET by the S. oneidensis
MR-1 strain in the presence and absence of flavins was examined, because the extent of
the KIE reflects the molecular characteristics of a rate-limiting proton transfer pathway.
In contrast to the effects of a-AQS, in the presence of 2.0 uM FMN, the ic was
significantly reduced following the addition of D20, but the KIE in the presence of FMN
was largely reduced compared with that in the absence of FMN (Figure 2-21c and d),
indicating that the binding of FMN by OM c-Cyts altered the rate-limiting proton
transport pathway. Since the reduction of the bound FMN (Ox/Sq) is coupled with
protonation at physiological pH as described in chapter 2-1 %8, the protonation of bound
FMN might alter the proton transport Kinetics associated with EET. The relationship of
ic-D20 concentration was still non-linear bowed-shaped in the presence of FMN, which
suggests the existence of multiple protonic sites in FMN-bound OM c-Cyts 6962,
Therefore, the result indicates that protons are transported inside flavin-bound OM c-Cyts,

and the Kkinetics and pathway of proton transport in OM c-Cyts are altered by bound Sq
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flavin.

To support the alteration of proton transport pathway by bound flavin, the
involvement of protonation at the N(5) site in rate-limiting proton transport through
flavocytochromes was examined by the KIEs in the presence of other redox molecules
containing N(5). The extent of the KIE on the rate of EET was evaluated from the
difference between the current production 10 minutes after the addition of DO and H20O
(ic(H20)/ic(D20)) to the electrochemical system, followed by normalization of the amount
of cofactor-bound OM c-Cyts complex using dissociation constant (Kq) in the presence
of 4% D0 and in the absence of D.O (Figure 2-16). The addition of DO decreased the
current production within 10 s in the presence of TN, and further addition of DO up to a
final concentration of 4% resulted in a further decrease, whereas the current inversely
increased in the presence of MB by D>O addition (Figure 2-23). However, upon the
normalization by Kq, KIE for the complex of OM c-Cyts and MB became normal KIE
value of 1.06 = 0.07, and RF and TN showed KIE as 1.35 + 0.03 and 1.46 + 0.10,
respectively (Figure 2-24a, b and Table 2-4). The large KIE difference observed with the
different cofactors is consistent with the involvement of the N(5) site as proton transport
pathway, suggesting that bound flavin accelerates EET by alteration of proton transport

kinetics.
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Figure 2-23. Effect of deuterium ion on extracellular electron transport. The
representative time course for the current production from a monolayer biofilm of S.
oneidensis MR-1 in the presence of 2.0 yM MB (a) and TN (b). The arrow indicates the
point for addition of DO (solid line) or H20 (dotted line). The data corresponding to the
dotted line was normalized to the data point just prior to the addition of D20 in the solid
line data. (c) Schematic illustration of DO effect on EET. DO alter the ic by the kinetic
isotope effect (KIE) in the cofactor-bound OM c-Cyts (upper image) and Kq change
(lower image). Therefore, the observed i¢(D-0) should be normalized by Kg to clarify the
KIE in the cofactor-bound OM c-Cyts.

Table 2-4. Quantification of kinetic isotope effect (KIE) on EET via single-Cyts-
cofactor complex for 4.0 vol% D20

ic(H20)/i¢(D,O) Dissociation constant in the presence  KIE on EET via single-
of 4.0 vol% D.0 (Kq¢(D20)) /uM Cyts-cofactor complex

RF 1.08+0.01 7.58+0.22 1.35+0.03
MB 0.92+0.02 7.17+0.32 1.06+0.07
TN 1.27+0.05 7.78+0.23 1.46+0.10
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Figure 2-24. Effect of deuterium ion and pH change on extracellular electron transport
kinetics in the presence of redox molecules. (a) The effect of D.O addition on ic in the
presence of 2.0 uM MB or TN under subtoxic concentration (up to 4% v/v). The error
bars represent mean = SEM obtained from three individual experiments in separate
reactors. (b) The KIE on EET per unit concentration of cofactor-bound OM c-Cyts
complex in 4% (v/v) D20. The error bars represent mean + SEM. (c) The redox potential
(Eo) of bound cofactor (RF, MB, TB, NMB, and TN) determined by DPV as a function
of pH in bulk solution. The slopes for the plots are as follows: RF: =13 mV pH?; MB:
—-34 mV pH; TB: =32 mV pHY; NMB: =30 mV pH?; TN: 21 mV pH™. (d) The effect
of pH decrease in bulk solution on i¢ in the presence of 2.0 uM RF, 2.0 uM MB and 100
uM HNQ. The pH was altered from 8.17 to 7.00 £ 0.05. Note that the ic is normalized by
unit concentration of cofactor-bound OM c-Cyts in the case of RF and MB. The error bars
represent mean + SEM of Kg.

Furthermore, the pH dependency of ic and Eo supports the proton donation from
OM c-Cyts to N(5) associated with EET. Although acidification of the supernatant
solution significantly decreased ic in the presence of 2.0 UM RF and MB, the pH decrease

caused linear positive shift of Eo with slope value of =13 mV and —34 mV per pH at 303
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K, respectively (Figures 2-24 c, d and 2-25). Assuming that protons are supplied to the
N(5) from the bulk solution, such pH-dependency of redox potential should facilitate the
rate of electron transport at lower pH as demonstrated for the quinones lacking the N(5),
e.g., HNQ (Figures 2-24d and 2-25). This clear inconsistency of pH dependency between
ic and Eo of redox cofactor strongly suggests the existence of an internal source of protons

for the cofactor-bound OM c-Cyts complex associated with EET 634,

(a) pH: 817781 758 7.22 695 (b) PH: 817 790 743 701 (c)PH 817790 745 697

20, 30- 1 20- [
25
157l | *‘-—’J\,f—%f_ 5] ||
| 20+
S0 1 3 151 5 10/
-t - 10/ )
54 5
Smin W/ 2.0 uM RF ° Epn W/ 2.0 uM MB Ripin’ W/ 100 uM HNQ,
0 : v . 0 . . , 0
Time Time Time

Figure 2-25. Representative time course for current production from a monolayer biofilm
of S. oneidensis MR-1 in the presence of 2.0 uM RF (a), 2.0 uM MB (b) and 100 pM
HNQ (c). At the beginning of the measurement, the pH in the bulk solution was adjusted
at 8.17, HCI was then added into the reactor to change the pH in the physiological range
at timings arrows indicate. The bulk pH is indicated above each data for current

production.

Furthermore, the author examined the mutant strains AmtrC and AomcA, which
lack key multi-heme protein components of the OM c-Cyts complex, but while this
complex still retains the capacity to bind RF and FMN, respectively, there is potentially
an altered hydrogen bonding network structure. AmtrC and AomcA displayed a two-fold
greater reduction in the ic upon the addition of D20 than did the WT cells in the presence
of RF and FMN, respectively (Figures 2-26 and 2-27), indicating that the proton transport

pathway is significantly influenced by the lack of the multi-heme protein components in
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the OM c-Cyts complex. The non-linearly increasing KIE against DO concentration is
characteristic to multiple protonic sites, further supporting the proton transport pathway

inside the OM c-Cyts complex (Figures 2-26 and 2-27)50-62,
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Figure 2-26. Effect of mutation of the MtrC or OmcA multi-heme protein (strains AmtrC
and AomcA, respectively) on kinetic isotope effect (KIE) values. The KIE was estimated
as the reciprocal of the ratio of ic before and after the addition of D2O. The ic was
monitored before and after the addition of D,O at concentrations up to 4% (v/v) in systems
containing WT, AmtrC, or AomcA cells in the presence 2.0 uM riboflavin (RF) (a) or
flavin mononucleotide (FMN) (b). The data are presented as the means * standard error
of the mean (n > 3). The inset panels and figure represent the KIE data obtained in the
absence of flavins with the same range of D>O concentrations and the schematic

illustration for EET via the RF-bound OM Cyt ¢ complex, respectively.
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Figure 2-27. Effect of flavin molecules and mutation of the MtrC and OmcA proteins
(strains AmtrC and AomcA, respectively) on the kinetic isotope effect (KIE) for microbial
current production. (a) Time versus current production (ic) for a monolayer biofilm of
wild-type (WT; black line) and AmtrC (blue line) strains of S. oneidensis MR-1 in systems
containing 10 mM lactate and 2.0 uM riboflavin (RF). (b) Time versus current production
(ic) for a monolayer biofilm of WT (black line) and AomcA (orange line) strains of S.
oneidensis MR-1 in systems containing 10 mM lactate and 2.0 uM flavin mononucleotide
(FMN). Data for the mutant strains AmtrC and AomcA were normalized to the tine point
just prior to the addition of DO in the data for WT. The normalized ic values for AmtrC
and AomcA were 1.94 and 0.47 pA cm2, respectively. Inset scheme describes the location
of RF, FMN, MtrC, and OmcA in the OM Cyts complex.

Although the KIE values clearly differed between the WT and AmtrC and AomcA
strains in the presence of flavins, the KIE was nearly identical among the three strains in
the absence of flavins (Figure 2-26, insets), indicating that the proton transport pathway
in OM c-Cyts complex without the bound flavin cofactor is not involved in the deleted
parts, which is distinct from that with flavin cofactor. Taken together, the significant
increase of KIE by removal of flavin cofactors or key components of the OM c-Cyts and
pH dependency strongly suggest that the bound flavin cofactor alters the kinetics and
pathways of proton transport inside OM c-Cyts and accelerates rate-limiting proton

transport.
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Proton exportation model across OM

Since EET is the electron export process from periplasmic space to cell exterior,
continuous EET may cause accumulation of positive charge in periplasm sandwiched by
insulative outer- and inner- membranes. The author, then, reasoned that the observed large
KIE may be assignable to proton export through OM c-Cyts to maintain the charge
neutrality in the periplasm. Although the OM of Gram-negative bacteria is considered to
be permeable to ions, the same number of cations and electrons must be removed from
the periplasm to prevent charge accumulation once the rate of electron transport exceeds
that of proton diffusion across the OM. Therefore, a significant KIE on the EET via the
OM c-Cyts complex may indicate that the rate of proton removal from the periplasm
limits the rate of EET. This idea is in accordance with previous experiments that compared
the rate of EET in whole-cell systems with that of purified OM c-Cyts complexes. The
EET rate by whole S. oneidensis MR-1 cells per OM c-Cyts complex was estimated about
20~300 electrons s, 4> %% which is at least 10-fold lower than that in a purified system
(10°~10* electrons s1) 8768 (See details in Estimation of electron flux for a single OM
c-Cyts complex). Given that the electron transport rate in a purified system is nearly
equal to the theoretical value estimated from the crystal structure of MtrF %70 and based
on an inter-heme electron-hopping model "t (~10* electrons s), the lower EET rate that
was observed in whole S. oneidensis MR-1 cells may be attributable to the slower removal
of protons from the periplasm. Although such a proton transfer pathway has not been
identified in the crystal structures of OM c-Cyts in the oxidized state 2> 72, it may be
possible that the hydrogen network in the OM c-Cyts complex is rearranged during
electron flow in vivo.

In order to test the proton export model, the two points listed below were
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examined (Figure 2-28).
1. ATP generation by proton motive force (PMF) is inactive during EET process.

2. Protons are not accumulated in the periplasmic space during EET process.

Hte
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Membrane
(OM)
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Figure 2-28. Hypothetical model of proton export during EET. If protons are exported by
OM c-Cyts, ATP generation by F-ATPase should be inactive due to the removal of proton
motive force (PMF), and simultaneously protons should not be accumulated in periplasm.

Although EET is considered to be coupled with the generation of PMF, the
removal of protons from the periplasm during EET may hamper the PMF accumulation
and scarcely accumulate protons inside periplasm. To test such a possibility, the growth
and ic coupled with lactate oxidation in the WT strain and the mutant strain of S.
oneidensis MR-1 that lacks the sole F-type ATP synthase (ATPase; SO4746 to SO4754).
Nearly identical ic values were obtained for the WT and AATPase strains at +0.40 V
(Figure 2-29a), suggesting that proton uptake by ATPase is not involved in the kinetics of
EET. Protein quantification assays performed before and after the ic measurements
indicated that the significant anaerobic growth of the AATPase strains was nearly identical
to that of the WT strain (Figure 2-29b and Table 2-5), whereas the aerobic growth rate of
MR-1 was greatly reduced by the lack of F-ATPase. These results suggest that the EET

process is not associated with the formation of PMF under the experimental conditions.
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Figure 2-29. (a) Current production (ic) from lactate oxidation in wild-type (WT) and
mutant strains of S. oneidensis MR-1 lacking F-type ATP synthase (AATPase), SO2915
(AackA) or SO2916 (Apta) measured at +0.4 V versus SHE in the presence of 10 mM
lactate. (b) The cell growth on the electrode was estimated by the difference in protein
content before and 24 h after the electrode inoculation. The ic and growth data are

presented as the means + standard error of the mean (n =5 and > 2, respectively).

Table 2-5. Growth data of WT, AATPase, Apta and AackA strains of S. oneidensis MR-1
under anaerobic electrochemical or aerobic culture conditions.

Strain Apg/em? (Anaerobic)? AODgoo (Aerobic)®
WT 12.0+£0.03 (n=2) 150+0.05 (n=2)
AATPase 11.3+3.09 (n=3) 0.56+0.01 (n=2)
Apta 520+0.67 (n=2) 151+0.04 (n=2)
AackA 170+ 155 (n=2) 1.62+0.05 (n=2)

a. Cell growth on the electrode was estimated by the difference in protein content before
and 24 h after electrode inoculation. As the initial protein content was ~36 g and the
electrode surface area was 3.1 cm?, the protein content of WT approximately doubled in
24 h with the electrode-cultivation.

b. Difference in the ODsqo after 24 h of aerobic cultivation. The initial ODsgo of all strains

were 107,

The author further confirmed that EET decouples chemiosmotic ATP synthesis
by F-ATPase and, instead, promotes substrate-level ATP synthesis as an alternative path

to ATP formation, which has been previously suggested for the anaerobic reduction of
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fumarate located in the periplasm of S. oneidensis MR-1 3. Under the present current-
producing conditions, it was further tested that the growth of WT and mutant strains
lacking either the acetate kinase [ackA (SO2915)] or phosphotransacetylase [pta
(S02916)] genes, which are required for acetate production and substrate-level ATP
production, respectively. Both the AackA and Apta mutants exhibited significantly lower
ic and growth rate than those of the WT strain, suggesting the slower growth or
suppression of NADH or formate production from lactate oxidation (Figure 2-29). In
addition, because the concentration of formate had no impact on either the ic or cell
growth of the WT strain (Figure 2-30), the EET appeared to enhance the regeneration of
NAD™ to oxidize lactate and sustain substrate-level ATP production. These findings
indicate that the role of the proton is not to generate a PMF but rather to regulate the flow
of respiratory electrons, supporting the hypothesis that the removal of protons from the

periplasm limits the rate of EET.
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Figure 2-30. Effect of formate on current production (ic) and growth of S. oneidensis MR-
1 on a potential-poised electrode. Time course of current production (ic) during lactate
oxidation (a) and the growth rate (b) measured at +0.4 V (vs. SHE) in the presence of 10
mM lactate and 1, 2, 4, or 10 mM formate. The cell growth on the electrode was estimated
by determining the difference in protein content before and after 24 h of cultivation. The

Ic and growth data are shown as the mean + standard error of mean (n = 2).
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Given that F-ATPase was not functional and did not participate in the EET
Kinetics, rate-limiting proton transport in the absence of flavin could be either to the
cytoplasm or to the extracellular environment across the OM via certain proton channels.
However, the large KIE observed in the absence of flavins is distinct from that of active
and passive transporters “*°. These results imply the proton export through OM c-Cyts.
Thus, next, the periplasmic pH (pHp) was tested to confirm that protons are not
accumulated in the periplasmic space during EET process.

To monitor the pHp during EET, a new method that uses the OM permeability of
a biosynthesized flavin molecule was developed. Flavins are synthesized in the cytoplasm
of S. oneidensis MR-1, transported to the periplasm via an IM transporter, and secreted
to the cell exterior 2°. In the periplasm, flavins are in the reduced hydroquinone state (HQ)
when a sufficient amount of electron donors is supplemented to the microbes. When pHp
increases higher than the pKa of HQ, the deprotonation reaction of HQ proceeds,
producing anionic hydroquinone (AHQ) in the periplasmic space (Figure 2-31a).
Negatively charged AHQ likely accumulates in the periplasm due to low membrane
permeability originating from electrostatic repulsion against OM composed of negatively
charged acidic phospholipids and lipopolysaccharides (Figure 2-31b) &. Therefore, the
author hypothesized that if the regents to enhance the permeability of OM was added, the
AHQ that accumulated in the periplasmic space should be released under high pHp
conditions (Figure 2-31c). In contrast, at pHp lower than 6.5, neutral hydrogquinone (NHQ)
permeates the OM (Figure 2-31b). Therefore, increasing the membrane permeability does
not enhance the efflux of flavin through the OM. Thus, by increasing membrane
permeability and monitoring flavin concentration, one can determine whether the pHp is

higher or lower compared with pKa under in live conditions.
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Figure 2-31. (a) Deprotonation reaction of neutral hydroquinone (NHQ) to anionic

hydroguinone (AHQ). At pH, higher than 6.5, AHQ accumulates in the periplasm (b)

therefore, PMB enhances the outflow of flavin (c).

First, whether our assay could produce results consistent with previous reports
was examined. It has been demonstrated that at pH 7.2, the sole F-type ATP synthase (F-
ATPase) in S. oneidensis MR-1 is inactive when fumarate acts as an electron acceptor for
anaerobic respiration, suggesting that PMF was not accumulated to drive F-ATPase 8.
This suggests that fumarate respiration caused minimal proton accumulation, shifting pHp
as high as the bulk pH to localize AHQ in the periplasm. To examine whether AHQ
accumulates in the periplasm, the time course of flavin outflow promoted by polymyxin
B (PMB) 8 was monitored in the anaerobic culture of S. oneidensis MR-1 with 10 mM
lactate and 20 mM fumarate as the electron donor and acceptor, respectively. As shown
in Figure 3-32a, the flavin concentration gradually increased with time as a function of
cellular flavin secretion, even in the absence of PMB, which is consistent with previous
observations 8. Although 1.0 gmL™* PMB addition did not have an effect, more PMB
addition resulted in more rapid increase in flavin concentration compared with the no-

PMB control (Figure 2-32a): i.e., the flavin concentration was 25 + 2% higher in the
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presence of 10 gmL™ PMB. Assuming only AHQ was released from the periplasm, the
amount of flavin excreted by PMB was sufficient for accounting higher pHp value than
the HQ pKa. In contrast, under aerobic conditions with lactate as an electron donor, PMB
addition up to 10 gmL™? did not result in an increase in flavin concentration (Figure 2-
32b). Fast increase in the bulk flavin concentration at the beginning in Figure 2-32b is
likely attributed to higher growth rate in the aerobic conditions compared with the
anaerobic fumarate conditions &. As PMB concentrations less than 20 gmL™ perturb the
OM but not the IM under conditions similar to those with Escherichia coli 2, these results
suggest that AHQ accumulates in the periplasm during anaerobic fumarate respiration but
not during aerobic respiration. These observations are consistent with previous reports
that PMF drives ATP formation via the F-ATPase under aerobic conditions but not during
anaerobic fumarate respiration 8. One of the possible explanations is that pHp is
maintained at the bulk pH at 7.8 by the produced succinate because this weak acid (pKa
~5.6) could increase pHp to a value close to the bulk pH by exporting protons across the

OM.
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Next, the effect of PMB addition on EET in S. oneidensis MR-1 to the ITO
electrode surface was examined. Flavin molecules are known to enhance the rate of EET
by binding to OM c-Cyts 2. Therefore, the outflow of flavin will increase the microbial
current production and the concentration of flavin bound to OM c-Cyts at the electrode
surface, which is detectable by differential pulse (DP) voltammetry measurements as
chapter 2-1. Figure 2-33 represents the time course of current production in S. oneidensis
MR-1 in the presence of 10mM lactate as a sole electron donor at +0.4 V vs. SHE. In the
absence of PMB, approximately 1.5 pAcm™ current was observed. Upon the addition of
3.0 and 5.0 gmL?* PMB, more current production was observed at the higher PMB
concentration (Figure 2-33a). The current increased by an average of 22% in response to
the addition of 5.0 gmL™* PMB (Figure 2-33a inset), which is comparable to the anaerobic
fumarate system shown in Figure 2-32a. DP voltammetry measured after PMB addition
showed a current increase in the shoulder adjacent to a peak at approximately 0 mV that
was determined to be the redox cycling of hemes in OM c-Cyts (Figure 2-33b) 2. The
difference between before and after PMB addition was observable as a peak at a current
of =140 mV (Figure 2-33b inset). For this peak, the potential is almost identical with that
of FMN but not with RF (110 mV) bound to OM c¢-Cyts 2. Thus, these voltammetric
results indicate that the electrode surface density of bound FMN in OM c-Cyts increased.
The outflow of FMN, but not RF, is consistent with the proposed flavin secretion scenario
whereby biosynthesized FAD is hydrolyzed to FMN in the periplasm and RF is formed
in cell exterior after secretion 8. These results demonstrate that EET causes AHQ
accumulation in the periplasm. pH, would remain as high as the anaerobic fumarate

conditions, which is consistent with inactivation of F-ATPase during EET and proton
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exportation model proposed herein.
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Figure 2-33. Effect of PMB addition in current generation (a) and DP voltammograms in
S. oneidensis MR-1 (b). Peak current values in panel (b) were normalized to compare
their peak shoulders. Inset (a): Averaged current enhancement by PMB. Inset (b):

Differential current (Al) between DP voltammograms before and after PMB addition

Taken together, the inactivation of F-ATPase and un-accumulated protons in
periplasmic space during EET were electrochemically confirmed. Those data strongly
suggest that protons are exported to cell exterior. This possibility should be further
explored in a proteoliposome system ®” or by a quantum chemical approach °° once the
crystal structure of flavin-bound OM c-Cyts is obtained. If true, the EET process may
represent a novel form of respiratory metabolism, in which rapid electron outflow
associated with proton export across the OM sustains the regeneration of NAD™ to
promote substrate-level phosphorylation like fermentation processes, which expel

protons in the form of hydrogen or reduced organics for ATP formation.

Estimation of electron flux for a single OM c-Cyts complex

The author estimated the electron flux in single OM c-Cyts complexes in both whole-cell
system and purified system. The electron flux in whole S. oneidensis MR-1 cell for a
single OM c-Cyts complex was estimated using single-cell current production data at a
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poised electrode potential of +0.4 V (vs. SHE) . A previous study observed current
production from single Shewanella cell using optical tweezer, which showed about
1.2x108 electrons s*. % Given that the content of OM c-Cyts per cell is approximately
4.0x10%, ® the electron flux per single OM c-Cyts complex is about 3.0x102 electrons s
Other whole-cell electrochemical study showed that the current production of 1.8x10°
electrons s and 4.9x10% OM c-Cyts complex per cell, indicating that the electron flux
per single OM c-Cyts complex is about 37 electrons s.°

On the other hand, regarding the electron flux for purified OM c-Cyts complex
embedded in proteoliposomes, White et al. reported that about 8.5x10° electrons s* are
transported to y-FeOOH 8. The electron flux through OM c-Cyts complex was over
1.0x10° electrons s? for other kinds of iron oxides (0—Fe203 and a—FeOOH). Taken
together, the EET rate by whole S. oneidensis MR-1 cells per OM c-Cyts complex is

estimated to be over 10 times lower than that in purified system.
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2.2.4 Conclusion

In this study, the author investigated the solvent KIE of deuterium in whole-cell
electrochemical assays and demonstrated that proton transport in flavin-bound OM c-
Cyts limits the rate of EET in S. oneidensis MR-1. Given that the removal of a flavin
cofactor or key components of the OM c-Cyts complex significantly altered the KIE, the
acceleration of EET by the Sq intermediate occurs most likely due to the rate enhancement
of proton transfer that couples with EET. This novel proton-coupling property will expand
the available strategies to control the kinetics of EET in iron-reducing bacteria and make
the OM c-Cyts complex a model system for studying biological proton-coupled electron
transfer reactions in vivo . Additionally, considering that EET is observed in other
microbial strains and consortia, the idea of cation transport and charge balancing may
have major implications for microbial respiration in anaerobic iron corrosion & and
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methane oxidation processes °°. Bio-redox chemistry underlying bacterial energy

management using protons appears to be more flexible than previously thought.
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Chapter
3

In vivo-specific environments modulate the geometry of

hemes in the outer-membrane c-type cytochromes

Electron transport reaction is one of the most essential and fundamental reaction in
biology. Electron transport along a series of protein complexes located in membranes of
mitochondria and bacteria is essential in the sense of energy conversion; the electron
transport chain is coupled with proton translocation across membrane creating an
electrochemical proton gradient that drives the synthesis of adenosine triphosphate (ATP),
a molecule storing biological chemical energy ®. Such efficient transports of electrons
over several tens or hundreds angstroms along preferred pathways and directions have
been accomplished by well-designed protein structure 2. While electron transport in
abiotic medium such as water occurs with Gaussian distribution and decay rapidly for
larger values over short molecular distances, electrons move through proteins by means
of quantum mechanical tunneling or hopping between metal redox centers 3. The rate of
electron transport and direction is defined by the electronic coupling between donor and
acceptor, as well as the difference in redox potentials and the reorganization energy, thus,
three-dimensional protein structure, especially architecture and interaction of metal redox
centers, is the key determinants of biological electron transport rates and mechanisms >°.

The EET process has been also investigated based on the crystal structure,

especially the heme geometry of some units of OM c-Cyts "%, The redox potential and
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electronic coupling among hemes estimated from the crystal structure obtained in
oxidized state significantly contributed on the EET rates and pathways among hemes have
been achieved as described in chapter 1 6, However, OM c-Cyts dynamically change
their conformation and structure depending upon surrounding environments, which
possibly dismisses conventional understandings of EET mechenisms through OM c-Cyts.
For example, small-angle X-ray scattering revealed that reduction reaction decreases the
overall length about 8% of OmcA, which is a homologue of MtrC protein 7. Furthermore,
a recent study using circular dichroism spectroscopy and Raman spectroscopy
demonstrated the conformational change of some amino residues of OmcA associated
with physical contact with solid materials '8, Those studies have indicated that the
structure and conformation of OM c-Cyts flexibly changes on the level of secondary
structure or packings of amino acids. In addition, externally applied potential on S.
oneidensis MR-1 varies the redox potentital of hemes in OM c-Cyts, which is linked with
hemes environments °. Thus, in this study, the author hypothesized that the OM c-Cyts
flexibly changes their conformation on the level of inter-heme interaction and geometry,
with distinct EET mechanisms through OM c-Cyts in live S. oneidensis MR-1 from that
estimated from the crystal structure (Figure 3-1).

Based on this hypothesis, in chapter 3, the author examined the heme geometry
of OM c-Cyts in intact cell at various conditions and discussed about possible EET
mechanisms via rearranged hemes centers. In chapter 3-1, the author developed a novel
methodology to monitor the inter-heme interaction in a unit of OM c-Cyts, MtrC protein,
in intact cell, termed whole-cell circular dichroism (CD) difference spectroscopy. In
chapter 3-2, the use of whole-cell CD difference spectroscopy was extended to the

association of OM c-Cyts with minerals, which has implicaitons to the EET mechanisms
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in the presence of minerals in nature as well as the ecophysiology of EET-capable bacteria.
In chapter 3-3, the whole-cell CD difference spectroscopy was finally combined with
microbio-electrochemistry to obtain insights into the heme geometry during electron flow
in the presence of bound flavin cofactors, which has structural implications to the
mechanisms in EET acceleration caused by bound flavins, i.e., hemes may be rearranged
by electron flow to enhance EET rate, which is consistent with proposed hydrogen-bond
reorganization conveying rate-limiting protons described in chapter 2.

Purified MtrC MtrC in intact cell
(Crystal structure in oxidized state)
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Figure 3-1. Schematic illustration of the hypothesis in chapter 3. Crystal structure was
obtained by PDB code of 4LM8 !4,

Figures in chapter 3 are reprinted with permission from Royal Society of Chemistry and
American Chemical Society.

Y. Tokunou, P. Chinotaikul, S. Hattori, T. A. Clarke, L. Shi, K. Hashimoto, K. Ishii, and
A. Okamoto, Chem. Commun., 2018, 54, 13933-13936.

Y. Tokunou, and A. Okamoto, Langmuir, 2018, DOI: 10.1039/c8cc06309e
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3.1
Whole-cell circular dichroism difference spectroscopy

reveals heme geometry in MtrC protein in vivo

3.1.1 Introduction

In this chapter 3-1, the author developed a novel methodology to monitor the inter-heme
interaction in a unit of OM ¢-Cyts, MtrC protein, in vivo condition. Since determination
of spatial conformation of hemes using whole-cell is a great challenge in life science, for
example in-cell NMR has developed as the most promising technique to obtain structure
of protein in atomic resolution. However, the magnitude of OM c-Cyts complexes
(approximately 200 kDa) hampers the precise analysis of NMR spectrum 2°.

As another technique, circular dichroism (CD) spectroscopy has been used to
study the inter-heme conformation and interactions with purified peptides and proteins 2--
23 CD represents the difference between the absorption of left and right circularly
polarized lights. When a couple of hemes allow electric transitions, the exciton coupling
generates large Soret CD peak 22. Given that the ten hemes with a minimal distance of 4
A in MtrC (Figure 3-2) would provide a large amplitude in CD signal according to their
exciton coupling between m-conjugated systems, which is inversely proportional to cube
of the distance 1# 212425 the application of S. oneidensis MR-1 cells to CD spectroscopy
might enable the direct observation of heme conformation in native MtrC. However,
direct observation of heme protein encoded by single gene in an intact cell remains a

challenge, often due to the presence of other heme proteins. Thus, the abundance of heme-
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containing genes makes the characterization of MtrC particularly difficult in an intact cell
of S. oneidensis MR-1 24 Here, the author established the whole-cell CD difference
spectroscopy using S. oneidensis MR-1 wild type (WT) and mutant strain lacking MtrC

to acquire the CD signal of MtrC under native conditions.
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Figure 3-2. Schematic illustration of our whole-cell circular dichroism difference

spectroscopy to reveal inter-hemes interaction in MtrC protein in vivo.
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3.1.2 Methods
Preparation of MtrC protein

MtrC was purified as described previously '* 26, The concentration of purified MtrC was
determined by UV-vis absorption spectroscopy of the air-equilibrated protein using the
extinction coefficient €u4ionmy = 1.26x10° /M cm™.2® Before the spectroscopic
measurement, the MtrC solution was subjected to dialysis and pH was kept at 7.5 with 50

mM HEPES ((2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid) buffer.

Microbial strains and culture conditions

Shewanella oneidensis MR-1 and Escherichia coli K12 was aerobically cultured in 15
mL Luria-Bertani [25 gL!] medium shaking at 160 rpm for 24 hours at 30°C until
stationary growth phase. Subsequently, the cell suspension was centrifuged at 6,000 x g
for 10 min, and the resultant cell pellet was washed twice with 15 mL Defined Medium

(15 mM Sodium succinate, 9.0 mM (NH4)2SO4, 5.7 mM KoHPOy4, 3.3 mM KH>POq4, 2.0
mM NaHCOs3, 1.0 mM MgSO4 * 7H>0, and 0.49 mM CaCly; pH 7.4). Unless noted, the

cell density was adjusted by optical density at 600 nm (ODeoo) as 1.33 + 0.02 just prior to
the measurement. Mutant strains that lacked the mtrC, cymA, fccA, or PEC genes were

constructed as previously described 278,

Instrumentation and conditions for CD spectroscopy and MCD spectroscopy

CD spectroscopy was performed on J-1500 (JASCO) CD spectrometer at room
temperature (25 = 1°C). The spectra are collected in a Pyrex cuvette with path length 1.0
cm under following conditions: 500 nm min™ scan rate, 0.1 nm data pitch (0.5 nm data

pitch for purified MtrC), and 5.0 nm bandwidth (1.0 nm bandwidth for purified MtrC).
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The cell suspension was incubated for 10 minutes in the presence of oxygen or 30 mM
lactate prior to spectral analysis to equilibrate the native MtrC to be oxidized or reduced
state, respectively. No spectral change was confirmed over 30 minutes incubation. Unless
noted, four and eight spectra were integrated for purified MtrC protein and bacterial cells,
respectively. MCD spectroscopy was performed on E-250 (JASCO) spectrometer
equipped with a JASCO electromagnet (+1.3~-1.3 T) using the same cuvette with CD

1

spectroscopy under the condition of 600 nm min™ scan rate, 0.5 nm data pitch, and 6.0

nm bandwidth (1.0 nm bandwidth for purified MtrC) at room temperature (25 + 1°C).

Quantification of MtrC in S. oneidensis MR-1 by CD spectroscopy and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE)

S. oneidensis MR-1 and AmtrC were aerobically cultured in 200 mL bottle containing 100
mL Luria-Bertani (LB; 25 gL™') medium shaking at 160 rpm at 30°C and sampled about
15 mL at some timings during growth. The obtained cell suspension was washed twice
with 10 mL defined medium. The half of the cell was applied to CD spectroscopy and the
other was subjected to disruption by CelLytic B (Sigma-Aldrich) followed by
quantification of MtrC in heme-dependent SDSPAGE. In detail, 400 puL of CelLytic B
was added to the pellet made of 1.0 mL cell suspension of ODgoo = 1.0 and the solution
was gently mixed. After 15 minutes, the solution was diluted to appropriate concentration
by sample buffer and applied to SDSPAGE as described previously %°. Since the band
intensity increases with the amount of heme *°, the author estimated the amount of MtrC
from the band intensity measured by free-software, Image J, using the band from horse
heart cytochrome c as standard curve. The position of band corresponding MtrC protein

was confirmed by purification of MtrCAB complex as reported 3!.
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Electrochemical measurements of current generation from S. oneidensis MR-1

Electrochemical experiments were conducted in a single chamber, three-electrode system,
as described in chapter 2. The three-electrode system comprised of an indium tin-doped
oxide (ITO) substrate (surface area of 3.1 cm?) as the working electrode at the bottom of
the chamber, and Ag/AgCl (KCI saturated) and a platinum wire, which were used as
reference and counter electrodes, respectively. S. oneidensis MR-1 cells aerobically
cultured in 15 mL Luria-Bertani [25 gL-1] medium for 24 hour at 30°C was centrifuged
at 6,000 x g for 10 min, and the resultant cell pellet was resuspended in 15 mL of
electrochemical medium (pH 7.8) (EM: NaHCOs [2.5 g], CaCl2-2H20 [0.08 g], NH4Cl
[1.0 g], MgCl2-6H20 [0.2 g], NaCl [10 g], yeast extract [0.5 g], and (2-[4-(2-
hydroxyethyl)-1-piperazinyl] ethanesulfonic acid [HEPES; 7.2 g] [per liter])
supplemented with 10 mM lactate as the source of carbon for S. oneidensis MR-1. The
cells were further cultivated aerobically at 30°C for 12 hours and centrifuged again at
6,000 x g for 10 min. The resultant cell pellet was then washed twice with EM medium
by centrifugation for 10 min at 6,000 x g before electrochemical experiment. Four
milliliters of EM containing lactate (10 mM), where pH was adjusted by NaOH or H2SO4,
was deaerated by bubbling with N> and added into the electrochemical cell as an
electrolyte. The reactor was maintained at a temperature of 303 K and was not agitated
during the measurements. A cell suspension of S. oneidensis MR-1 in EM with ODgoo of
0.1 was injected into the electrochemical cell with a potential of +0.4 V versus standard

hydrogen electrode (SHE).
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CD calculation based on the exciton chirality method

CD calculations based on the exciton chirality method were carried out in both oxidized
and reduced MtrC. To calculate the CD spectra, the excited-state energies (&) and the
rotational strengths (R) were evaluated by a diagonalization of a determinant, in which
off-diagonal terms (Vij«) were obtained by a point-dipole approximation. Here, electric
transition dipole moments (uij), which are necessary parameters for calculating Vijk, and
excitation energies of hemes (oij) were obtained by time-dependent density functional
theory (TDDFT: Gaussian 09) calculations based on structures of hemes having two
imidazole axial ligands in a crystal structure of the oxidized MtrC (PDB code: 4LB8).
The TDDFT calculations of hemes of reduced MtrC were carried out by changing the
total charge of hemes without changing structure of oxidized MtrC. In the TDDFT
calculations, B3LYP correlation function was applied. We used the 6-31G™* basis set for
the hydrogen, carbon, nitrogen and oxygen atoms, the LANL2DZ basis set for iron ion 2.
In the case of porphyrin analogies, two transitions, whose electric transition dipole
moments are degenerate and orthogonal to each other, exist in the Soret band region (pix
and piy for unit i). Thus, the determinant of purified MtrC should be evaluated for
calculating twenty excited-state energies, en (n = 1-20), and twenty eigenfunctions, ¥, (n
= 1-20), which is represented by the linear combination of the basis function ¢, which

describes unit i (i=1-10) in the excited state j (j = x, y) as follows.

O1x — € 0 Vaxix Vayix =+ Vioyax
0 O1y — € V2x1y V2y1y V10y1y
Vixax V1y2X Ox — € 0 V10y2x =0
Vixay Viyay 0 Oy — € = Vigyoy
V1X10y V1y10y V2X10y V2y10y o O10y — & (Eq 3 — 1)

110



Here, oij is excitation energy of the heme. Off-diagonal term (Viju) is represented under a

point-dipole approximation as follows.

Voo = Wij "B 3 (llij “Ti) (Mg * Tik)
i |rik|3 |rik|5 (Eq 3 — 2)

rij denoted the distance vector between i and j. The eigenvalues and eigenvectors were

obtained by diagonalizing the matrix. Rotational strength (Ry) is expressed as follows.

10 10
R, =m Z foijcijuij ' Z Zcijri X W

j=xy i=1 j=xy i=1

(Eq3-3)
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3.1.3 Results and discussion

Extraordinarily large Soret CD intensity of purified MtrC protein

First, the author examined the extent of exciton coupling among the ten heme centers in
MtrC using CD spectroscopy. Purified MtrC in HEPES buffer was added to a Pyrex
cuvette with a 1.0 cm optical path length and exhibited a positive peak at 412 nm in the
CD spectrum and Soret peak absorption at 410 nm, which was assigned to the hemes in
MtrC (Figure 3-3) 2. Upon MtrC reduction by 0.67 mM NazS,0a, the positive CD peak
signal shifted to 420 nm, and relatively small negative signals appeared (Figure 3-3) 242,
The peak CD signal intensities in the oxidized and reduced MtrC (Ag) were 1.19x10° and
3.86x10% Mcm™, respectively, which are two orders of magnitude larger than that of
mono-heme horse heart cytochrome ¢ (approximately 17 M-*cm™®) 2. Considering that
this intensity is even larger than that of the artificially synthesized bis-porphyrin

compound (Ag is approximately 400 Mcm™) 243435 the Ae of MtrC is extraordinarily

large.
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Figure 3-3. Circular dichroism (CD) spectra of purified MtrC in the visible range.
Reduced MtrC is indicated by the red line and was achieved by the addition of 0.67 mM
NazS204 to oxidized MtrC, which is depicted by the black line. Inset: Electronic
absorption spectra of purified MtrC.
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In order to confirm that exciton coupling among hemes contributes to the Soret
CD peak intensity, we calculated the CD spectra with electric transition dipole moment
of hemes in MtrC protein based on the exciton chirality method 2% 3. Although the
intensity of calculated Soret CD peak was larger than that of observed CD because of the
over-estimation due to the point-dipole approximation, the order of the CD intensity was
reproduced by calculation of exciton coupling (Figure 3-4), suggesting the substantial
contribution of the exciton coupling to the observed CD intensity. This extraordinarily
large CD intensity possibly enables CD spectroscopy of an intact cell to reveal the

conformation of native MtrC.
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Figure 3-4. Calculated CD spectra of MtrC (oxidized form: black line, reduced form: red

line).

Optimization of whole-cell CD spectroscopy enabled the assignment of Soret peaks
to native MtrC protein

However, to accomplish the identification of the CD signal of the MtrC protein in intact
S. oneidensis MR-1 cells, one had to overcome two problems concerning background
signal: light scattering and interference from other cytochrome proteins *’. In Figure 3-5,
a broad peak throughout visible light wave range was observed in both cell suspensions
of S. oneidensis MR-1 and E. coli, which diminished by chemical disruption of cells. This

indicates that the broad background originates from the light scattering of microbial cell
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surface. The author, thus, optimized CD measurement conditions as follows: the cell
density was set as an optical density (OD) at 600 nm of 1.33£0.02, and the 1.0 nm

bandwidth for purified MtrC was changed to 5.0 nm for intact cells (Figure 3-6).
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Figure 3-5. CD spectra of S. oneidensis MR-1 (black solid line), E. coli K12 (black dotted
line), and S. oneidensis MR-1 broken by CelLytic B (gray solid line). While broad peak
was observed throughout visible light wave range in S. oneidensis MR-1, almost identical
peak appeared in the cell suspension of E. coli and diminished by chemical disruption of
cells, indicating that the broad background originates from the light scattering of

microbial cell surface. Inset: Absorption spectra obtained simultaneously with CD spectra.
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Figure 3-6. (a) Whole-cell CD difference spectra between WT and Am#rC strain of S.
oneidensis MR-1 under aerobic condition in the absence of lactate (oxidized state) (a) and
under anaerobic condition in the presence of lactate (reduced state) (b). Black and red
lines were obtained with bandwidth as 5.0 nm and ODeoo as 1.334+0.02. In contrast, when
whole-cell CD spectra were measured at ODgoo = 0.67+0.01 in the identical condition
with purified MtrC (1.0 nm bandwidth, 50-time integration), the signal-to-noise ratio was
poor as seen in gray and pink lines. To prevent the reduction of MtrC by metabolically

generated electrons during measurement in (a), 30 mM fumarate was supplemented.
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Second, the author minimized interference from the other cytochromes in S.
oneidensis MR-1 cells by subtracting the CD spectrum from a mutant with a deletion in
the gene encoding the MtrC protein (4mtrC) from the WT spectrum. The CD spectrum
of WT suspended in defined-medium in a Pyrex cuvette with a 1.0 cm path length showed
a strong signal near the Soret band, which was clearly diminished in AmtrC (Figure 3-7a).
The difference in the CD spectrum between WT and Am#rC showed a large signal with a
peak at 413 nm, which is almost identical in wavelength to the purified MtrC protein
(Figure 3-7c). Furthermore, the reduction of native MtrC in S. oneidensis MR-1 by the
addition of an electron donor, 30 mM lactate, under anaerobic condition shifted the peak
to a longer wavelength centered at 421 nm with splitting signals (Figures 3-7b and c). The
peak position and peak width in both the oxidized and reduced states were almost

identical to the CD spectrum of the purified MtrC protein (Figure 3-7c).
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Figure 3-7. CD spectra of whole S. oneidensis MR-1 cells (wild-type, WT; black line)
and a mutant strain deficient for the m#rC gene (AmtrC; blue line) under aerobic condition
in the absence of lactate (oxidized state) (a) and under anaerobic condition in the presence
of lactate (reduced state) (b). The cell density was adjusted to ODgoo=1.33+0.02. Inset:
Absorption spectra of the same samples in diffused transmission mode. (b) Differences
in CD spectra between WT and Am#rC oxidized by oxygen (black line) and reduced by
30 mM lactate (red line). The error bars represent the mean+SEM obtained using three

individual samples and eight measurements each.

Correlation of the intensity of the Soret CD peak with the concentration of the
MtrC protein in cell suspension confirmed the assignment of the CD peak signals as
native MtrC. Figure 3-8 shows the relationship between the intensity of the whole-cell
CD difference spectrum at 413 nm (A[0]w@13nm)) and the amount of MtrC in the cell
suspension during various aerobic growth phases estimated by SDS-PAGE 2%
Consistent with a previous report 3, the MtrC concentration in the cell suspension
increased depending on the growth phase and the deletion of mtrC gene had scarce impact

on gene expression of other major proteins (Figures 3-8 and 3-9). While the Soret
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absorption peak intensity indicates that the amount of MtrC is less than 20 % of total
cytochrome proteins (Figure 3-7a and b inset), the A[0](13nm) linearly increased with MtrC
concentration, and the squares of the correlation coefficient of 0.979 (black line in Figure
3-8) passed through the origin. This direct positive relationship strongly suggests that the
whole-cell CD difference spectrum in the Soret region represents the signal from the
native MtrC protein. In contrast, the amounts of other cytochromes in the cell fluctuate in
each growth phase, as the absorption peak intensity at 410 nm showed poor correlation
with the amount of the MtrC protein (Figure 3-8b inset, R?=0.746), further supporting

that the Soret CD signal is specific for the MtrC protein in native environment.
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Figure 3-8. (a) The differences in CD spectra between WT and AmtrC at various growth
phases in the oxidized state. (b) Plots of the changes in CD signal intensity at 413 nm
observed in (a) (A[0]413nm)) against the MtrC concentration in the cell suspension. The
squares of the correlation coefficients (R>=0.979, black line) include the point of origin.
The gray line represents the CD signal intensity for purified MtrC at 412 nm estimated
from Ae=1.19x10° Mlcm™'. Inset: The plots of AAbs at 410 nm between WT and AmtrC

against the MtrC concentration.
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Figure 3-9. Quantification of MtrC by SDSPAGE. (a) Growth curve of S. oneidensis MR-
1 during aerobic cultivation. The points from A to D were sampled and subjected to
disruption followed by SDSPAGE. (b) SDSPAGE stained by a method specific for heme
proteins. The samples from A to D in (a) and horse heart cytochrome ¢ are tested. The
arrow indicates the band for MtrC, which is confirmed by SDSPAGE for purified of
MtrCAB complex from S. oneidensis MR-1. Note that the number of S. oneidensis MR-
1 cells applied to each lane is different among the sample from A to D (A, 4.0x107 cells;
B, 4.0x107 cells; C, 8.0x10° cells; D, 8.8x10° cells, assuming that ODggo = 1.0 represents
1.0x10° cells per mL) (c) The calibration curve for the intensity of the band for horse
heart cytochrome c in (b) against the amount of hemes. The intensity was measured by
free-software, Image J. (d) Estimation of MtrC concentration in each sample from A to D
based on the calibration curve obtained in (c). (¢) Comparison of SDSPAGE of wild type
(WT) and AmtrC stained by Coomassie blue. The profile showed little difference between
WT and 4mtrC, suggesting that the deletion of m#rC gene has scarce impact on gene

expression of major proteins other than MtrC.
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CD spectra of mutant S. oneidensis MR-1 strains support the Soret peak assignment
to native MtrC

The author also obtained the CD spectra of several mutant strains deleting genes
corresponding with major cytochromes in S. oneidensis MR-1. Another Soret CD peak at
394 nm in the WT suspension in the presence of oxygen (Figure 3-7a) was completely
absent in a mutant strain containing the complete deletion of the periplasmic electron
carrier, termed APEC, which lacked the mtrA, mtrD, dmsE, and SO4360 genes that encode
the periplasm-facing units of the OM c-Cyts (Figure 3-10 and 3-11). Deletion of the genes
encoding representative intracellular cytochrome proteins (CymA or FccA: Figure 3-10),
however, did not lead to the elimination of either of the two Soret CD peaks (Figure 3-
12). These data indicate that the Soret peaks in whole-cell CD spectra predominantly
originate from the OM c-Cyts, not cytochromes inside cells, further supporting our model

that whole-cell CD difference spectra reflects the heme geometry in native MtrC protein.

MtrC OM C Cyt Cell exterior
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Figure 3-10. Location of OM c-Cyts, CymA, and FccAin S. oneidensis MR-1 cell. Heme-

containing proteins are illustrated in red color.
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Figure 3-11. Whole-cell CD spectra of mutant S. oneidensis MR-1 strain named 4PEC,
lacking four genes of mtrA, mtrD, dmsE, and SO4360 in the presence of 50 mM fumarate

under aerobic condition (a) or 30 mM lactate under anaerobic condition (b).
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Figure 3-12. Whole-cell CD spectra of mutant S. oneidensis MR-1 strain lacking cymA
gene (4cymA, red line) or fccA gene (4fccA, blue line) in the presence of 50 mM fumarate

under aerobic condition (a) or 30 mM lactate under anaerobic condition (b).

Native MtrC shows distinct CD spectra from purified MtrC under reduced state

In order to obtain structural insights into hemes in native MtrC, the CD spactra of native
MtrC and that of purified one were compared. The Soret CD peak intensity of oxidized
native MtrC obtained from the slope in Figure 3-8b (Ag@13nm)=1.11x10° M1cm™) was
almost identical to that of purified MtrC (Ag@i20m=1.19x10° M™cm™), indicating that
native MtrC maintains the arrangement of heme centers. In contrast, once native MtrC

was reduced, the Soret CD intensity (whole-cell: Ae = 1.97x10° M?*cm™?) was
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approximately twofold lower than that of purified MtrC (Ae = 3.86x10° M™cm™), and the
splitting signals around the positive peak at 420 nm were suppressed (Figure 3-13a),
indicating the possibility of a conformational change in native MtrC associated with the
reduction reaction. Furthermore, purified MtrC exhibited a Soret CD signal with a distinct
pH dependency in the reduced state (Figure 3-13b). In the oxidized state, both purified
and native MtrC maintained the Soret peak at a similar intensity throughout the
physiological pH range. However, reduced native MtrC exhibited a drastic decrease in Ag
of Soret CD peak at a pH of approximately 7 that was not observed in purified MtrC
(Figure 3-13b). These distinct CD profiles suggest that the inter-heme interaction of
reduced MtrC differs between in native and purified system. Consistently, it was
confirmed that the extent of pH-dependent Ae decrease of native reduced MtrC was larger
than that of absorption peak intensity (Figure 3-14), supporting that the change of electric
transition dipole moment among hemes most likely occur at a pH of approximately 7 -
22 This is consistent with the conclusion that the decrease of Ae reflects the conformation

change of hemes in MtrC dependent on pH.
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Figure 3-13. (a) CD spectra of purified MtrC (blue line) and native MtrC in whole cells
(red line) in the reduced state at pH values of 7.5 and 7.4, respectively. The Ag@2onm) for
purified MtrC and the Ag21nm) for native MtrC are 3.86x10° M™cm™ and 1.97x10% M-
tem?, respectively. (b) Soret peak intensities in the CD spectra of purified reduced MtrC
(Ag@z0nm), blue), native reduced MtrC (Aguz21nm), red), purified oxidized MtrC (Ag@iznm),
gray), and native oxidized MtrC (Aga13nm), black) as a function of pH.
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Figure 3-14. (a) Plots of the Soret AAbs between WT and AmtrC as a function of pH.
Black and red plots represent the oxidized (410 nm) and reduced (419 nm) state,
respectively. (b) Soret extinction coefficient of purified MtrC protein as a function of pH.
The blue and gray plots represent the MtrC in reduced state and oxidized state,

respectively.

Further analyses with magnetic CD spectroscopy and whole-cell electrochemistry
support in vivo-specific inter-hemes interaction in MtrC

In addition to inter-heme interaction, aromatic amino acids in the vicinity of hemes,
specifically bis-histidine coordinated to deca-hemes, potentially alter CD amplitude 3%-4°.
Therefore, the author conducted magnetic CD (MCD) spectroscopy to examine the
coordination state of heme centers in reduced native and purified MtrCs (Figure 3-15). In
oxidized state, both the purified MtrC and whole-cell showed a dispersion type Faraday
A term at Soret region, which is consistent with the feature of two histidine residues as
axial ligands reported as oxidized crystal structure 4. After reduction, Faraday A term
was observed with center wave length around 550 nm in both the purified and native
MtrC, which is a characteristic of the low-spin ferrous state **. Notably, this spectral
tendency is consistent with reduced heme with histidine residues as axial ligands, e.g. c-
Cyt isolated from Shewanella frigidimarina NCIMB400 #*. Furthermore, the positive CD

signal observed at the Soret band of reduced MtrC in whole-cell (Figure 3-13a) is similar
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to the CD spectra of c3-Cyt purified from Shewanella oneidensis TSP-C, which has two
histidine residues as axial ligands #2. Thus, these MCD and CD spectra suggest that the
reduced MtrC in whole-cell maintains the coordination of bis-histidine and has little effect
on Soret CD peak intensity. Therefore, the CD signal decrease in reduced MtrC in native
compared with purified system (Figure 3-13a) and at a pH of approximately 7 in native

reduced MtrC (Figure 3-13Db) are likely assignable to changes in inter-heme interaction.
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Figure 3-15. Magnetic circular dichroism (MCD) spectra of purified MtrC in oxidized
state (a) and reduced state (c), and MCD difference spectra between WT and AmtrC in
the absence of (oxidized state) (b) and the presence of lactate (reduced state) (d). 0.89 uM
MtrC was used in (a) and (c), and the cell density was adjusted to ODgsgo = 0.60 = 0.01 in
(b) and 1.33 = 0.02 in (d) prior to the measurement. Spectra were integrated 50 times in
(b) and (d), and 200 times in inset (b), of which smoothed line is represented as blue. For
maintaining oxidized state of MtrC during integration in (b), 50 mM fumarate was

supplemented.

Accordingly, the electron transport kinetics through the heme centers in native

MtrC represented a similar pH dependency with CD signal. A whole-cell electrochemical
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assay was performed to probe the microbial lactate-oxidation current, which is limited by
the rate of electron transport via OM c-Cyts under our experimental conditions (Figure 3-
16) . Ata pH below 7, current production at +0.4 V (versus a standard hydrogen electrode)
significantly decreased compared with higher pH conditions (Figure 3-16), suggesting
that the CD signal decrease at pH of between 7.4 and 6.8 corresponded with the rate of
electron transport via the heme conduit in MtrC. In contrast, such pH dependency was
not observed in the redox property of purified MtrC protein 26, which is also consistent
with the pH susceptibility of CD signal in purified MtrC (Figure 3-13b). Assuming that
the conformational change of hemes in reduced native MtrC decreases the electron flux,
the critical conformational change may occur in T-shaped heme pairs (1,3 and 6,8) and
coplanar heme pairs (2,1, 1,6 and 6,7) (Figure 3-17a) because they mediate slower
electron transport reactions than other stacked heme pairs in MtrF, which is a homologue
of MtrC 3, Given that the orientation change in T-shaped heme pairs potentially alters the
electron transfer matrix element over 1000 times 3, T-shaped heme pairs are the most
likely candidates causing the decrease of electron transport rate. Similarly, the Ae
calculation based on the exciton chirality method 2% * indicated that the T-shaped heme
pairs have a larger impact on not only electron transport kinetics but also CD signal
intensity compared with coplanar pairs (Figure 3-17b) * 3, However, given the stacked
heme pairs provided more significant contribution in Ae value, the pH dependent
conformational change in reduced native MtrC may not be limited to T-shaped heme pairs

but also heme conduit as a whole.
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Figure 3-16. (a) Time course for the current production from S. oneidensis MR-1 cells in
the presence of 10 mM lactate on an ITO electrode under +0.4 V (versus SHE) at various
physiological pH. The cell suspension was injected into the electrochemical reactors at t
= 0. The pH of the medium in the electrochemical reactors is indicated. The same
tendency was observed in at least two individual experiments. (b), (c) Effect of 2.0 uM
flavin mononucleotide (FMN) addition into the same electrochemical reactors with (a) on
the current production. Blue arrows indicate the timing of FMN addition. The addition of
FMN drastically increased the current production in all the condition, demonstrating that
the electron transport via outer-membrane c-type cytochrome complex (OM c-Cyts)

limits the current production as described in chapter 2.
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Figure 3-17. (a) Crystal structure of the MtrC protein highlighting the deca-hemes (PDB
code: 4LMS) '*. The heme numbers and heme pair motifs are indicated. (b) Calculated
peak CD intensities based on the exciton interaction between adjacent heme pairs in the
reduced MtrC. The bars are colored according to the inter-hemes orientation: stacked in
red, T-shaped in blue, and coplanar in green. The dispersion-type peak CD signals are
devided into shorter and longer wavelength parts, represented by left-side and right-side

bars, respectively. In each CD calculation, the only off-diagonal term concerning the
adjacent heme was considered.

Considering that the significant suppression in Soret CD signal in native MtrC
was diminished in purified MtrCAB complex (Figure 3-18), the in vivo-specific
conformational change is potentially caused by unfolding reaction of reduced MtrC
assisted by other components of OM c-Cyts such as OmcA, other membrane proteins,
and/or lipopolysaccharide #. It would be, therefore, interesting to further identify the
critical molecular aspects using a combination of whole-cell CD spectroscopy and

biochemical techniques such as point mutations.

126



— Oxidized
— Reduced

Ae> 107 MTem!

350 ‘ 460 ' 45130 ' 560 . SéD r B[IIO

Wavelength /nm
Figure 3-18. CD spectra of MtrCAB complex, which was purified as reported previously
31, Reduced MtrCAB (red line) was achieved by the addition of 1.0 mM NazS;0; to

oxidized MtrCAB (black line).

Implications of pH-dependent conformational change of hemes on proton-limited
electron transport through OM c-Cyts

In chapter 2, the deuterium experiments showed large kinetic isotope effect (KIE) on EET
process through OM c-Cyts, indicating the rate limitation of EET by coupled proton
transport reactions. However, it is still unclear which proteins have the rate-limiting
proton transport pathways; OM c-Cyts, or other proteins located OM, IM, and periplasm.
For identification of the proton pathway, KIE values of some of gene deletion mutants
were tested in chapter 2, but no mutants showed distinct KIE from that of WT. In the
viewpoint of proton pathway identification, the pH-dependent CD change in Figure 3-
13b has contribution. Given that the EET rate decreased at pH below 7 as demonstrated
in Figure 3-16, the pH value impacts on the rate-limiting proton transport coupled with
EET. Together with the change in current production, the CD signal of reduced MtrC in
intact cell decreased at pH of between 7.4 and 6.8 (Figure 3-13b). This correspondence

of proton transport rate with CD signal intensity strongly suggests that the rate-limiting
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proton pathway is involved in inter-heme interaction in MtrC, e.g. propion side chain of
hemes or ligated histidines on hemes in MtrC.

This model fit well with the proposal that periplasmic protons are expelled across
a proton conductive “wire” (exceeding 100 A) across OM c-Cyts associated with EET to
maintain charge neutrality as mentioned in chapter 2. While such a proton transfer
pathway has not been identified in the crystal structures of OM c-Cyts in the oxidized
state ** 4, rearranged heme geometry and hydrogen-bond networks in the vicinity of
hemes in intact cell suggested by the whole-cell CD difference spectroscopy may
construct the proton “wire”. It would be great interest to combine CD spectroscopy and

point mutations from the viewpoint of identification of proton pathway in molecular-level.

3.1.4 Conclusion

In this chapter 3-1, the author established whole-cell difference CD spectroscopy to
investigate inter-heme interactions in native MtrC protein by using wild-type and a
mutant strain lacking MtrC in S. oneidensis MR-1. Comparisons of MtrCs in purified and
native systems suggested that the heme conformation in reduced MtrC is altered in whole
cells probably due to interactions with other components of OM c¢-Cyts such as OmcA,
other membrane proteins, and/or lipopolysaccharide. Gaining insight into multi-heme
cytochromes in an intact cell by using mutant strains has broad applicability beyond the
bacterial species, such as Geobacter sulfurreducens PCA 4647 It is anticipated that the
combination of this whole-cell CD spectroscopy method with electrochemistry would
enable monitoring of MtrC conformation in a state where the equilibrium is shifted by
continuous electron flow in a thermodynamically open system 348 which is fundamental

for understanding biological redox reactions.
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3.2
Geometrical changes of the hemes in MtrC induced by
minerals provide insight into the binding characteristic

of microbe-mineral interaction

3.2.1 Introduction

Dissimilatory metal-reducing bacteria have the ability to sense physical contact with
extracellular solid materials and thereby form an electrical connection. This connection
provides an external microbial respiratory chain that incorporates environmental minerals,
which enables microbes to generate energy and survive in a nutrient-limited environment
49 The electrons that are transported from the microbes reduce and dissolve minerals,
driving the geochemical cycling of various elements, such as Fe, Mn, S, and C 75051 in
a variety of environmental settings 2. This process can also be utilized with electrode
surfaces °**°, which has significant implications for the development of
bioelectrochemical technologies, such as microbial fuel cells > and electrode
biosynthesis t. The electrical connections are made via OM c-Cyts. Therefore, the
molecular mechanisms underlying the interaction of OM c-Cyts and solid materials have
been extensively studied.

One of the best-studied proteins is MtrC, which is a deca-heme c-type
cytochrome that is a cell-exposed unit in OM c-Cyts within the metal-reducing bacterium

S. oneidensis MR-1 %6 Various crystallographic and biochemical studies have revealed

the molecular basis of the binding of MtrC and its homologues/paralogues (MtrF, OmcA,
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and UndA) to minerals & 2 45 578 Rapid electron transport between microbes and
minerals is proposed to be mediated by MtrC via its binding to minerals by way of near-
edge heme % 5°, However, these studies have been limited to the examination of purified
protein dissolved in solution, instead of proteins within an intact cell. Given that MtrC in
an intact cell may interact with minerals differently than MtrC suspended in solution due
to the structural constraints imposed on the protein during the formation of OM c-Cyt
complexes embedded in a fluid phospholipid membrane, it is essential to monitor the
binding of MtrC protein to minerals within a living model system. Although the processes
involved in adhesion in intact S. oneidensis MR-1 have been studied using a variety of
techniques, such as atomic force microscopy %61, transmission electron microscopy 5263
and attenuated total reflection infrared reflection spectroscopy 4%, the chemical or
physical mechanisms underlying the interaction of the MtrC protein with minerals in
intact cells still remains unclear, mainly due to the complexity of the microbe-solid
interface. S. oneidensis MR-1 localizes a variety of other biomolecules to the cell
membrane in addition to OM c-Cyts. These biomolecules include lipopolysaccharides,
extracellular polymeric substances, and other membrane proteins ®, which can interfere
with the detection of the MtrC-mineral interaction in intact cells.

In chapter 3-1, the author has developed whole-cell CD difference spectroscopy,
which can be used to measure the heme geometry of native MtrC proteins in intact S.
oneidensis MR-1 cells. Given that mechanical interaction with a solid surface may
potentially induce conformational changes in OM c-Cyts & 1767 changes in the CD signal
may provide information about the characteristics of MtrC-mineral binding. Here, the
author studied the binding mechanism of MtrC in both intact cells and in the purified state

using CD spectroscopy. The CD spectra obtained in the presence and absence of minerals
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were compared to obtain valuable molecular insights into the geometrical changes in the
heme centers of the MtrC protein that occur upon its interaction with minerals. Moreover,
CD spectra were obtained using various concentrations of mineral nanoparticles with both
oxidized and reduced MtrC to further quantify the binding affinity of MtrC with minerals.
The author also discusses the insights gained during this study regarding the flexibility of
heme geometry and the binding affinity of MtrC associated with microbe-mineral
interactions and speculate on their implications for our understanding of the microbial

ecophysiology of the mineral surface and electron transport mechanisms.
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3.2.2 Methods

CD spectroscopy to monitor the inter-heme interactions in MtrC in the presence or

absence of hematite nanoparticles

Cultivation of S. oneidensis MR-1 and purification of MtrC protein were conducted as
described in chapter 3-1. CD spectroscopy was performed on a J-1500 (JASCO) CD
spectrometer, and the temperature was maintained at 20 °C by an accessory Peltier
element. The parameter for CD measurements are identical with that in chapter 3-1. The
mixture containing the cell suspension and hematite was stirred at 200 rpm in a Pyrex
Ccuvette to prevent precipitation during subsequent measurements. The CD spectra were
integrated 9 times, and the high tension (HT) voltage that was applied to the
photomultiplier tube was maintained below 550 V during every measurement to
guarantee the validity of the data. The CD spectra of the oxidized OM c-Cyts were
obtained from a cell suspension under aerobic conditions in the presence of 50 mM
fumarate, while those of the reduced OM c-Cyts were obtained under anaerobic
conditions in the presence of 30 mM lactate %8 The CD spectra of Am¢C strain bacteria
were also obtained using the same conditions to calculate the whole-cell differences in
CD spectra for the wild-type (WT) and AmtrC strains of S. oneidensis MR-1. The CD
spectra of the purified MtrC protein at 0.20 uM were obtained in a solution of 50 mM

HEPES buffer with 100 mM NaCl at pH 7.4.

Scanning transmission electron microscopy (STEM) to visualize the association of S.

oneidensis MR-1 with hematite nanoparticles
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Hematite nanoparticles at 13 mM were added into a cell suspension of S. oneidensis MR-
1 in defined medium with an ODeoo 0of 1.33+0.02. After incubation for 40 min at room
temperature, the microbe-nanoparticle suspension was collected by centrifugation at 6000
x g for 5 min and immediately fixed in a mixture of 4% paraformaldehyde and 2.5%
glutaraldehyde on ice. After fixation, the sample was centrifuged at 6000 x g for 5 min
and was washed with 50 mM HEPES ((2-[4-(2-hydroxyethyl)-1-piperazinyl]
ethanesulfonic acid) buffer at pH 7.4 three times. The sample was subsequently
dehydrated in 25%, 50%, 75%, and 100% ethanol for 15 min each, then directly applied
onto a 200 mesh copper grid coated with carbon-sputtered film (Nisshin EM). The sample

was dried overnight and imaged with a JEM-ARMZ200F microscope operated at 80 kV.

Estimation of the free energy of binding of the reaction between purified MtrC

protein and hematite nanoparticles

The author estimated the free energy of binding for the reaction between purified MtrC
and hematite nanoparticles using a sedimentation assay. The standard Gibbs free energy
(4G ) of the binding reaction was calculated based on the Langmuir adsorption model.
Hematite nanoparticles at 1.0 mM in 1.5 mL of solution containing 50 mM HEPES buffer
and 100 mM NacCl at pH 7.4 were mixed with various concentrations of MtrC protein and
then incubated at 293 K for 10 min to equilibrate the binding reaction. The mixture was
then centrifuged at 15,000 x g for 3 min. The concentration of the unbound MtrC in
solution ([MtrC]/M) and the amount of MtrC bound to hematite (I'/mol) was determined
using UV-vis absorption spectroscopy. Within the framework of the Langmuir isotherm,

the standard Gibbs free energy, 4G <, can be determined as follows:
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[MtrC]
r

=$- [Mtrc1+$ (Eq3 —4)

AG” = —RT-In(a) (Eq3-15)

where I'm is the theoretical maximum amount of MtrC that can be bound to hematite, and
a is the adsorption/desorption equilibrium constant. Since the sedimentation assay

provides the values of [MtrC] and I, the linear regression of [MtrC]/T" against [MtrC]

gives 4G ?’.

Estimation of the amount of MtrC-hematite complex at the intact cell surface in the

presence of various concentrations of hematite nanoparticles

When it is assumed that a single hematite nanoparticle binds with each MtrC protein
present on the intact cell surface, thereby altering the heme geometry of MtrC, the CD
peak intensity relates to the ratio of MtrC bound to the nanoparticles according to the
following equation:

(1—0) Agy +0-Agq = As, (Eq3-6)

where 0 is the ratio of MtrC bound to the hematite nanoparticle, and Ago, Ae1, and Aex are
the CD coefficients of unbound MtrC, bound MtrC, and a sample with a given
concentration of hematite, respectively. Thus, the ratio of MtrC bound to hematite

nanoparticles can be described by:

__ Agx—Agg (Eq 3 _ 7)

- Asl—ASO
In this study, Ago was set as 1.11x10%/M™* cm? (at 413 nm) and 1.97x10%/M* cm™ (at 421
nm) for MtrC in the oxidized and reduced states, respectively, as chapter 3-1. Ag; was

estimated based on Figure 3-26 to be 0.60x10%/M™ cm™ (at 413 nm) and 1.45x10%/M™*
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cm? (at 421 nm) for the oxidized and reduced states, respectively. To quantify the
coverage of MtrC during its association with a single hematite nanoparticle, a hematite
nanoparticle was redefined as one molecule, and the concentration was recalculated as
shown in Figure 3-27. Briefly, the number of hematite nanoparticles was calculated based
on the average volume of a nanoparticle (7.3x10%/nmq) as estimated using images
obtained during transmission electron microscopy and subsequently divided by
Avogadro’s number to obtain an equivalent number of moles per liter ®°. The total amount
of MtrC protein at the intact cell surface was calculated at 413 nm using the Soret CD
intensity of the sample without hematite nanoparticles. The concentration of unbound
hematite nanoparticles was estimated using the difference between the concentration of

the added nanoparticles and that of MtrC bound to nanoparticles.

The curve derived from the Langmuir model using the identical 4G " of the
binding reaction between the purified MtrC proteins and the hematite nanoparticles that
is superposed on Figure 3-27 was calculated according to the following equation:

a-[hematite]
- 1+a-[hematite]

(Eq3 - 8)
where a is the constant calculated from Equation 3-4 that is related to the 4G ©’ of the
binding reaction between the purified MtrC and the hematite nanoparticles obtained from

Equation 3-5, and [hematite] is the concentration of the hematite nanoparticles that were

not bound to MtrC.
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3.2.3 Results and discussion

Hematite induces geometrical changes in the heme centers in OM c-Cyts in intact
cells

The author first examined the inter-heme interaction in the oxidized MtrC protein in S.
oneidensis MR-1 cells in both the presence and absence of hematite nanoparticles with a
diameter of 20-40 nm using CD spectroscopy. Because the size of a nanoparticle is
slightly larger than that of the MtrC protein (approximately 9 nmx6 nmx4 nm)  and is
two orders of magnitude smaller than the cell length of a S. oneidensis MR-1 bacterium,
the hematite nanoparticles were potentially able to bind all of the MtrC proteins on the
cell surface. Both of the Soret peaks at 394 nm and 415 nm were clearly observed for all
concentrations that were tested, but the signal-to-noise ratio worsened as the
concentration increased under aerobic condition (Figure 3-19a). Although the addition of
hematite nanoparticles at 2.0 to 4.8 mM had little effect on the CD spectra, the Soret peak
at 415 nm was greatly diminished upon the addition of 9.1 mM hematite nanoparticles
(Figure 3-19a). Since Soret peak intensity corresponds to the degree of exciton coupling
that occurs during inter-heme interactions 2+ 2 4%, the change in the Soret CD profile
strongly suggests that binding to hematite altered the heme geometry of MtrC in intact S.
oneidensis MR-1 cells. In contrast, the Soret CD peak at 415 nm for the S. oneidensis
MR-1 cells showed little decrease upon the addition of hematite after chemical fixation
(Figure 3-20), strongly suggesting that the significant decrease of CD signal intensity
upon the addition of hematite before the fixation resulted from substantial structure
alteration in the MtrC protein. Specifically, previous studies demonstrated that hematite

nanoparticles with a diameter of 20-40 nm uniformly bind to the surface of S. oneidensis
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MR-1 cells without aggregation ®2% The STEM images obtained in our study
consistently showed that the nanoparticles were evenly dispersed on the cell surface,
while the dehydration and drying process prior to measurement formed a few
aggregations (Figure 3-21). Thus, conformational changes would be expected to occur in
the cell surface-exposed MtrC protein. The intensity of the Soret peak at 394 nm also
changed upon the addition of nanoparticles, suggesting that the MtrC-hematite interaction
induced geometrical changes in the heme moieties present in PEC proteins as well (The
location of PEC in S. oneidensis MR-1 cell is indicated in Figure 3-10). A Soret peak
decrease was also observed in intact S. oneidensis MR-1 cells containing reduced OM c-
Cyts. The author added 30 mM lactate to S. oneidensis MR-1 cells that were subjected to
anaerobic conditions, resulting in the shift of the Soret peaks to longer wavelengths due
to the reduction of the OM c-Cyts, as described in chapter 3-1 (Figure 3-19b). The
addition of 4.8 mM hematite led to a clear decrease in the intensity of the Soret peak at
421 nm, which has an identical wavelength to that of the Soret CD peak corresponding to
the MtrC protein, supporting the conclusion that the presence of hematite nanoparticles
changes the heme geometry of MtrC in intact cells. Another peak, at 411 nm, assigned to
the PEC proteins (Figure 3-11) also fluctuated upon the addition of hematite, further
suggesting that physical contact between MtrC and the hematite nanoparticles induces

geometrical changes in the heme centers that comprise the OM c-Cyts.
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Figure 3-19. Whole-cell CD spectra of S. oneidensis MR-1 cells subjected to aerobic
conditions in the presence of 50 mM fumarate (a) or 30 mM lactate under anaerobic
conditions (b). These spectra were obtained upon the addition of various concentrations
of hematite nanoparticles, as indicated by the legend. The arrows note the decrease of the
Soret CD peak at 415 nm (a) and at 421 nm (b) upon the addition of hematite nanoparticles.

The same tendency was reproduced in at least two separate experiments.
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Figure 3-20. Whole-cell CD spectra of S. oneidensis MR-1 cells after chemical fixation
of bacterial membranes and embedded proteins. Aerobically cultivated S. oneidensis MR-
1 cells were fixed in 4% paraformaldehyde and 0.1% glutaraldehyde for 30 min 7°, and
subsequently washed twice with defined medium. The CD spectra were obtained in the
presence of 50 mM fumarate and various concentrations of hematite nanoparticles as

indicated by the legend. The same tendency was reproduced in two separate experiments.
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200 nm

Figure 3-21. Bright-field STEM image of S. oneidensis MR-1 cells incubated under
anaerobic conditions for 40 min in the presence of 13 mM hematite nanoparticles and 30

mM lactate.

The use of whole-cell CD difference spectra to quantify geometrical changes in the
heme centers in MtrC

Since the data suggested that the changes in the whole-cell CD spectra originate from the
MtrC-hematite interaction, the author quantified the intensity of the Soret peaks obtained
from the MtrC protein within intact cells. In chapter 3-1, it was demonstrated that the
difference between the CD spectra obtained from WT and deletion mutant (4m¢rC) strains
of S. oneidensis MR-1 provides a CD profile of the native MtrC protein present in intact
cells. Thus, the whole cell CD difference spectra were quantified in the presence of
hematite nanoparticles. The Soret peak of the native, oxidized MtrC at 413 nm clearly
decreased in intensity upon the addition of 9.1 mM hematite, and the intensity increased
by almost 40% upon the addition of 23 mM hematite (Figures 3-22~24), which
demonstrates that the binding of hematite to oxidized MtrC alters its heme geometry in
intact cells. Given that the local conformational changes in the amino acids surrounding
the heme centers cause significant changes in the shape of the Soret peaks, including

splitting effects 4> 71, the decrease in CD intensity while the shape of the CD spectra for
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MtrC in intact cells is maintained (Figure 3-22) supports the conclusion that the
interaction of bis-histidine residues with hemes is maintained during hematite binding.
Consistently, the HT voltage profiles recorded during CD measurements indicated an
almost identical Soret peak absorbance in both the presence and absence of hematite
(Figure 3-23), which suggests that the decrease in the intensity of the Soret CD spectra
caused by the addition of hematite stems from changes in the heme geometry, rather than
from changes in the interaction with bis-histidines or artefacts within the CD
measurements such as down-regulation of mtrC gene *°. Based on the crystal structure,
the 10 heme centers are aligned within the MtrC protein, and the heme on the edge, 5 or
10, is proposed to donate electrons to minerals % *°, The contributions of heme 5 and 10
to Soret CD peak intensity were estimated to be below 25% and 35% of the total signal
intensity derived from the MtrC protein, respectively *, which are less than that of the
observed suppression resulting from hematite binding. This finding indicates that the
conformational changes induced by hematite binding are not limited to the heme center
that is adjacent to the hematite nanoparticle but can take place in MtrC as a whole.
Considering that the Soret CD peak intensity is inversely proportional to the square of the
distance between hemes 2% 24, a decrease in the peak intensity suggests the occurrence of
the unfolding of the MtrC protein, leading to an increase in the distance between the heme
centers. Notably, the extent of the suppression of the Soret peak intensity originating from
native, reduced MtrC was approximately 25% in the presence of 23 mM hematite, which
differs from that of the oxidized species (Figure 3-22~24). This suggests that the inter-
heme interactions within hematite-bound MtrC in a reduced state differ from those of
oxidized MtrC likely facilitating the electron transfer reaction. Overall, the whole-cell CD

difference spectra indicate that contact between hematite nanoparticles and S. oneidensis
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MR-1 cells induces spatial arrangements of the deca-hemes in the MtrC protein.
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Figure 3-22. Whole-cell CD difference spectra between S. oneidensis MR-1 WT and

AmtrC in the presence of 50 mM fumarate under aerobic condition (a) or 30 mM lactate
under anaerobic condition (b). Hematite nanoparticle was added at the concentrations of
0~23mM.
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Figure 3-23. HT voltage profiles recorded during CD measurements of S. oneidensis MR-
1 WT cells in the presence of 30 mM lactate under anaerobic condition. The
concentrations of hematite nanoparticle added in the cuvette are indicated beside each
spectrum. The fluctuations around 470 nm originate from the emission spectrum of xenon

lamp equipped with the CD spectrometer.
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Figure 3-24. Soret peak intensity spectra obtained from whole-cell difference CD
representing native, oxidized MtrC at 413 nm (black plot) and reduced MtrC at 421 nm
(red plot) as a function of hematite concentration. The gray plot represents the intensity
of purified, oxidized MtrC at 412 nm.

The author also examined the impact of hematite nanoparticles on heme
geometry in the purified MtrC protein. As expected, the Soret CD peak obtained using
0.20 uM MtrC dissipated upon the addition of hematite, suggesting that binding of the
nanoparticles causes geometrical changes in the heme centers of purified MtrC protein
(gray plots in Figure 3-24 and Figure 3-25). However, localization of proteins to the
surface of nanovesicles or nanoparticles flattens CD spectra 2, which distorts the
quantification of changes in the Soret CD spectra induced by the spatial arrangement of
hemes. The extent of the flattening effect depends upon the density of the proteins present
on the surface of the materials. Whole-cell CD spectra in the presence of a
phospholipid/MtrC ratio of approximately 2.0x10% (number of phospholipids per cell:
~2.0x107; number of MtrC proteins per cell: ~1.0x10% show little flattening effect >4,
On the other hand, purified MtrC protein is expected to densely cover the surface of a
hematite nanoparticle, as reported in OmcA 8; in this case, it would be expected that the

CD spectra are greatly flattened. The decrease in Soret peak intensity derived from
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purified MtrC in the presence of 7.0 mM hematite was approximately 90%; this exceeds
the decrease that was previously reported for an extreme example of the flattening effect,
in which bacteriorhodopsin that was densely embedded within a purple membrane at 75%
(w/w) content resulted in an 80% decrease in the CD signal intensity "*. The fact that the
decrease in the Soret CD peak intensity of MtrC was greater than that of the flattening
effect may suggest that the binding of hematite induces substantial arrangement of the

heme centers in both the purified MtrC protein and in the native MtrC protein present in

intact cells.
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Figure 3-25. CD spectra of 0.20 uM MtrC protein solution in the presence of hematite

nanoparticle at the concentration of 0 ~ 7.0 mM.

The binding affinity of MtrC with hematite depends on the redox state of MtrC and
the concentration of hematite

Since the particle size of hematite is larger than that of the MtrC protein, it is plausible
that the number of hematite nanoparticles that can bind with a single MtrC protein is
limited to one. Based on the assumption that hematite binding leads to the unfolding of
MtrC, the author plotted the ratio of hematite-bound MtrC and determined the
concentration of hematite in solution (Figure 3-26), both of which were estimated using

whole-cell CD difference spectra. Since hematite nanoparticles are subject to little
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aggregation (Figure 3-21) %22 a hematite nanoparticle was redefined as one molecule,
and the concentration was recalculated as described in the Method Section. For both the
oxidized and reduced native MtrC, the coverage of the hematite nanoparticle increased as
the particle concentration increased. In contrast, to cover 50% of the MtrC protein in the
oxidized and the reduced states, approximately 5.5x10%/M and 2.5x10%/M hematite
nanoparticles were required, respectively. Considering that the substantial concentration
of hematite nanoparticles in the presence of native reduced MtrC would be lower than the
apparent concentration due to the dissolution by reduction reaction, hematite
nanoparticles with the concentration of less than 2.5x108/M potentially cover 50% of the
reduced MtrC protein. The substantially lower concentration of nanoparticles that was
required for binding to reduced MtrC clearly indicates that the affinity of MtrC for the
nanoparticles is increased when this protein is in the reduced state. Given that
complementary electrostatic interactions are proposed to mediate binding between MtrF
and hematite %8, redox-linked alteration of the charge distribution in MtrC would be the
main factor contributing to the change in the binding affinity. Since the point of zero
charge of hematite is approximately 8.5 ®, at pH 7.4, the positively-charged hematite
would be more attracted to the reduced MtrC, which would be more negatively-charged
than the oxidized MtrC. Given that, unlike oxidized MtrC, reduced MtrC requires contact
with minerals to sustain microbial electrogenic respiration, redox-linked enhancement of
binding affinity is probably necessary for the creation of an electrical connection between

microbes and minerals, as suggested previously 8061,
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Figure 3-26. The fraction of native MtrC binding to hematite nanoparticles (0) at various
concentrations of nanoparticles in solution. The black and red plots represent oxidized
and reduced MtrC, respectively. The gray line that is superposed on this graph represents
a hyperbolic curve using a 4G © value of —43 kJmol™ following the Langmuir adsorption
model, which is identical to the binding affinity of purified MtrC protein that was
estimated in Figure 3-27. The 6 was estimated from the Soret peak intensity of whole-cell
CD difference spectra, assuming that a single hematite nanoparticle binds with each MtrC
protein and alters the heme geometry. The concentration of hematite nanoparticles was

redefined to be one molecule.

In addition to the redox chemistry-based binding model, allosteric effects also
likely contribute to the curve profile shown in Figure 3-26. While the protein-mineral
interaction is generally described by the Langmuir adsorption model, which depicts a
relationship between coverage and mineral concentration that is characterized by a
hyperbolic curve & 8, the interactions of native MtrC were represented by curves with
distinct shapes. Coverage of the native, oxidized MtrC protein by hematite was limited to
only approximately 5% in the presence of 3.0x10%/M nanoparticles but was significantly
increased to approximately 70% in the presence of 6.0x10%/M nanoparticles. This
dramatic increase in the bound ratio is typically observed for allosteric proteins, where

the binding of the first ligand enhances the affinity of a protein for the second ligand. To
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examine whether this unique allosteric behavior is due to the characteristics of the MtrC
protein, the mechanisms of binding of the purified MtrC protein and hematite
nanoparticles were examined using a sedimentation assay (Figure 3-27). It was found that
the binding reaction proceeded according to a simple Langmuir adsorption model with a
standard Gibbs free energy (4G ) of —43 kJmol™, demonstrating that the presence of
allostery is specific to the binding taking place in intact cells. In addition, the superposed
curve utilizing a 4G value of —43 kJmol™, shown in Figure 3-26, demonstrates that a
nanoparticle range on the same order of magnitude is present during binding, suggesting
that the chemical bond formed between MtrC and hematite is the same in both the purified
and native systems. Overall, it appears that the allosteric-like effect observed upon
binding of the native MtrC originates not in the characteristics of the MtrC protein itself
but in the specific functioning of MtrC when it is in membrane-bound protein complex

conditions.
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Figure 3-27. (a) The amount of MtrC protein bound in the presence of 1.0 mM hematite
dispersed in 1.5 mL of solution (I'/mol) at various concentrations of unbound MtrC
protein as estimated using a sedimentation assay. This provides a standard Gibbs free
energy (4G ©) value of —43 kJmol™ for the binding of MtrC to the hematite surface. The
data point in parentheses is not included in the estimation of 4G . (b) Analysis of
sedimentation assay data. The vertical axis represents the concentration of MtrC protein
in solution ([MtrC] /M) divided by the amount of MtrC bound with hematite (I" /mol),
and the horizontal axis represents [MtrC]. The plots show a linear regression: [MtrC]/T" =
5.37x10° [MtrC] + 187 with square of the correlation coefficient value of 0.98, which
represents a AG © of —43 kJmol™ for binding reaction of MtrC with hematite based on the

Langmuir isotherm (Equations 3-4 and 3-5).

The physiological implications of the flexibility of the binding affinity of MtrC

Given that the attachment of S. oneidensis MR-1 cells to mineral surfaces is initiated by
the formation of bonds between membrane proteins and hematite °, the flexibility of the
binding affinity modulated by the redox state and the hematite coverage of MtrC may
assist in the attachment and detachment of cells from minerals. In particular, the redox
state of MtrC is closely related to the status of the intracellular respiratory chain; thus,
microbe-mineral interactions could be mediated by the metabolic condition of the cells.
When S. oneidensis MR-1 cells actively produce NADH from lactate present in their

environment, reduced MtrC tightly binds to the mineral surface, which allows for the
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efficient regeneration of NAD™ by extracellular electron transport and subsequent
substrate-level ATP production as indicated in chapter 2. Furthermore, since OM c-Cyts
are maintained in a reduced state during electron transport ’°, S. oneidensis MR-1 cells
are able to adhere stably onto mineral surfaces and continue substrate-level ATP
production. Once the electron donor, lactate, is starved, the metabolic reduction of OM c-
Cyts stops; thus, oxidized OM c-Cyts may assist in the detachment of S. oneidensis MR-
1 cells from the mineral surface to obtain lactate from elsewhere in their environment.
This redox-linked binding affinity allows microbes to reversibly and quickly switch
between attachment to and detachment from the mineral surface, which would not be
possible by utilizing the much slower and intensive processes involved in the production
and localization of adhesive proteins and molecules; thus, this mechanism provides a
method for microbes to survive using electrogenic respiration.

For cells to achieve redox-dependent flexibility in their attachment and
detachment, electrostatically-controlled weak bond formation at the microbe-mineral
interface would be preferable to tight adhesion. Consistently, the 4G <" of the binding
reaction between purified MtrC protein and hematite was estimated to be —43 kJmol™
(Figure 3-27), which is much less than that of a typical bond formed during other
biomineralization interactions, such as that of amelogenin with hydroxyapatite (4G <" ~
—120 kJmol™) %8 76 Given that all of the reported 4G ©’ values for the other components
in OM c-Cyts also suggest a weaker binding affinity than is typical for biomineral proteins
(MtrF: =55 kJmol?; OmcA: —28 kImol™)® 8 the observed features of MtrC may
represent characteristics that are common to mineral-microbe interactions. To verify the
generality of the redox-linked allosteric binding characteristics of microbe-mineral

interactions, it would be of interest to conduct whole-cell CD spectroscopy using other
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bacteria that possess OM c-Cyts, such as Geobacter sulfurreducens, especially as a
component of the OM c-Cyts in Geobacter sulfurreducens, OmcS, exhibits a comparable
Soret CD peak intensity to that of MtrC ’’. Consistently, the whole-cell spectroscopy of
Geobacter sulfurreducens PCA revealed large Soret CD peaks (Figure 3-28). Given that
OmcS is a major component of electrically conductive pili, which are required for direct
electron exchange between microorganisms "8, the use of this technique could shed light
on the structures involved in syntrophic respiration that is mediated by direct interspecies

electron transfer.
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Figure 3-28. Whole-cell CD spectra (a) and absorption spectra in diffused transmission

mode (b) of Geobacter sulfurreducens PCA cells with the optical density at 600 nm
(ODes0o) of 1.06. Red and black spectra were taken in the presence of 10 mM acetate or
80 mM fumarate as a sole electron donor or acceptor, anticipating reduction or oxidation
of OM c-Cyts, respectively. G. sulfurreducens PCA was anaerobically cultivated at 303
K for 72 h in PSN medium as reported previously &. Cells were then collected and washed
twice with PSN medium by centrifugation for 10 min at 5000 x g. The CD spectra were
taken with a Pyrex cuvette with path length of 1.0 cm under anaerobic condition.

However, the use of whole-cell CD spectroscopy with minerals has limitations
that depend on the size of the minerals. If the mineral size is comparable to or larger than
that of the microbe, only a proportion of the OM c-Cyts will bind to minerals, resulting

in only minute changes in the CD profile. Therefore, the application of whole-cell CD
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spectroscopy would be limited to the study of microbe-nanoparticle associations, which
are not representative of most biomineral interactions that occur in nature. However, the
data obtained from microbe-nanoparticle interactions may still aid in understanding the
interactions of microbes with large minerals. For example, when the interaction of S.
oneidensis MR-1 cells with large minerals with rough surfaces is considered, the area of
the surface with which an MtrC protein makes contact is expected to be small, which is
reflected by conditions involving a low nanoparticle concentration, as shown in Figure 3-
26. As a result, the bond between the S. oneidensis MR-1 cell and the cell surface may be
lost due to the low binding affinity (Figure 3-26). The possibility of attachment and
detachment behavior being influenced by the nano- or microtopography of the mineral
surface is in good agreement with long-standing observations, such as that the roughness
of the mineral surface impedes the adhesion of S. oneidensis MR-1 cells 8 as well as the
dependence of the adhesiveness of cells to minerals on the crystal facets 8. Those
implications may contribute to measures to control the formation of biofilms on solid
surfaces &8, which could also be used to accelerate the bio-reactions of metal-reducing
bacteria. Given that the attachment and detachment of microbial cells are controlled by
the surface property of minerals and electrodes & as well as the interactions of other
cellular components such as lipopolysaccharides and membrane proteins %4 681 it would
be of great interest to use whole-cell CD spectroscopy to further investigate the binding

characteristics of mutant strains that lack those components with various minerals.
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The implications of the structural flexibility of MtrC for extracellular electron
transfer mechanisms
The whole-cell CD spectroscopy experiments in this study provided insights not only into
the factors affecting the binding affinity of OM c-Cyts but also into the flexibility of heme
geometry in OM c-Cyts. Although a homologous protein of MtrC, OmcA, has been
proposed to undergo structural changes induced by mineral binding & 7, the author have
provided the first evidence of the spatial rearrangement of the hemes during the electron
flow and mineral binding. Inter-heme interactions strikingly affect the kinetics of the
electron transfer reaction. Since hematite binding may cause the unfolding of MtrC in
intact cells, weakening the inter-heme interactions, the rate of electron transport is
expected to decrease; this is consistent with the relatively low electron transport rate that
was observed between OM c-Cyts and hematite compared with other minerals *°. This
flexible alteration of heme geometry suggests the potential for OM c-Cyts to regulate the
kinetics and pathways involved in electron transfer via the modulation of heme geometry
based on the components and/or facets present in the bound minerals. Indeed, resonance
Raman spectra obtained from purified MtrC have suggested that its binding with porous
indium tin-doped oxide electrodes induces alteration of the bis-histidine residues that are
adjacent to the heme centers, rather than a geometrical change in the hemes themselves
67 This distinct structural change in MtrC that was observed in our experiments further
supports the conclusion that MtrC forms different structures depending upon which
mineral it binds.

Furthermore, the potential factors altering the heme geometry in OM c-Cyts are
not limited to the presence of electron flow nor minerals. Small angle x-ray scattering

measurements of purified OmcA proteins indicated that OmcA binding to a redox cofactor,

151



flavin, induces dimer formation and possible conformational changes *’. Furthermore, the
results in chapter 3-1 indicated that the inter-neme interactions in the MtrC protein are
different in the purified system and the native whole-cell system. To gain a true
understanding of the mechanisms underlying the control of long-range electron transport
over 100 A in OM c-Cyts in living cells, it would be essential to obtain molecular-level
information about the formation of complexes between OM c-Cyts and minerals,

electrodes and redox cofactors.

3.2.4 Conclusion

In this work, the author obtained the first evidence that microbe-mineral interactions
induce geometrical changes in the heme centers in the MtrC protein as well as in whole
OM c-Cyts, most likely associated with the unfolding of MtrC. These findings emphasize
the structural flexibility of MtrC, in which the kinetics and pathways of electron transport
potentially change depending on which molecules MtrC binds. To truly understand the
electron transport mechanisms in OM c-Cyts in living cells, it would be essential to obtain
molecular-level information about the formation of complexes between OM c-Cyts and
minerals, electrodes and redox cofactors. Furthermore, the binding affinity of MtrC with
hematite in intact cells was flexibly modulated by the redox state of MtrC and the ratio
of MtrC bound to the mineral. Since these parameters are linked to intracellular
metabolism and extracellular environmental conditions, the flexible regulation of
electrical connections is expected to contribute to the ecophysiology of microbes that

depend upon interactions with minerals.
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The flexibility of OM c-Cyts may provide further understanding of the
mechanisms underlying the electrical connections between microbes and minerals. As
suggested in chapter 2 and 3-1, the OM c-Cyts are expected to export protons involved in
the electron transport reaction; however, the crystal structures of MtrC and OmcA show
no clear hydrogen-bond networks that could be involved in conveying protons 2 14,
Considering the structural flexibility of MtrC, it is plausible that a proton wire is formed
by structural change. To elucidate the biochemical mechanisms underlying the proton-
coupled electron transport reaction occurring at the microbe-mineral interface, which is
most likely a common feature shared with other electrogenic microbes 8, it is of great
interest to obtain whole-cell CD spectra in the presence of cofactors such as flavins during
electron flow with a combination with electrochemistry. The author hopes that these
insights contribute to the improved efficiency of biotechnologies utilizing electrogenic

respiration as well as to fundamental understanding of microbe-mineral interactions.
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3.3
Acceleration of extracellular electron transport by

flavin involves alteration of heme redox state in MtrC

3.3.1 Introduction

Metal-reducing bacteria have the ability to convey electrons to extracellular solid
substrates across outer-membrane, termed extracellular electron transfer (EET) 810 68.87,
EET process extends the microbial respiratory chain towards cell exterior, enabling metal-
reducing bacteria to survive in soluble oxidant-limited condition. In addition to the
implications for geochemical elemental cycling, the EET-coupled respiration has
significant implications for the development of bioelectrochemical technologies 343, For
understanding and utilizing the EET-based phenomena and technologies, the kinetics and
molecular-level mechanisms of EET have been extensively studied.

The mechanisms of EET have been investigated using a model metal-reducing
bacterium, Shewanella oneidensis MR-1, which conduct EET through multi-heme
cytochromes complex on outer-membrane (OM c-Cyts) ¢, One of the best-studied OM
c-Cyts in S. oneidensis MR-1 is MtrABC complex, where MtrC acts as a terminal
reductase at the cell surface. The X-ray structure revealed that the MtrC protein possesses
10 hemes in the arrangement of “staggered-cross” as shown in Figure 3-17. In addition
to hemes, flavin mononucleotide (FMN) acts as a non-covalent redox cofactor of EET
process, of which binding site is proposed to be near the heme 7 of MtrC 14154 Based

on those structural information about MtrC (and its paralogue, MtrF), quantum chemical

154



approaches have contributed on understanding the electron transfer pathways and kinetics.

One of the most intriguing findings is that the heme ion valence strikingly alters
the profile of redox potential. Previous computational studies estimated that the heme
valence change from 3+ to 2+ causes drastic negative redox potential shift about 300 mV
in all hemes %16, Notably, even the valence change of one heme (number 7) is proposed
to alter the redox potential of all 10 hemes and changes the energy landscape of electron
transport through MtrC 1, highlighting the importance in identification of heme ion
valence during EET process in whole-cell. Given that continuous electron inflow and
outflow are balanced in MtrC in living S. oneidensis MR-1, it may be possible that some
of hemes are reduced and the others are oxidized, unlike conventional assumptions that
all hemes in MtrC are oxidized during electron transport (or all reduced during hole
transport), which is a stable state under equilibrium condition. Consistently, some of
previous works reported that absorption spectra of metal-reducing bacteria show both
ferric and ferrous heme peaks were obtained during EET process 3 8. However, it was
not possible to implicate specific cytochromes, given that absorption spectra include the
signals from all the hemes in bacteria other than OM c-Cyts. Especially, the abundance
of heme-containing genes of S. oneidensis MR-1 makes the characterization of MtrC
particularly difficult 8°.

In chapter 3-1 and 3-2, the author demonstrated that whole-cell CD spectroscopy
reflects the redox state of hemes in MtrC with minimum interferece from other heme
proteins using intact cell. Here, the whole-cell CD difference spectroscopy was combined
with microbio-electrochemistry to examine the redox state of hemes in FMN-bound MtrC
in the presence of electron flow. The heme redox state in MtrC under non-equilibrium

condition was compared with equilibrium condition by switching of the applied potential.
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3.3.2 Methods

CD spectroscopy to monitor the inter-heme interactions in MtrC in the presence of

flavin

Cultivation of S. oneidensis MR-1 and CD measurements were conducted under the same
conditions with chapter 3-1 and 3-2. The CD spectra of the reduced OM c-Cyts binding
with flavin were obtained under anaerobic conditions in the presence of 30 mM lactate

and 10 uM FMN ©8,

Attachment of S. oneidensis MR-1 on Pt mesh electrode

For attachment of S. oneidensis MR-1 on Pt-mesh electrode, a single-chamber, three-
electrode system was constructed. 7.0 mm x 5.5 mm Pt 80 mesh (approximate surface
area: 0.9 cm?) was used as the working electrode, and Ag/AgCl (sat. KCI) and a platinum
wire (approximate surface area: 10 mm?) were used as the reference and counter
electrodes, respectively. 4.0 mL defined medium (DM, pH = 7.8) containing 10 mM
lactate as a sole electron donor was deaerated by bubbling N2 more than 20 min and added
to the electrochemical cell as an electrolyte. The reactor was maintained at a temperature
of 30°C and was not stirred during measurements. Cell suspensions with an optical
density of 0.1 at 600 nm (ODs0o) Were inoculated in the reactor with the working electrode

poised at +0.4 V versus SHE for 36 hours.

Imaging of S. oneidensis MR-1 on Pt-mesh electrode
S. oneidensis MR-1 after electrochemical cultivation was taken out from the

electrochemical reactor, and subsequently stained with DAPI (4’°,6-diamidino-2-
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phenylindole) using a 0.5 pg/ml solution after gentle wash with phosphate buffer.
Fluorescence microscopic images and bright field images were simultaneously obtained
by an inverted microscope (Leica DMi8, Leica) combined with microcamera (Leica

DFC9000, Leica) using 10x and 40x objective lenses.

Electrochemical CD measurement of S. oneidensis MR-1

CD spectroscopy was performed on J-1500 (JASCO) CD spectrometer at room
temperature (25 £ 1°C). The CD spectra of Pt-mesh electrode after electrochemical
cultivation was obtained in a quartz cuvette with path length of 1.0 mm containing
anaerobic DM medium with 10 mM lactate. Parameters for CD measurements were set

1

as follows: 100 nm min™ scan rate, 0.1 nm data pitch, 5.0 nm bandwidth, and 10 times

data integration.

Far-UV CD spectroscopy of purified MtrC protein

CD spectra of purified MtrC was obtained in the range of far-UV (190-260 nm) on J-1500
(JASCO) CD spectrometer at room temperature (25 + 1°C). Purified MtrC protein was
dissolved in phosphate buffer at pH 7.4 (5.7 mM K2HPO4 + 3.3 mM KH2POj). Parameters
for CD measurements were set as follows: 100 nm min™! scan rate, 0.1 nm data pitch, 1.0
nm bandwidth, and 16 times data integration. 0.7 mM Na2S204 was added for reduction
of both hemes and disulfide bond, and 1.0 mM glutathione was used for specific reduction

of disulfide bond in purified MtrC protein.
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3.3.3 Results and discussion

Biofilm formation of S. oneidensis MR-1 on Pt mesh electrode

Biofilm of S. oneidensis MR-1 was formed on Pt mesh electrode by electrochemical
cultivation as described in the Method Section. Figure 3-29 shows a representative time
course of current production from S. oneidensis MR-1 during formation of biofilm on Pt
electrode. The current production reached about 3 pA after 36 hours under +0.4 V versus
SHE. Given that the approximate surface area of the Pt mesh electrode was about 0.9 cm?,
the current density was about twice higher than that from a monolayer biofilm of S.
oneidensis MR-1 on ITO electrode shown in chapter 2 (Pt mesh: 3.3 pAcm2, monolayer
on ITO: 1.6 nAcm?; about 5 pA from 3.1 cm? of ITO). This higher current density
suggests that S. oneidensis MR-1 cells are attached onto Pt mesh forming multi-layers of

biofilm.

Current /uA

0 Ha
0 5 10 15 20 25 30 35
Time /h

Figure 3-29. Representative current production from S. oneidensis MR-1 during the

biofilm formation on Pt mesh electrode. An arrow indicates the time of the addition of
the cell suspension into the electrochemical reactor. The same tendency was reproduced

in at least three individual experiments.

To confirm the morphology of Pt mesh after electrochemical cultivation,
fluorescence microscopic images and bright field images were simultaneously obtained
after DAPI treatment which specifically stains microbial cells. Figure 2-30 are the images
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obtained with 10x and 40x objective lenses. Bacterial cells were distributed on the surface
of Pt mesh as well as among the gaps of Pt mesh forming some layers consistently with

the current production shown in Figure 3-29.

Working electrode: Pt mesh

300 pm

DAPI image

7.0§mm

5.5 mm 1’

-«
/1-0 mm (Approximate
S. oneidensis MR-1  surface area: 0.9 cm?)

Figure 3-30. Experimental setup for electrochemical CD spectroscopy, and bright-field
and fluorescence microscopic images of Pt-mesh electrode after electrochemical
incubation of S. oneidensis MR-1. Those images were taken after DAPI staining.

Electrochemical whole-cell CD difference spectra indicate that electron flow induces
geometrical changes in the heme centers in flavin-bound MtrC

To test the stability of CD signal from S. oneidensis MR-1, the CD signal of the Pt mesh
electrode with biofilm of S. oneidensis MR-1 was obtained under open circuit voltage
(Voc) (approximately —350 mV versus SHE). After electrochemical cultivation, the
electrode was moved to a cuvette with path length of 1.0 mm containing DM with 10 mM
lactate and 10 uM FMN, and located in the CD spectrometer (Figure 3-30). The Pt mesh
electrode was connected to potentiostat as the working electrode, and CD spectra of the

electrode were obtained under Voc condition (Figure 3-31). Given that electrons are
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suppled by bacterial respiration under equilibrium of electron exchange between MtrC
and electrode, it is reasonable that accumulated electrons reduces all the hemes in MtrC.
The whole-cell CD spectra showed a clear Soret peak at 421 nm, which is characteristic
to MtrC protein in reduced state as demonstrated in Figure 3-7, indicating that the hemes
are maintained at reduced state under Voc condition, and confirming that the content of
S. oneidensis MR-1 on the Pt mesh electrode is enough to detect by CD spectrometer.
Furthermore, almost identical CD spectrum was obtained after 30 min Voc application to
the electrode (Figure 3-31a, gray line), suggesting that the biofilm of S. oneidensis MR-

1 is stably attached on the electrode with scarce removal.
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Figure 3-31. Electrochemical whole-cell CD spectra (a) and absorption spectra (b) of the

-0.34

Voo! V vs SHE

biofilm of S. oneidensis MR-1 WT formed on Pt mesh electrode in the presence of 10
mM lactate and 15 uM FMN. Open circuit voltage (Voc) (approximately —350 mV versus
SHE) shown in panel (c) was applied during the measurements of both black and gray
lines. The CD spectra of Pt mesh electrode without S. oneidensis MR-1 was used as the

baseline.

Switch of applied potential to +0.4 V (versus SHE) largely diminished the Soret

CD peak at 421 nm, initiating current production of about 5 pA mediated by FMN-bound
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OM c-Cyts (Figure 3-32). Since the peak at 421 nm corresponds with the signal from
MtrC protein in reduced state, the change in the Soret CD profile strongly suggests that
the non-equilibrium condition caused by electron flow altered the heme redox state of
MtrC in intact S. oneidensis MR-1 cells. Consistently, the absorption spectra showed
decrease of peak intensity at 419 nm by +0.4 V (versus SHE) potential application. Since
the alteration in the Soret CD peak intensity was repeatedly observed by switching of
applied potential (Figure 3-32), strongly supporting that the decrease in the intensity of
the Soret CD spectra originates from changes in the heme of MtrC, rather than from
removal of biofilm or artefacts within the CD measurements such as down-regulation of
mtrC gene. Another peak, at 411 nm, assigned to the PEC proteins (Figure 3-11) showed
little change compared with that at 421 nm (Figure 3-32), suggesting that the redox state

changes in the heme centers induced by electron flow mainly occurs in MtrC protein.
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Figure 3-32. Electrochemical whole-cell CD spectra (a) and absorption spectra (b) of S.
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oneidensis MR-1 WT on Pt mesh electrode in the presence of 10 mM lactate and 15 uM
FMN. The applied potential was either Voc (red line) or +0.4 V (black and gray lines).
(c) Time course of the current production from S. oneidensis MR-1 WT during the CD

measurements. The arrow indicates the timing of CD measurements.
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In order to quantify the Soret peak intensity from the MtrC protein during
electron flow, whole-cell CD difference spectra were compared under Voc and +0.4 V
(versus SHE). The CD spectra of Am¢rC strain grown on the Pt mesh electrode was used
for subtraction from that of WT to obtain whole-cell CD difference spectra. The cell
number was normalized by ODeoo, and signal from FMN-bound MtrC was focused on
using dissociation constant of complex formation. The whole-cell CD difference peak at
421 nm showed clear decrease about 60% upon potential switch from Voc to +0.4 V
(versus SHE) (Figure 3-33a), supporting that MtrC in intact cell conduct EET using both
oxidized and reduced hemes. The absorption spectra obtained simultaneously showed
increase in the peak at 409 nm which corresponds with oxidized heme as well as decrease
at 419 nm (Figure 3-33b), further supporting the oxidation of partial hemes in MtrC

during electron flow.
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Figure 3-33. Electrochemical whole-cell CD difference spectra of S. oneidensis MR-1.
The CD spectra of Am¢rC strain grown on the Pt mesh electrode was used for subtraction
from that of WT to obtain whole-cell CD difference spectra. The amount of S. oneidensis
MR-1 on the Pt mesh was normalized by the absorption intensity at 600 nm under Voc
condition, and signal from FMN-bound MtrC was focused on using dissociation constant

of complex formation.
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Which hemes are most probably oxidized by electron flow?

As mentioned in chapter 2, molecular simulations based on the crystal structure of MtrC
show two potential electron transfer pathways 416 4°, Both initiate from aligned hemes,
but one terminates with the bound flavin nearby heme 7 and the other terminates with
heme 5 (Figure 3-34). Based on the experiments in chapter 2 demonstrated that the
respiratory electron inlet into MtrC is enough fast than elctron outlet to bound FMN,
suggesting that the hemes in electron transfer pathway are maintained in reduced state. In
contrast, the electron pathway mediated by only heme centers is relatively inactive during
EET, thus, it may be possible that electrons localized at the edge of hemes such as heme
5 and 4 move towards bound FMN associated with electron flow (Figure 3-34). Especially,
the hemes 1, 3, 4, 5 are estimated to possess equivalent or lower redox potential than other
hemes (average about + 50 mV and heme 1, 3, 4, 5 has about +45, + 60, —170, +80 mV
versus SHE in oxidized state) 16, which are not thermodynamically unfavorable to deliver

electrons towards heme 7.

oM

Figure 3-34. Oxidation of hemes possibly occurs associated with electron flow. Black
arrow indicates the proposed active electron transport pathway in the presence of bound
FMN !415:45 Red arrow indicates potential electron movement associated with electron

flow causing heme oxidation. Crystal structure was obtained by PDB code of 4LMS8 '“,
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In order to confirm that the oxidation of hemes 1, 3, 4, 5 is consistent with the
CD signal decrease about 60% observed in Figure 3-33a, the CD peak intensity from each
adjacent heme pair in MtrC was calculated based on the exciton chirality method (Figure
3-17b). From the calculation, it was estimated that the hemes 1, 3, 4, 5 exhibit relatively
high CD signal intensity, which reach about 55% of total signal from MtrC (Figure 3-
17b). This estimation quantitatively corresponds with the CD signal decrease observed in
whole-cell CD difference spectroscopy during electron flow, indicating that the oxidation

reaction proceeds at hemes 1, 3, 4, 5 during EET process.

Implications for mechanisms of FMN-triggered EET acceleration

In chapter 2, it was demonstrated that the bound flavins with OM c-Cyts accelerate EET
by enhancement of rate-limiting proton transport reaction and rearrangement of proton
transport pathway. In addition, the whole-cell CD difference spectra of S. oneidensis MR-
1 in chapter 3-1 suggested that the rate-limiting proton pathway is involved in local
environments of hemes in MtrC, e.g. propion side chain of hemes or ligated histidines on
hemes in MtrC. The heme redox state change in MtrC during EET may potentially explain
the formation of proton transport pathway in vivo. Given that the heme valency change
possibly alter the interaction of surrounding local amino residues, rearrangement of amino
residues during electron flow might form proton transport pathways.

To test the rearrangement of amino residues around hemes, CD spectra of
purified MtrC protein in both completely oxidized and reduced state were obtained in far-
UV region, which represents the content of secondary structure in MtrC (Figure 3-
35). The CD spectra of MtrC in oxidized state clearly changed upon reduction reaction

by addition of 0.7 mM Na>S,0.4. For quantitative estimation of the secondary structure
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change upon reduction, the CD spectra were analyzed using BeStSel, which improved the
accuracy of estimations in the secondary structure content by taking the conformation of
B-sheet into account as described in chapter 2 °©-°1, The reduction reaction decreased the
content of a-helix from 11.1% to 8.4% (Table 3-1). Since a-helix is located in the domain
Il and IV aligning 10 hemes, this clear difference supports the redox-dependent
rearrangement of amino residues around hemes in MtrC. While the content and
conformation of B-sheet also changed by Na.S204, the same tendency was observed in
the presence of glutathione, which specifically reduce disulfide bond, not hemes (Table
3-1) 14, suggesting that the change in B-sheet is mainly caused by cleavage of disulfide
bond located in the domain Ill. Consistently, the domain Il is mainly composed of (-
sheet 14 . Furthermore, the content of a-helix was unaffected by glutathione (Table 3-1),
indicating that the rearrangement of amino residues around heme redox centers is driven

by redox state of hemes.
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Figure 3-35. CD spectra of purified MtrC protein oxidized by dissolved oxygen (black
line), reduced by 0.7 mM NaS>04 (red line), and of which disulfide bond was specifically
reduced by 1.0 mM glutathione (green line). Those spectra were obtained after subtraction
by that of phosphate buffer and 0.7 mM NazS.04 or 1.0 mM glutathione. The Ag was
divided by the number of amino acids in the MtrC protein. The maintenance of oxidized

or reduced state was confirmed by CD spectra in the Soret region.
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Table. 3-1 Estimation of secondary structure of reduced MtrC*

Oxidized MtrC ~ Reduced MtrC /% MtrC
1% + Glutation /%

a-helices 111 8.4 10.9
B-sheet 34.1 31.8 31.0

Turn 13.0 13.2 14.2

Others including

andom coil 41.7 46.6 43.1
Left-twisted B-sheet 2.7 4.4 6.0
Relaxed B-sheet 121 13 11.8
Right-twisted B-sheet 19.2 12.4 13.2
Parallel B-sheet 0 2.1 0.7

*Estimated by a software, BeStSel *-°!, using the CD spectra of 200 ~ 250 nm.

Possible heme geometrical alteration associated with electron flow

Since the CD signal intensity reflects the heme geometry as well as heme redox state, the
decrease of Soret CD intensity in Figure 3-33a may indicate a possibility that heme
geometry in MtrC is altered associated with electron flow. Once redox state of hemes are
altered by electron flow, it is difficult to separate the effect of redox change from
geometrical change. Thus, the electrochemical CD measurement was further conducted
minimizing the change of hemes redox state.

In the absence of FMN, it is suggested that the pathway terminated with heme 5
proceeds EET and the pathway terminated with heme 2 and 7 are inactive (Figure 3-34)
14,45.%6 It is estimated that the heme 2 and 7 have relatively high redox potential compared
with other hemes in oxidized state (average about +50 mV and heme 2 and 7 have about
+180 mV and +110 mV versus SHE, respectively) %6, which is thermodynamically
unfavorable to oxidize hemes 2 and 7. Thus, it is reasonable that MtrC is fully reduced

during electron flow without FMN.
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As expected, the absorption spectra of S. oneidensis MR-1 in the absence of
FMN at +0.4 ~ 0.8 V (versus SHE) showed little difference from that under Voc condition
(Figure 3-36b), indicating that little hemes are oxidized associated with electron flow.
The CD spectra showed little decrease at 421 nm during stable electron flow (Figure 3-
36a and c), suggesting that heme geometry in MtrC is unaffected during electron flow
without FMN cofactor, and supporting that the decrease in the intensity of the Soret CD

spectra in the presence of FMN substantially originates from changes in the heme redox

state.
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Figure 3-36. Electrochemical whole-cell CD spectra (a) and absorption spectra (c) of S.
oneidensis MR-1 WT on Pt mesh electrode in the absence of FMN. (b) Time course of
the current production from S. oneidensis MR-1during the CD measurements. The arrow

indicates the timing of CD measurements.
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3.3.4 Conclusion

In this chapter 3-3, the author combined whole-cell difference CD spectroscopy and
electrochemistry to test the effect of electron flow on heme ion valence in MtrC in living
system. The CD spectra at + 0.4V versus SHE showed decrease of Soret peak compared
with that under Voc condtion, suggesting oxidation of hemes 1, 3, 4, and 5 driven by non-
equilibrium electron flow. Given that most of the conventional studies assumed that all
redox centers in proteins are oxidized during electron transport (or all reduced during hole
transport), which is a stable state under equilibrium condition, the present results may
provide fundamental insight into understanding of biological electron transfer through
metallo-proteins, where electron flow possibly rearrange redox state estimated from that
of crystal structures. In addition, the results impled that the electron flow in MtrC
reorganizes rate-limiting proton transport pathway in FMN-bound OM c-Cyts to
accelerate EET. Given that the electron transport mechanisms in proteins have been
discussed using crystal structures (in oxidized condition) based on the assumption that
protein structures are scarcely affected by in vivo specific environments such as cellular
components and electron flow, the whole-cell CD difference spectroscopy applicable to
intact cells is an important first step in pioneering biological electron transfer providing
insights into potential structural change in intact cell. The author hopes that
electrochemical whole-cell CD difference spectroscopy further reveals the complicated

proton-coupled EET process in living system.
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Chapter
4

Control of reverse extracellular electron transport

In chapter 2 and 3, the author has examined the mechanisms of flavin-mediated
enhancement of non-equilibrium extracellular electron export reaction through OM c-
Cyts in S. oneidensis MR-1. While the electron export mediated by flavin is a universal
reaction, the reverse electron flow, that is cathodic electron flow termed extracellular
electron uptake (EEU), occurs in not all kinds of EET-capable bacteria. For example, the
OM c-Cyts in S. oneidensis MR-1 conduct EEU as fast as EET process 12 however,
reverse electron flux through OM c¢-Cyts in another model EET-capable bacteria,
Geobacter sulfurreducens PCA, is limited to be about 10 times lower than that of EET
like a “diode” *(Figure 4-1). Considering that the mechanisms dictating uni- or bi-
directional electron flow through molecules under non-equilibrium condition potentially
improves the efficiency and stability of molecular computational technologies, unraveling
the EEU mechanisms through OM c¢-Cyts may contribute to the understanding and
development of molecular electronics as well as biological electron transport reactions ”-
8. Since in chapter 2 and 3, the author has found that the flavin analogues possessing N(5)
are the key to control the EET process, in this chapter 4, the unidirectional and
bidirectional electron transport mechanisms in OM c¢-Cyts of S. oneidensis MR-1 and G.
sulfurreducens PCA were examined using N(5) molecules. After the investigation of

electron transport property of OM c-Cyts in S. oneidensis MR-1 and G. sulfurreducens
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PCA in chapter 4-1 and 4-2, the author further developed a novel technique to estimate
enzyme activity inside the bacterial cells by controlling the EEU kinetics in chapter 4-3.

S. oneidensis MR-1 G. sulfurreducens PCA
Bidirectional EET Unidirectional EET

Electrode Electrode

Figure 4-1. Bi- or uni- directional EET through OM c-Cyts in S. oneidensis MR-1 and G.
sulfurreducens PCA

Figures in chapter 4 are reprinted with permission from American Chemical Society.
Y. Tokunou, K. Hashimoto, and A. Okamoto, J. Phys. Chem. C, 2016, 120 (29), 16168-

16173.
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4.1
Rate regulation of extracellular electron uptake in S.
oneidensis MR-1 as a model system of bidirectional

electron transport

4.1.1 Introduction

Microbial conversion from electrical energy to a desired product, electrosynthesis, occurs
with intercellular metabolic enzymatic reactions driven by an electrode as a metabolic
electron donor ®° which is utilized for bioremediation by reduction of heavy metals
and carbon dioxide to organic carbon compounds for biofuels or fuel precursors using
renewable sources of electricity 2. Gaseous hydrogen generated by electrolysis serves as
electron carrier in number of systems, but excessive low electrode potential for hydrogen
evolution make the process inefficient 9% 13, To this end, direct microbial electron uptake
process, EEU, is key factor to increase the efficiency for microbial electrosynthesis 4.
S. oneidensis MR-1 is a model system to conduct EEU through the OM c-Cyts by posing
cathodic potential enough to drive reduction reaction of metabolite. For example, the
application of —0.45 V (vs SHE) to S. oneidensis MR-1 drives reduction reaction of
fumarate into succinate. Towards development of microbial electrosynthesis,
methodologies to accelerate and regulate EEU processes are required.

The rate of EEU mediated by OM c-Cyts is enhanced by the presence of small
redox molecules that act as either shuttles ** or bound cofactors 6. Although several
electron shuttles have been identified to date,*> 118 only riboflavin (RF) is known to
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function as non-covalently bound redox active centers in OM c-Cyts during EEU
process.!®2! The EEU process are initiated by one-electron redox cycling of RF between
semiquinone (Sq) and hydroquinone (Hq) at the electrode surface. Hq transport electrons
to bound OmcA, and subsequently reduce intracellular molecules. The identification and
characterization of alternative cofactor molecules is important for understanding the
acceleration mechanisms of EEU mediated by OM c-Cyts, particularly the kinetics and
molecular interactions between noncovalent flavin cofactors and the binding pocket of
MtrC and OmcA protein.

In the present study, the author examined the potential of compounds other than
RF to function as bound redox cofactors in OmcA using whole-cell electrochemical
assays performed under cathodic conditions. Here, two flavin analogues were selected as
potential cofactor of OmcA protein, safranin (Saf) with N(5) and anthraquinone-1-
sulfonate (a-AQS) without N(5) (Figure 4-2). Their EET Kinetics and binding affinity
with OmcA were evaluated to obtain strategies to design cofactors for controlling the rate

of EEU.

Succinate  Fumarate / Redox active center \
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N /

Electrode

Figure 4-2. EEU of S. oneidensis MR-1 with flavin analogues
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4.1.2 Methods

Electrode-immobilized biofilm construction and electrochemical measurement

Electrochemical experiments were conducted under cathodic conditions after the
formation of a monolayer biofilm S. oneidensis MR-1 and its mutants in electrochemical
reactors as described in chapter 2-1. After confirming the formation of a biofilm on an
ITO electrode by in-situ confocal fluorescence microscopy, the supernatant in the
electrochemical cell was replaced with anaerobic DM containing 50 mM fumarate as an
electron acceptor, and the electrode potential was shifted to —0.45 V to promote the
donation of electrons to microbes. Differential pulse (DP) voltammetry was conducted
using an automatic polarization system (VMP3, Bio Logic Co.) and the following
conditions: 5.0 mV pulse increments, 50 mV pulse amplitude, 300 ms pulse width, and a
5.0 s pulse period. Charging current subtraction was performed using the open source
program SOAS by fitting the baseline from regions sufficiently far from the target
reduction peaks and assuming that continual charging current flows throughout the peak

region.??

Calculation of current enhancement factor () using dissociation constant (Kad)
When the cathodic current (I¢) is proportionally related to the amount of redox cofactor

binding, the normalized enhancement factor (B) is defined as follows:

_ L Eq4—1
For the calculation of B, the dissociation constant (Kq) for complex formation between

the non-covalent redox cofactors and OM c-Cyts was estimated as described in chapter
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2-1. Kq was estimated from the cathodic current (I¢) and the reduction peak current in DP
voltammograms before and after the addition of each redox molecule. Using Kg, B can be

described as follows:

(U + Kyl
[LICTPT+ [PLD

where [P] is the concentration of OM c-Cyts, [L] is the concentration of unbound RF, Saf

(Eq4-2)

or a-AQS in solution, and [PL] is the concentration of the OM c-Cyts complex with these
molecules. To compare  among the different redox molecules, [L] was set as 2.0 uM and
the sum of [P] and [PL] was assumed to be constant in the uniform monolayer biofilm of

S. oneidensis MR-1.
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4.1.3 Results and discussion

Saf and a-AQS enhance extracellular electron uptake as redox active centers in
OmcA

To determine if Saf and a-AQS can function as redox cofactors in OM c-Cyts and enhance
the rate of EET, the author examined cathodic current production for fumarate reduction
in the presence of Saf and a-AQS at a concentration of 2.0 uM, in which bound cofactors
of OmcA strongly enhances EEU but not as shuttling redox mediators as described in
chapter 2. In the presence of 50 mM fumarate as the sole electron acceptor, a S. oneidensis
MR-1 biofilm generated a cathodic current (I¢) of approximately —2.5 pA at —0.45 V (vs.
SHE). However, upon the addition of 2.0 uM Saf, an immediate increase in I comparable
to that resulting from the addition of 2.0 UM RF was detected (Figure 4-3). Although the
increase was markedly less compared to the systems supplemented with Saf or RF, the
addition of a-AQS also led to an enhancement in lc. These results suggest that Saf and a-
AQS enhance the rate of electron uptake by OM c-Cyts by serving as redox active centers,

as has been demonstrated for RF.

W/O addition

2uM a-AQS

I

-20- Addition

-30

0 2 4 f’hour 8 10 12 14
Figure 4-3. Time course for cathodic current production (lc) from the biofilm of S.
oneidensis MR-1 in the presence of 50 mM fumarate on an ITO electrode at —0.45 V (vs
SHE). Arrow indicates the point at which 2.0 uM Saf, a-AQS, or RF was added to each

batch. The same tendency was reproduced in at least three separate experiments.
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The electrochemical properties of Saf and a-AQS

To examine the electrochemical properties of Saf and a-AQS in the monolayer biofilm of
S. oneidensis MR-1, DP voltammetry was conducted during the course of the Ic
measurement (Figure 4-4, 5, 6). After the addition of 4.0 uM Saf to the electrochemical
reactor containing an S. oneidensis MR-1 monolayer biofilm, the peak cathodic current
was observed at —0.45 V vs SHE (l.0.45) (Figure 4-4a) and increased with increasing Saf
concentration (Figure 4-5a), indicating that the cathodic peak at —0.45 V (l.04s5) is
assignable to the redox reaction mediated by Saf. The half-width potential (4Ep) for I
0.45 Was approximately 190 mV (Figure 4-4a), which is close to the characteristics of the
one-glectron redox reaction in bound RF with OmcA under cathodic conditions.? In
contrast, the two-electron redox reaction of unbound Saf in a cell-free system has AEp.
and Ep values of approximately 75 mV and —0.30 V, respectively (Figure 4-4a). These
redox profiles strongly suggest that Saf mediates one-electron redox reactions in S.
oneidensis MR-1 biofilms, similar to bound RF cofactors in OmcA 2. In addition, DP
voltammograms of a-AQS in the presence or absence of biofilm showed redox profiles
characteristic of one- or two-electron redox reactions, respectively ((Figure 4-4b and 4-
5b). These results indicate that both Saf and a-AQS are able to mediate one-electron

reactions in MR-1 biofilms, as has been reported for RF as a bound cofactor in OmcA.
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Figure 4-4. Baseline-subtracted differential pulse (DP) voltammograms for monolayer
biofilm of S. oneidensis MR-1 (red line) and cell-free electrolyte (black line) in the
presence of (a) Saf and (b) a-AQS at a concentration of 4.0 uM on an ITO electrode

surface. The same tendency was reproduced in three separate experiments.
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Figure 4-5. DP voltammograms for monolayer biofilms of S. oneidensis MR-1 on an
ITO electrode surface in the absence (dotted line) and presence of Saf at several
different concentrations (solid line) (a), in the absence (dotted line) and presence of a-

AQS at several different concentrations (solid line) (b).
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Figure 4-6. Ic from biofilms of S. oneidensis MR-1 in the presence of 50 mM fumarate
on an ITO electrode at —0.45 V (vs. SHE). Red and blue arrows indicate the points at
which Saf and a-AQS were added into the reactor, respectively. Black arrows indicate

the timings of DPV measurements.
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To examine the interaction between OM c-Cyts and Saf or a-AQS in biofilms,
the author used mutant strains of S. oneidensis MR-1 that lack either OmcA (AomcA) or
MtrC (AmtrC). In the DP voltammogram for the AomcA biofilm in the presence of Saf,
an approximately 90 mV positive shift in the redox signal compared to that for the wild-
type (WT) system was observed (Figure 4-7a), indicating that OmcA interacts with Saf
in the biofilm. However, the negative shift (~60 mV) in the peak potential of unbound Saf
suggests that Saf interacts with not only OmcA, but also other OM c-Cyts, such as MtrC,
in MR-1 cells. In contrast, a negligible peak shift was observed in the DP voltammograms
for a-AQS in the presence or absence of AomcA biofilms (Figure 4-7b), suggesting that
a-AQS specifically associates with OmcA protein. In addition, the Ic of the AmtrC
monolayer biofilm in the presence of Saf was approximately 15% lower than that for the
WT biofilm, whereas comparable values between AmtrC and WT were detected in the
systems supplemented with a-AQS (Figure 4-8). Taken together, these results strongly
suggest that Saf functions as a bound cofactor in OM c¢-Cyts of MR-1, mainly in OmcA,
but also in MtrC, and that a-AQS specifically interacts with OmcA to enhance microbial

cathodic electron uptake.
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Figure 4-7. Baseline-subtracted DP voltammograms for monolayer biofilm of WT (red
line) and AomcA (blue line) in the presence of (a) Saf and (b) a-AQS The same tendency

was reproduced in three separate experiments.
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Figure 4-8. Ic from biofilms of WT, AomcA, and AmtrC strains in the presence of 50 mM
fumarate on an ITO electrode at —0.45 V (vs. SHE). Red and blue bars represent I from
two independent experiments in the presence of 2.0 uM Saf and a-AQS, respectively. I¢
is normalized as WT = 1.0.

We also examined the contribution of the cathodic reaction of Saf and a-AQS to
Ic in the presence of the MR-1 biofilm by plotting Ic against l.o4s and l.os5, which
correspond to the relative amount of Saf and a-AQS, respectively. In the course of current
generation, we examined the effects of several different concentrations of Saf and a-AQS
in the electrochemical system and performed DP voltammetry at each concentration
(Figure 4-9). Ic exhibited a clear negative correlation with both l.g45 and l.oss, giving
square of the correlation coefficient values of 0.997 and 0.995, respectively. These results
indicate that complex formation of either Saf or a-AQS with OM c-Cyt proteins enhances
the rate of EEU from the electrode. In addition, these results also suggest that the rate-
determining factor for I¢ is the number of polycyclic molecules bound to OM c-Cyts

within biofilms formed at the electrode surface under the present experimental conditions.
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Figure 4-9. Plots of ¢ at an electrode potential of —0.45 V (vs SHE) against the peak
current of Saf and a-AQS (Saf: Ep = —0.45 V vs SHE, a-AQS: Ep =—0.55 V vs SHE).

The squares of the correlation coefficients include the point of origin.

Quantitative comparison of binding affinity to OM c-Cyts and EET Kkinetics for RF,
Saf and a-AQS

To obtain insight into the factors controlling the interaction between OM c-Cyts and the
redox molecules, RF, Saf and a-AQS, the author next compared the dissociation constant
(Kqg) between OM c-Cyts and each polycyclic redox molecule based on the observed
concentration dependency for the peak currents in DP voltammograms, as described in
Experimental Section (Table 4-1). Notably, RF and Saf possess N(5) in their backbone,
but a-AQS does not, suggesting that N(5) is critical for stabilizing one-electron reduced
Sq cofactors to accelerate EEU process. This is consistent with the results obtained in
chapter 2; the stabilization of Sqg state in anodic condition requires N(5) in flavin

backbone.

Table 4-1. Dissociation constant (Kgq) for each molecule.

Kd /uM
Saf 18.1+4.4
a-AQS | 29.5+1.8
RF 15.8+0.4
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The author also compared the enhancement factor (), EET kinetics among
single molecules of RF, Saf and o-AQS, based on the I and Kq for each molecule as
described in Method Section. Because the molecules with a more positive redox potential
showed higher B values (the B for Saf and a-AQS were approximately 60% and 14%,
respectively, of the B for RF) (Figure 4-10), it appears that electron transfer from the
electrode to these redox molecules is the slowest reaction for cathodic fumarate reduction.
This speculation is in good agreement with the observed linear relationship between I
and reduction peak current in DP voltammograms of S. oneidensis MR-1 biofilms in the
presence of these redox molecules (I-0.4s or l.0.55) (Figure 4-9), because these data suggest
that the reduction rate of these molecules determines the rate of cathodic fumarate
reduction. Therefore, it can be expected that flavin analogues with higher redox potentials
than RF have a potential to enhance the rate of EEU. Since the relationship of pKa value
and the EEU kinetics is still open question, it would be of great interest to test the B value

using various flavin analogues with different pKa.
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Figure 4-10. Normalized current enhancement factor (B) for Saf, a-AQS, and RF

calculated from at least two separate experiments
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4.1.4 Conclusion

In this work, the author demonstrated that two flavin analogues, Saf and a-AQS,
accelerate non-equilibrium EEU process in S. oneidensis MR-1 by functioning as bound
redox cofactors in the OM c-Cyt protein, OmcA. This finding indicates that the binding
site in OmcA for RF is sufficiently flexible to accept other flavin analogues in cathodic
condition as well as anodic condition. In addition, the data for Kq suggest that the N(5) in
their backbone is important for the affinity of non-covalent redox cofactors towards OM
c-Cyts, a property that may be utilized as a strategy for controlling the rate of EET. Thus,
the findings from this study provide an approach for designing electrocatalysts that
mediate EEU towards microbial electrosynthesis. Furthermore, because the flavin-
binding pocket in OM c-Cyts is also found in another model iron-reducing bacterium, G.
sulfurreducens PCA, this approach may also be applicable to processes involving G.
sulfurreducens PCA,2 which is an important species in industrial bioelechemical

reactors.®
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4.2
Rate regulation of extracellular electron uptake in G.
sulfurreducens PCA as a model system of unidirectional

electron transport

4.2.1 Introduction

Microbial EEU process is applicable for production of various compounds and
immobilization of heavy metals as bioremediation. Geobacter sulfurreducens PCA is
capable of the formation of electrically conductive biofilm matrix * 24, which makes
electrical connection from the electrode to even cells without direct contact with the
electrode surface 2. Combined with EEU capability via OM c-Cyts, the conductive
matrix enables G. sulfurreducens PCA to produce the highest anodic current production
among the strains isolated so far. Because electronic measurements have shown electron
conduction through biofilm and the bioengineering is available for the G. sulfurreducens
PCA 2627  the biofilm has high potential as a platform of microbial electrosynthesis.
However, as for the EEU reaction, the current density drastically decreases, typically over
10 times **, suggesting that the suppression of electron uptake via OM c-Cys from the
conductive matrix occurs specifically under cathodic condition. Although it has been
shown that the alteration in outer-surface components gradually proceeds during cathodic
condition >®, the mechanism for the suppression of electron uptake in G. sulfurreducens
PCA has not been identified in molecular-level.

The suppression of EEU is distinct from that in another model iron-reducing
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bacterium, S oneidensis MR-1, which showed high EEU kinetics comparable with anodic
EET kinetics. In S. oneidensis MR-1, cathodic reaction proceeds with the almost identical
rate with that in anodic reaction, where electron transport processes are mediated by flavin
analogues with N(5) such as RF and Saf as cofactors in OM c-Cyts as described in chapter
4-1. Meanwhile, the research group of the author recently found that RF binds with OM
c-Cyts as a non-covalent cofactor and constitute the conduits for electron export from G.
sulfurreducens PCA to anode 3. In this chapter 4-2, the author examined two hypotheses,
1. RF and flavin analogues with N(5) in their backbone potentially mediate electron
uptake reaction as well in G. sulfurreducens PCA, and 2. cathodic current suppression is
due to the dissociation of RF from OM c-Cyts under cathodic condition.

Electronic properties of OM c-Cyts in Geobacter have been studied mostly in
the thick biofilm 28-2°, However, because those experiments potentially cannot distinguish
inter and extracellular electron transport, ex-situ measurements for the biofilm
conductivity, e.g. isolation of nano filaments, have been conducted 2% *°. Here, the author
prepared a monolayer biofilm of Geobacter sulfurreducens PCA strain to specifically
monitor the interfacial electron transfer of OM c-Cyts to the electrode, and explored the
role of RF for the asymmetric electron flow via OM c-Cyts in G. sulfurreducens PCA

(Figure 4-11).
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Figure 4-11. Schematic illustration of asymmetric electron flow through OM c¢-Cyts in
G. sulfurreducens PCA dictated by association/dissociation of RF cofactor.
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4.2.2 Methods

Bacterial strains and growth conditions

G. sulfurreducens PCA and the mutant lacking omcB, omcE, omcS, and omcT
(domcBEST) were cultured anaerobically at 30 °C for 120 h in 100 mL PSN medium
(1.68 gLt NaHCO3, 0.02 gL CaClz-2H20, 0.54 gL NH4CI, 0.02 gL* MgCl,-6H0, 0.02
gLt MgS04-7H,0, 0.14 gLt KH,PO4, 4.76 gL* HEPES, 0.1 gL yeast extract, 0.1 mL
trace element solution (10mM FeClz, 1mM CoClz, 1 mM MnClz-4H20, 1 mM ZnCly, 0.1
mM H3BOs3, 0.1 mM NiClz, 0.1 mM AICl3, 0.1 mM Na:Mo0O4-2H,0, 0.01 mM CuCly),
and 1 uL Se/W solution (1 mM NazSeOz, 1 mM Na;WOs-H20)), supplemented with 20

mM acetate as a carbon source and 80 mM fumarate as an electron acceptor.

Formation of a biofilm of G. sulfurreducens PCA on an ITO electrode

A biofilm of G. sulfurreducens PCA was formed on an indium tin-doped oxide (ITO)
substrate in the same electrochemical reactor as that in chapter 2. 4.0 mL PSN
supplemented 10 mM acetate was deaerated by bubbling with N2 and added to the
electrochemical reactor as an electrolyte. The reactor was maintained at 30 °C and was
not agitated during the measurements. A cell suspension of G. sulfurreducens PCA was
used for biofilm formation after washing three times with PSN medium by centrifugation
for 10 min at 4,000 x g. The concentration of the cell suspension in the electrochemical
reactor was determined by measuring the optical density at 600 nm (ODeoo) and adjusted
to ODeoo = 0.5. The cell suspension was cultivated on the ITO electrode, which was poised
at a potential of +0.4 V versus SHE using an automatic polarization system (VMP3, Bio

Logic) for 40 h.
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Electrochemical measurement of G. sulfurreducens PCA biofilm

After formation of a biofilm, the supernatant in the electrochemical reactor was then
removed and replaced with anaerobic PSN after washing a biofilm twice with anaerobic
PSN. The electrode potential was shifted to —0.45 V versus SHE to promote the donation
of electrons to microbes. Differential pulse (DP) voltammetry was conducted using an
automatic polarization system (VMP3, Bio Logic) under the following conditions: 5.0
mV pulse increments, 50 mV pulse amplitude, 300 ms pulse width, and a 5.0 s pulse
period. Charging current subtraction was performed using the open source program
SOAS by fitting the baseline from regions sufficiently far from the target reduction peaks

and assuming that continual charging current flows throughout the peak region 2.

Imaging of G. sulfurreducens PCA biofilm by confocal fluorescence microscopy

A biofilm of G. sulfurreducens PCA formed on ITO electrode, which was poised at a
potential of +0.4 V versus SHE for 40 h, was stained with DAPI (4°,6-diamidino-2-
phenylindole) using a 0.5 pg/ml solution after gentle wash with phosphate buffer.
Microscopic observation was performed on a confocal laser scanning microscope

(Fluoview FVV1000, Olympus) using a 100x oil-immersion objective lens.

Quantification of nitrate, nitrite and ammonium ions from G. sulfurreducens PCA
during —0.45 V (versus SHE) application by ion chromatography

200 pL of supernatant in the electrochemical reactor was collected during —0.45 V (versus
SHE) application on a monolayer biofilm of G. sulfurreducens PCA. After centrifugation

for 10 min at 4,000 x g and filtration, the supernatant was diluted 100 times prior to

194



analysis. Especially in the case of cation chromatography, the supernatant was diluted by
7.30 gL TAPS buffer at pH = 8.00 for keeping ionization ratio of ammonium in every
sample. The concentration of nitrate, nitrite, and ammonium in the supernatant was
quantified using an ion chromatograph system (Shimadzu, HIC-20Asuper). Shim-pack
IC-A3 (Shimadzu) and Shim-pack IC-C4 (Shimadzu) were used as the column for
analysis in anion chromatography and cation chromatography, respectively. The
temperature was kept at 40 °C and 45 °C, with the flow rate of 1.2 mL/min and
1.0 mL/min, respectively. The mobile phase was composed of 1.11 gL p-hydroxy
benzoic acid, 0.67 gL* Bis-Tris, and 3.09 gL boric acid in anion chromatograph system,
and 0.23 gL oxalic acid and 0.40 gL 18-crown-6 in cation chromatograph system. The
retention time of nitrate, nitrite, and ammonium were about 8.43 min, 5.93 min, and 5.90
min. The standard curve exhibited squares of the correlation coefficients as 0.999 in every

ion in the target concentration range.

Estimation of dissociation constant (Kad) for complex formation between OM
enzymes in G. sulfurreducens PCA and redox molecules

Kq can be estimated from the peak intensity at different concentration of redox molecules.
When the peak intensity increased about a times with increase of the concentration of
redox molecules from [L]1 to [L]2, Kq can be described as below, assuming the sum of [P]

and [PL] is constant throughout the measurement as described in chapter 4-1:
1

1=K x Eqg4 -3
a—1= d(m—m) (Eq4-3)

The author estimated the Kq from the plot of o — 1 against — — ——

TR, in the range of

4~24 uM RF and safranin.

195



4.2.3 Results and discussion

Comparison of cathodic current with anodic one in monolayer biofilm of G.
sulfurreducens PCA

To form a monolayer biofilm of G. sulfurreducens PCA, we inoculated the cells
on an indium tin-doped oxide (ITO) electrode poised at +0.40 V (vs SHE) to a cell
suspension of G. sulfurreducens PCA at ODsoo = 0.5 with 10 mM acetate as sole electron

donor. During potential application, almost constant anodic current of approximately 20
u A was observed (Figure 4-12a). After 40 hours, confocal fluorescence microscopy

showed 3D image in which G. sulfurreducens PCA stained by DAPI (4°,6-diamidino-2-
phenylindole) forms a homogeneous monolayer biofilm on ITO electrode (Figure 4-12b).
In order to monitor the EEU process through OM c-Cyts expressed during anodic
condition, we switched the applied potential to —0.45 V just after exchanging the
supernatant with fresh anaerobic PSN medium containing 50 mM nitrate as sole electron
acceptor for G. sulfurreducens PCA 3. Consistent with a previous report using Geobacer
soli °, cathodic current (Ic) was largely suppressed to approximately —0.3 pA compared
with anodic current (Figure 4-12a). Linear sweep (LS) voltammograms for a monolayer
biofilm further demonstrate the suppression of electron uptake and asymmetric electron
flow in G. sulfurreducens PCA (Figure 4-12c). While negative faradaic resistance was
observed around —0.1 V in both scan direction as reported previously 2, potential scan to
the positive direction showed onset potential around —0.3 V for clear acetate oxidation
current and potential scan to opposite direction exhibited much smaller nitrate reduction
current. These results demonstrate that the rate of electron uptake reaction or metabolism

is slower for nitrate reduction compared with anodic condition.
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Figure 4-12. Characterization of G. sulfurreducens PCA biofilm formed on an indium
tin-doped oxide (ITO) electrode. (a) Time course for current production from G.
sulfurreducens PCA inoculated on an ITO electrode. After potential application at +0.40
V (versus SHE) for 40 hours in the presence of PSN medium containing 10 mM acetate
(black line), the supernatant was exchanged with fresh anaerobic PSN medium containing
50 mM nitrate followed by potential switching to —0.45 V (blue line). (b) 3D image of G.
sulfurreducens PCA biofilm on an ITO electrode used in this study. (c) Linear sweep (LS)
voltammograms for G. sulfurreducens PCA biofilm on an ITO electrode at a scan rate of
1.0 mVst. The black and blue lines represent the LS voltammograms in the presence of
10 mM acetate and 50 mM nitrate respectively, followed by subtraction of the LS
voltammogram in the absence of any electron donor or acceptor. Black arrows indicate

the direction of potential scanning.

Riboflavin increases the rate of electron uptake in G. sulfurreducens PCA
Assuming that RF dissociation from OM c-Cyts in cathodic condition decrease

the rate of electron uptake, one can expect the high concentration of RF would promote
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the RF-binding to OM c-Cyts, and increase the cathodic current production. Therefore,
the author tested the effect of RF addition on Ic from G. sulfurreducens PCA formed on
an ITO electrode applied at —0.45 V. As expected, the supplementation of 4.0 UM RF to
a monolayer biofilm on an ITO electrode immediately increased the I (Figure 4-13). The
Ic further shows enhancement with higher concentration of RF in cathodic condition
exhibiting about 30 times increase (—9.0 pA) in the presence of 16 uM RF (Figure 4-13).
In contrast to the observations, the current increase by RF addition is strictly inhibited in
anodic condition 2%, because the OM c-Cyts are occupied by RF in the physiological
concentration range (about 50 nM) . The author also quantified the concentration of
nitrate in the supernatant by ion chromatography and confirmed that nitrate is reduced
associated with cathodic current production. As shown in Figure 4-14, the amount of
nitrate in the supernatant clearly decreased with the time of potential application at —0.45
V, and the consumption rate was higher in the presence of 20 uM RF than that of 10 uM
RF. These results strongly suggest that the cathodic current suppression is not caused by
the shortage of enzymes required for nitrate reduction but the low affinity of RF, resulting

in dissociation from OM c-Cyts during EEU reaction.
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Figure 4-13. Time course for Ic from a biofilm of G. sulfurreducens PCA on an ITO
electrode at —0.45 V (versus SHE). Black arrows indicate the timings for RF addition to
each reactor. The concentrations of RF in the reactor are written by the arrows. Red arrows

indicate the timings at which differential pulse (DP) voltammetry was conducted.
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Figure 4-14. Quantification of products from a biofilm of G. sulfurreducens PCA during

—0.45 V application by ion chromatography.

To confirm the rate-limiting process for I generation is assignable to the redox
reaction of RF, we performed differential pulse (DP) voltammetry conducted at different
RF concentration during Ic production (Figure 4-15). All the DP voltammograms depicted
three cathodic peaks (Figure 4-15b). While the intensity of two signals with the peak
potential (Ep) of —0.13 V and —0.05 V are inversely decreased by time, only one peak at
—0.39 V (I-0.39) increased with the concentration of RF and was not observable before
addition of RF, indicating that the redox species at Ep of —0.39 V is assignable to RF
(Figure 4-15). The observed Ep at —0.39 V is about 0.17 V more negative than the E, for
RF in cell-free electrolyte (Figure 4-15d), demonstrating that RF changes its redox
property by the interaction with the biofilm of G. sulfurreducens PCA. Importantly, the
I-0.30 showed linear correlation with the I¢ passing through the point of origin with the
squares of the correlation coefficients of 0.98 (Figure 4-15a inset). Given 1-o.39 represents
the amount of RF at the interface between G. sulfurreducens PCA and cathode, the nitrate
reduction is likely predominantly driven by the electron supply via the redox cycling of
RF at Ep of —0.39 V. Notably, since the redox potential shift of RF is almost identical with

RF binding with OM c-Cyts in anodic condition and that in S. oneidensis MR-1 as
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described in chapter 4-1, OM c-Cyts may work as the binging scaffold for RF as with the

anodic condition.
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Figure 4-15. DP voltammetry conducted during cathodic current production from a
biofilm of Geobacter in the presence of 50 mM nitrate on an ITO electrode. (a) DP
voltammetry conducted at timings red arrows indicate in Figure 4-13. The inset represents
plots of I. against the peak current assignable to bound RF (1-0.39). Both the horizontal
and vertical axes are indicated as absolute value. The squares of the correlation
coefficients include the point of origin. (b) An example for deconvolution of DP
voltammogram. Blue and black line show the base-line subtracted DP voltammogram for
G. sulfurreducens PCA in the presence of 8.0 uM RF (obtained from (a)) and fitted line
composed of 3 peaks represented by dotted lines [Ep = —0.39 V, —0.13 V, and —0.05 V],
respectively. Lower column represents the difference between blue and black line. (c) The
peak current with Ep of —0.39 V (l.0.39), —0.13 V (l.0.13), and —0.05 V (l.0.05) obtained from
deconvolution of DPV in (a) against the duration time for the constant potential
application at —0.45 V. (d) The base-line subtracted DP voltammograms for RF in the
presence of G. sulfurreducens PCA after the deconvolutions demonstrated in (b). Red line
represents the reduction peak for RF in cell-free electrolyte depicted as a comparison.
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Bidirectional EET through RF-bound OM c-Cyts

To specifically examine the electron uptake pathway, we used the quadruple
mutant for omcB, omcE, omcS, and omcT (domcBEST), which are the major OM c-Cyts
acting as binding scaffold for RF in anodic condition 3. Although comparable I was
observed for AomcBEST with wild-type (WT) before addition of RF, RF addition showed
much less enhancement in Ic for 4omcBEST (Figure 4-16a). Furthermore, the reduction
peak of the RF in a biofilm of 4omcBEST showed distinct Ep (—0.24 V) from that in WT
and almost identical with that of cell-free RF (—0.22 V) (Figure 4-16b and 4-14d),
demonstrating that the OmcB, OmcE, OmcS, or OmcT protein specifically interacts with
RF at the cathode as with the anodic condition. Use of the same OM c-Cyts as the binding
scaffold for RF in both anodic and cathodic EET implies that RF-bound OM c-Cyts
bidirectionally transfer electrons. Thus, the asymmetric electron flow of G.
sulfurreducens PCA is suggested to be solely dictated by the biased affinity of RF with

OM c-Cyts in electron uptake and export (Figure 4-11).
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Figure 4-16. (a) Time course for I from a biofilm of 4omcBEST (solid line) on an ITO
electrode at —0.45 V (versus SHE). The I from wild-type (WT, broken line) is the same
Ic profile indicated in Figure 4-14 as comparison. Black and red arrow indicates the
timings of RF addition and DPV measurement, respectively. (b) Base-line subtracted DP
voltammograms of RF in the presence of 4omcBEST (solid line) and WT (dotted line).

The concentration of RF in the reactor is 8.0 uM.
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Since the amount of bound RF correlates with the reduction peak current at E,
of —0.39 V, the binding affinity of RF can be estimated as previously described as chapter
4-1 33, While the dissociation constant (Kq) for the formation of bound RF to OM c-Cyts
in anodic condition is about 3 nM 3, the Kg under the cathodic condition was estimated
to be 14.5 £ 1.0 uM (Table 4-2 and Figure 4-17). Namely, the binding affinity of RF
largely decreased under cathodic condition. Because the I¢ linearly increases with the
complex formation of RF-bound OM c-Cyts (Figure4-15a inset), the author examined if
the Kq difference could sufficiently explain the large difference in anodic and cathodic
current. When it is assumed that the Kq under the cathodic condition is the same with that
under anodic condition, 3 nM (Table 4-3), and the I linearly increases with the amount
of bound RF, the I¢ reaches approximately —16 WA, which is comparable current value
with anodic condition (Figure 4-12a), demonstrating that the low stability of bound RF
under cathodic condition is sufficient to account for the observed suppression of EEU and

asymmetric electron flow in G. sulfurreducens PCA.
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0.10 0.00 0.05 0.10 0.15
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Figure 4-17. Estimation of dissociation constant (Kq) for complex formation between
membrane proteins and RF (a) or safranin (b) just after switching from anodic cultivation

(black plots and line) and after continuous potential application at —0.45 V for 18 hours

(gray plots and line). Kq was estimated via linear regressions, setting ﬁ ——— and a—

1 [Ll2
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1 as horizontal and vertical axis, respectively as described in eq. 2 in Supplementary
Methods. The linear regressions are as follows; RF at t = 0 hour: b = 14.5a, R?= 0.967;
RF at t = 18 hours: b = 6.3a, R?= 0.997; safranin at t = 0 hour: b = 20.9a, R?= 0.924;
safranin at t = 18 hours: b= 4.0a, R?=0.996. The squares of the correlation coefficients

were estimated by adding the point of origin.

Table 4-2. Dissociation constants (Kq) for complex formation between OM enzymes of
G. sulfurreducens PCA and riboflavin (RF) and safranin under cathodic condition

Cofactor  Time for potential application Dissociation

at —0.45 V (versus SHE) constant (Kad)
RF 0 hour 145+ 1.0 uM
RF 18 hours 6.3+0.1 yM
Safranin 0 hour 209 +2.1 uM
Safranin 18 hours 4.0+£0.1 uM

*Quoted from ref.3,

Table 4-3. Dissociation constants (Kgq) for complex formation between OM enzymes of
G. sulfurreducens PCA or S. oneidensis MR-1 and riboflavin (RF)

Geobacter Shewanella oneidensis
sulfurreducens PCA MR-1

Anode 3nM? ca. 10 umb

Cathode Listed in Table 4-2 15.8 pme

a: Quoted from ref. 3, b: 1 and c: chapter 4-1.

While S. oneidensis MR-1 also proceeds bidirectional EET through OM c-Cyts,
where the binding affinity of flavin is dictated by reductive cleavage of disulfide bond 34,
however, amino acid sequences show no disulfide bond in the OmcBEST in G.
sulfurreducens PCA, demonstrating that OmcBEST have other binding mechanism.
Although it is still unclear how the binding of RF is dictated in molecular-level, it is
reasonable that OmcBEST utilize different recognition mechanism. Actually, RF

coordination corresponding with cleavage of disulfide bond in MtrC is proposed to be a
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mechanism to respond to changes in oxygen levels of oxic/anoxic environment 3. Since
Geobacter species are strict anaerobe, dictation of RF binding should be linked with not
oxygen, but other redox species, ex. OmcBEST. Therefore, the binding affinity of RF may
be regulated by other system, such as conformational change of OmcBEST triggered by
redox state of hemes. It is of great interest to investigate the molecular recognition
mechanisms for RF binding by further biochemical experiments, e.g., amino acid

substitution.

Why G. sulfurreducens PCA selected dissociation of flavins as a mechanism for
diode-like electron transport through OM c-Cyts?

Then why OM c-Cyts utilizes the binding affinity of RF for diode-like asymmetric EET?
Instead of RF affinity, downhill energy landscape of heme cofactors along EET pathway
seems to facilitate only electron export, resulting in asymmetric electron flow. For
example, a recent report proposed that a terminal cytochrome ¢ in an OM c-Cyts complex
in S. oneidensis, MtrF, has hemes with downhill energy landscape from cell interior to
exterior *. Also, electrochemical analysis showed that a homologue of MtrF, MtrC has
higher redox potential than MtrA protein located to the side of cell interior, demonstrating
that the EET pathway through MtrCAB complex is downhill *. Although these downhill
energetics through OM c-Cyts seem to proceed diode-like EET, however, in reality,
electrons are reversibly transported through OM c-Cyts at almost identical rate between
export and uptake, probably due to the acceleration of electron transport under non-
equilibrium condition as demonstrated in chapter 2 and 3. Notably, electrons can be
transported even in uphill reaction in biological system under non-equilibrium condition

37 thus, downhill energetics inside OM c-Cyts would not sufficiently suppress electron
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uptake process. In that sense, physical detachment of RF from OM c-Cyts is a rational
strategy to suppress electron uptake and achieve asymmetric EET. Therefore, this
dissociation-based diode-like response possibly control the kinetics of biological electron
transfer reactions in various microbial strains. Indeed, the gene cluster for porin-
cytochrome protein complex (pcc) including omcB, which is a part of OM c-Cyts
suggested to bind with RF in this study, is identified in all sequenced Geobacter species
38, Also, the pcc gene cluster is distributed in a variety of phyla such as sulfur-reducing
bacteria and anammox bacteria with significant implications for elemental cycles in the

ocean 3839,

EEU suppression in G. sulfurreducens PCA is constitutive

Further analyses revealed the suppression of electron uptake is constitutive
feature in G. sulfurreducens PCA. While the present study has focused on the OmcBEST
for insight into the electron uptake process in anodic biofilm, it has been the consensus
that electrons are imported by different membrane proteins from the OM c-Cyts which
export electrons in G. sulfurreducens PCA. This model has mainly been supported by the
gene expression profile and minimal effect of deletion of OM c-Cyts on cathodic current
after a few days of cathodic condition ®. Since the Ic measurements and DP voltammetry
in this study were conducted just after switching from anodic condition (Short time
cathodic condition, SC condition), the apparent difference in cathodic electron carrier
possibly originates from the duration time of cathodic potential application.
Electrochemical analysis after constant potential application at —0.45 V for 18 hours
(Long time cathodic condition, LC condition) clarified this point. Distinct from SC

condition, the Ic from AomcBEST was largely enhanced by RF addition, which is
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comparable with WT in LC condition (Figure 4-18a). Also, the reduction peak of bound
RF shifted to Ep of —0.34 V in both WT and domcBEST (Figure 4-18b), demonstrating
that other outer-surface components than OmcBEST alternatively binds with RF. Notably,
instead of the 1-039, the 1-0.34 proportionally increased with the Ic passing through the
original point in LC condition (Figure 4-18c), demonstrating that electrons are injected
via the RF-bound alternative OM enzymes, not OmcBEST. The Kq for the RF binding in
LC condition was distinct from that of OmcBEST but still over 1000 times larger than
that in anodic condition, estimated to be 6.3 + 0.1 uM (Table 4-2 and Figure 4-17), which
further confirms that RF interact with the alternative membrane proteins and
demonstrates that the high capability of G. sulfurreducens PCA for electron uptake is
hindered by the significantly lower affinity of RF even after alteration in membrane
proteins under cathodic condition. The DP voltammograms conducted every 3 hours
during potential application at —0.45 V recorded the appearance of reduction peak at
—0.34 V and disappearance of that at —0.39 V taking about 6 hours (Figure 4-18d), which
is short enough to alter the outer-surface components and gene expressions in previous

studies ®.
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Figure 4-18. Change in extracellular electron uptake pathway after continuous cathodic
potential application. Time course for Ic from a biofilm of 4omc¢BEST (solid line) on an
ITO electrode at —0.45 V (versus SHE) after 18 hours cathodic cultivation (LC condition).
Black arrows indicate the timings for RF addition to each reactor. The concentration of
RF in the reactors are indicated. The Ic from WT (broken line) is normalized to the data
point just prior to the addition of RF in the solid line data for comparison. The reactors
contain 4.0 uM RF prior to the measurement. (b) Base-line subtracted DP voltammograms
of RF in the presence of 4omcBEST and WT in LC condtion. (c) Plots of I against the
peak current assignable to bound RF. Black plots represent the Ic in SC condition against
the 1-039 and gray plots represent the Ic in LC condition against the |-o34. Both the
horizontal and vertical axes are indicated as absolute value. The squares of the correlation
coefficients include the point of origin. (d) The peak current assignable to RF in DP
voltammograms against the time for the continuous potential application at —0.45 V

(versus SHE). The vertical axis is indicated as absolute value.
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Control of EEU kinetics by a flavin analogue

Biological system has utilized the redox characteristics of flavin molecule to
dictate electron transport reactions with a variety of mechanisms, e.g. electron bifurcation,
confurcation, and proton coupled electron transport, of which kinetics are solely regulated
by the energetics of sequential redox reactions. On the other hand, the native diode-like
characteristics of flavin-OM enzyme association observed in this study is controlled by
the binding affinity. This novel insight into flavin-based biological electron transport
reactions would enable to control the native biological diode; alteration in affinity of RF
cofactor by molecular design would control the rate of bidirectional EET. In order to test
the flexibility of binding affinity, a monolayer biofilm of G. sulfurreducens PCA was
supplemented by a flavin analogue, safranin, which acts as alternative cofactor of OM c-
Cyts in S. oneidensis MR-1 as described in chapter 4-1. As expected, the addition of 4.0
UM safranin to electrochemical reactor containing a biofilm of G. sulfurreducens PCA
resulted in immediate increase of I to the similar extent with RF (Figure 4-19), exhibiting
the evidences for the binding with G. sulfurreducens PCA, namely, negative shift in E,
compared with that in cell-free electrolyte as the same with RF (E, = —0.43 V in the
presence of a biofilm, and —0.31 V in cell-free electrolyte) (Figure 4-20). These data
indicate that safranin acts as a binding cofactor instead of RF accelerating the EEU. The
Kg for bound safranin was estimated to be 20.9 + 2.1 uM (Table 4-2 and Figure 4-20).
This clear difference of affinity between RF and safranin demonstrates that molecular
design of cofactor potentially alters the affinity with OM c-Cyts of G. sulfurreducens PCA

and control the kinetics and bias of diode-like EET.
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Figure 4-19. Cathodic current enhancement by addition of RF or safranin to a biofilm of
G. sulfurreducens PCA in the presence of 50 mM nitrate on an ITO electrode.
Enhancement in cathodic current production (I¢) by addition of RF or safranin compared
to that without supplementation of redox molecules (—0.3 pA) were plotted against the
concentration of RF or safranin. Ic was observed in SC condition (gray and light blue
plots) and LC condition (black and blue plots). Error bars represent the fluctuations of I¢

during each experiment. The chemical structures of RF and safranin are indicated.
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Figure 4-20. The effect of safranin on a biofilm of G. sulfurreducens PCA in the presence
of 50 mM nitrate on an ITO electrode. Time course for Ic from a biofilm of G.
sulfurreducens PCA on an ITO electrode at —0.45 V just after switching from anodic
cultivation (a) and after continuous potential application at —0.45 V for 18 hours (b).
Black arrows indicate the timings for safranin addition to each reactor. The concentrations
of safranin in the reactor are written by the arrows. The reactor in (b) contains 3.0 uM
safranin before the measurement. (c) The base-line subtracted DP voltammograms for
safranin in the presence of a biofilm of G. sulfurreducens PCA just after switching from
anodic potential application (black line), after continuous potential application at —0.45
V for 18 hours (blue line), and in a cell-free electrolyte (red line). (d) Plots of the I during
potential application at —0.45 V against |-0.36 after potential application at —0.45 V for 18
hours (black plots) and 1-9.43 just after switching from anodic condition (gray plots). Both
the horizontal and vertical axes represent absolute value. The squares of the correlation

coefficients include the point of origin.
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4.2.4 Conclusion

In this work, the author demonstrated the low affinity of RF cofactor to OM enzymes
causes the suppression of electron uptake in G. sulfurreducens PCA, highlighting the
large potential for the use of the combination of G. sulfurreducens PCA and designed
redox cofactors towards bioelectrosynthesis. The author also showed that high and low
affinity of RF in anodic and cathodic condition, respectively, provides strong bias to the
direction of electron flow in multilayer biofilms of G. sulfurreducens PCA. Considering
that electrons can be transported even in uphill reaction in biological system under non-
equilibrium condition ", modulation of binding affinity of redox cofactor, RF, from OM
c-Cyts would be a rational strategy to form efficient uni-directional electron flow like
diode. This insight may contribute to the understanding and development of molecular
diode as a component in future molecular electronics. Furthermore, the gene cluster for
porin-cytochrome protein complex (pcc) including omeB, which is suggested to bind with
RF in this study, is identified in all sequenced Geobacter species *. Furthermore, the pcc
gene cluster is distributed in a variety of phyla such as sulfur-reducing bacteria and
anammox bacteria with significant implications for elemental cycles in the ocean 3%3°,
Therefore, the regulation of electron flow direction with use of cofactor molecules may
be more widely distributed mechanism in a variety of EET-related microbial ecology than

previously thought.
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4.3
Shewanella as a platform of electrochemical enzyme

assay in vivo

4.3.1 Introduction

Bacterial metabolisms and respirations are composed of sequential enzymatic redox
reactions. The redox-chemistry-based enzymatic activity dictates the energy conversion
efficiency in microbial life. Thus, quantification of redox enzymatic activity has a vital
role in development of drugs and biotechnologies including biosensors®°, biofuel cells*,
biocatalysts*?, and biomolecular electronics*® as well as elucidation of bacterial energy
acquisition mechanisms*. Enzymatic activity has been examined in isolated and purified
system in vitro over 100 years*%, however, living cell inside has potentially different
condition from that in vitro, e.g. macromolecular crowding effect, pH, and ionic strength
and so on*’, Therefore, a new technique to obtain enzymatic activities and kinetics in
living system in vivo is required.

Electrochemistry is one of the most direct and strong technique to examine the
redox enzymatic Kinetics, which monitors the electron flux associated with redox
reactions. Due to its high sensitivity, the kinetics of a variety of redox enzymes
immobilized on electrodes have been characterized in vitro**. An iron-reducing bacterium,
S. oneidensis MR-1, is capable of forming OM c-Cyts as an electronic conduit between
cell inside and electrode® %°, thus, the activity of redox enzyme in living system can

potentially be monitored through the current production from S. oneidensis MR-1.
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However, it is challenging to directly assess the enzymatic reaction kinetics from current
production, due to the strictly limited electron flux through OM c-Cyts® 3! which
neglects the faster enzymatic reactions than that in OM c-Cyts.

Here, the author accelerated the electron transport through OM c-Cyts by
addition of RF acting as a binding redox cofactor as described in chapter 4-1, and thereby,
established the novel electrochemical enzyme assay in vivo (Figure 4-22), which does not

require any marking and gene modification to target protein and microbes.

[ Enzymatic redox reaction
Cell inside Tar et Rate
(Periplasm) g limiting
Bacterial enzyme step
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Figure 4-21. Concept of in vivo electrochemical enzyme assay.
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4.3.2 Methods

Electrode-immobilized biofilm construction and electrochemical measurement

Electrochemical experiments were conducted under cathodic conditions after the
formation of a monolayer biofilm S. oneidensis MR-1 in the same condition as that in
chapter 4-1. After confirming the formation of a biofilm on an ITO electrode by in-situ
confocal fluorescence microscopy, the supernatant in the electrochemical cell was
replaced with anaerobic DM containing 10 uM RF. Cyclic voltammetry was conducted

with a scan rate of 10 mVs™, which is slow enough to support nitrite diffusion 2.
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4.3.3 Results and discussion

Electrochemical observation of cathodic electron flow through RF-bound OM c-
Cyts

In order to prove the concept of electrochemical enzyme assay in vivo, the author first
examined the activity of periplasmic NrfA protein, which is the sole nitrite reductase in
S.oneidensis MR-1%3%4 A monolayer biofilm of S.oneidensis MR-1 was formed on an
ITO electrode using 3-electrode system, and subsequently the supernatant was
anaerobically replaced with fresh defined medium containing nitrite. 10 uM RF was
added to the electrochemical reactor, which potentially accelerates the electron transport
through OM c-Cyts over 50 times as described in chapter 4-1 2. The cyclic voltammetry
(CV) of a monolayer biofilm showed a clear cathodic current with an onset potential with
—0.23 V (vs SHE) corresponding with RF binding with OM c-Cyts (Figure 4-22Db).
Although cathodic current was observed without addition of nitrite probably due to the
reduction of metabolites inside the cell and hydrogen evolution reaction on an ITO
electrode as reported previously, the limiting current increased depending on the
concentration of nitrite, suggesting that nitrite is reduced by the up-taken electrons
through RF-bound OM c-Cyts. It was confirmed that nitrite in the absence of biofilm
showed no catalytic current, indicating that the increase of cathodic limiting current is not
attributed to abiotic reactions on ITO electrode surface (Figure 4-23). Furthermore,
removal of RF from biofilm dissipated the catalytic nitrite reduction current (Figure 4-
23a and 24). Taken together, these data demonstrate that a monolayer biofilm of
S.oneidensis MR-1 on an ITO electrode exhibits nitrite reduction current through RF-

bound OM c-Cyts as illustrated in Figure 4-21.
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Figure 4-22. Catalytic current production from a monolayer biofilm of S. oneidensis MR-
1 before (broken line) and after (solid line) the addition of 10, 50, 100, 200 uM NO>" in

cyclic voltammetry (CV) in the absence (a) and presence (b) of 10 uM riboflavin (RF).
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Figure 4-23. Time course change of cathodic current production from ITO electrodes at
—0.45 V vs SHE in the absence of biofilm (gray), in the presence of biofilm (black), and

in the presence of both biofilm and 10 uM RF. The black arrow indicates the timing of
100 uM NO;" addition.

Quantification of intracellular enzyme Kkinetics by electron flux

To directly test the link between cathodic current and NrfA activity inside S.oneidensis
MR-1 cells, the author plotted the limiting current against the concentration of nitrite in
the electrochemical reactor, assuming the cathodic current production at —0.8 V vs SHE
to be the limiting current of nitrite reduction reaction inside the cell. The plots showed
that the limiting current increased dependent on nitrite concentration up to 400 pM,

however, the magnitude of limiting current started to decrease with more concentration
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of nitrite (Figure 4-24). This profile is characteristic to enzymes with substrate inhibition,
consistent with NrfA protein in S.oneidensis MR-1 suffering with inhibition at higher
concentration of nitrite®. Therefore, the Michaelis-Menten parameters for nitrite
reduction in S.oneidensis MR-1 cells were estimated based on a model in which a second

substrate molecule binds to inhibit the enzyme (Equation 4-4).

_ Vmax[s]
YT Ky + SIA + [S)/KD

(Eq4—4)

where Kv and K are the Michaelis constant and the inhibition constant, and Vmax and [S]
are maximum turnover rate and nitrite concentration, respectively. From this inhibition
model, the Km and K were estimated to be 55 pM and 20 mM, respectively (Table 4-4).
These parameters are almost identical with that of NrfA immobilized on electrodes, 54 +
12 uM for Km and 18 + 4 mM for K (Table 4-4). This quantitative correspondence of
catalytic behavior as well as substrate inhibition with NrfA activity demonstrates that this
analytical framework successfully provides the electrochemical enzymatic activity in vivo.
Additionally, comparison of limiting current from biofilm with purified NrfA protein
enables quantification of NrfA inside the cell. Assuming that the catalytic rate of NrfA is
identical between in vitro and in vivo conditions, the amount of NrfA in the biofilm of

S.oneidensis MR-1 was estimated to be 5.3 x10° mol.
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Figure 4-24. The dependence of cathodic limiting current from a monolayer biofilm of S.
oneidensis MR-1 in CV on the concentration of NO2". Those data are subtracted by the
limiting current in the absence of NO2". The square and triangle plots represent the data
in the presence and absence of 10 uM RF, respectively. The error bars represent the
meanzSEM obtained from three individual experiments. The line represents the
enzymatic activity of purified NrfA reported in ref. 2 (Km = 54 uM and Ki = 18 mM)
assuming that the total amount of NrfA in the biofilm of S. oneidensis MR-1 is 5.3 x10°°

mol.

Table 4-4. Comparison of Michaelis-Menten parameters estimated in our electrochemical

enzyme assay in vivo with reported ones in vitro.

In vivo In vitro
Kwm (NrfA) /uM 55 54 + 122
Ki (NrfA) /mM 20 18 +42
Kwm (FccA) /mM 1.0 0.021, 0.006"

a: Quoted from %2, b: Quoted from 555,

Advantages of enzyme assay in vivo

In addition to its easy and simple procedure without any electrode modification nor multi-
step preparations, the electrochemical enzyme assay in vivo has an advantage compared
to in vitro techniques; although in vitro approaches require precise medium condition to

reproduce in vivo-like environment, the kinetics estimated in the assay automatically
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reflects the physiological condition regardless of medium components. In Figure 4-25a,
the dependence of limiting current of nitrite reduction of NrfA in vivo on the buffer
concentrations was examined. While buffer concentration critically affects enzymatic
activity in vitro, the removal of HEPES buffer in our system had scarce suppression on
cathodic current. Considering that an antibiotic, polymyxin B, which forms pores in
membrane, caused activity loss of NrfA by buffer removal (Figure 4-25b), the OM may
protect NrfA from the buffer shock in electrochemical enzyme assay in vivo. Besides,
other redox enzyme inside S. oneidensis MR-1, FccA, which catalyze fumarate reduction
reaction, shows distinct enzymatic activity in vitro. While the Ku value of FccA in
Shewanella species to be 0.021 mM® or 0.006 mMP®®, our assay revealed that FccA has
1.0 mM of K in vivo, which is two orders of magnitude difference from in vitro (Table
4-4 and Figure 4-26). Given that FccA in S. oneidensis MR-1 reduce fumarate binding
with heme protein, CymA>’-*8, the difference would suggest that inter-proteins interaction
affects the activity and reaction mechanisms of FccA. While additional studies are
required to determine the specific mechanisms differentiating the reaction kinetics of
FccA in vivo from in vitro, those data strongly suggest that the electrochemical enzyme
assay in vivo reflects the physiological condition, which is potentially missed in purified

system.
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Figure 4-25. The dependence of limiting currents from a monolayer biofilm of S.
oneidensis MR-1 on the concentration of HEPES buffer (a) and polymyxin B (b)
contained in the medium. The medium contains 10 uM RF and 100 uM NO2’, and HEPES
was removed in (b). The data were normalized by the limiting current in the presence of
30 mM HEPES in (a) and that in the absence of both HEPES and polymyxin B in (b),
respectively. The error bars represent the mean+SEM obtained from three individual

experiments.
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Figure 4-26. (a) Catalytic current production from a monolayer biofilm of S. oneidensis
MR-1 in the presence of 10 uM RF before (broken line) and after (solid line) the addition
of 0.1, 0.4, 0.5, 0.9, and 2.0 mM fumarate in (CV). The scan rate is 10mVs’. The
dependence of cathodic limiting current from a monolayer biofilm of S. oneidensis MR-
1in CV on the concentration of fumarate. Those data are subtracted by the limiting current
in the absence of fumarate. The square and triangle plots represent the data in the presence
and absence of 10 uM RF, respectively. The error bars represent the mean+=SEM obtained
from three individual experiments. The line represents the enzymatic activity with Ky of
1.0 mM.
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4.3.4 Conclusion

In conclusion, the author established a novel platform of electrochemical enzyme assay
in vivo applicable to a variety of redox enzymes in plants as well as bacteria. By virtue of
in vivo assay, the analytical framework guarantees appropriate physiological condition
for activity assay. It is anticipated that the present technique to be a basis for enzyme
assay as protein film voltammetry has played a vital role in enzymatic mechanistic studies

and drug designing.
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Chapter
S

Summary and perspective

Summary

In this thesis, the mechanisms in flavin-mediated EET enhancement has been examined
using microbio-electrochemistry. Because the rate enhancement of EET conflicts with the
energetics of electron, in chapter 2, the author focused on a possible role of counter cation,
proton. Since whole-cell approaches limit accesses to molecular-level information
regarding specific enzymes, a variety of techniques were combined with microbio-
electrochemistry, e.g. replacement of flavin to molecularly designed analogues to bind
with OM c-Cyts, solvent kinetic isotope effect (KIE) on EET using deuterated water, and
impact of pH on EET Kkinetics. As a result, it was revealed that proton transport reaction
is coupled with EET through OM c-Cyts, and flavin likely enhances the rate of EET by
acceleration of coupled proton transport. This novel proton-coupling property will
possibly make the OM c-Cyts complex a model system for studying biological proton-
coupled electron transfer reactions in vivo, and expand the available strategies to control
the kinetics of EET. Especially, molecular-level insight has also been obtained, i.e.
protonation reaction of the nitrogen atom at position 5 (N(5)) of flavin is critical for EET
acceleration. Because electron free energy has been a focal point in EET mechanisms,
directly linking EET kinetics to basicity of N(5) would provide novel strategies for control
of EET-associated biological reactions by adjustment of the pKa value as well as the redox

potential of flavin analogues.
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Furthermore, the finding of proton coupling property provides novel insight into
ecophysiology of EET-capable bacteria. In chapter 2, further microbio-electrochemical
analysis showed that proton gradient is not formed during EET-respiration, suggesting
that proton export to cell exterior via OM limits the rate of EET. While this possibility
should be further explored in biochemical approaches like proteoliposomal system, if true,
the EET process may represent a novel form of respiratory metabolism, in which rapid
electron outflow associated with proton export across the OM sustains the regeneration
of NAD" to promote substrate-level phosphorylation. Considering respiration process
drives chemiosmotic ATP formation and fermentation expels protons in the form of
hydrogen or reduced organics for ATP formation, EET-coupled metabolism could be
categorized in neither anaerobic respiration nor fermentation processes.

In chapter 3, the EET mechanisms were investigated from the viewpoint of
geometry and redox state of hemes in OM c-Cyts. Although coupled proton transport
reaction limits the rate of EET, potential proton pathways have not been identified in the
crystal structures of OM c-Cyts. To test a possible structural change in intact cell, in
chapter 3, the author examined the heme geometry of OM c-Cyts in intact cell at various
conditions and discussed about possible EET mechanisms via rearranged hemes centers.
In detail, the author developed a novel methodology to monitor the inter-heme interaction
in a unit of OM c-Cyts, MtrC protein, in intact cell, termed whole-cell circular dichroism
(CD) difference spectroscopy. Comparisons of MtrCs in purified and native systems
showed that the heme geometry in reduced MtrC can be altered by interactions with
cellular components and extacellular minerals, suggesting that in vivo-specific structural

change would potentially form novel hydrogen-bond networks for proton pathways.
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Notably, the results in chapter 3 showed that the changes in CD spectra are linked
with EET Kinetics, indicating that the rate-limiting proton pathway is involved in local
environments of hemes in MtrC. Since flavin may enhance the EET rate by acceleration
of coupled proton transport, it is reasonable that binding reaction of flavin causes
reorganization of hydrogen-bond networks. However, the whole-cell CD spectra of S.
oneidensis MR-1 in the presence of flavin without electron flow was almost identical with
that in the absence of flavin. In contrast, bound flavin changed the CD specra specifically
during electron flow, suggesting that the redox state of hemes in MtrC occur only under
non-equilibrium condition. Considering that the redox state of hemes in MtrC alters
organization of surrounding amino residues in the level of secondary structure as
demonstrated in far-UV CD spectroscopy, it is likely that electron flow initiates
reorganization of proton pathway in flavin-bound OM c-Cyts to accelerate EET. Given
that the electron transport mechanisms in proteins have been discussed using crystal
structures (in oxidized condition) based on the assumption that protein structures are
scarcely affected by in vivo specific environments such as cellular components and
electron flow, the whole-cell CD difference spectroscopy applicable to intact cells is an
important first step in pioneering biological electron transfer providing insights into
potential structural change in intact cell.

The author has found that bound flavin controls kinetics of EET associated with
structural change of OM c-Cyts in chapter 2 and 3. Furthermore, in chapter 4, it was
revealed that bound flavin dictates the direction of electron flow through OM c-Cyts, i.e.
forward and reverse electron transport. While the electron export mediated by flavin is a
universal reaction, the reverse electron flow occurs in not all kinds of EET-capable

bacteria. For example, the OM c-Cyts in S. oneidensis MR-1 conduct bidirectional EET,
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however, reverse electron flux through OM c-Cyts in another model EET-capable bacteria,
G. sulfurreducens PCA, is limited to be about 10 times lower than that of electron export
like a “diode”. The mechanisms to dictate the direction of EET has been unclear,
hindering development of biotechnologies utilizing cathodic EET. The microbio-
electrochemical analysis revealed that the cathodic current suppression in G.
sulfurreducens PCA is due to the dissociation of flavin from OM c-Cyts under cathodic
condition. The bidirectional EET of S. oneidensis MR-1 is realized by the comparable
binding affinity in the complex formation of flavocytochromes under cathodic condition
with that under anodic condition, and significantly weaker binding affinity under cathodic
condition made the diode-like EET property of G. sulfurreducens PCA. Thus, this may
suggest that molecular design of flavin analogues with different dissociation constant may
enable to control the electronic property of OM c-Cyts including the kinetics and the
direction of EET switching conductive and diode-like response. While significant
improvement of binding affinity has not been achieved in this thesis, flavin analogues
containing N(5) were confirmed to be bound with OM c-Cyts in both S. oneidensis MR-
1 and G. sulfurreducens PCA with distinct binding affinity from flavins under cathodic
condition. Thus, molecular design of flavin analogues have potential to control and
enhance the rate of cathodic EET.

Taken together, this thesis revealed the mechanisms underlying flavin-mediated
EET enhancement in intact cells. Those data provide fundamental insight into biological
electron transport reaction in vivo, with major implications for understanding and

controlling the EET-based bacterial respiration.
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Perspective

Development of power-generating biochemical production system

The activation of substrate-level phosphorylation and regeneration of NAD™ associated
with EET-linked respiration indicated in chapter 2 have an impact not only on the EET
kinetics but also development of bio-technologies. While microbial fuel cells (MFCs),
which decompose and clean waste water generating electrical energy, has been developed
as an emerging environmental biotechnology, other techniques have not yet been used as
practical stage. Although microbial electrosynthesis (MES) has been developed as a
technology to produce bio-fuels and bio-chemicals, MES is operated under reverse EET,
i.e. electrical energy input is required to drive chemical synthesis inside EET-capable
bacteria 2. One of the reasons for the scarce applications other than MFC utilizing
bacteria on anode is the limited number of biomolecules catalyzed by respiration-based
EET. Catabolites after anodic EET-coupled respiration is usually limited to carbon
dioxide, succinate, and acetate 3. However, the results herein demonstrated that the EET-
associated metabolism of S. oneidensis MR-1 proceeds based on the energetics of
fermentation. Considering that fermentation can catalyze a variety of bioreactions, gene-
engineered S. oneidensis MR-1 strains or other bacteria to conduct EET through OM c-
Cyts may potentially conduct both current generation and biochemical production. Given
that the functionalization of Escherichia coli as EET-capable bacteria has been realized +
® the development of “power-generating biochemical production” could possibly be
realized. Since this is a heterogeneous system, the cost for separation between produced
biochemicals and bacterial cells can be saved compared with general homogeneous

biotechnologies. In addition, since regeneration of NAD" is connected with EET rate,
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acceleration of EET by flavins or N(5) molecules may help to improve the efficiency of
this system. These are great advantages of this “power-generating biochemical production”

system. The author hope that this study helps development of such novel biotechnologies.

Control of EET-linked bacterial respiration by flavin analogues with N(5)

One of the achievements in this thesis is to find a strategy to control and enhance the rate
of both anodic and cathodic EET by molecular design of flavin analogues. Basicity of
N(5) in flavin backbone and binding affinity with OM c-Cyts were the keys for the EET
rate enhancement. Notably, the flavin analogues works as cofactor not only in S.
oneidensis MR-1 but also another model bacterium, G. sulfurreducens PCA. Thus, this
would be a promising strategy for enhancment of power generation in biotechnologies
utilizing EET-capable bacteria such as MFC, MES and “power-generating biochemical
production” system.

The respiratory control of EET-capable pathogens and gut bacteria might be also
possible in future. In addition, the proposed proton export model in chapter 2 could be
linked with oral diseases such as gingivitis and periodontitis promoting the dissolution of
teeth caused by oral biofilm. One of the central mechanisms of teeth dissolution is
acidification of teeth surface caused by biofilm. Given that some of the bacteria in the
oral biofilm have an ability to conduct EET as reported by G. Wanger et al 5 the
acidification of teeth surface caused by biofilm would potentially be related with proton
export associated with EET, which is under investigation using a model oral bacterium,
Streptococcus mutans (Unpubilshed). The control of EET rate by molecular design of

flavin analogues may have a potential to contribute on the therapeutics of oral disease.
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Understanding of EET mechanisms in molecular-level

This thesis developed several techniques to reveal EET mechanisms in intact cell, e.g. the
methodology to test KIE on EET using intact cells, to replace flavin cofactor to its
analogues binding with OM c-Cyts, and to obtain CD spectra of MtrC from whole-cell.
Given that all of these techniques can potentially be used with other EET-capable bacteria
and mutant strains of S. oneidensis MR-1 lacking or replacing some amino acids in OM
c-Cyts, the proton-coupled EET mechanisms would be further investigated. Especially,
since detailed mechanisms on the level of amino acids interaction have not been obtained
in this thesis, it would be of great interest to combine those method with biochemical
approaches such as point mutation towards understanding of biological electron transport

in vivo.

Nonlinear optical techniques to study bacterial electron transport mechanisms and
to screen electroactive bacteria

This study revealed that OM c-Cyts have extraordinarily large Soret CD intensity, which
stems from strong electronic transition dipole reflecting the geometry of hemes. The
combination of CD and electrochemistry provided insight into OM c-Cyts during EET.
However, CD is not specific for electrode surface, thus, the electrochemical CD spectra
includes the information of OM c-Cyts passing electrons among cells. In order to truly
reveal the act of OM c-Cyts at cell/electrode interface, technical improvement would be
required. Given that nonlinear optical techniques, second harmonic generation (SHG) or
sum frequency generation (SFG), can probe the electronic transition dipole of molecules
with surface-specificity due to the intrinsic symmetry constraints on the nonlinear process

8 those optical techniques are promising candidates to analyze heme geometry in OM
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c-Cyts during EET. The combination of those optical techniques with electrochemistry
may expand the methodology to reveal EET process occurring at cell/electrode interface.
Especially, recent studies have used SHG and SFG to detect low concentrations of
biomolecules such as proteins and peptides on artificial membranes °°, supporting the
feasibility of those optical techniques.

Cultivatable bacteria in isolated form is limited within 1% in total bacteria on
the earth . While recent studies are revealing the large distribution of EET-capable
bacteria in a variety of environment, whole-picture of EET-capable bacteria on bacterial
community and the impact of EET on ecophysiology is still under debate. Although lots
of methods have been develop to isolate bacteria and assess their EET-capability e.g.
isolation of bacteria on minerals or electrodes >3, most of those techniques require
growth process, which problematically limits the possibility to detect hardly cultivatable
bacteria. Since nonlinear optical techniques have a potential to elucidate electron
transport membrane proteins like OM c-Cyts, they would be promising technologies to
screen EET-capable bacteria from bacterial consortia even without growth step as well as
to reveal EET mechanisms. Furthermore, transient light of SHG can be used to detect
bacterial cell surface molecules even without contact with electrode surface 4*°. Thus,
electroactive bacteria utilizing not electrode but other bacterial cells as electron
donor/acceptor, i.e. direct inter-species electron transport (DIET) -capable bacteria, can
also be investigated. Those bacteria utilize electron transport proteins not for mineral-
based respiration but for respiration in bacterial syntrophy 618, Considering that recent
studies demonstrate the importance of DIET from the viewpoint of bacterial
ecophysiology, environmental issues, and industrial applications **%°, the use of SHG

would have implications to a variety of research field related to EET- or DIET- capable
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bacteria.

Controlling thickness of electroactive biofilm by redox molecules

In chapter 4, it was revealed that the binding affinity of flavin dictates the direction of
electron flow through OM c-Cyts. This finding may have implications to physiology in
electroactive biofilm formation, providing a strategy to control or remove electroactive
biofilm. Given that electroactive biofilm has affected iron corrosion, oral diseases as well
as EET-based biotechnologies, the control of biofilm is important subject in industrial
applications.

In case of an EET-capable bacterium, G. sulfurreducens PCA, thick biofilms
with conductive matrix to transport electron more than 10 um long are formed, which
enables cells to rapidly respire with solid electron acceptors even without direct contact
to the electrode 2!?2. Rachel M. Snider et al. have shown that long-range electron
conduction in Geobacter biofilm is driven by redox gradient where electrons are hopping
among redox centers in the matrix of biofilm 2. One of the unexpected observations for
redox gradient model is that the redox species mediating biofilm conduction have highly
negative redox potential peaked at around —0.33 V [versus the standard hydrogen
electrode (SHE)]. Because intracellular energy level in iron-reducing bacteria connects
with extracellular redox environment via biological electron conductor of OM c-Cyts,
more negative potential than the redox potential of NAD*/NADH causes electron
backflow into Geobacter cells, which potentially reverses the respiratory acetate
oxidation in the cytoplasm and inhibit current generation. However, in reality, thick
biofilm of Geobacter can sustain the microbial respiration without respiratory inhibition

2324 In that sense, the flavin-based dictation of EET direction may have a role in
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continuing electron export with suppression of electron backflow through OM c-Cyts.
Indeed, S. onmeidensis MR-1 forms relatively thin biofilm compared with G.
sulfurreducens PCA, probably because S. oneidensis MR-1 is unable to suppress electron
backflow by flavin dissociation. Thus, design of redox molecules to enhance electron
back flow may remove thick electroactive biofilm. It is of great interest to test the effect

of redox molecules on biofilm morphology using microscopic techniques.
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