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Chapter 1 Introduction

1.1 Extracellular electron transfer

The process of cellular respiration can be simplified to the electron transfer pathway
(Fernie et al., 2004), in this process, electrons are transferred by the electron transfer proteins
which are located on the mitochondria in the eukaryotic cells or cell inner membrane in
prokaryotic cells (Bennett & San, 2017; Fontanesi). An amount of adenosine triphosphate (ATP)
was produced in this process (Raymond et al., 1985). Aerobic respiration is a widely used way
for cells, the electron acceptor is oxygen, which is coupled with energy generation (Dilling &
Cypionka, 1990; Pedersen et al., 2012). However, under lacking oxygen, anaerobic respiration
was mainly used to produce energy (Lovley & Coates, 2000), a diversity of electron acceptors
instead of oxygen were used in anaerobic respiration (Gregory et al., 2004; Hedderich et al.,
1998; Lovley et al., 1999). Electrons are accepted by the endogenous intermediate metabolites
in the fermentation process, which is related to microbial metabolism (Schépper et al., 2009).
Extracellular electron transfer is one type of cellular respiration under an oxygen-limited
environment, metal can be an electron acceptor to anaerobic respiration in dissimilatory metal-
reducing bacteria (DMRB), the most common metals are iron and manganese (Fe*" to Fe*",
Mn*" to Mn*") (Nealson & Saffarini, 1994). In the process of metal reduction, the electron from
inside of cells was transferred to the outside by the extracellular electron transfer (EET)
pathway, which coupled with cell growth and cell metabolism (Keogh et al., 2018; Rosenbaum
et al., 2011). Clarifying the mechanism and influencing factors of extracellular electron transfer
will effectively promote new energy development, earth element circulation, and pollutant
degradation (Huang et al., 2022; Jiang et al., 2019; Xie et al., 2021).

Extracellular electron transfer was first studied in 1911, Prof. Potter found that the current
could be produced by E-coli and yeast with glucose as substrate (Potter, 1911). Until 1987 years,
the Geobacter genus was isolated in Norman USA by Prof. Lovely (Lovley et al., 1987),

subsequently, Shewanella was discovered at Lake Oneida by Prof. Nealson (Myers & Nealson,
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1988). Nowadays, a diversity of electrochemically active bacteria (EAB) was discovered. EAB
not only was found in gram-negative bacteria but in gram-positive bacteria (Light et al., 2018;
Pankratova et al., 2019), besides, it was found in bacteria, fungi, and archaea(Gao & Lu, 2021;
Youn et al., 1995). With the development of microbial electrochemistry, the technology based
on EET was applied in many fields, such as microbial fuel cells, the treatment of heavy metals
in sewage (Yuan et al., 2021), biosensor (Simonte et al., 2017) and microbial electrochemical
synthesis (Gong et al., 2020) , and so on.

Over the past few decades, extracellular electron transfer has made great progress in many
fields, and the mechanism of EET in different bacteria was discovered a lot. However, due to
the limitations of many aspects like throughput of electrochemical measurement and operando
microbio-electrochemical measurement and so on, the mechanism of EET still needs to be

explored more.

1.2 Microorganism capable of extracellular electron transfer

Under natural environments like the deep sea and mineral-rich soil, bacteria can utilize the
solid electron acceptor as their respiratory endpoint for their survival where the extracellular
electron transfer pathway was employed. Due to the current production generated in this
process, this kind of bacteria was called electrochemical active bacteria (EAB). Wastewater,
sludge, and sediment even primate gut containing a large number of microorganisms can be
used as a screening source for electrogenic microorganisms (Sacco et al., 2017). In terms of the
entire microbial system of the huge family, there are still many electricity-producing
microorganisms waiting to be discovered. So far, electrogenic microorganisms have been found
in bacteria, archaea, and fungi (Figure 1-1). EABs are mainly from Proteobacteria and
Firmieutes (Ishii et al., 2017). This kind of bacteria can utilize extracellular electron acceptors
under anaerobic conditions instead of using oxygen to produce energy, where the outer
membrane cytochromes were employed to transfer electrons to the outside (Tanaka et al., 2018).
The muti-heme cytochromes were expressed in the inner membrane periplasm and out
membrane, forming an electron transfer pathway to transfer electrons from organic matter

metabolism in gram-negative bacteria such as Geobacter and Shewanella (Breuer, Rosso,



Blumberger, et al., 2015; Ueki, 2021). Apart from cytochromes, a diversity of electron transfer
protein was found, flavin-protein was found to transfer electrons to the extracellular acceptor
in gram-positive Listeria monocytogenes (Light et al., 2018). Cable bacteria such as
Desulfobulbaceae can produce even 1 cm conductive cable to transfer electrons from the
anaerobic and aerobic surfaces (Kjeldsen et al., 2019). Even the super small bacteria
Cellulomonas sp. strain NTE-D12 less than 0.22 pM could produce current (Ihara et al., 2022).
Fungi as the Eukarya also can produce current production under the electrode, specifically
members of the order Saccharomycetaceae (Sarma et al., 2021). For Archaea, the EET ability
is less than the reported bacteria such as Shewanella. In addition, some archaea microbes could

generate electricity under high temperatures even 90 °C, and, methanogenic archaea are also

frequently found in MFC.
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Figure 1-1 Phylogenetic diversity of electroactive microorganisms(Lovley & Holmes,
2022)

Shewanella species is a gram-negative proteobacteria with a size of 2-3 uM and it is widely
distributed in many places, including oceans, lakes and even wastewater (Hau & Gralnick,
2007). In addition, it was found in spoiled food as well (Ge et al., 2017). Until now over 70

genera of Shewanella were discovered (Yu et al., 2022). In addition to iron and manganese,
3



substrates such as DMSO TMAO are also used by Shewanella to be electron acceptors (Xiong
et al., 2016). Due to the easy growth and high EET ability, Shewanella was considered the

model bacteria of electron transfer.

1.3 Extracellular electron transfer pathway

Although a wide variety of bacteria have EET capabilities, however, two EET pathways
only were used by bacteria. Directly EET pathway: the electron was transferred to the electron
acceptor directly via contact with extracellular solid electron acceptor by cell outer membrane
protein or nanowires (Malvankar & Lovley, 2012; Pirbadian et al., 2014; Reguera et al., 2005;
Shi et al., 2009). Indirectly EET pathway: some bacteria lack electron transfer functional
proteins so it cannot conduct anaerobic respiration by directly EET, but, the more flexible redox
molecular can be used for them to transfer electrons to extracellular. Some chemicals secreted
by bacteria itself or environmental existence can act as the electron shuttle to transfer electrons
from the cellular metabolism to the outside of the cell ( Liu et al., 2010). In some bacteria, the

two methods can transform into each other to enhance the anaerobic respiration together.

(Figure 1-2)

Indirect pathway Direct pathway
E
A !
C
£17°7

E;:+

=
4 o=
v reversible
gl switching
ll k,y

cytochromes cytochromes

Figure 1-2 Schematic illustrations depicting the switching of the EET pathway (Liu et al.,

2010)

1.3.1 Direct extracellular electron transfer

For the electrogenic bacteria, redox protein and structure protein constructed pathways for



exchanging the electron between the cell and outside minerals. It was reported that the direct
EET occurred when the distance was less than 20A between the outer membrane protein and
electron acceptor (Shi et al., 2012). The direct EET via OMCs was studied a lot in Shewanella
oneidensis MR-1. CymA, FccA, and MtrCAB-OmcA are involved in the direct EET, besides,
small tetraheme cytochrome (STC) in the periplasm also plays a vital role in this process.
Hydroquinone in the inner membrane can be oxidized by the tetraheme cytochrome C quinone
oxidase (CymA), then, electrons will be transferred to the soluble c-cytochromes fumarate
reductase (FccA) and STC. Due to the flexibility of STC and FccA, electrons can be transferred
to the fixed MtrCAB-OmcA complex. During this process, the lack of any component will
severely impair the EET functions. MtrC and OmcA mutations show a low EET ability, besides,
the strain which lacks CymA shows an 80% decrease in the export electrons (Michal et al.,
2014). However, the strain which miss the FccA showed no effect on the EET ability, but, the
double mutations of FecA and STC lost the ability for growth under the Fe** as an electron
acceptor (Alves et al., 2015). The electron transfer pathway in the Shewanella oneidensis MR-
1 should be QH,—»CymA—STC or FccA—MtrCAB-OmcA (Figure 1-3).

For some gram-negative bacteria, electrons also can be directly transferred to the
extracellular electron acceptor by the membrane protein like the flavoproteins (Light et al.,
2019).

n 2+ DMS
Fe3\ Fe DMSO /

il - i v
m - iLLAlUJ uUMJLJULMJyouULUL‘LV,J,J

Figure 1-3 Direct extracellular electron transfer (EET) pathways in Shewanella oneidensis

MR-1 (Sun et al., 2021).

Nanowire for electron transfer is a very important pathway. A nanowire is a type of



conductive filament around the electrogenic bacteria. Nanowires were first discovered on
Geobacter species, which can transfer electrons to the electrode and metal surface by several
times longer than itself. After further analyzing the composition of nanowires in Geobacter, it
was found that the nanowire was constructed by the OmcS protein which relies on the PilA.
Heme is tightly arranged inside the nanowires, forming a channel for electron transfer (Lovley
& Walker, 2019).

Shewanella is also able to produce nanowires, which show different behavior with
Geobacter (Figure 1-4). It’s nanowires as extensions of the outer membrane and periplasm that
include the multiheme cytochromes responsible for EET, rather than pilin-based structures as
previously thought. Under the oxygen limitation environment, nanowires will grow to transfer
electrons, which provided a chance for bacteria to respirate over a long distance. The outer
membrane extension type nanowire transfer electron with the electron hopping in the outer
membrane protein MtrC and OmcA. During the electron transfer process, nanowires touch the
extracellular electron acceptor, then, the electron was transported to the outside by the lateral

EET along MtrC/OmcA (Leung et al., 2013; Pirbadian et al., 2014).

(a) (b)
/Solid-stateelectronaccep(or / / Nanowire
——
DB IR

¢ Inner membrane

Figure 1-4 Proposed EET mechanisms in Geobacter spp. and Shewanella spp (Zou et al.,

2018)

1.3.2 Indirect extracellular electron transfer

Redox mediators are involved in indirect EET, which is an important mechanism for
extracellular electron transfer. Mediators can accept electrons from cellular metabolism and

transfer electrons to extracellular electron acceptors, which can be secreted by bacteria or
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existence in the natural environment (Liu et al., 2018). When the insoluble electron acceptor
was the only electron acceptor, like an electrode, the indirect EET shows a vital role in the
bacteria’s anaerobic respiration. Loyed et al. first identify the Flavin Mononucleotide (FMN)
and Riboflavin (RF) as the electron shuttle, which enhanced the cell growth and Fe** reduction.
D.R. Bond found that RF participated in extracellular electron transfer by electrode detection.
However, the current production decreased by 70% after removing RF from the electrolyte
(Marsili et al., 2008). Flavin was considered to transfer electrons by a 2-electron reaction, which
brings two electrons and two protons (Okamoto et al., 2013; Okamoto, Kalathil, et al., 2014).
Mediators like quinone, phenazines, and flavin show high efficiency on the EET (Newman &
Kolter, 2000; Wang et al., 2010).

Shewanella synthesis intracellular flavin before exporting to the extracellular by the FAD
exporter (which is encoded by gene bfe), however, the deletion of gene bfe caused a 75%
decrease of current production, proving the importance of flavin in the extracellular electron
(Kotloski & Gralnick, 2013). Endogenous flavin only is 2 pM which limited the extracellular
electron transfer rate. The current production was hugely increased by the overexpressed flavin
gene (Yang et al., 2015).

However, the low concentration of flavin showed a sharp increase in the current production,
which is higher than the stoichiometric ratio by the shuttling mechanisms. Okamoto et al. found
that flavin can enhance the current production by the 1-electron reaction via binding with outer
membrane cytochromes. FMN and RF can be a cofactor for the MtrC and OmcA, respectively,
which enhances the current production more than 10 times within 10 uM (Okamoto et al., 2013;
Okamoto, Kalathil, et al., 2014). Besides, Geobacter also showed the same result as Shewanella
(Okamoto, Nakamura, et al., 2014). For some electrogenic microbes, multiple pathways of
extracellular delivery complement each other to enhance the capacity of EET, which is a smart

strategy for the microbe’s survival under nutrition shortage and an oxygen-limited environment.

1.4 Extracellular electron transfer bridge C-type cytochromes

Cytochromes are important proteins in the electron transfer chain for cellular respiration,

which function from the heme inside of the protein (Ow et al., 2008). The transition between
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Fe?" and Fe** provides an environment for redox reactions. In the eukaryote cell, cytochromes
are expressed on the mitochondrion membrane to participate in the electron transfer, where it
can accept the electron from NADH dehydrogenase and transfer the electron to the next
respiration complex. In the prokaryote, cytochrome C expresses both the inner membrane and
outer membrane, which allow electron transfer from the inside to the outside along the
cytochrome C due to the different redox potential of different locations of heme. During the
electron transfer process, a series of heme align to a conduit for electron transfer. As for the
electrochemical active microorganisms, the most common electron transfer group is
cytochrome C, even some bacteria nanowires and pili are constituted by cytochrome C (Deng
et al., 2018) .

Here, six cytochromes in Shewanella oneidensis MR-1 which are studied in this paper will
be introduced.

CymaA is a tetraheme cytochrome C quinone oxidase that is the smallest example of a
quinol dehydrogenase in nature. It is located on the inner membrane and plays a central role in
the anaerobic respiration in Shewanella (Myers & Myers, 2000). Electrons from the organic
matter metabolism were transferred to the quinone pool, and the inner membrane protein CymA
acted as the electron transfer station to transfer electrons to the periplasmic protein, then,
electrons can be transferred outside of the cell. £-coli can obtain EET ability by expressing
CymA on the inner membrane and MtrCAB on the outer membrane (Jensen et al., 2010). The
mutant strain which lacks CymA shows the EET ability was seriously impaired.

Shewanella oneidensis MR-1 outer membrane is considered insulation, which prevents the
leakage of electrons from the periplasm. To reduce the extracellular substrate, the electron
should across the outer membrane to arrive at the electron acceptor by conductive wire or
electron shuttle. To address this issue, Shewanella oneidensis MR-1 express MtrCAB (Figure
1-5) which across the outer membrane to transfer electrons from the periplasm. MtrCAB
complex consists of three proteins MtrA, MtrB and MtrC. MtrB is a beta-barrel protein, which
includes 26 antiparallel beta strands, across the outer membrane to form a channel. MtrB
provides a transmembrane sheath for the MtrA and an anchor position for MtrC. MtrA contains

10 hemes inside the protein that forms an 80A electron transport line to across the outer



membrane. The heme (A1) of the periplasmic part can accept electrons from the inside, and
heme A10 connects the outside cytochromes MtrC. MtrC is one of the terminals of the electron
chain in Shewanella oneidensis MR-1, which can directly contact the solid electron acceptor
surface to transfer electrons, it has been proved that even lacking MtrC, soluble Fe*" still can
be reduced but the insoluble iron oxides, which demonstrated the importance of MtrC on the
contact insoluble substrate (Figure 1-5) (Edwards et al., 2020).

One of the homologous proteins of MtrC is OmcA, expressed near the MtrC, 10 hemes
was encapsulated inside of protein to construct an electron pathway. It has a similar function to
MtrC and these two outer membrane cytochromes show a complementary role, while one of
them lacking, another will undertake the electron transfer function. The extracellular electron
transfer function can be impaired only if these two cytochromes were deleted rather than one
of them. MtrC/OmcA are located on the cell surface in a flexible manner, which diffuses on the

cell surface to transfer electrons, proven by the single particle tracking (Chong et al., 2022).

Figure 1-5 The X-Ray crystal structure of the Mtr complex (Edwards et al., 2020)

Under the anaerobic condition, fumarate as an electron acceptor is a widespread way for
bacteria, unlike the extracellular solid electron acceptors, fumarate can enter the periplasm by
diffusion, which is convenient for bacteria to utilize fumarate for respiration. The fumarate
reductase (FccA) in MR-1 is a tetraheme cytochrome C with a larger C-terminal FAD-binding

domain, unlike other fumarate reductases, FccA is a periplasmic protein, it can directly get



electrons from the inner membrane. Fumarate can be reduced to succinate by FccA
unidirectionally in Shewanella oneidensis MR-1. Four heme arrangement is close, where
contact each other by Van der Waals, electrons along the heme center cross FAD arrive at
fumarate. Finally, fumarate was reduced to succinate. In some extracellular electron uptake
processes, fumarate usually can be as electron acceptor to produce cathodic current (Schuetz et
al., 2009).

Dimethyl sulfoxide (DMSO) is widely spread in many aquatic environments such as deep
oceanic water, which provided a possibility for bacteria to anaerobic respiratory (Xiong et al.,
2017). Shewanella species can use multiple electron acceptors, and DMSO is one of them. It
was reported that DMSO reductases are similar complex to MtrCAB. During the DMSO
reduced process, the electron was transferred from the inner membrane CymA to a soluble part
of DMSO reductases DmsE (predicted tetraheme cytochromes), then, the electron was
transported to the DMSO reductase complex DsmABF. DmsF is a beta-barrel protein that
across the outer membrane of bacteria to form a channel that connects the periplasm and
extracellular. Meanwhile, the outer membrane protein DmsAB were anchored on the DmsF,
which constructed an electron pathway from the inner membrane to the outside to reduce
DMSO. DMSO was reduced to dimethyl sulfide (DMS) (Figure 1-6). In addition, in some
Shewanella species, DMSO reductases expression was controlled by the temperature and press

which enhanced the survival ability of bacteria under adverse conditions (Gralnick et al., 2006).

Figure 1-6 Model for DMSO respiration in S. oneidensis (Gralnick et al., 2006).
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1.5 Biotechnology based on extracellular electron transfer

1.5.1 Microbial fuel cell (MFC)

Due to the high demand for energy and the shortage of fossil fuels, the development of
renewable and sustainable energy sources is necessary. The microbial fuel cell is a device that
generates electricity by converting chemical energy stored in organic matter as shown in Figure
1-7 (Rabaey & Verstraete, 2005), a double chamber MFC. The double chamber MFC is divided
into two chambers by a proton exchange membrane. As for Geobacter MFC, bacteria form
biofilm in an anode with an anaerobic condition (Kim & Lee, 2010). Electrons could be
transferred to the anode by EAB from organic matters, the reaction of the anode is as follows

CH;COO + 4H,0 — 2HCO5; +9H" +8¢ (1)

the proton across a semipermeable membrane to be reduced H20 at the cathode

0>+ 4H'+ 4e — 2H,0 )

The anode and cathode are connected by external wires and resistors to form a complete
loop. As far, the power density of MFC is still very low, so that it is impossible to replace fuel
cells. Considering the low power density, many strategies were explored to enhance efficiency.
Mesoporous materials were used to modify electrodes to enhance biofilm formation (Wang et
al., 2013), and redox mediators also can be used to increase MFC output (Chen et al., 2021)
(Najafpour et al., 2011). Recently, silver nanoparticles can be applied to improve power density

in MFC (Cao et al., 2021).

,
Bacterium Anode Cathode

Figure 1-7 Schematic diagram of a typical two-chamber microbial fuel cell (Fleming,
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2010)

1.5.2 Bioremediation based on extracellular electron transfer

Environmental pollution has become an urgent problem for human beings, especially,
since toxic metal pollution can impair ecology seriously (Ali et al., 2022). The traditional way
for treating pollution is not only low efficiency but also high investment. However, microbial
degradation and remediation of pollutants are friendly for the environment at low cost
(Rabenstein et al., 2009). Due to the strong redox ability of EAB, it can be considered a good
method to reduce heavy metals such as the soluble U (VI) and Cr (IV) can be reduced to
insoluble U (IV) and Cr (IIT) (Shi et al., 2016). For some organic pollution like benzene, toluene,
ethylbenzene, and xylenes, EAB can reduce toxic compounds to less or non-toxic compounds
(Chen et al., 2021; Liu et al., 2019; You et al., 2020). Bioelectrochemical system (BES) which
is based on the EAB is a promising technology for pollution remediation. Hydrocarbon-polluted
soils and sediments can be degraded by BES, it is fast than pollution natural attenuation
(Espinoza-Tofalos et al., 2020). Besides, it was used to refractory pesticides (Cao et al., 2015).

In short, bioremediation is a potential way to solve environment pollution with many benefits.

1.5.3 Biosensor based on extracellular electron transfer

Electrochemical sensors usually use potentiometric amperometric or conductometric
signals to detect some substrate changes (Baranwal et al., 2022). Typical biosensors of BES are
based on the MFC because of its diverse applications, which are mainly used in detecting
environmental toxicity and bioactive substances (Zhou et al., 2017). BES biosensors are the
most popular for detecting biological oxygen demand (BOD) (Yamashita et al., 2016). EAB
bacteria are immobilized on the fiber between the electrode and porous membrane, the
dissolved oxygen was reduced at the cathode across the membrane, resulting in the decrease of
current as shown in Figure 1-8. Besides, the BES-based biosensor can be used for detecting pH
and salinity, temperature, and so on (Brochu et al., 2020; Tremouli et al., 2017). Recently, oral
pathogens can be detected by the BES biosensors, in this kind of system, special substrates and
mediators were added into this system to enhance the EET ability of the pathogens, which can

12



be observed to increase current production (Naradasu et al., 2020).

™\

Figure 1-8 Schematic diagram of microbial fuel cells for sensing BOD (Sonawane et al.,

2020)

1.5.4 Microbial electrochemical synthesis

As the demand for foil fuel, alternative renewable energy sources are widely attracting
attention. Besides, carbon dioxide control and emission reduction have become an important
issue that needs to be solved urgently around the world (Sathiendrakumar, 2003). If carbon
dioxide can be reduced to carbon organic compounds, it will be a good way to kill two birds
with one stone. Microbial electrochemical synthesis cleverly converts carbon dioxide into
organic matter, such as methane, acetic acid, butyric acid (Schlager et al., 2017). In this system,
EAB transfers electrons from the cathode to reduce the carbon dioxide to organic matter,
meanwhile, the organic pollution can be degraded by EAB in the anode reactor, which
composes a highly effective electrochemical bioreactor (Li et al., 2022; Su & Ajo-Franklin,

2019).

1.6 Limitations for extracellular electron transfer

1.6.1 The limitation of extracellular electron transfer by outer membrane cytochromes

Since the outer membrane protein is key for extracellular electron transfer, it has been

proven that overexpressing the outer membrane cytochromes MtrCAB can enhance the current
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production, which means the outer membrane is a limitation for the electron transfer (Vellingiri
etal., 2019). Cell membrane composition can be changed by the pre-culture at 4 °C, the electron
which across MtrC increases 18 times than pre-culture at 30 °C (Long & Okamoto, 2021).
Those results demonstrated that outer membrane protein limits the EET rate. Electron transfer
pathway insides of MtrC along the heme 10 —heme 9 —heme 8 —heme 6 —heme7, finally
the electron can be accepted by the extracellular electron acceptors.

For outer membrane cytochromes, MtrCAB crystal structure reveals heme interactions
within the protein. Electron transfer to exogenous electron acceptors by offering a large surface
area with multiple surface-exposed hemes. Spectroscopic and simulation studies have found
that electrons can pass between adjacent heme prosthetic groups within the MtrCAB complex
at nanosecond rates and suggested that these rapid transfers are facilitated by cysteine linkages
positioned between those tetrapyrroles (Campbell et al., 2022). In MtrA, heme 10 is thought to
mediate interprotein electron transfer to heme 5 of MtrC. Electron transfer between these hemes,
which have an edge—edge distance of 8 A, is thought to be rate limiting for EET through the
MtrCAB complex. While these studies have revealed a complex network of molecular
interactions within the Mitr complex, including protein—cofactor and protein-protein
interactions, It cannot yet anticipate how changes to the primary structure of MtrCAB affect
EET (Campbell et al., 2022).

Our previous reports also proved the conformation of MtrC can be changed with the
different hematite nanoparticles, which are measured by the in situ circular dichroism (CD)
spectroscopy. And also, it demonstrates the arrangement of heme can be important to the EET,
the closer arrangement of the hemes will result in an increased rate of electron transfer
(Tokunou et al., 2018; Tokunou & Okamoto, 2019). The conformation of the OMCs changes
can affect the EET rate, which provided insight into the best condition for the bacteria to transfer
electrons.

To increase EET rate, redox molecular was used to be electron shuttle. Redox mediator is
a smart strategy for enhancing the EET rate by binding with cytochromes. It is reported that the
flavin binding site is near heme 7 in the MtrC and OmcA which was evaluated by computer

simulation (Babanova et al., 2017; Breuer, Rosso, & Blumberger, 2015). Heme 7 exposes the
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surface of the protein and it was considered a terminal heme in the MtrC. Flavin can be a bridge
between the heme 7 and the extracellular electron acceptor which shortens the distance for
electron transport. The flavin binding with OMCs can be a 1-electron reaction by forming the
hydroquinone rather than 2-electron reaction, in this way, the electron transfer rate can be
increased more than 10 times. This evidence shows that outer membrane is a limitation for

extracellular electron transfer.

1.6.2 Proton transfer limits extracellular electron transfer

EET pathways and dynamics have been extensively studied in the past decades, but the
proton transfer kinetics during the EET had been poorly studied. Proton transfer to the
periplasm is accompanied by electron transfer, then, electron transfer to the extracellular
electron acceptors, proton should be transferred to the outside for keeping the charge balance.
A proton motive force (PMF) was considered the main way to consume electrons in the
periplasm, however, the mutant strain AATPase (A proton transporter) showed a comparable
current production with the wild type, which demonstrated proton was not used to form the
PMF to produce ATP, and also the ATP in the Shewanella oneidensis MR-1 was thought to
comes from substrate level phosphorylation. The previous study in our laboratory demonstrated
that proton transfer limits electron transfer. The kinetic studies by isotope labeling reveal
protons as a limiting factor for extracellular electron transfer (Okamoto et al., 2017).

Coincidentally, the artificial liposomes with MtrCAB complex showed a high rate of
electron transfer with the help of Valinomycin (a cation carrier to transfer the cation according
to concentration diffusion). Besides, the mutant strain AOmpW (a cation transporter in the outer
membrane) shows the 40% of current production decreased (Bretschger et al., 2007). Those
results clearly demonstrated that proton transfer is a limitation for the EET process. The more
evidence and function of proton transfer in the EET process still need to be explored (Okamoto

etal., 2016).
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Figure 1-9 Schematic illustration of electron and proton flow across (a) the outer
membrane (OM) of S. oneidensis MR-1 and (b) the lipid membrane in a liposome system

(Okamoto et al., 2016).

1.6.3 C-type cytochromes redox state for extracellular electron transfer

Redox protein serval as a conductive pathway for electron transfer, so the redox state of
redox protein is vital for extracellular electron transfer. For the outer membrane protein MtrC
or OmcA, the heme redox state, and some redox sites are important for sustaining the electron
transfer function.

There is a highly conserved CXsC disulfide according to the crystal of MtrC, when it was
replaced by AXgA, cell growth was severely compromised under aerobic conditions rather than
the anaerobic condition, which may be caused by the generation of reactive oxygen species.
Besides, in the purified protein, the formation of a disulfide bond impaired the flavin binding
with MtrC, which demonstrated that the oxidative of MtrC cannot form the semiquinone to
transfer electrons (Edwards et al., 2015). The heme center is a conduit for the extracellular
electron transfer in the cytochromes. Differences in redox state for heme may cause changes of
EET ability. A homolog of MtrC crystal reveals that hemes show different redox potential under

different redox states. Electron transfer pathway from heme 9 to heme 3 under oxidized state,
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but electron from heme 9 to heme 7 or heme 9 to heme 2 under the reduced state, and also,
heme 7 and heme 2 exposed outsides but the heme 3 was buried inside of protein (Watanabe et
al., 2017) (Figure 1-10).

A -450 -

-400
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-300 1
-250 1
-200
-150 1
-100 1

.50 ]

Figure 1-10 redox potential profiles of oxidized (red) and reduced (blue) MtrF (Watanabe

etal., 2017)

1.6.4 Other limitations for extracellular electron transfer

EAB is more likely to form the biofilm when it adheres to the electrode surface, which can
increase the EET rate. Bacteria secrete extracellular polymeric substances (EPS) contains for
the bacterial community survival, meanwhile, some mediators can be secreted to the EPS,
besides, quorum sensing should be accrued in the biofilm, which means biofilm formation is
important to enhance the EET rate. Additionally, the EET rate can be limited by cellular

metabolism, extracellular electron acceptor, and so on (Renslow et al., 2013).
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1.7 New technologies for exploring extracellular electron transfer

1.7.1 High throughput electrochemical system

Electrochemical measurements have been studied for decades to investigate EET
mechanisms in microorganisms. The three-electrode electrochemical reactor is a traditional
bioelectrochemical system (BES), consisting of a working electrode (WE), a counter electrode
(CE), and a reference electrode (RF). However, traditional BES is only one condition of a
reactor, and it is impossible to use it to study EET under many different conditions. As the high
throughput system (HT) develops, the HT system was used to rapidly study the microbial
biofuel cells (MFC). Cell polarizability can be an indicator of extracellular electron transfer due
to the correlation between cell polarizability and outer membrane cytochromes, therefore, high
throughput microfluidic dielectrophoresis was used to screen the EET species (Wang et al.,
2019). It still doesn’t have a direct way to screen EET bacteria, and it cannot monitor the EET
ability of bacteria on time. To better characterize the EET capability of bacteria, the 96-well
electrode system was developed, this high throughput system can be used to screen EET
microbe for the microbial fuel cells, it showed good performance on the sensitive and bacteria
numbers (Tahernia et al., 2020). However, it is not an independent three-electrode system, it
cannot change the potential of each well. The ideal high throughput should be an independent
three-electrode system for each well, for that we can use the different conditions to investigate
EET. In this study, an ideal high throughput system was developed with highly reproducible to
study the most suitable mediator’s concentration and electrode potential for the bacteria, besides,
the whole mutant library of Shewanella oneidensis MR-1 was screened for exploring the genes

which limit EET.

1.7.2 Whole-cell heme redox state measurement

Due to the difference between the protein under physiological conditions and the
purification conditions, so develop the whole-cell measurement to measure the protein
conformation is important and necessary to explore the real changes of the protein. For decades,

the conformation of outer membrane cytochromes was studied by the NMR or small-angle x-
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ray scattering using purified protein. Our previous study developed a whole-cell outer
membrane cytochromes measurement to overcome the current obstacle. Circular dichroism
(CD) spectroscopy has been studied for the inter-heme conformation and interactions with
purified peptides and proteins. The ten hemes in the MtrC will provide a large amplitude in CD
signal according to their exciton coupling between m conjugated systems, which is inversely
proportional to the cube of the distance. According to this, the whole-cell OMCs conformation
measurement was developed, which can be used to monitor the redox state of OMCs and the

packing of inside hemes.

1.8 Objectives and outline of the present thesis

Extracellular electron transfer is a type of respiration under oxygen limitation for
anaerobic microorganisms to produce energy. Electrons from organic metabolism were
transported to the extracellular electron acceptor with the help of membrane proteins across the
insulated membrane. The technology based on EET was wildly applied in many fields, such as
microbial fuel cells, the treatment of heavy metals in sewage, biosensor, and microbial
electrochemical synthesis. Additional redox mediators can enhance more than 10 times EET
efficiency, flavin which is secreted by the bacteria itself can boost the current production by
binding with outer membrane cytochromes. However, in the real application of EET-based
technology, for example, in the MFC, the working environment has fluctuations in potential
and solution balance, leading to ambiguity in the interaction and robustness between flavins
and bacteria.

In this study, our purpose is to clarify the factors affecting the performance of flavin on
microbial current production in order to stabilize and maximize MFC power output and EET
technology performance in the model bacteria Shewanella onidensis MR-1.

Electrode potential and redox additive are the limitations of the EET rate, herein, a high-
throughput platform with low deviation was constructed to apply two-dimensional Bayesian
estimation for electrode potential and redox-active additive concentration to optimize microbial
current production (/). A 96-channel potentiostat represents <10% SD for maximum /.. 576

time- /. profiles were obtained in 120 different electrolytes and potentiostatic conditions with
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two model electrogenic bacteria, Shewanella and Geobacter. Acquisition functions showed the
highest performance per concentration for riboflavin over a wide potential range in Shewanella
oneidensis MR-1. The underlying mechanism was validated by electrochemical analysis with
mutant strains lacking outer-membrane redox enzymes. Our results revealed the binding
mechanism of flavin with OMCs under the negative electrode potential. (Chapter 2)

Flavin cofactor was proven to be vital for the EET enhancement. However, the effect of
flavins vastly decreases upon the dissociation from OMCs to be soluble electron shuttle.
Therefore, identifying a critical factor to stabilize the bound flavin cofactor is essential. Herein,
the reduced heme centers in OMCs promote riboflavin binding to OMCs by modulating the
intracellular electron pathways in Shewanella oneidensis MR-1. UV-vis and circular dichroism
spectroscopy in situ shows showed that fumarate or dimethyl sulfoxide (DMSO) oxidizes heme
centers in OMCs even at low concentration concentrations (< 1 mM fumarate or 5 mM DMSO)
with lactate as an electron donor. Differential pulse voltammetry detected the more soluble
flavins and the less bound semiquinone in the presence of fumarate or DMSO in the wild type.
However, mutant strains lacking a reductase for fumarate or DMSO recovered the effect of
riboflavin. These results strongly suggest that the reduced heme centers promote riboflavin to
bind OMCs, and alternative electron acceptors suppress power generation in MFC even more
than the stoichiometric ratio. (Chapter 3)

Flavin was considered to transfer electrons by the bring the two electrons and two protons,
besides, proton transfer is a limitation on EET process that has been proved, and more evidences
should be explored. Herein, different pH and deuterium water were used to check the proton
effect on the EET. The result showed /. is a positive relation with pH gradients, besides, after
flavin adding, the proton limitation was recused, which suggests the proton limits extracellular
electron transfer. As the proton gradient is important for membrane potential, herein, the role
of membrane potential in the EET process was proved under cell hyperpolarization conditions,
flavin shows stronger binding affinity than the depolarization conditions. Besides, EET rate
was increased by activating the proton transporter via light. Those results demonstrated proton
transfer and membrane potential are limitation for EET. (Chapter 4)

An efficient approach to discovering the gene which limits the EET process is whole
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genome screening, however, the current electrochemical reactor has low throughput. For
solving this, in the present study, a high-throughput electrochemical system was developed. The
mutant library of Shewanella oneidensis MR-1 was directly screened by a high-throughput 3-
electrode electrochemical assay. Anomaly detection was used to identify the critical protein for
EET on the carbon working electrode. The high throughput system combined with an anomaly
detection algorithm presents 25 genes from over 1000 that showed low /.. To further confirm
our results, the traditional 3-electrode electrochemical system was used, and results showed 15
mutants in 25 produced lower /. than the wild type. Narrowing down essential genes by
approach facilitates discovering unknown genes for foundations and maturing EET on a carbon
electrode in Shewanella oneidensis MR-1. (Chapter 5)

In the present study, a high throughput system with high reliability was used to optimize
flavin concentration to improve the efficiency of EET, besides, semiquinone formation can be
affected by the heme redox state and membrane potential. Finally, the high throughput system

was used to screen genes that limit the EET rate. Prospects were given in chapter 6.
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Chapter 2 Multivariate landscapes constructed by Bayesian Estimation over
five hundred microbial electrochemical time profiles

2.1 Introduction

Electroactive bacteria that perform extracellular electron transfer (EET) to/from electrodes
show great potential for applications in the fields of energy and environmental sustainability,
including power generation from wastewater, bioremediation, chemical production, and
amperometric biosensors. (Logan et al., 2019; Shi et al., 2016) With the increasing demand for
commercialization (Ziara et al., 2018), various strategies are being adopted to improve and
optimize the performance of bioelectrochemical systems (BESs), including reactor
configurations and varying operating conditions, electrode material development, and additives
based on fundamental EET mechanisms (Chen et al., 2019; Gadkari et al., 2020; Jiang et al.,
2010; Liang et al., 2011; Logan, 2010; Watson et al., 2011). However, understanding the
complexity of BESs, which includes elucidation of interaction between different impactful
parameters (Figure 2-1A) and controlling of microbial electrochemical catalysis, remains a
challenge. Data science shows potential for capturing the landscape of such complex systems
from limited databases. However, the effective use of data science to BESs has been a challenge,
as it requires a massive dataset with defined parameters and high reproducibility, referred to as
a “high-quality database”. The less controlled experimental aspects while obtaining large data
from manual experiments often cause serious reproducibility concerns, which restrict the
consensual knowledge gain. Hence, high-quality database is the core area for applying data
science to experimental studies. (Ahmadi et al., 2021; An et al., 2021; Du et al., 2021; Zhong
et al., 2020) However, although significant development has been achieved in high-throughput
BESs, there are no reports on a system that can achieve enough reproducibility while
simultaneously controlling the following three parameters for each reactor: potential,
electrolyte, and microorganism, which are critical for BES performance. (Call & Logan, 2011;
Molderez et al., 2021; Molderez et al., 2019; Szydlowski et al., 2021; Tahernia et al., 2020;
Vergani et al., 2012) Furthermore, appropriate data processing algorithms for dealing with a
large volume of current time profile data have not been established yet. (Molderez et al., 2021)

Therefore, even in the most recent studies using data science for the number of supervised data
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is very limited, at nine. (de Ramdn-Fernandez et al., 2020; Lesnik & Liu, 2017; Tsompanas et
al., 2019) The foundation for applying data science to BESs still requires two innovations: a
high-quality data collection system and an analysis platform for massive time-current profile

data.
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(A) Mechanistic studies enable systematic identification of important parameters. (B)
Developed high-throughput electrochemical system that operates single-potential amperometry
in 96-well plate with printed working electrode (WE), counter electrode (CE) and reference
electrode (RE). WE and CE are carbon, and RE is Ag/AgCl electrode. (C) Graphic outline of
Bayesian optimization for two parameters. 1-D example depicting a Gaussian process surrogate

model fitted to data collected from objective and the corresponding expected utility surface,
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which is maximized to select the optimum condition. The solid line and the shaded area

represent the mean of prediction and one-sigma confidence interval, respectively.

In this study, we developed a high-throughput potentiostat system with 96 well plates with
silk-screen-printed electrodes, and which was applied to landscape the redox mediator
concentration and electrode potential constructed from 576 time-profiles of microbial current
production (Figure 2-1B and C). One of the most important controllable factors for BES
performance is the type and concentration of the redox mediator. (Zhang et al., 2019) External
redox mediators play a vital role in enhancing the electron transfer between bacteria and the
electrode. (Kumar et al., 2017; Martinez & Alvarez, 2018) The performance of mediators may
be considerably different depending on their redox potential, diffusion constant of shuttling
electron mediators, and ability to bind with bacterial membrane enzymes. (Okamoto, Saito, et
al., 2014) Furthermore, the electrode potential can modify global gene regulation and metabolic
pathways in electrogenic bacteria. Therefore, microbial current production may be beyond our
physicochemical understanding of the EET mechanism, which is suitable for application in data
science. We used Shewanella oneidensis MR-1 to compare the impact of variables, different
mediators [riboflavin (RF), flavin mononucleotide (FMN), 2-hydroxy-1,4-naphthoquinone
(HNQ), anthraquinone-1,5-disulfonate (AQDS)], the concentration of mediators (1-100 uM),
and poised potentials (+200 to =300 mV vs. Ag/AgCI). In addition, the potential and riboflavin
concentration dependency were examined using Geobacter sulfurreducens PCA. Flavins are
known to strongly enhance current generation in S. oneidensis MR-1 and G. sulfurreducens
PCA, model EET bacteria, as a bound cofactor by forming an intermediate semi-reduced state.
(A. Okamoto et al., 2013; Okamoto, Nakamura, et al., 2014) In contrast, HNQ and AQDS
indirectly shuttle electrons between bacteria and the electrode. The basis for combining data
science and microbial electrochemistry can provide a series of methods, not only as a solid
basis for optimizing and enhancing BES performance but also for identifying critical

parameters for biotic and abiotic complex systems.
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2.2 Materials and Methods
2.2.1 Shewanella oneidensis MR-1 and Geobacter sulfurreducens PCA cultivation

S. oneidensis MR-1 was cultured in 10 mL of LB medium at 30 °C for 20 h under aerobic
conditions, by picking a single colony from the LB solid medium plate. The bacteria were
washed twice with defined medium (DM) with a composition of 2.5 g of NaHCOs3, 0.08 g of
CaCly, 1 g of NH4CI, 0.2 g of MgCl,, 10 g of NaCl, 7.2 g of HEPES, and 0.5 g of yeast extract
in 1 L of ultrapure water. The cells were centrifuged at 7200 x g for 5 min, and the supernatant
was removed. Cell pellets obtained after centrifugation were resuspended in 10 mL DML (DM
medium with 10 mM lactate). To remove reductive energy, cells were pre-cultured in DML for
4 h under anaerobic conditions and then washed with DM medium. Finally, the cell OD was
adjusted to 0.5, using DML as the final concentration in the screen-printed electrochemical cells.

G. sulfurreducens PCA freeze stock was used for inoculation of the culture in anaerobic
PSN medium (Okamoto, Saito, et al., 2014) supplied with 20 mM acetate and 80 mM fumarate.
Cells were allowed to grow in an anaerobic chamber at 30 °C for 3-4 days. Finally, the
suspended cells were centrifuged (10 min at 5000 x g) and washed with the PSN medium for

electrochemical measurements.
2.2.2 Experimental

Screen-printed electrochemical array formed by 96 three-electrode electrochemical cells
(DRPx11L (U100), Metrohm, DropSens, Japan) were utilized for this study. The
electrochemical array was fixed at the bottom of a standard microtiter ELISA plate with 96
wells. Plastic substrate (L7.4 cm x W11 cm x H0.5 mm) was used as the base for screen printing
the three electrodes. The screen-printed carbon (surface area: 7.07 mm? for each well) was used
as the working electrode (WE). Also, for each cell, screen printed carbon and Ag/AgCl were
used as the auxiliary (counter electrode (CE)) and reference electrode (RE), respectively. The
backside of the plates was printed with gold plated contact paths where 96 x 3 contacts were
present corresponding to independent WE, CE, and RE printed for each well. Each well had the
standard volume capacity of around 300-400 uL and working volume of 200 pL was used.

After the anolyte addition, all plates were sealed with sterile aluminum seals. Since
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multichannel 96 well systems were used where effective volume of each cell was very less
(~200 pL), it was ensured that no turbulence effect the operation by adding medium, bacterial
cells, and mediators at the beginning of experiments. Nevertheless, to probe the mechanism,
control cells were included in the experiments where no exogeneous small molecule mediators
were added and hence rational analysis for elucidation of mechanism can be ensured.

In scheme of current time profile experiments, first, single potential amperometry
measurements with our custom potentiostat using 96 well plates were compared with a
commercial potentiostat (VMP3; Biologic Science Instruments, Seyssinet-Pariset, France)
using screen-printed electrodes with the same electrode material and working volume as 96
well plates. For the multivariable impact study, five 96 well electrochemical plates were
selected for S. oneidensis MR1 and one plate for G. sulfurreducens PCA. For S. oneidensis
MR1, the first plate was checked by poising a single potential (vs. Ag/AgCl) for two rows each,
that is, the first two rows were poised at +200 mV, followed by two rows at —100, —200, and
—300 mV without the addition of any external mediator. Four plates were tested by poising a
single potential per plate with varying mediator concentrations. DM (pH 7.8) containing lactate
as the sole electron donor and DM containing each redox molecule was de-aerated by bubbling
with nitrogen for 30 min. An electrolyte (200 puL) was then added to each electrochemical cell
containing 10 mM lactate, the desired concentrations of flavin analogs and quinones (1 — 100
uM), and MR1 cell suspensions with ODgoonm = 0.5. PLATEMASTER® P220 (Gilson, USA)
was used for pipetting volumes of 2—220 uL for high-throughput manual pipetting of 96-wells.
For G. sulfurreducens PCA, single plate was used to study 24 conditions. This includes four
poised potential conditions (+200 —100, —200, and —300 mV) and six RF mediator
concentrations (0, 100, 250, 500, 1000, and 5000 nM). All the experiments were performed in

a COY anaerobic chamber. The temperature was maintained at 30 °C during the measurements.

2. 3. Results and Discussion

2.3.1 Optimal experimental condition of electrode plate

To look for the best material for working electrode, there candidates, gold and carbon and

platinum were used to be working electrode. The result showed as Figure 2-2A, carbon
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electrode shows the higher current production, However, gold and platinum electrode showed
very low current production, which may be the toxic of metal for the bacteria, but the carbon is
more fit to form the biofilm for the bacteria. To further explore the electron donor
concentrations effect on the EET, here, different concentration lactate was used. The results
showed, there is big difference from 10 mM to 100 mM, which suggests the electron donor is

already sufficient at the 10 mM. (Figure 2-2B)
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Figure 2-2 Best condition of electrode plate material and lactate concentrations.

(A) current production of S. oneidensis MR1 under different working electrode. (B) Current

production of S. oneidensis MR1 with different lactate concentrations.
2.3.2 The stability of high throughput system

To evaluate the variation in the electrochemical signal from each well in a high-throughput
system, the same sample conditions were measured in a 96 well three-electrode screen-printed
electrochemical plate with our custom-made potentiostat. S. oneidensis MR-1 cells were filled
into all the wells at an OD of 0.5 in an electrolyte of 200 uL, and the electrode potential was
then poised at +200 mV (vs. Ag/AgCl) in the anaerobic chamber at 30 °C. A total of 95 out of
96 wells showed stable current generation without any significant noise (Figure 2-3A),
indicating that manufacturing the custom potentiostat did not noticeably limit the number of
effective channels. Each well showed almost identical time-current (I-T) profiles, where the
current production started with a steep rise and then gradually saturated. Given that scarce

current was produced in the absence of lactate as the sole electron donor (Figure 2-3A), the
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current production (I¢) in each well was attributable to the EET process associated with
metabolic lactate oxidation. Furthermore, the current production value and I-T profile were
almost identical to those of the well-established commercially available potentiostat (VMPS3;
Biologic) (Figure 2-4A and B), suggesting that potentiostatic conditions were achieved using
our custom-made potentiostat. At the end of the current measurement, the WE surface was
covered by MR-1 cells (Figure2-3B), similar to conventional BES reactors. (Patil et al., 2013;
Zhao et al., 2015) These results demonstrated that 96 well plates with Ag/AgCl printed RE were
stable during measurement, and I-T profiles for each well reflected the microbial activity on

the bioanode.

To quantify the variation in the data, we analyzed each time profile for the maximum
current production, slope, and curvature. No baseline correction was applied, as S. oneidensis
MR-1 cells were mixed in the electrolyte prior to addition to the electrochemical plate. Max I,
slope, and curvature had standard deviations of approximately 8.4, 11.6, and 18.4%,
respectively, whereas mean absolute percentage errors for each case were 6.7, 8.8, and 13.8%,
respectively (Figure 2-3C and D). While the maximum I has the lowest deviation percentage
from the mean, the other two also lie within the standard deviation, which is comparable with
previous high-throughput systems, with and without electrodes.(Matsui et al., 2018; Riba et al.,
2016) Thus, based on the data variation, our system demonstrated high reproducibility through

all wells in the 96 well plate.
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Figure 2-3 Low deviation current profiles in 96 well screen-printed electrochemical plate
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(A) Catalytic current profiles of microbial lactate oxidation by S. oneidensis MR-1 in 96
well screen-printed electrochemical plate poised at +200 mV (vs. Ag/AgCl). (B) S. oneidensis
MR-1 attached on the electrode surface observed by fluorescence microscopy. The arrows
indicate the bacterial cells. Scale bar is 5 um. (C and D) Statistical parameters for maximum
current production, slope, and curvature. Box and whiskers in Figure 2-3C represent mean *

SD and range (10-90%)
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Figure 2-4 Catalytic current profiles of microbial lactate oxidation by S. oneidensis MR-1

(A) current measured with our custom made potentiostat and (B) current measured with

commercially available potentiostat (VMP3; Biologic) at +200 mV (vs. Ag/AgCl).
2.3.3 The performance of high throughput system on mediators

Next, we compared the data for some key variables (poised potential, mediator type, and
concentration on Ic) with 120 different electrolytes and potentiostatic conditions in standalone
screen-printed 576 wells (Figure 2-5), using six 96 well electrochemical plates, with at least n
= 4 (n is the number of wells used for one condition) (Figure 2-6, and Figure 2-7A and 2-6D).
In all cases, I increased immediately upon poising the electrode potential. In the absence of
redox mediators, maximum I decreased at a more negative electrode potential, suggesting that
the biological effect of increasing I at negative potentials did not occur in our system (Figure
2-6 and Figure 2-7B).(Hirose et al., 2018) For S. oneidensis MR1, an increase in current
production with an increase in mediator concentration was observed for all redox mediators at
each electrode potential (Figure 2-6). For the positively poised electrode at +200 mV, flavins
and HNQ showed relatively large currents at low (1-10 uM) and high concentrations (100 pM),
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respectively This is consistent with the difference between the bound cofactor and electron
shuttling mechanism reported previously. (Akihiro Okamoto et al., 2013) AQDS showed the
least current enhancement among the four redox mediators. A more negative electrode potential
(=100 to =300 mV) resulted in a lower I for all tested mediators and concentrations. Meanwhile,
the impact of the decrease was substantial in the case of HNQ, as shown in Figure 2-6, a
reduction in current by seven times was observed when the poised potential was decreased
gradually from +200 mV to =300 mV. However, the I. decrease was only observed from —200
to —300 mV in riboflavin and FMN, suggesting that bound cofactors and redox shuttles have

different potential dependencies on the current production performance.
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Figure 2-6 Impact of redox mediators and electrode potential on current production. Time-
current profiles in the presence of redox mediators at different electrode potential and

concentration in S. oneidensis MR-1 and G. sulfurreducens PCA.
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Figure 2-7 Time-current profiles under different conditions for S. oneidensis MR-1 and

G. sulfurreducens PCA

(A) Time-current profiles in the presence of redox mediators at different electrode
potential and concentration in S. oneidensis MR-1. (B) Maximum current production by S.
oneidensis MR-1 without mediator addition at different electrode potential. Each data point is
average of max current from 24 wells. (C) A single time-current profile for RF and HNQ at

poised potential of +200 mV (vs. Ag/AgCl) indicating maximum current was achieved before
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12 hours for RF case. (D) Time-current profiles in the presence of redox mediators at different

electrode potential and concentration in G. sulfurreducens PCA.

For S. oneidensis MR1, A) one plate was checked by poising a single potential (vs.
Ag/AgCl) for two rows each ranging from +200 mV to —300 mV without the addition of any
external mediator. B) Four plates were tested by poising a single potential per plate with varying
mediator (RF, FMN, HNQ, AQDS) concentrations. For G. sulfurreducens PCA, C) Single plate
was used to study twenty-four conditions with varying potential (+200 —100, —200, and —300

mV) and RF concentrations (0, 100, 250, 500, 1000, and 5000 nM).

To analyze such differences in potential dependency among these redox mediators in detail,
we estimated the enhancement factor and its efficiency against the concentration of redox
mediators (Figure 4). In some cases, I did not reach its peak during the electrochemical assay
(Figure 2-7 C). Therefore, we evaluated the performance in terms of the current enhancement
factor using the maximum slope achieved in each case. The current enhancement factor was

calculated using the following relation:

Smax—Smax,ref

EF () = 1)

Smax,ref

where EF is the current enhancement factor, Smax is the maximum slope for each tested case
with different mediators and poised potentials, and Smax ref iS the maximum slope of the reference
cells without mediators at different poised potentials. The EF was then normalized to the added
mediator’s concentration to present the efficiency of each mediator molecule to enhance EET

using the relation:

Additives performance = % 2

where C is the concentration of mediators for each tested case. To plot additive performance
against electron potential or mediator concentration, we conducted Bayesian estimation.
Bayesian statistics were employed to explore the most efficient conditions, which were

determined by the balance between additive addition and current enhancement. The basic idea
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of optimizing a function f(x) is to determine x that maximizes f(x). In Bayesian
optimization, a regression model based on a Gaussian process (GP) is built for f(x) from a
dataset of observed x and f(x). In this study, X is a 2-D vector composed of the poised voltage
and the concentration of the mediator, and f(x) is the additive performance. In this study, a
scikit-learn library (i.e., sklearn Gaussian process regressor) was used to build a GP model and
a combination of three types of kernels (i.e., radial basis function, constant, and white kernels)
was employed as the GP kernel. From the mean and standard deviation of the GP posterior
predictive at x (u(x) and o(x), respectively), the most probable x that might give the
maximum value is estimated on the basis of an acquisition function. We used expected

improvement (EI) as the acquisition function, which is defined as the following formula:

(M) = f(X)max = OP(Z) + o(x)P(Z), o(x) >0

El(x) ={ 0, 6(x) = 0 (3)
where

_ UE)—f(X)max—§
7= — 4)

Here, ®(Z) and ¢&(Z) are the cumulative distribution function and the probability density
function of Z, respectively. The parameter & was introduced to tune the degree of trade-off
between exploration and exploitation. In this study, € was set at 0.01 of the standard deviation

of a dataset.

The EF profiles showed that, at lower mediator concentrations, RF and FMN exhibited
higher current enhancement than HNQ and AQDS (Figure 2-8). For flavins, the EFs did not
significantly vary with electrode potential at all concentrations (Figure 2-8A). High EF was
observed with HNQ and AQDS, specifically when both concentration and potential were both
high and positive (Figure 2-8B). These results demonstrate that the EFs show the overall
transition in the I-T profile under different conditions, as shown in Figure 2-7. The GP models
and corresponding Els are depicted for additive performance as 2D-heatmaps, as shown in
Figure 2-8C, with the optimized conditions for each mediator marked in these panels. The GP
models effectively integrate the data into a two-dimensional landscape, and the estimated

condition for the peak performance is consistent with raw data, except for the highest
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performance of HNQ at 1 uM concentration, which may be associated with the amplification
of error from the low current range. As shown in Figure 2-8C, a low (<10 uM) concentration
of RF was estimated for additive peak performance, and the peak potential ranged from +200
mV to -100 mV. In contrast, the peak performance was localized at positive potentials from
+150 mV to 0 mV and at HNQ concentrations greater than 50 pM. FMN and AQDS showed

similar tendencies to RF and HNQ, respectively (Figure 2-8C).
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Figure 2-8 Additive’s performance dependency on concentration and electrode potential for

redox mediators.

(A) Current enhancement for RF, FMN, HNQ, and AQDS additive concentration and poised
electrode potentials where enhancement factor was calculated using maximum slope against
base current without any additives. B) Gaussian process regression model for the RF, FMN,
HNQ, and AQDS additive performance against additive concentration and poised electrode
potentials. C) Heatmaps for the expected improvements in RF, FMN, HNQ, and AQDS additive

performance against additive concentration and poised electrode potentials.

The potential dependency of El at peak performance concentration for each mediator

showed that the EI functions of RF and FMN had one large peak and a shoulder, while those
51



of HNQ and AQDS had one peak (Figure 2-9), suggesting that the two redox reactions are
involved in current production in the presence of flavins. Given that the redox potentials of
bound RF and FMN, HNQ, and AQDS are closely located (Shi et al., 2012; Wu et al., 2014),
the peak and the shoulder at around -100 mV are most likely assignable to their redox reaction
with the electrode surface. Meanwhile, the main peak of flavins observed at -200 to -150 mV
may also be attributable to the bound flavin cofactors in the outer membrane cytochrome
(OMCs). Bound flavin cofactors in OMCs mediate the single-electron redox reaction to form a
semiquinone state (Sq); therefore, there are two types of redox reactions, oxidized (Ox) / Sq
and Sq / hydroquinone (Hg). While the Sg/Hg coupling redox reaction was reported to mediate
electron uptake from the electrode surface (Okamoto, Hashimoto, et al., 2014), the Sq/Hq
reaction may mediate anodic current production at a negative electrode potential, more so than

the Ox/Sq coupling reaction in MR-1.
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Figure 2-9 Cross section data of expected improvement (EI)

Expected improvement for each mediator (RF, FMN, HNQ, and AQDS) in the potential

direction at the point where the El of each mediator takes its maximum value.
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To examine the origin of I enhancement at the negative electrode potential in the presence
of flavins, we electrochemically analyzed the presence of Sg/Hg redox coupling using
differential pulse voltammetry (DPV) during potential poising at -200 mV at various RF
concentrations (Figure 2-10 and 2-9). We observed peaks at -460 and -30 mV vs. Ag/AgCl, and
the peak current increased with increasing RF concentration (Figure 2-10A). Plots of I and the
peak currents at -460 mV showed a linear correlation passing through the original point (Figure
2-10B), suggesting that both peaks are assignable to RF and the redox signal at -460 mV
attributable to RF mediates I. under -200 mV incubation condition. Accordingly, the linear
voltammetry measurement showed the onset potential of LSV started from around -0.6 V,
consistent with the onset of the RF peak at -460 mV (Figure 2-10C). When an excessive amount
of RF was added to detect the DPV signal of the free form, an additional peak at -430 mV was
detected. The half-peak width (Ewi/2) for the signals at -460 and -30 mV was approximately 130
mV, and Ewas, for -430 mV peak was approximately 50 mV, which is consistent with the one-
and two-electron flavin redox processes, suggesting that -460, -430, and -30 mV are Sq/Hq,
Ox/Hg, and Ox/Sq redox reactions, respectively. This assignment is in accordance with the
relative location potential for each redox couple, that is, the two-electron Ox/Hq peak is
between the two redox peaks for the single-electron redox reaction, and the observation that -
460 and -30 mV peak currents both increased with the added flavin concentration. Given that
the Sg/Hq redox couple was stabilized in OMCs under cathodic electrode conditions in MR-1
(Okamoto, Hashimoto, et al., 2014), we used a mutant strain lacking OMCs (domc-all). The
impact of gene deletion resulted in slight I, enhancement with increasing RF concentration. A
clear decrease in the LSV and DPV signals was attributable to electron flow mediated by Sqg/Hq
(Figure 2-10 C and D). These results further demonstrate that the Sq/Hq redox couple is the

main mechanism for I. enhancement under negative electrode poising conditions.
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Figure 2-10 Contribution of the EET pathway associated with RF as a bound cofactor with

OMCs formation in microbial current generation.

(A) DP voltammograms for WT measured at different RF concentration an hour after RF

addition (B) Plots of peak current at -460 from each DP voltammogram The squares of the

correlation coefficients were estimated by the addition of the point of origin to the obtained

data. (C) Linear Sweep Voltammetry for WT and Adomc-all at 10 uM RF. (D) DP

voltammogram for WT at excess addition of RF after incubation at —200 mV (vs. Ag/AgCl).

Inset: DP voltammogram for WT at excess addition of RF after incubation at —200 mV (vs.

Ag/AgCI).

54



2500 -
| —— Wild type i/
20004 AomcAll
< - L 2umRF {
£ 15004 v
£ i
Qo
= 1000
= !
O J
5004 L/
0 -/-I/—_ T T T F.'-rlr’/ 1
0 5 10 15 20 25 30
Time/h

Figure 2-11 Impact of mutant strain 4omc-all on microbial current production with RF

Time profiles of microbial current production (Ic) at an electrode potential of -200 mV (vs.
Ag/AgCI) at increasing RF concentration for MR-1 wild type (WT) and mutant strain lacking

genes encoding OMCs (domc-all).

In contrast, such tolerance for the negative electrode potential was not observed in G.
sulfurreducens, which is also capable of using riboflavin as a redox cofactor in c-type
cytochromes (Okamoto, Saito, et al., 2014). Current production was measured under the same
conditions as S. oneidensis MR-1, except for the electrolyte medium and concentration range
of riboflavin, because the dissociation constant of riboflavin for binding OMCs was 100 times
lower than that in S. oneidensis MR-1.(Jiang & Kappler, 2008; Tokunou et al., 2016) The effect
of RF addition was not significant, most likely because the riboflavin secreted or contained in
the medium was sufficiently higher than the Kd value. Meanwhile, I. was considerably
suppressed at more negative electrode potential than -0.1 V (Figure 2-6). Given that preculture
conditions are uniform and not physiological, the EET mechanism most likely caused an
immediate I decrease. Assuming that the low current production at a negative potential is
caused by the dissociation of riboflavin from OMCs, the interaction of OMCs with the
negatively poised electrode may change the binding affinity of RF to OMCs. These results

suggest that while the current production capability of G. sulfurreducens is higher than that of
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S. oneidensis MR-1 under positively poised conditions, S. oneidensis MR-1 is advantageous for
sustainability under conditions of anodic potential fluctuation with varying wastewater
conditions. In real wastewater treatment systems, the redox potential substantially changes
depending on the wastewater oxidation-reduction reactions. (Li & Bishop, 2004) For instance,
the redox potential of wastewater increases in the presence of strong oxidizing agents such as
hydrogen peroxide, or decreases in the presence of strong reducing agents such as sodium
bisulfite. (Higgins, 2008) The biological oxidation-reduction reactions such as nitrification,
denitrification, biological phosphorus removal, and the removal of biological oxygen demand
(carbon- and hydrogen-containing compounds) also dictate the redox potential conditions. Most
of these processes occur in the range of -300 mV to +200 mV, varying from anaerobic to aerobic
systems. (Goncharuk et al., 2010; Higgins, 2008) In this aspect, the tolerance to negative
electrode potential in MR-1 is important, as among the bacteria that power BESs, S. oneidensis
MR-1 species are widely studied for bioremediation and environmental energy recovery, owing
to their robust growth in both aerobic and anaerobic environments within a wide range of redox
potentials. (Lovley, 2006; Verma et al., 2021) However, the potential range advantage of S.
oneidensis MR-1 has not been highlighted. This study, which captured the landscape of varying
electrode potentials, not only identified the optimum additive conditions against the range of
potentials but also help elucidating mechanism in EET. This model will help real wastewater
systems to control the addition of current enhancement agents in varying redox potentials for

the maximum performance of BESs.

2.4 Conclusion

We demonstrated the utility of applying data science to complex bacteria and electrode
interactions by successfully developing a high-throughput and low-deviation electrochemical
platform that could generate a database with quality reaching a level to effectively utilize data
science. Two-dimensional landscapes of electrode potential and additive concentration
generated from Bayesian estimation were mostly consistent with the bound and diffusible

mechanisms in redox mediators, verifying that quality of database is sufficient to apply data
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science analysis. Furthermore, the uninvestigated region of electrode potential and mediator
concentration showed electron transfer mechanism via a bound flavin cofactor with a negatively
poised electrode surface, further validating the data base quality and provide the first example
of a electron transfer mechanism found by data science, highlighting the importance of the data
science approach for fundamental understanding of BES. By further combining with the other
data science model, our Bayesian estimation model may enable complex BES models to
improve the performance of practical systems. (Shahriari et al., 2016) Owing to the flexibility
of the electrolyte, potential poising, and electrode material, the present system can be extended
to many other applications in electromicrobiology—in not only microbial fuel cells but also
microbial electrosynthesis to develop carbon-neutral systems or metabolic activity sensor

technologies for antibiotic drug discovery. (Miran et al., 2021; Naradasu et al., 2020)
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Chapter 3 Enhancement of microbial current production by riboflavin
requires the reduced heme centers in outer membrane cytochromes in
Shewanella

3.1 Introduction

Certain microorganisms transfer metabolically generated electrons to extracellular solids,
such as iron and manganese, to terminate anaerobic respiration (Lovley & Phillips, 1988; Myers
& Nealson, 1988). The extracellular electron transfer (EET) mechanism has been studied to
improve the efficiency of bioremediation and bioenergy production and the understanding of
the cycling of biogeochemical minerals (Lloyd & Lovley, 2001; Logan & Rabaey, 2012; Shi et
al., 2016). One of the primary mechanisms for EET is associated with multi-heme protein c-
type cytochrome complexes across the outer membrane. The outer membrane cytochromes
(OMCs) have been identified in various electrogenic bacteria and investigated most well in
Shewanella oneidensis MR-1 and Geobacter sulfurreducens PCA (Deng et al., 2018; Shi et al.,
2016; Tanaka et al., 2018). Meanwhile, given the power efficiency of microbial fuel cell (MFC)
and the degradation of pollutants currently were limited by EET (Huang et al., 2022; Schréder,
2007), the mechanism for enhancing and maintaining the rate of EET via OMCs needs to be

investigated.

Self-secreted riboflavin (RF) and flavin mononucleotide enhance the EET rate via OMCs
at a few UM levels, comparable with ~100 uM redox mediators that shuttles between microbe
and electrode via diffusion-limited kinetics (Okamoto et al., 2013; A. Okamoto et al., 2014;
Akihiro Okamoto, Koichiro Saito, et al., 2014; Tokunou et al., 2019; Xu et al., 2016). Various
redox mediators have been used in S. oneidensis MR-1 to enhance the rate of EET via OMCs.
These molecules directly mediate electron transfer to the electrode surface as a non-covalent
cofactor in OMCs (Okamoto et al., 2013; A. Okamoto et al., 2014; Akihiro Okamoto, Koichiro
Saito, et al., 2014; Tokunou et al., 2019). Given the bound cofactor mechanism has been
demonstrated in S. oneidensis MR-1 and G. sulfurreducen PCA (Okamoto et al., 2013; A.
Okamoto et al., 2014; Akihiro Okamoto, Ryuhei Nakamura, et al., 2014; Akihiro Okamoto,
Koichiro Saito, et al., 2014; Tokunou et al., 2019; Xu et al., 2016), the contribution of the bound

cofactor mechanism with cell-secreted flavins should be critical for the power efficiency in
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mediator-less MFC. Accordingly, the deletion of gene bef a gene essential for flavin
biosynthesis can decrease the current production by 75% in S. oneidensis MR-1 (Kotloski &
Gralnick, 2013). However, the effect of flavins largely decreases upon the dissociation of the
bound cofactor from OMCs to be a soluble electron shuttle (Okamoto et al., 2013; A. Okamoto
et al., 2014; Akihiro Okamoto, Koichiro Saito, et al., 2014; Tokunou et al., 2019; Xu et al.,
2016). Therefore, identifying a critical factor to stabilize the bound flavin cofactor is critical

for the power efficiency and stability of mediator-less MFCs.

While the binding mechanism between flavin and OMCs has been investigated, essential
factors have been debated. The presence of lactate as an electron donor was vital for S.
oneidensis MR-1 to form the bound flavin semiquinone with OMCs (Okamoto et al., 2013). In
silico estimation using the crystal structure of a homologous protein with MtrC, a component
of OMCs, suggested the reduced state of heme stabilizes the flavin binding to OMCs (Breuer
et al., 2015; Hong & Pachter, 2016; Watanabe et al., 2017). These studies suggested that
electron input forms reduced heme centers to stabilize the bound flavin in the OMCs of S.
oneidensis MR-1. Meanwhile, a crystal of MtrC revealed that the CXsC disulfide motif is a
strictly conserved and oxidized heme centers stabilized the formation of bound flavin in
purified MtrC after the cleavage of the disulfide bond (Edwards et al., 2015). Therefore, the
contribution of the reduced heme center for MFCs performance remains under debate due to

the lack of methodology to monitor and control the heme redox state of OMCs in the intact cell.

Recently, we developed whole-cell circular dichroism (CD) spectroscopy to monitor the
inter heme interaction in MtrC (Tokunou et al., 2018; Tokunou & Okamoto, 2019). Because
the exciton coupling effect among ten heme centers is very strong, the molar CD coefficient
(A¢) is 100-fold higher than the other mono-heme cytochrome in S. oneidensis MR-1 (Tokunou
et al., 2018). The major CD signal from S. oneidensis MR-1 is assigned with MtrC by using a
mutant strain lacking the gene (Tokunou et al., 2018). Therefore, CD spectroscopy enables
monitoring of the oxidation state of the heme redox center, specifically in OMCs of an intact
cell. In the present study, we examined the effect of the heme oxidation state in OMCs on the
formation of bound flavin in situ during the current production of S. oneidensis MR-1. The

bound flavin cofactor in OMCs has been identified as a semiquinone state, which mediated a
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one-electron redox reaction. In contrast, the free RF mediates the two-electron redox reaction
(Okamoto et al., 2013; A. Okamoto et al., 2014). Given both semiquinone and free-flavin peaks
were identified by differential pulse voltammetry (DPV) in the previous work (Okamoto et al.,
2013; Xu et al., 2016), the formation of bound semiquinone can be monitored by a feasible
electrochemical method on a glass working electrode which was sprayed by Tin-doped In,0s
(ITO). We first examined with UV-Vis and CD spectroscopy whether the alternative electron
pathway dimethyl sulfoxide (DMSO) reductase or fumarate reductase FccA could alter the
oxidation state in heme centers of OMCs (Figure 3-1). Next, the effect of alternative electron
acceptors, DMSO and fumarate, was examined for the semiquinone formation during microbial
current production. We used six mutant strains to control the electron flow (Figure 3-1). The
present study gives the knowledge to identify factors that significantly suppress the power
density in MFCs, where power generation is limited by the rate of EET from electrogenic

bacteria, that have bound flavin cofactor mechanisms, such as Shewanella and Geobacter.
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3.2. Materials and Method

3.2.1 Cell preparation

S. oneidensis MR-1 wild type (WT) and mutant strains AcymA, APEC, Adms-all, Afccd,
AmtrC/omcA, and Aomc-all were cultured in Luria-Bertani (LB) medium with shaking
overnight under 30 °C, and then cells were washed with defined medium (DM; NaHCO3 [2.5
g], CaCl,-2H,0 [0.08 g], NH4CI [1.0 g], MgCl»-6H,0 [0.2 g], NaCl [10 g], HEPES [7.2 g], 0.5
g yeast extract, one liter ultrapure water) for two times, 6000 rpm 10 min for each time. Cell
numbers were adjusted to the appropriate concentration for the next experiment by measuring

optical density at A = 600 nm (ODsgo). Mutant strains were constructed as previously described

(Table 1).
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Table 1. Mutant strains used in this study

Strain Genes deleted Description Source
(Myers &
Wild type Nealson, 1988)

Tetraheme cytochrome c quinone ~ (Bretschgeret
AcymA S04591
oxidase al., 2007)

The periplasmic electron carriers:
SO1777, SO1782,
MtrA, MrtD, DmsE, SO4360, CctA
APEC S0O1427, SO4360,

(small periplasmic tetraheme (Coursolle &
S02277
Cytochrome) Gralnick, 2010)
The DMSO reductase operon (Roweetal.,
Adms-all S01427-S01432
(dmsEFABGH) 2018)
(Bretschger et
AfccA S00970 Fumarate reductase (FccA)
al., 2007)
Cell-surface decaheme (Bretschger et
AmtrC/lomcA  S0O1778, SO1779
cytochromes al., 2007)

S01778-S01782, All outer membrane multiheme (Bcking et
Aomc-all
S02931, S0O1659  cytochromes and their homologs al., 2010)

3.2.2 Electrochemical Measurements

Electrochemical measurement was carried out as previously described by a three-electrode
system single chamber (Okamoto et al., 2013). Tin-doped In,03 (ITO) sprayed glass (3.1 cm?,
and thickness 1.1 mm), Ag/AgCl (saturated KCI) and platinum wire were used as working

electrode (WE) reference electrode (RF) and counter electrode (CE), respectively. Five mL DM
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with 10 mM lactate (sole electron donor) (DML) as an electrolyte, and then N2 was purged for
30 mins in a sealed reactor. We kept the reactor temperature at 30 °C during the electrochemical
measurement. The WE was poised at the potential of +200 mV (vs. Ag/AgCIl KCI saturated).
During microbial current production (Ic) measurement, DPV was run using an automatic
polarization system (VMP3, BioLogic Company) from the initial potential of -800 mV to +500
mV, setting the pulses height, pulses width and step height as 50 mV, 300 ms, and 5 mV,
respectively. The DP voltammograms deconvolved and baseline subtracted by Qsoas

(Fourmond, 2016).

3.2.3 Absorption and CD spectrometry

The UV-Vis absorption and CD spectra of cell suspension samples were measured by
Shimadzu UV Probe MPC-2200 and J -1500 (JASCO), respectively. The CD spectra was
measured with 200 nm/min scan rate, 0.5 nm data pitch, 1.0 nm bandwidth, and 1 second digital
integration time. For decreasing the background noise from cell body scattering, integrating
sphere is used at the UV-Vis and CD spectrometry. Cells with ODsggo = 1.3 £ 0.02 were purged
nitrogen in a sealed cuvette for 20 min to keep heme reduced state in the DM, which contains
30 mM lactate as previously described (Long & Okamoto, 2021; Tokunou & Okamoto, 2019).
Then, the different concentrations of fumarate or DMSO (oxygen removed) were added to the

cuvette to measure UV-Vis absorption and CD spectrometry.

3.2.4 Scanning electron microscopy (SEM)

The supernatant was removed from the ITO electrode after electrochemical measurement
from the reactor. The electrode was washed with PBS, and then 2.5% glutaraldehyde was used
to chemically fix the cells. Subsequently, ethanol gradients (25%, 50%, 75%, and 100%) were
used for dehydration. Further, the t-butanol was used to treat the cell two times before freeze-
dried under a vacuum. The sample was then coated with evaporated platinum for SEM

observation with the Keyence VE-9800 microscope.
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3.3 Results and Discussion

3.3.1 Whole-cell CD spectroscopy to monitor the effect of soluble electron acceptors on
the heme oxidation state in OMCs

We first examined whether the activation of an alternative electron transport pathway
could oxidize heme redox centers in an intact cell (Figure 3-1). Given reduced and oxidized
heme in c-type cytochromes have the Soret band at 420 and 410 nm, respectively, we examined
the peak position in the presence and absence of fumarate in the whole-cell UV-Vis absorption
spectroscopy. While the Soret band was observed at 419 nm in the presence of 30 mM lactate,
the addition of 40 mM fumarate caused a significant shift to 413 nm (Figure 3-2A). 5 mM
DMSO caused only a slight shift to 418 nm, indicating 40 mM fumarate oxidized more heme
centers than 5 mM DMSO in S. oneidensis MR-1 (Figure 3- 2B). In contrast, fumarate and
DMSO showed no effect on the mutant strain AfccA and Adms-all, respectively (Figure 3-2C
and D), suggesting the activation of fumarate and DMSO reduction pathway oxidizes heme

centers partially in an intact cell even in the presence of lactate.

Next, to examine the impact of fumarate addition on the heme oxidation state in OMCs,
whole-cell CD spectroscopy was performed with intact cells. As previously demonstrated, CD
spectrometry has a high sensitivity to MtrC, due to the strong exciton coupling among the heme
centers, MtrC has 100-fold higher molar CD than mono-heme cytochrome (Tokunou et al.,
2018; Tokunou & Okamoto, 2019). Consistent with the previous report, the whole-cell reduced
CD peak appears at 421 nm and 412 nm (black line), and the oxidized peak position is 417 nm
after adding fumarate (blue line) (Figure 3-3A). However, the mutant strain Aomc-all shows no
peak at 421 nm, even though the peak position did not change after adding fumarate (Figure 3-
3B). The same tendency was observed for DMSO in whole-cell CD spectra of WT and Aomc-
all (Figure 3-3D and 3-3E). These results suggest that the peak shift observed in WT was

attributed to the oxidation of OMCs.

To quantify the effect of fumarate and DMSO, we excluded other cytochromes effects to
better characterize the OMCs signal by subtracting the CD spectrum of mutant strain Aomc-all

from that of WT for each substrate’s condition. As shown in Figure 3-2E, the difference in the
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CD spectrum showed a single peak at 420 nm in S. oneidensis MR-1 with lactate, upon the
addition of fumarate, the peak shifted to 415 nm with intensity decrease in WT, but such a shift
was not observed in AfccA. We also observed a quick peak shift and intensity decrease
associated with fumarate concentration increase even less than 1 mM in WT but not in AfccA
(Figure 3-2F, Figure 3-3A). These results strongly suggest that heme centers in OMCs are
oxidized by fumarate even in the presence of lactate. Consistent with UV-Vis spectroscopy,
significant but less extent of CD signal change was observed with DMSO in WT, but, even less
than 5 mM of DMSO quickly decreases the peak intensity, it was not observed in Adms-all
(Figure 3-2G and 3-2H). We also confirmed that fumarate and DMSO do not affect the whole-
cell spectra at mutant strain AfccA and Adms-all, respectively (Figure 3-3C and 3-3F),
demonstrating that the activation of these alternative electron pathways oxidizes heme centers
in OMCs and even low concentration of alternative electron acceptors significantly impact the
heme oxidation state in OMCs. These results confirmed that the addition of fumarate and

DMSO oxidizes the heme redox center in OMCs, even in the absence of an oxidative electrode.

_ Fumarate

Succinate

— DMS Outer membrane
Electrode

Figure 3-1 Schematic of three pathways for electron flow from the inner membrane to

electron acceptors in S. oneidensis MR-1.
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Fumarate reduction to succinate by FccA (a), extracellular transfer via MtrCAB-OmcA
complex (b), and the reduction of dimethyl sulfoxide (DMSO) to dimethyl sulfide (DMS) by
DmsE and DmsABF complex (c) terminate the respiratory electron transport chain from

tetraheme cytochrome c quinone oxidase (CymA) in the inner membrane.
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Figure 3-2 OMCs redox state measurement of wild type (WT), AfccA and Adms-all

UV-Vis spectra of OMCs in the presence/absence of fumarate (A) and dimethyl sulfoxide
(DMSO) (B) in the WT. (C) UV-Vis spectra of OMCs with and without fumarate in the strain
AfccA. (D) UV-Vis spectra of OMCs with and without DMSO in the strain Adms-all. (E)
Difference circular dichroism (CD) spectra of WT and AfccA subtracted by Aomc-all in the
presence (WT, red and AfccA, blue) and absence (black) of 40 mM fumarate. (F) The CD
spectra peak intensity of OMCs in the presence of different fumarate concentrations in the WT
(black) and AfccA (red). (G) Difference CD spectra of WT and Adms-all subtracted by Aomc-
all in the presence (WT, red and Adms-all, blue) and absence (black) of DMSO. (H) CD spectra
peak intensity of OMCs in the presence of different DMSO concentrations in the WT (black)

and Adms-all (red). Representative data are shown from three independent experiments.
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Figure 3-3 Redox state of wild type (WT) Aomc-all Admsall and AfccA in the presence of

dimethyl sulfoxide (DMSO) and fumarate

Circular dichroism (CD) measurement of WT (A) Aomc-all (B) and AfccA (C) in the
presence of fumarate. CD measurement of WT (D) Aomc-all (E) and Adms-all (F) in the

presence of DMSO.

3.3.2 The effect of oxidizing heme centers in OMCs on the current enhancement by RF

Given fumarate has a stronger effect on oxidizing heme centers in OMCs than DMSO, we
first examined the effect of heme oxidation on flavin binding to OMCs by using fumarate. We
cultured the biofilm of S. oneidensis MR-1 at the poised potential of +200 mV (vs. Ag/AgCl
KCl saturated). Subsequently, supernatant solution was removed carefully with the syringe, and
the fresh nitrogen-purged DML containing 40 mM fumarate or 5mM DMSO was gently
injected to the electrochemical rector under an anaerobic condition. The I, from WT MR-1 was
measured in the presence of 10 mM lactate at a poised potential of +200 mV (vs. Ag/AgCl KCI
saturated). In the presence of 40 mM fumarate, the I showed three times less than that in the
absence of fumarate (Figure 3-4A). This is consistent with spectroscopic data, where the
activation of the fumarate reduction pathway diverted electron flux from OMCs to FccA. We

next introduced RF to compare the enhancement factor of RF on the Ic. High concentration of
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exogenous flavin (>10 uM) can enhance the EET process by electron-shuttling mechanism,
here, 8 uM RF was used as the cofactor for cytochromes via a one-electron redox reaction
(Tokunou et al., 2019). While 8 uM RF steeply increased the I in the WT without fumarate,
RF addition did not increase I. in the presence of fumarate in the WT (Figure 3-4A), indicating
that the presence of fumarate fully suppressed the rate enhancement effect on EET by bound

RF in OMCs.

To examine whether the flavin binds to the OMCs in a semiquinone state in the presence
of fumarate, the in-situ redox property of RF was examined by DPV. Oxidative peaks at -160
and -50 mV were observed as previously reported in the absence of fumarate upon
deconvoluting two peaks which were assignable to the bound flavin cofactor and OMCs,
respectively (Figure 3-4B). In the presence of fumarate, the peak at -160 mV was not observed,
and a peak appeared only at -390 mV (Figure 3-4C), indicating that the presence of fumarate
suppressed the formation of the bound flavin cofactor in OMCs. The peak of the bound flavin
at -160 mV was observed in AfccA even with fumarate (Figure 3-4D), suggesting that the
fumarate itself does not directly interact with flavin binding site in OMCs, but the oxidation of

OMCs suppressed the bound flavin formation.

To further confirm this conclusion, we next examined the assignment of the negative redox
peak at -390 mV observed in the presence of both RF and fumarate (Figure 3-4C). The peak at
-390 mV was not observed in the absence of 8 UM RF (Figure 3-5). Therefore, the peak is
assignable to the redox reaction of RF. Because fumarate reduction consumes two protons,
proton concentration at the electrode surface should be decreased, which negatively shifts the
free RF peak at -220 mV. Accordingly, the redox peak shifted to -210 mV after 12 hours (Figure
3-4C inset), when the depletion of fumarate gradually increased the I.. To examine the
assignment of the negative redox peak at -390 mV, we used the mutant strain AmtrC/omcA
lacking RF binding site in OMCs but consumes lactate. The mutant strain AmtrC/omcA showed
a large negative RF peak shift from -220 mV (without fumarate) (Figure 3-4E inset) to -350
mV (with fumarate) (Figure 3-4E), while no shift of peak potential was observed in the absence
of bacteria (Figure 3-6A and 3-6B). The slightly negative shift (-390 mV to -350 mV) in the

presence of fumarate may be caused by the lower metabolic activity of AmtrC/omcA than WT.
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Therefore, these results strongly suggest that -390 mV is assignable to free RF but not bound
RF. Meanwhile, the bulk pH did not change during the experiments due to buffering effect from
HEPES. Therefore, these data suggest that microbial fumarate reduction increased the pH

locally at the electrode surface.

In addition to the oxidative peak at -390 mV, the peak at -50 mV was not observed in
Figure 3C. Because the peak was previously attributed to OMCs on the cell surface, the absence
of a peak may be due to cellular detachment from the electrode surface. However, even after
the addition of fumarate, the cellular attachment was confirmed by scanning electron
microscopy (SEM) (Figure 3-7). Therefore, the disappearance of the OMCs signal also may be

due to the pH change at the electrode surface associated with fumarate reduction.
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Figure 3-4 Oxidative hemes in OMCs inhibit the rate enhancement of EET by riboflavin

(RF) in the presence of fumarate (1.5-column)

(A) Current production of wild type (WT) with/without fumarate, and AfccA with fumarate.
Black and blue arrows present the addition of 8 uM RF and differential pulse voltammetry
(DPV), respectively. Differential pulse (DP) voltammograms of WT in the absence of fumarate
(B) and the presence of fumarate (C) and after adding fumarate for 12 hours (C inset). (D) DP
voltammograms of mutant strain AfccA in the presence and absence of fumarate. (E) DP
voltammograms for RF in the defined medium with AmtrC/omcA in the presence and absence

of fumarate (inset). Representative data are shown from three independent experiments.
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Figure 3-5 Redox property of S. oneidensis MR-1 biofilm

DP voltammograms for S. oneidensis MR-1 biofilm in the presence of fumarate without

riboflavin.
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Figure 3-6 Redox property of free riboflavin.

(A) Differential pulse voltammetry (DPV) for riboflavin (RF) in the defined medium. (B)

DPV for RF with fumarate in the defined medium.
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Control Fumarate DMSO

Figure 3-7 Biofilms of S. oneidensis MR-1 (A), and the addition of fumarate (B) and the
addition of dimethyl sulfoxide (DMSQO) (C).

We next confirm the significant effect of low concentration fumarate on the microbial
current production. As shown in Figure 3-8A, while I was increased immediately after adding
8 UM RF in the absence of fumarate, even 1 and 2 mM fumarate almost completely suppressed
the I enhancement effect of RF for hours (Figure 3-8A red and blue line). Subsequently, I¢
gradually increased and reached the same level with that in the absence of fumarate, which may
be caused by the depletion of fumarate. Consistent with the peak shift of flavin observed in the
presence of 40 mM (Fig 3-4C), the DP voltammograms also showed a peak at -360 mV during
the suppressed I enhancement by RF (Fig 3-8). In contrast, when I recovered, the peak shifted
to the potential assignable to semiquinone in OMCs (Figure 3-8C). These results show that
even the low concentration of fumarate significantly decrease I. enhancement with RF by the

impairing the semiquinone formation in OMCs.
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Figure 3-8 Oxidative hemes in OMCs inhibit the rate enhancement of EET by riboflavin

(RF) in the presence of different concentrations of fumarate in the wild type

(A) Current production of wild type (WT) in different concentrations of fumarate. Black and
blue arrows present the addition of 8 UM RF and differential pulse voltammetry (DPV),

respectively. Differential pulse (DP) voltammograms of WT at points a, b and ¢ with 1 mM
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fumarate (B) and 2 mM fumarate (C). Representative data are shown from three independent

experiments.

We next examined the effect of activating the DMSO reduction pathway for the formation
of the bound flavin cofactor in OMCs. The presence of DMSO decreases I in the presence of
10 mM lactate at +200 mV (vs. Ag/AgCI KCI saturated) as observed with fumarate (Figure 3-
9A). Consistent with the lower extent of heme oxidation in OMCs by DMSO than fumarate in
the spectroscopic observations, Ic gradually increased upon the flavin addition within 6 hours.
In the differential pulse voltammograms, three peaks were observed which had different peak
positions compared with the bound flavin and OMC:s in the absence of DMSO (Figure 3-9B).
After 6 hours, the I with DMSO reached a comparable level with that without DMSO,
suggesting that DMSO was consumed, and the peak position became identical with those in the
absence of DMSO (Figure 3-4B), demonstrating flavin binds to OMCs without the activation
of DMSO reduction pathway (Figure 3-9C). These data suggest that the activation of the DMSO
reduction pathway to oxidize OMCs suppressed the bound flavin cofactor formation as with

fumarate.

Three peaks at -340, -190, and 0 mV were observed in differential pulse voltammograms
in the presence of DMSO during Ic measurements, and only the -340 mV peak was more
negative than the free flavin peak at -220 mV in our medium condition. Given pH that on the
electrode surface should increase with DMSO reduction as in the presence of fumarate, the
peak at -340 mV may be assignable to the free flavin peak. To confirm the peak shift of free
flavin in the presence of DMSO, we again used the mutant strain AmtrC/omcA. The RF redox
potential appeared at -280 mV with mutant strain Am#rC/omcA in the presence of DMSO, which
is 60 mV more negative than that of the peak position in the absence of DMSO (Figure 3-9D).
The less peak shift of RF with DMSO compared with fumarate suggests that the rate of DMSO
reduction is slower than fumarate reduction. Also, the lower metabolic activity of AmtrC/omcA
than WT may limit the extent of the potential shift to less than that observed in WT. The peak
at -190 mV may be assignable to bound RF because the impact of pH increase on the redox
potential (Tokunou et al., 2019). However, the peak current decreased by more than 50%

compared with that in the absence of DMSO (Figure 3-9B and 3-9C). A slight decrease in the
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number of bacteria attached on the electrode does not explain the significant decrease in peak
current (Figure 3-7C). We also confirmed that the presence of DMSO did not have any impact
on the peak position in Adms-all (Figure 3-9E). These results strongly suggest that the oxidation
of the heme center in OMCs resulted in less bound RF to OMCs and free flavin formation,

supporting the conclusion from the fumarate experiments.
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Figure 3-9 Oxidative hemes in OMCs inhibit the rate enhancement of EET by riboflavin

(RF) in the presence of dimethyl sulfoxide (DMSO) (1.5-column)

(A) Current production of wild type (WT) with/without DMSO and Adms-all with DMSO.
Black and blue arrows present the addition of 8 uM RF and differential pulse voltammetry
(DPV), respectively. (B) and (C) DP voltammograms at the points a and b in WT with DMSO.
(D) Differential pulse voltammograms for RF in the defined medium with AmtrC/omcA in the
presence of DMSQO. (E) DP voltammograms at the points a and b in the strain Adms-all with

DMSO. Representative data are shown from three independent experiments.
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3.3.3 Effect of deleting electron transport pathway to OMCs on flavocytochrome formation

To further confirm the effect of reduced hemes in OMCs on the bound flavin formation,
we used mutants AcymA and APEC to cut a pathway for donating respiratory electrons through
MtrCAB-omcA. As reported before, I of AcymA and APEC was significantly less than the WT
strain (Figure 3-10A inset), indicating that electron flow to OMCs is suppressed in AcymA and
APEC (Figure 3-1). RF did not show I increment for AcymA and APEC (Figure 3-10A, red and
blue line). To examine whether the defect of I enhancement by RF addition effect is associated
with the formation of bound RF in OMCs or not in AcymA and APEC, DPV and peak
deconvolution analysis were carried out in the presence of 8 UM RF among three strains. As
expected, AcymA and APEC did not show the oxidative peak at -160 mV of the bound flavin
compared with WT, but it is at -225+5 mV which was assignable to the free flavin according
to the previous results (Figure 3-10B-D). Furthermore, the peak width of -160 mV and -225+5
mV peak was 150 mV and 70 mV, indicating that RF mediated 1- and 2-electron redox reaction,
respectively. These results strongly suggest that the formation of one-electron reduced
semiquinone formation did not occur in AcymA and APEC. In addition to peaks assignable to
RF, a peak at -50 mV was observed in all three strains, attributable to the oxidation of heme
centers in OMCs. Because the potential sweep was negative to positive, these heme centers
were supposedly fully reduced in OMCs by electrode when DPV started. The oxidative peak
area reflects the number of heme centers in each strain’s OMCs. Peak current was roughly
comparable at -50 mV among the three strains, suggesting that the concentration of OMCs on
the electrode may not explain the disability of AcymA and APEC to form bound semiquinone
cofactor in OMCs. Meanwhile, the half-peak width in APEC was significantly lower than WT
and AcymA. Periplasmic cytochromes might contribute to the oxidative peak at -50 mV in WT

and AcymA in addition to OMC:s.
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Figure 3-10 The effect of AcymA and APEC on the rate enhancement effect by the bound

riboflavin (RF) cofactor in OMCs (1-column)

(A) Current production of wild type (WT) and mutant strains AcymA and APEC in the
presence of 8 UM RF. Black and blue arrows present the addition of 8 uM RF and differential
pulse voltammetry (DPV), respectively. Differential pulse voltammograms of WT (B) and
AcymA (C) APEC (D) in the presence of 8 UM RF. Representative data are shown from three

independent experiments.
3.3.4. Discussion

While the importance of flavins for microbial current generation in mediator-less MFCs
has been known for a while, how flavins can sustain their remarkable enhancement effect has
been unknown. Given the binding of flavins to OMCs as a semiquinone cofactor is critical for
the rate enhancement of EET, identifying a factor for controlling the binding affinity is essential.
However, direct investigation of the small molecule binding to the cell-surface proteins under

the current-producing conditions has been a challenge. In the present study, we combined UV-
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Vis and CD spectroscopy with electrochemical analysis to study the contribution of the heme
oxidation state on the flavin binding in OMCs. The oxidation state of hemes, specifically in
OMCs, was monitored by the difference of CD signal where the spectrum of Aomc-all was
subtracted from that of WT. Alternative electron acceptors fumarate and DMSO partially
oxidized the hemes in OMCs by diverting the electron pathway from OMCs (Figure 2). In
whole-cell electrochemistry, the effect of RF on the enhancement of microbial current
production became negligible, and differential pulse voltammetry did not detect the bound
flavin cofactor in OMCs upon the oxidation of OMCs (Figure 3 4 and 5). However, the mutant
strain lacking the reductase for fumarate or DMSO recovered both the current production and
the bound cofactor formation. Additionally, cutting the electron flow to OMCs in AcymA and
APEC resulted in the scarce formation of the bound flavin (Figure 6). These results demonstrate
that the reduced state of hemes is critical to stabilizing the bound flavin cofactor in OMCs. The
conclusion follows the previous observation that lactate is necessary for the semiquinone

formation in S. oneidensis MR-1 (Okamoto et al., 2013).

Deca-heme protein outer membrane cytochromes MtrC and OmcA form OMCs with MtrA
by transmembrane barrel protein MtrB, which constructs an aisle for transferring electrons to
the outside of cells. The crystal structures of the MtrCAB complex, MtrC, OmcA, and
homologous protein MtrF were recently identified. Based on the crystal structure, authentic
physicochemical electron transport energetics for electron conduction through redox heme
centers have been extensively studied. In silico estimation using the crystal structure of MtrF,
the redox potential of the terminal heme in the oxidized state is close to that of flavin, which is
more positive than that of the reduced state, so flavin is more likely to bind to the reduced flavin
for electron transfer (Watanabe et al., 2017). In addition, it was found that the Gibbs free energy
of the oxidized OMCs binding to flavin is higher through molecular docking (Hong & Pachter,

2016), thermodynamically, the flavin binds more easily to the reduced OMCs (Figure 3-11).
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Figure 3-11 Electron transfer pathway in the oxidized and reduced MtrC with riboflavin

(RF) binding

Electron transfer paths in MtrC simulated according to MtrF. The black arrow and red
arrow indicated the reduced and oxidized heme electron flow, respectively. Brown cycles
represent the binding site and binding energy of RF (black and red represent the binding energy

of reduced and oxidized state MtrC with RF).

In addition to reduced heme centers, the well conserved structure of the CXgC disulfide
bond in MtrC was shown to be critical for flavin binding in MtrC and OmcA (Edwards et al.,
2015). Edward, M. J. et al. demonstrated that the specific cleavage of disulfide bond stabilizes
the bound flavin in purified MtrC and OmcA with oxidized heme centers. Meanwhile, the
impact of heme reduction was not examined with disulfide bonds in MtrC and OmcA. In the
present study, the hemes in OMCs were oxidized under anaerobic conditions. Because the
redox of the disulfide bond was independent from the oxidation state of heme in purified MtrC,
the fumarate or DMSO addition specifically oxidized the hemes in OMCs but not the two thiol
groups of the reduced cysteines to recover the disulfide bond. Therefore, the observed flavin
dissociation from the oxidized OMCs after the cleavage of a disulfide bond in the present study
conflicts with the report with purified MtrC. The difference may be explainable by the structural

difference of MtrC in an intact cell and purified state, due to the membrane or protein-protein
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effects (Hunte & Richers, 2008; Levental & Lyman, 2022). The OMCs are flexible in structure,
and the molar CD signal of MtrC is significantly altered in an intact cell (Johs et al., 2010;
Tokunou et al., 2018). Alternatively, RF may weakly bound to MtrC not as semiquinone but as
hydroquinone state to shuttle electrons in purified MtrC without a disulfide bond, as previously

speculated.

Fumarate showed a stronger ability to oxidize OMCs than DMSO in both spectroscopy
and electrochemistry. However, fumarate reductase to generate succinate has more negative
redox potential than DMSO reductase (Kracke et al., 2015). The electron transport pathway in
the periplasmic space has been investigated using gene editing, NMR and small-angle neutron
scattering extensively (Alves et al., 2015; Edwards et al., 2018; Fonseca et al., 2013; Schuetz
etal., 2009). While the FccA protein can exchange electrons with even MtrA, DMSO reductase
bound to the outer membrane needs some electron transfer intervals for receiving an electron
from OMCs. Therefore, a potential explanation is that fumarate is more kinetically prone to act

as an electron acceptor because FccA is closer to the CymA (Figure 3-1).

For sustaining the high EET efficiency, mediators were used to enhance the electron
transfer, flavin secreted by bacteria is a natural and non-toxic mediator of increasing the power
generation in the mediator-less MFCs. If electron acceptors like fumarate or DMSO
contaminate in MFCs, these not only compete for electrons with the anode but also promote
the dissociation of the bound flavin cofactor even at less than 1 mM concentration (Figure 3-
2F and H), resulting in the significant decrease in the power density of MFCs. Except for the
electron acceptor which comes from the working environment, electron acceptors produced by
the cell itself should also be taken into account. Fumarate can be synthesized by some biological
processes during cell metabolism, suggesting that the fumarate synthesis pathway should be
properly inhibited to enhance power output in MFCs. Given sufficient electron flow across
OMC:s is necessary for flavin binding, the stable flow of sufficient electron donors is essential

for maintaining highly effective power output (Heilmann & Logan, 2006; Kim et al., 2003).
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3.4. Conclusion

The present study shows that the reduced hemes are essential for OMCs to sustain high
current efficiency via the bound flavin mechanism. Even less than 1 mM of fumarate or DMSO
significantly oxidizes the hemes in the OMCs, indicating that the presence of an alternative
electron acceptor could suppress the power generation even more than the stoichiometric ratio.
A similar mechanism may control the affinity of RF to OMCs in G. sulfurreducens PCA.
Therefore, the importance of deactivating alternative electron transport pathways would be a
general strategy to sustain the critical effect of redox mediators in MFCs. Furthermore, the CD
spectroscopy to monitor the oxidation state of OMCs in an intact cell would facilitate the
exploration of the method to keep the reduced hemes in OMCs even in the presence of other

electron acceptors.
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Chapter 4 Cell membrane potential controls binding effect between flavin and
membrane cytochromes in the Shewanella oneidensis MR-1

4.1 Introduction

Extracellular electron transfer (EET) is a typical way for dissimilatory metal-reducing bacteria
to obtain energy from environment minerals and sediment by anaerobic respiration, which was
assumed to facilitate geochemical element cycle, bioremediation and clean energy generation(Lovley,
2011; Shi et al., 2016; Zhou et al., 2022). A well-studied electrochemically active model bacteria is

Shewanella oneidensis MR-1 (Ikeda et al., 2021; Myers & Nealson, 1988). Three ways include outer

membrane C-type cytochrome, nanowires, and redox mediators were used for S.onerdensis MR-1 to

transfer electrons toward extracellular (Marsili et al., 2008; Pirbadian et al., 2014; Reguera et al.,
2005; Shi et al., 2009). C-type cytochrome is a multi-heme aliments protein, which is responsible for
electron transport reactions, especially in the bacteria membrane and mitochondria respiratory chains
(Anraku, 1988; Hartshorne et al., 2007). Transmembrane cytochromes MtrCAB complex is employed

by S.oneidensis MR-1 for transferring electrons across the insulated cell outer membrane. The porin

protein MtrB sheaths ten hemes protein MtrA crossing the outer membrane while became MtrC
localized to the outer membrane, another became C-type cytochromes OmcA expressed on the outer
membrane nearby MtrC for electron transport as well (Edwards et al., 2020; Shi et al., 2006).
Bacterial secreted quinone compound flavin is involved in the bacterial EET process, it exhibits
a brilliant effect on electron transport, not only EET but also extracellular electron uptake. Current
production could be improved 10 times in the presence of micromolar amounts of flavin. The
existence of flavin drives bacterial metabolism and elemental circulation greatly (Marsili et al., 2008;
A. Okamoto et al., 2014; Okamoto et al., 2013). Mechanisms of flavin increased current production

could be attributed to the interaction between flavin and outer membrane cytochromes (OMCs).

Riboflavin (RF) and flavin mononucleotide (FMN) secreted by S.onerdensis MR-1 have been proven

to enhance EET by binding with OmcA and MtrC respectively (Okamoto et al., 2013; Akihiro
Okamoto et al., 2014). The redox potential of bound flavin shifted from -260mv to -145mv compared
with free flavin, besides, the redox peak of flavin and outer membrane cytochromes fusion to one
peak, which strongly suggested flavin could be as outer membrane cytochromes cofactor to enhance
current production. Instead of a two-electron redox reaction model in free flavin, the bound flavin

transfer electron by one-electron redox reaction via forming semiquinone (Okamoto et al., 2013).

91



Molecular docking simulations show flavin can access the heme center of OMCs, it has a 5.8 A
distance between RF and heme 5 of OmcA, besides, FMN bound MtrC with a 7 A distance with heme
7 (Babanova et al., 2017). Flavin exerts a high enhancement effect by binding with outer membrane
cytochromes which were proved by experimental investigation and computational simulation. Factors
that influence flavin binding with outer membrane cytochromes are still poorly understood.

A reversible transition state of flavin interacted with outer membrane cytochromes was
controlled by a conserved redox-active disulfide, which was influenced by the oxygen as well
(Edwards et al., 2015; Akihiro Okamoto et al., 2014). However, there is a transient interaction
between the purified outer membrane cytochrome and FMN (Paquete et al., 2014), the reduced state
of purified outer membrane cytochromes has a low binding affinity with flavin compared with intact
cells which were in the anaerobic condition, which strongly indicated the redox state of OMCs affects
binding affinity of OMCs with flavin. Furthermore, the electron flux controls OMC’s redox state has
been proved in physiological conditions, in addition, flavin binding with OMCs was inhibited in the
absence of lactate, which proved the electron flux is important for stabilizing bound flavin due to the
redox state of heme (Okamoto et al., 2013).

Recently, a study showed membrane potential changes as the electron flux. During the EET
process, electrons and protons are transferred to the periplasm, subsequently, electrons were
transported to the extracellular. As the electron flux increases, more protons were accumulated in the
periplasm, which results in membrane hyperpolarization. The membrane potential probe thioflavin T
(Tht) can be accumulated on the inside of the membrane due to hyperpolarization (Pirbadian et al.,
2020; Prindle et al., 2015). The hyperpolarization of the inner membrane was attributed to the proton
translocation which resulted from the quinone cycling by the inner-membrane-anchored c-type
cytochrome CymA redox loop. Besides, the proton pump NADH dehydrogenases Nuo play a vital
role in the hyperpolarization of the membrane when high potential electron acceptors were utilized in
the S.oneidensis MR-1. The electron from the CymA was transferred to the extracellular electron
acceptor, which suggests electron flow is important for membrane potential formation (Kane et al.,
2016; Madsen & TerAvest, 2019).

While the membrane potential has been considered for the inner membrane only, some evidence
suggests proton localization in the periplasmic space as well during EET. Under the anaerobic
condition, substrate-level phosphorylation is dedicated to the production of ATP rather than F-type
ATPase in the S.oneidensis, which suggested the proton should be localized in the periplasm (Hunt et
al., 2010; Tokunou et al., 2015). As the proton was transferred into the periplasm, which not only

cause the inner membrane to hyperpolarize but also limits the electron transport to extracellular. Due
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to the same amount of electrons and protons produced by the NADH dehydrogenase, the proton
transfer rate should be the same as electron transfer, however, the proton diffusion ratio across the
outer membrane is five thousand-folds less than the electron flux, so that, excessive protons are
accumulated in the periplasm, which results in the limitation of EET by the proton transfer (Okamoto
et al., 2017; Okamoto et al., 2016). Those pieces of evidence strongly indicate that inner membrane
hyperpolarization and depolarization can affect the EET process.

The electron flux affects the formation of flavoprotein complexes, which may be caused by the
redox state of heme in the outer membrane cytochromes. Although the electron flux exists, the binding
between OMCs and flavin still was decreased in the presence of low concentrations of CCCP. As
CCCP is a membrane potential disruptor, herein, the membrane potential change was assumed as the
reason which affects the flavin bind with OMC:s. In the present study, we demonstrate the relationship
between membrane potential and the binding affinity of flavin with outer membrane cytochromes.
The whole intact cell was used to carry out the electrochemical measurement, the evidence shows
membrane hyperpolarization could enhance binding affinity between flavin and outer membrane
cytochromes, which bridges the gap between microbial electrochemistry and microbial

electrophysiology.

4.2 Materials and Methods

4.2.1 Cell preparation

S. oneidensis MR-1 was cultured in Luria-Bertani (LB) medium with shaking overnight under
30°C, and then cells were washed with defined medium (DM; NaHCO:; [2.5 g], CaCl,-2H,0 [0.08 g],
NH4Cl [1.0 g], MgCl,-6H,0 [0.2 g], NaCl [10 g], [HEPES; 7.2 g], 0.5 g yeast extract) for 2 times,
6000 rpm 10min for each time, cell numbers were adjusted to the appropriate concentration for next

experiment by measuring ODso.

4.2.2 Electrochemical Measurements

Electrochemical measurement was carried out by a three-electrode system single chamber, Tin-
doped In203 (ITO) sprayed glass (3.1 cm?, and thickness 1.1 mm) Ag/AgCl (sat. KCl) and platinum
wire was used as working electrode (WE) reference electrode (RF) and counter electrode (CE),
respectively. 5 mL DML (DM with 10 mM lactate) was added to the reactor as an electrolyte and then
N2 was purged for 30 mins in a sealed reactor. Keep the temperature at 30 °C when the electrochemical

measurement was running. The working electrode was poised at a potential of +0.2 V vs. Ag/AgCl.
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Differential pulse voltammetry was run using an automatic polarization system (VMP3, Bio Logic
Company), the DPV set from the initial potential -0.8 V to a limit potential +0.5 V and the pulses
height pulses width and step height were set as 50 mV 300 ms and 5 mV, respectively.

4.2.3 Fluorescence Measurements

Cells were cultured at the transparent anaerobic electrochemical reactor for 24 hours, and the
fresh DM-lactate containing 10 uM Tht was transferred to the reactor under anaerobic conditions.
Then, the reactor was placed on the fluorescent microscope to observe membrane potential changes

under different electrode potentials. (The different potential was controlled by the potentiostat.)

4.2.4 Dissociation constant (Kd) estimation

The Kd value of complex formation between OMCs and each flavin was calculated according
to a previous study (Tokunou et al., 2019), in brief, the cells were incubated at +0.2 V overnight with
the ODgoo = 0.1, subsequently, the 2 uM flavin was supplied in the reactor for each hour, after adding

the flavin 1 hour, the DPV was measured. According to the equation as follow.

a—1=Kd(ﬁ—ﬁ>

a is the fold changes of the peak current from the flavin concentration [L]; to [L]», here the flavin

concentration was chosen from 2 uM to 12 pM.

4.2.5 Rhodopsin expression and western blot

Genes of PR (Song et al., 2019) and XR (Shevchenko et al., 2017) whose codons were optimized
for an E. coli expression system, were synthesized (Eurofins Genomics Inc.) and subcloned into a
pETSXM vector with C-terminal 6 x His-tag (Ng et al., 2018). And then using the electroporation
transfer to the plasmid to the S. oneidensis MR-1, lactose was used as an inducer.

The expression of PR and XR was detected by Western blot. After induction of rhodopsin, cells
were sonicated to load protein to prepare protein samples. Use SDS-PAGE to separate proteins by
weight before transferring them to PVDF membranes. Afterward, they were incubated with primary
and secondary antibodies, respectively. Finally imaged with ECL Plus Western Blotting substrate and

exposure machine.
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4.3 Results and Discussion

4.3.1 The effect of CCCP on the binding of flavin with OMCs.

S.oneidensis MR-1 membrane potential can be formed during the EET process, CCCP also can
change the membrane potential by decreasing electron flux. For controlling membrane potential, we
used the 20 uM CCCP to treat cells (Felle & Bentrup, 1977), as shown in Figure 4-1A and 4-1B,
CCCP can decrease membrane potential significantly which showed by Tht fluorescence. To further
study the effect of CCCP on flavoprotein formation, wild-type cells were incubated at +200 mV
overnight, and then, the fresh medium which contains different concentrations of CCCP was supplied.
As shown in Figure 4-1C, the current production significantly increased after adding 8 pM RF in the
absence of CCCP. The effect of RF in enhancing current production was, however, impaired by CCCP.
The current production without CCCP is 7 times higher than the current production with CCCP, which
suggested CCCP has a strong effect on repressing the current increment induced by flavin.

For clarifying details of CCCP on flavin binding with OMCs, we applied the whole-cell
differential pulse voltammetry measurements in monolayer biofilms of S. oneidensis MR-1 which is
attached on the electrode surface. The result shown in Figure 4-1D-F, showed two redox peaks at -
360 mv (free flavin) and -50 mv (unbound OMC:s), although it lacks CCCP and only contains solvent
DMSO. On the other hand, the DP voltammograms of the CCCP group showed significant two peaks

at -360 mv and -50 mv as well.
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Figure 4-1 CCCP impeded the flavoprotein complex formation in the wild type of S.oneidensis
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MR-1

Membrane potential was shown by Tht fluorescence without CCCP (A) and with 20 uM CCCP (B)
in the S.oneidensis MR-1 wild type. (C) Current production of S.oneidensis MR-1 wild type in the
presence of different concentrations CCCP ( 0 5 10 15 20 uM) under +0.2 V potential. The DP
voltammograms of wild type S.oneidensis MR-1 wild type without CCCP (D) and 5 uM CCCP (E)
20 uM CCCP (F).

Herein, the mutant strain 4Adms-all was used to explore the effect of flavin binding with OMC:s.
Cells were incubated with +200 mV overnight to form a biofilm, and then, the medium containing 5
uM CCCP was used as an electrolyte after removing planktonic cells. Current production could be
enhanced greatly by adding flavin that functions as a cofactor of OMCs, which results in the two-
electron redox reaction turning into one electron redox reaction. However, the effect of flavin not only
RF but FMN in the current increment was inhibited by CCCP, the result shown in Figure 4-2A and 4-
2D, which indicated CCCP inhibited the current increment induced by flavin. Although the current
production was inhibited by CCCP in the presence of 8 pM REF, still current production arrived at 15
pA in the 5 pM CCCP with 8 uM RF, suggesting the electron flux across MtrCAB is still existence.

To confirm the membrane potential changes that could affect flavin binding with OMCs, we
applied the whole-cell differential pulse voltammetry measurements in monolayer biofilms of mutant
strain Adms-all. The DPV measurements were carried out in the presence of 8 uM RF and FMN. The
DPV of mutant Adms-all. showed one peak position at -130 mV (Figure 4-2B) and-200 mV (Figure
4-2E) in the presence of RF and FMN, however, two redox peaks appeared in the presence of 5 uM
CCCP at -210 mV and -50 mV, which was assigned as free RF and OMCs peak respectively (Figure
4-2C) besides, the DPV shows two peaks at -230 mV and -50 mV (Figure 4-2F) in the presence of
FMN. Those results demonstrated flavin binding with OMCs was inhibited by CCCP, and it further
indicated the flavin binding affinity could be disrupted by the membrane potential change although

the electron flux existed.
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Figure 4-2 CCCP inhibited RF and FMN binding with OMCs in the mutant strain Adms-all

The mutant strain of Addms-all. The cell was incubated at +0.2 V potential overnight, then,
planktic cells were removed by changing the fresh medium with different concentrations of CCCP
carefully. For current production measurements of cells (A), the arrow shows 8 uM RF was added
into the reactor. The DP voltammograms for the monolayer were measured in the presence of 8§ pM
RF without CCCP (B) and with 5 pM CCCP (C). The current production for cells after adding 8 uM
FMN (D). The DP voltammograms for monolayer were measured in the presence of 8 uM FMN
without CCCP (E) and with 5 uM CCCP (F)

4.3.2 The effect of different electrode potentials on the membrane potential and cell metabolism.

As the CCCP is a chemical solved in the DMSO, which may bring unknown chemical side effects,
for excluding chemical effects and elucidating details of membrane potential on flavoprotein
formation, membrane potential was controlled by applying different electrode potential. A transparent
three-electrode electrochemical system was applied as shown in Figure 4-3A to image cell membrane
potential by applying different electrode potentials. The indium tin oxide (ITO) was used as the
working electrode. Cells were resuspended by DML with 10 pM Tht and then placed into the
electrochemical reactor with anaerobic condition and +200 mV (vs. Ag/AgCl KCl saturated) potential
to the working electrode for 2 hours for allowing cells attached on the electrode surface. During the

period of imaging live cells attached to the electrode, three-electrode potentials (+500 mV OmV, and

97



-500 mV vs. Ag/AgCl KCl saturated) were chosen to monitor membrane potential by Tht fluorescence.
The result shown in the Figure 4-3B-D, the fluorescence of cells attached to the electrode surface was
increased gradually with the electrode potential increased from -500 mV to +500 mV, which
suggested cell membrane potential could be controlled by the electrode potential when the electrode

was solely electron acceptor.

A

Figure 4-3 Membrane potential can be changed by CCCP and different electrode potential

(A)The anaerobic electrochemical reactor with a three-electrode system, working electrode (WE)
reference electrode (RE), and count electrode (CE) are ITO Ag/AgCl and platinum wire, respectively,
transparent glass was used as the cover of the reactor. The real reactor was shown at the green square.
The membrane potential was shown under +500mv (B) Omv (C) and -500mv (D) (vs.Ag/AgCl KCl
saturated) by Tht fluorescence.

Since the different electrodes showed good performance for changing membrane potential, the
different electrode potential here was used to control membrane potential. To exclude the effect of
different electrode potentials on cell metabolisms, cells were incubated at the +0.2V for overnight,
and the fresh medium was changed to remove the planktic cells, after that, the electrode was changed
allows +200 mV—different potentials—+200 mV, as shown in the Figure 4-4A, the current

production was increased immediately after adding 8 uM RF except the -500 mV, however, when the
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electrode potential turned to +200 mV, the current production of different potential recovered to the
same level, as shown in the Figure 4-4B.

To further investigate the effect of different electrode potentials on the cell internal metabolism,
the lacking of all the outer membrane cytochromes strain (Aomc-all) was used. The current production
of Aomc-all directly reflects the cell’s metabolism due to the electron can be transferred from the
inner membrane rather than the outer membrane shown in Figure 4-5. The Aomc-all was cultured at
the +200 mV for overnight, subsequently, the electrode potential was changed (-300 mV, 0 mV, +300
mV) before 100 uM RF was added, the result shown in the Figure 4-4C, the current production was
increased after adding RF, but the current under -300 mV shows comparable with 0 mV and +300
mV. Those results showed the effect of the current decrease was attributed to the different electrode

potential changes rather than cell upstream metabolism.
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Figure 4-4 Effects of different electrode potentials on cell metabolism.

(A) The different electrode potentials poised at S.oneidensis MR-1 monolayer on the ITO
electrode, 5 electrode potentials (-0.5V,-0.3V,0V, +0.3 V,+0.5 V (vs. Ag/AgCl KCl saturated) were
used for 5.5 hours, the current production shows at (B), the arrow shows the point that adds 8uM RF.
Next, the voltage is uniformly adjusted to +0.2 V. (C) The schematic illustration of EET for the mutant
strain Aomc-all strain EET in the presence of flavin. (D) The current production of Aomc-all under
different electrode potentials (-0.3 V, 0V, +0.3 V (vs.Ag/AgCl KCl saturated)) in the presence of 100
uM RF.
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Figure 4-5 The schematic of extracellular electron transfer in the Aomc-all strain with flavin
The mutant strain of Aomc-all transfer electron to the extracellular for the shuttling process by a

two-electron redox reaction of free-form flavin independent on outer membrane cytochromes.

4.3.3 The effect of the different electrodes on the current production increasement by flavin

Different electrode potentials have been shown to well alter the cell membrane potential without
changing the upstream metabolism of the cell. The affinity of flavin with OMCs was evaluated under
different electrode potentials. S.oneidensis MR-1 wild type was incubated at +200 mV (vs. Ag/AgCl
KCl saturated) for overnight, before changing the electrode potential, planktonic cells were removed
by fresh DM with 10 mM lactate. Subsequently, various potentials (-500 mV, -300 mV, 0 mV, +300
mV +500 mV) were applied on the electrode surface.

To explore the flavin effect under different membrane potentials, 2 pM RF and FMN were added
into the reactor under different electrode potentials from -500 mV to +500 mV each hour, the result
is shown in the Figure 4-6A and 4-6B, compared with the positive potential group (+500 mV, +300
mV, and 0 mV), the current increasement of bacteria which poised at -300 mV potential is in the low
level, which suggested flavin does not fully exert the ability to increase current. The current did not
increase under the -500 mV potential in the presence of flavin, which may be due to the lack of flavin
binding to OMCs. Here, results showed the current increasement which caused by flavin could be
inhibited by membrane potential decrease.

To evaluate the binding affinity between flavin and OMCs, the dissociation constant (Kd) was
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calculated according to the previous description. Cells were cultured at +200 mV (vs. Ag/AgCl KCI
saturated) for overnight, and then, 2 uM flavin was supplied for each hour, the DPV was measured 1
hour later after adding flavin. Result shown in Figure 4-6C and 4-6D, the negative electrode potential
(-300 mV) showed a high Kd value, which indicted the binding affinity of flavin with OMCs was low,
in the contrast, the positive potential (0 mV +300 mV and +500 mV) showed low Kd value, which

suggested flavin binding with OMC:s is easy under positive electrode potential.
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Figure 4-6 Flavin binding affinity with OMCs was inhibited by negative electrode potential

The S.oneidensis MR-1 was incubated at +0.2 V (vs. Ag/AgCl KCI saturated) for overnight for
better-forming biofilm, and then the different electrode potentials were applied to the cells. current
production for the cell which was supplied with 2 pM RF (A) and 2 uM FMN (B) each hour,
differential pulse voltammetry was used for each hour after adding flavin. The dissociation constant
(Kd) value about complex formation between RF (C) or FMN (D) and OMCs under various electrode
potentials (+0.5 V +0.3V 0V -0.3 V (vs. Ag/AgCl KCI saturated)).

Herein, the cell membrane potential is decreased by CCCP and negative electrode potential, which

leads to a decrease in binding affinity between flavin and OMCs. Since the free flavin shows more
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negative redox potential, here, redox potential under -300 mV and +300 mV were measured using DP
voltammetry and linear sweep voltammetry (LSV). As shown in Figure 4-7A, the electrode potential
was at +200 mV for 1 hour, then +300 mV or -300 mV without RF for 1 hour, after that, RF was
added in to reactor for 1 hour. The result shown in Figure 4-7B, the current production under +300
mV is 4 times more than the current production of -300 mV in the presence of RF. Compared with -
300 mV, the redox potential of +300 mV is more positive, and the redox potential from -176 mV shifts
to -156 mV as shown in the Figure 4-7C which is measured by DPV, correspondingly, the LSV data
shows the redox potential under +300 mV is more positive than -300 mV as well (Figure 4-7D). These

results suggested that the higher the membrane potential, the more flavin binds to OMCs.
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Figure 4-7 Redox potential is more positive under positive electrode potential.

(A)The electrode potential setting for S.oneidensis MR-1, +0.2 V (vs. Ag/AgCl KCl saturated)
electrode potential was applied on the S.oneidensis MR-1 monolayer for 1 hour, then, the electrode
potential was changed to +0.3 V/-0.3 V for 2 hours. (B) Current production of S.oneidensis MR-1
under +0.3 V and -0.3 V, the arrow shows 2 uM RF was added into the reactor. DP voltammograms
(C) and linear sweep voltammograms (D) of S.oneidensis MR-1 after supplying RF under +0.3 V and
-0.3 V.

To elucidate the effect of different electrode potential on the flavin binding with OMCs, 2 uM
flavin were supplied for each hour, subsequently, whole cell DPV was used to check the flavin binding
with OMCs. As shown in the Figure 4-8A and 4-8C, under +500 mV electrode potential, there is one
peak that appeared at -150 mV in the presence of RF, meanwhile, only one peak appeared at -210 mV
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with FMN, this single peak is considered to be the binding peak of flavin with OMCs, the binding

peak was increased by the flavin concentration from 2 pM to 12 uM. However, under -0.5 V electrode

potential, there are two peaks shown in Figure 4-8B, -210 mV and -50 mV which should be free RF

and OMCs. Although the RF concentration increased, the peak at -0.2 V still existed. While, the -240

mV and -20 mV which assigned as free FMN and free OMCs respectively, as shown in the Figure 4-

8D, the free OMCs peak current at -20 mV keep at the same level even though the FMN concentration

increased 6 times, in the contrast, the free FMN peak (-240 mV) was increased by the supplement of

FMN. That evidence strongly proved the different electrode potentials inhibited the formation of a

complex between flavin and OMCs.
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Figure 4-8 Flavin cannot bind with OMCs under +500mv and -500mv

The DP voltammograms of the monolayer were measured after different concentrations of RF (2-

12 uM) were added into the reactor under +0.5 V (A) and -0.5 V (B) (vs.Ag/AgCl KCl saturated)

electrode potential. DP voltammograms in the presence of different concentrations FMN under the

+0.5 V (C) and -0.5 V (D).
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4.3.4 Expression and Characterization of Rhodopsin

As the proton limits the EET ability in the S. oneidensis MR-1 has been proved, and also, the
proton gradient is an important factor for the membrane potential. To explore the direct effect of
membrane potential on the EET, here, two proton antiporters were expressed to enhance the
membrane potential. Proteorhodopsin (PR) is a light-activated protein, which can transfer the proton
from the inside of the cell to the outside, meanwhile, xanthorhodopsin (XR) is an inward proton
transporter. As the plasmid that using the lactose indue has a good effect, herein, the different
concentrations of lactose were used to induce the rhodopsin expression in the aerobic condition, the
results shown in Figure 4-9A, after 12 hours, compared with that without lactose, the 0.1% to 0.5%
lactose shows the deeper pink, which suggests that the PR had expressed (PR itself is pink). However,
the XR did not show any color change. As the XR is an inward proton transporter, it has the same
proton transfer direction as the F-type ATPase, so the expression of XR will impair the F-ATPase
function, which leads to the difficulty of the XR expression. According to a previous study of our
laboratory, F-ATPase will not work during the EET process, so herein, the anaerobic condition was
used to express XR, the result shown in Figure 4-9 B, the XR with plasmid and lactose showed deep
color than the control group, which means the XR can be induced under the anaerobic condition. As
we put a 6X His-tag in front of rhodopsin, herein, we checked 6X His-tag to confirm the rhodopsin
expression by the western blot. Results shown in Figure 4-9 C and 4-9D, the PR and XR can express

under aerobic and anaerobic conditions, respectively.
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Figure 4-9 The expression of rhodopsin. (A) Different concentrations of lactose for inducing the
rhodopsin expression under aerobic conditions. (B) Anaerobic condition for inducing the rhodopsin

expression under 0.2% lactose. Western blot for PR (C) and XR (D).

4.3.5 The effect of Rhodopsin on electricity generation

As we expressed the rhodopsin on the cell membrane, we constructed an electrochemical
combined with light systems. As shown in Figure 4-10, cells were incubated at +200 mV in the
traditional electrochemical reactor, since the working electrode is transparent, so that the light can

arrive at the cell surface to activate the rhodopsin.
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Figure 4-10 The schematic of electrochemical combined with light system

After the system was successfully built, the effect of rhodopsin on the current output was studied.
As shown in Figure 4-11A, the PR appears to be very effective for the current enhancement. The
current production of strains expressing PR increased immediately after light supplementation,
suggesting that increased proton transfer could enhance extracellular electron transfer. However,
strains expressing XR showed very little effect (Figure 4-11B), possibly due to difficulties in
expression, as there was less amount of XR on the membrane, so less current was produced. Those
results demonstrated that rhodopsin can enhance the current production immediately, this cannot be
attributed to an increase in metabolic activity, since the current increase immediately after the addition

of light stimulation.
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Figure 4-11 Light-dependent current increases in electrochemical chambers containing S.
oneidensis expressing PR and XR.

(A) Current production increased after giving light on the strain with PR. (B) Current production
increases after giving the light in the strain with XR

To further explore the effect of rhodopsin on outer membrane proton transfer, deuterium water

was used to detect proton transfer in the outer membrane. The results are shown in Figures 4-12C and

D. Compared with the PR strain without light, the time for the current production of the PR strain to

increase to the original level during the light period was shorter after adding 4% D,O. These results

suggest that membrane potential can enhance outer membrane proton transfer, resulting in increased

current production due to proton transfer limiting EET in S. oneidensis MR-1.
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Figure 4-12 Kinetic isotope effect of PR expressed MR-1. (A) The scheme of D,O injection. Time
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versus current production (/.) for a monolayer biofilm of S. oneidensis MR-1 in an electrochemical
system with the addition of D>O. (A) MR-1 with light and (B) MR-1expressed PR with light. (C) and
(D) MR-1 and MR-1expressed PR without light, respectively.

We also checked the effect of rhodopsin on RF enhancing current production. The result shown
in the Figure 4-13A, the PR with light showed a higher enhancement factor (7.6) than the MR-1(5),
which suggests rhodopsin can promote the semiquinone formation for increasing current production
because PR can hyperpolarize cells by transporting protons. It is consistent with the above study.
Additionally, activated rhodopsin can increase the redox ability of OMCs (Figure 4-13 B), which is

also another reason for increasing the current production.
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Figure 4-13 Rhodopsin enhance the flavin effect and outer membrane cytochrome redox ability.
(A) current production increased by the riboflavin in the strain MR-1 and MR-1 with PR. (B) The DP
voltammograms of a monolayer of MR-1 and MR-1 with PR in the presence of light.

107



4.3.6 Discussion

Extracellular electron transfer efficiency can be improved largely by flavin supplementation.
Flavin could transfer the electron from outer membrane cytochromes to the insoluble substrate such
as an electrode by two-electron redox reaction (FMN/RF +2e—+2H"—>FMNH,/RFH,), however, the
purified protein in vitro binding experiments show FMN and RF could be a cofactor of MtrC and
OmcA, additionally, whole cells electrochemical measurement showed the FMN and RF could bind
MtrC and OMCA, respectively. This bound pattern increases the extracellular electron transfer by one
electron transfer way via forming semiquinone (FMN/RF +e—+H*—FMNH/RFH), which is more
thermodynamically feasible (Okamoto et al., 2013).

Since the vital role of bound flavin plays in extracellular electron transfer, factors that affect
flavin binding with OMCs should be explored more. Although previous evidence demonstrated that
flavin can bind with OMC:s in the intact cell, the purified protein shows it is a transient state of flavin
with OMCs, besides, research points out that the binding of flavin with OMCs was controlled by a
disulfide bond, this disulfide bound can be reformed by aerobic condition, which indicated the binding
state dominated by heme center redox state (Edwards et al., 2015; Okamoto et al., 2013). However,
even absence of oxygen, the flavin cannot bind with OMCs under negative electrode potential, which
was attributed to the heme redox state that is controlled by the electron flux. One of the important
functions of electron flux is to maintain membrane potential. Here, the flavin-bound OMC was
inhibited even though electron flux persisted, which was attributed to the change in membrane
potential. The role of membrane potential in extracellular electron transfer is rarely studied.

In the present study, the membrane potential is shown to play an important role in the binding of
flavin to OMCs. To examine our hypothesis, the monolayer of S.oneidensis MR-1 was used to
measure electrochemical properties. A chemical for disrupting membrane potential CCCP and
different electrode potential was used to change the membrane potential in this study. The membrane
potential was shown by the Tht fluorescence as described in the previous study (Pirbadian et al., 2020).
After the cells were treated with CCCP and negative potential, the cell membrane was depolarized
which showed by the Tht fluorescence, in the contrast, under the positive electrode, the cell membrane
was hyperpolarized. For exploring the state of flavin binding with OMCs under different membrane
potentials, 8uM flavin was added into the electrochemical reactor, in the presence of CCCP and
negative electrode condition, the effect of flavin on the current increment was inhibited, to further
study reason, the whole cell DPV and LSV were carried out when the flavin binds with OMCs, the

peak of flavin and OMCs will be fusion to one peak, but, under membrane depolarization condition,
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it still shows two peaks, which suggested the free flavin and unbound OMC:s existed in the electrolyte,
it further indicated parts of the flavin are free to form rather than bound state, and the binding affinity
was evaluated by Kd value according to a previous study (Tokunou et al., 2019), it shows flavin
binding with OMC:s is easier when the membrane was hyperpolarized. However, the depolarization
of the membrane caused a difficult situation for flavin binding with OMC:s.

Although the extracellular electron transfer in S.oneidensis MR-1 has been studied a lot, the
relationship between membrane potential and extracellular electron transfer is still poorly understood.
Recently, membrane potential could be an indicator for extracellular electron transfer reported, it
shows membrane potential can respond to extracellular electron transfer, however, the mutant Abfe
membrane potential shows no significant difference with the wild type even though the current
production of Abfe was low than wild type (Kotloski & Gralnick, 2013; Pirbadian et al., 2020),
additionally, in the presence of 5 uM REF, the fluorescence shows same level with absence of RF, but,
when the high electrode potential was poised, the fluorescence will be largely increased. In the
contrast, when the membrane potential changes, the current production also changed, which provided
a new sight for membrane potential with extracellular electron transfer, in this study, membrane
potential controls the binding of flavin with OMCs explaining.

How the membrane potential controls flavin binding with OMC:s, still needs more research.
Although the current knowledge believes bacteria’s outer membrane has no membrane potential and
the bacterial outer membrane is permeable, which cannot form the ion gradient and electrochemical
gradient, electrochemical active bacteria may be different, the proton transfer across to the outer
membrane has been proved as a limitation for extracellular electron transfer. This study indicated the
proton cannot cross the outer membrane freely, it is proved that a cation gradient between the
extracellular and periplasmic exists.

In the present study, when the membrane potential was decreased, the proton gradient will be
destroyed, which led to the proton do not accumulate in the periplasm, meanwhile, the proton transfer
to outside across the outer membrane will be decreased, as we know the flavin could transfer one
proton and one electron when it binding with OMCs, here, there is no need for so much flavin to
transport proton, and the flavin binding with OMCs will be inhibited. However, the membrane
potential is enhanced, while, the rate of proton transfer at the outer membrane increases, which results
in more flavin needing to bind OMC:s to transfer the protons.

Although flavin is a cofactor for cytochromes, its binding to cytochromes still requires
cytochromes with the proper conformation. Changes in the conformation of OMCs may affect the

dissociation between flavin and OMCs. Our findings demonstrated the flavin binding with OMCs
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could be controlled by membrane potential, which showed in Figure 4-14, the cell membrane
hyperpolarization by positive electrode potential, the more flavin binding with OMCs, on the other
hand, cell membrane depolarization by CCCP and negative electrode potential, the less flavin binding

with OMCs.
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Figure 4-14 The schematic of flavin binding under different potential

Hypothetical model of flavin binding with OMCs under different potentials. The membrane could
be hyperpolarized by positive electrode potential which results in the strong binding between the
flavin and OMCs (A), however, the membrane potential could be depolarized by negative electrode
potential, meanwhile, flavin binding with OMCs was inhibited (B).

To further prove the effect of membrane potential effect on the S.oneidensis MR-1 EET ability,
the rhodopsin was expressed on the cell membrane to specific polarized cells, besides the activated
rhodopsin, the isotope effect of PR expressed MR-1 was measured. Those results showed that
activated rhodopsin can increase the current production by the polarized cell due to its proton transfer
ability. Activated rhodopsin can enhance the flavin function on increasing EET, proving the
membrane potential can affect the semiquinone formation. Those results are consistent with a
different potential date and CCCP data. Here, this study shows that the membrane potential can
control the EET in two ways, the first way is affecting semiquinone formation, and also it can directly
affect EET by the proton transfer. However, the underlying mechanism still needs study.

Membrane potential was considered the important electrical signal to regulate bacterial behavior,
which could be sorted into microbial electrophysiology (Stratford et al., 2019). From the microbial
electrophysiology sight, the relationship between microbial electrophysiology and microbial

extracellular electron transfer was established in this study. Bacteria always choose the most energy-
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saving way to effectively obtain energy from the outside, for keeping the best efficiency of anaerobic
respiration, the extracellular respiration bacteria not only secrete flavin for enhancing extracellular
electron transfer but also control the flavin binding with OMCs by an electric signal which provided
by membrane potential. This study gives new sight into bacteria electrophysiology to control its

behavior.

5. Conclusion

In summary, this study suggested membrane potential play a vital role in the formation of flavin-
outer membrane cytochromes complex, the binding affinity can be decreased by disturbing membrane
potential. This study connects microbial electrophysiology and microbial extracellular electron
transfer, which provide new insight into microbial electrophysiology and control cell behavior.

Nonetheless, our study still needs more evidence to prove the details.
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Chapter 5 Anomaly detection narrowed down genes identified by whole mutant
library screening with carbon electrode-based high-throughput electrochemistry

5.1 Introduction

Extracellular electron transfer (EET) is a type of respiration, which can use extracellular solid
electron acceptors (Hernandez & Newman, 2001). Many bacteria in nature can utilize EET to survive
under anaerobic conditions. Microbial fuel cells (MFCs) which are based on the EET are a promising
way to solve the energy crisis (Logan et al., 2006). However, the EET rate still limits the real
application for the MFCs. Exploring the EET limitation is important for developing EET-based
technology and understanding the survival mechanism of microorganisms in extreme environments.

The well-studied EET model of bacteria is Shewanella oneidensis MR-1, although it is model
bacteria, the over 50% gene in S. oneidensis MR-1 is still unknown (Deutschbauer et al., 2011). To
better understand and control the EET process, exploring the gene which limits EET is an effectivity
way to solve this issue. Buz et al. constructed a mutant library that contains whole-genome mutants,
a colorimetric assay was used to explore EET genes by screening the whole mutant library in S.
oneidensis MR-1, a colorless compound AQDS can be reduced to yellow due to AHDS to the EET
ability of S. oneidensis MR-1 (Baym et al., 2016). However, the mechanism of redox dye reduction
is not the same with EET on an electrode, even the MtrC and OmcA mutants show effectiveness on
the reduced AQDS. Besides, this colorimetric assay cannot screen the biofilm and nanowire-related
EET gene as well.

Herein, a high High-throughput Electrochemistry system was developed in this study for
screening the whole mutant library in S. oneidensis MR-1. It is rapid to narrow the range of EET-
related genes, and also it gives us direct evidence for the factor which limits EET on the electrode

surface.
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5.2. Materials and Method

5.2.1 High throughput electrochemical system

The high throughput electrode system consisted of the potentiostats control computer, for
keeping the anaerobic condition, the high throughput system was installed in an anaerobic chamber.
Carbon Ag/AgCl and carbon were used as working electrode (WE) reference electrodes (RF) and
counter electrodes (CE) for each well, respectively. 96 wells are independent and each well is an

individual three-electrode system, each single potentiostat consists of 96 channels.

5.2.2 Cell preparation

The single colony of S. oneidensis MR-1 wild-type strain which was kept in our laboratory was
picked from the agar plate and then cultured in Luria-Bertani (LB) medium with 30°C. After 18 hours,
cells were washed 2 times by the defined medium (DM; NaHCO3 [2.5 g], CaCI2-2H20 [0.08 g],
NH4CI [1.0 g], MgCI2-6H20 [0.2 g], NaCl [10 g], [HEPES, 7.2 g], 0.5 g yeast extract), and then
cells were used to electrochemical experiment after adjusting cell numbers by ODsoo.

S.oneidensis MR-1 mutant library was kindly given by professor Buz Barstow and was
constructed by Sudoku knockout procedure. Mutants were cultured in the 96-well plate in LB medium
which contains 50 pg mL—1 kanamycin for 24 hours under 30 °C conditions, cells were washed by
the defined medium twice using a 96-well plate centrifuge before measuring the ODgoo by 96-well
plate reader. Cells were seeded in the 96-well electrode plate to measure the ability to produce current.
After wild-type cells were prepared, cells were diluted into 24 different concentrations from ODsoo =
1.3 to ODggo= 0, before measuring the current production by high throughput electrode system, cells
were seeded into the 96-well electrode plate and covered with aluminum cover for avoiding

evaporation.

5.2.3 Data analysis

As the 24-hour ODgoo of mutants varies from each other, it is unreliable to compare current
production without consideration of cell numbers. For solving the growth difference problem, the
machine learning anomaly detection algorithm used in this study, to detain, the current production of
a wild-type different ODgoo was measured by high throughput electrochemical system to construct an
OD-current dependent database, the mutant current production could be compared based on this
database.

In the present study, three parameters were used to analyze the EET ability of mutants, 10 hours
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of current production 24 hours of current production, and maximum slop. 10 hours is a watershed for
current production, the current increased quickly during the 10 hours, and after that, current
production becomes stable gradually. The current production is close to the maximum current due to
the limitation of carbon sources at 24 hours, so the 24-hour current production was chosen as one of
the parameters. Additionally, for making sure the speed of current production, the maximum slope

was calculated in this study.
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5.3 Results and Discussion

5.3.1 Process for the high throughput system for screening the mutant library

To screen the mutant library, we developed a high-throughput system, the standard procedure is
shown in Figure 5-1. In the beginning, mutants were cultured at LB medium for 24 hours at 30 degrees,
and then, cells were washed and resuspended by the defined medium before measuring the cell OD
with 96 well plate reader. And then cells were transferred to the 96-well electrode plate before putting

into the potentiostat, and we can keep monitoring it.

ODSDG
measurement
—
Cells were cultured Cells were washed for 2 OD600 was measured by
at 30 °C for 24 hours times and resuspend by 96 plate reader
atLB medium defined medium %
WE
CE 7'@.’ RE |
/ = L

Ba

High throughput system was used to
measure current production

Cells were transferred to
the 96 well electrode plate

Figure 5-1 Procedure of mutant library screening

5.3.2 The correlation between current production and OD difference

To screen the mutant which shows the anomaly gene, firstly, we optimize the procedure to screen
the mutant library, then, the mutant strain in the mutant library was applied to the 96-well high
throughput system. Cells were incubated at +200 mV (vs. Ag/AgCl) for 24 hours, the real-time current
production was recorded. The result is shown in Figure 5-2A, as time goes on, most strains show an
increase in current production. However, compared with the wild type (red line), most of them show
low current production. Besides, the current production before 10 hours exhibited a fast increase, and
the /. gradually become stable after 10 hours. To confirm the /. difference is due to the gene function
lost rather than the cell number. We measured the cell OD before the electrochemical measurement.
The result is shown in Figure 5-2B, different mutants have different OD, after 24 hours of culture,
and some strains ODggo = 1.3, however, some strains’ ODggo is very low, which may be caused by the

gene function loss.
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Those results suggest that cell number is an issue for /. measurement in our high throughput
system due to the different growth abilities of mutants. It is impossible to directly apply it to measure
the whole mutant library. Bacteria genes responses different functions, and, normally, lacking some
genes can affect cell growth. However, we have to keep the same OD to measure the current
production for screening gene that limits EET. However, adjusting cell OD to the same level is a time-
consuming and impossible thing due to over 3000 mutants in the mutant library and the growth rate
of some mutants is too low. To successfully use the high throughput system the problem should be

solved.
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Figure 5-2 Current production and cell growth of mutants. (A) Current production of 96 mutant

strains for 25 hours. (B) Cell ODggo of 96 mutants after culturing 24 hours.

5.3.3 Cell number dependence on current production

To solve the problem of the different growth effects of the current production in the mutant strain,
we use the different cell density gradients to check the current production. As shown in Figure 5-3,
the current gradually increased with time dependence. Besides, at a specific time, the current
production showed a correlation with cell ODggo. After 24 hours the current production gradually
stable. Under the high ODgg condition, the current production increases fast, which is contributed to
the cell numbers. In the beginning, more cells, and high current production, however, due to the
consumption of electron donors, the current gradually decreases at 17 hours for the high ODggo group.

As we know the cell OD and current production showed a good correlation, so we can use
different OD of wild-type current to set a standard database to solve the different growth problems in

the mutant strain.
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Figure 5-3 Current production of different cell densities in the wild type. Current production

with a time curve, the inverted triangle means the cell ODggo from 1.3 (top) to 0 (bottom).

5.3.4 Anomaly detection and anomaly threshold

To set the database of current production with cell OD in the wild type. We selected three
parameters for constructing the database. Current production at 10 hours, current production at 24
hours, and maximum slop. The reason why we choose these three parameters is as follows, firstly, as
shown in Figure 5-4 current production growth is fast before 10 hours, it arrives at the first stable
stage, so we choose 10 hours current as the first parameter. After 24 hours, the current production
increase rate decreased, which means current production almost arrive at peak current because of the
high OD conditions the current production already decrease. The maximum slope shows the
maximum current increase rate, which is an important parameter in real applications. So herein, three

parameters were used to build the database.
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Figure 5-4 Current production of the wild type. /-t curve of wild type. Arrows indicated the
maximum slop, 10 hours of current production, and 24 hours of production.

Next, we checked the correlation between ODsgo and three parameters. The results showed three
parameters have a good linear relationship with cell ODgoo (Figure 5-5A, B, and C). we can use these
three parameters to set a threshold for specific pick-up mutants which show abnormal current
production. For the data analysis, we used the residual sum of squares to set the boundary for normal
and abnormal. Herein the RMSE was used for anomaly detection.

Residual=Actual Y value—predicted Y value

. 2
’ dual
RMSE — Y (residual ™)
n—1

The results shown in Figure 5-5D, RMSE was used to set the upper limit and lower limit by the
ODsoo gradient of current production in wild type (yellow line). Over 1000 mutants were applied to
detection, which showed by blue points. Some points beyond the boundary can be considered

abnormal genes.
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The yellow line means the Residual boundary.

5.3.5 The application of anomaly detection on the mutant library

To better visualize the mutant which showed abnormal behaviors in the current production and
maximum slope. We show the relationship between current production with ODgoo and we set the
boundary by the anomaly detection described above. As shown in Figure 5-6A, we divide it into 3
parts, the red circle is the high current area, which suggests that the mutant strain shows higher current
production than the wild type at the same cell number. The comparable area is the black circle, the
mutant that appeared here means they have similar EET ability with the wild type. Meanwhile, the
blue circle shows the mutant strain which has lower current production compared with the wild type.
To further confirm the feasibility of our system and anomaly detection. The mutant strain AmtrC was
used as the control for low EET ability strain. As expected, the AmitrC appears at the low current area

as pointed out in Figure 6A. Additionally, 24 hours current and maximum slope showed similar results
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(Figure 5- 6B, 6C, and 6D).

The mutant strain showed similar results at 10 hours current, 24 hours current, and maximum
slope. However, as we can know from the figures low current area, 10 hours of current production
showed 56 abnormal mutants, however, the 24 hours of current showed 53 abnormal mutants, besides,
the maximum slope has 46 anomaly mutants. Those results mean we cannot use only one parameter

to judge the EET ability due to the behavior being different in the three parameters.
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Figure 5-6 Anomaly detection for 1000 mutants.

Compared between mutants and WT of OD with (A) 10 hours current (B) 24 hours current (C)

maximum slope. (D) compared between wild with the mutant strain Am¢rC.
5.3.6 Analysis of anomaly genes

For getting more accurate data, we combined three parameters to decrease the error. The result
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is shown in Figure 5-7A, 25 mutants appeared in the common area, which means these 25 mutants
showed low current all the time. besides, there are 10 mutants shared by the 10 hours current and 24
hours current, the current production is less but the increase rate is similar to the wild type. 7 mutants
appeared at 10 hours current and maximum slope, it is unlike the wild type only before10 hours
current increased fast, which suggests the current should be kept at a medium increase rate (less than
the maximum slope but higher than the slope after 10 hours in wild type) to generate current. There
are 14 mutants which are appeared only at 10 hours, for those strains should have a lag time on the
current production, and then, after 10 hours it increased fast and arrive at a similar level to the wild
type. 17 mutants only appeared at 24 hours current, which may be due to the current decreasing at 24
hours after arriving at the highest current. Some strains may use the electron donor to grow or some
other pathway not only for the producing current, so, the current at 24 hours shows low current but
the maximum slope and 10 hours current show normal phenomenon.

Additionally, we analyzed the 25 mutants which showed low current production by Gene
Ontology for gene function clustering (Figure 5-7B). It shows that those genes are related to some
cellular metabolism and also some molecule synthesis, besides, it is also related to quinone and lipid
synthesis. Those results provided a lot of information that is new to the EET mechanism.

The gene list shown in table 1 shows low current production. To further confirm the reliability
of the high throughput system and anomaly detection. We picked up that gene and then used the
traditional electrochemical reactor to verify. Herein, the cell ODgo was adjusted to 1, and then,
incubated for 24 hours at the ITO electrode (working electrode). The current production shows 15
mutants has low current production in 22 mutants, it is around 70 % similar to the high throughput
system. Besides, the working electrode in the 96 well is carbon, but in the traditional reactor is ITO,
which may cause the different EET behaviors, so that, 7 mutants may be due to the difference of

working electrode.
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Figure 5-7 Analysis of low current mutants.
(A) Venn diagram showing overlap of genes among three parameters. (B) Gene function clusters

of 25 low current production genes.
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Table1 mutants which showed low current production

Gene name
Wild type

SO_0997

aroB

SO_4522
aggC
recR
menD
SO_3333
SO_4688
yftbQ
SO_3449
SO_4520
mtnC
SO_4681
yejM
cspD
her
yhcC
sirD
SO_4806
SO_A0141
mtrC
SO_1720
SO_2076
nudF
hslU

Function

Transcription cis-regulatory region
binding
3-dehydroquinate synthase activity

Unkown
ABC-type transporter activity
Metal ion binding
Menaquinone biosynthetic
Unkown
Glycosyltransferase
Pyridoxal phosphate binding
Unknown
4 iron, 4 sulfur cluster binding
Magnesium ion binding
Glycosy! transferase
Sulfuric ester hydrolase
Nucleic acid binding
Flavin adenine dinucleotide
4 iron, 4 sulfur cluster
Menaquinol oxidase
Iron ion binding
Unknown
Electron transfer
Unknown
Unknown
Metal ion binding
ATP hydrolysis activity

Current production (LA)(ITO
electrode)
6

5.5
4.5

None

6.5

None

4.13
5.3
None
3.2
35
3.57

2.19

1.6

6.4
6.6
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We also analyzed the high current production mutants The result is shown in Figure 5-8A, the
overlap 5 mutants show that mutants have higher EET ability than the wild type. There only 2 mutants
appeared at 10 hours and 24 hours, not the maximum slope, those 2 mutants were kept at a high EET
rate for all times so that the maximum slope is normal but the current is higher. 47 mutants appeared
at the maximum slope and 24 hours current overlap, which suggests those 47 mutants have a high
slope after 10 hours, and after 24 hours current is very high. 31 mutants only appeared at the maximum
slope, which may be due to some small noises, because the very small noise will change the maximum
slope a lot. 183 mutants only appeared at 24 hours current, as we have seen, the current production
can be limited by the lactate concentration, even at the high ODsgo, the current decreased after the
electron donor was consumed. 183 mutants showed high current at 24 hours, maybe some genes in
the charge of nutrition distribution, more lactate was used to transfer electrons to the electrode rather
than other metabolism or growth.

Additionally, we used Gene Ontology to analyze the 5 genes which can improve the current
production.

The results showed some amino acid metabolism pathways can enhance the current production.

The gene list shown in table 2 shows high current production. To further confirm the reliability
of the high throughput system and anomaly detection. We picked up 5 mutants and then used the
traditional electrochemical reactor to verify. Results showed 3 mutants of 5 mutants have higher

current production than the wild type.
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Figure 5-8 Analysis of high current mutants.
(A) Venn diagram showing overlap of genes among three parameters. (B) Gene function clusters

of 5 low current production genes.
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Table 2 mutants that show high current production

Current production (LA)(ITO

Gene name Function
electrode)
Wild type 6
SO_4488 Histidine phosphorylation 6
Transcriptional repressor of
pdhR ) 7.8
Pyruvate metabolism
SO_A0048 Serine-type endopeptidase activity 8.95
SO _2975 Unknown 7
SO_4366 Unknown 6
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5.4 Conclusion

To better understand the EET mechanism and control the EET process, the whole mutant library
gene screening is a direct way. In the present study, we developed a high throughput system combined
with anomaly detection to narrow down genes which are related to EET. Results showed 25 mutants
over 1000 mutants showed a low current production and it was confirmed by the traditional
electrochemical reactor, which had similar results. Additionally, 5 mutants showed high current

production, which is related to some amino acid metabolism.
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Chapter 6 General conclusion and future prospects
6.1 Conclusion

In the present study, limitations of extracellular electron transfer have been investigated in the
model bacteria Shewanella oneidensis MR-1. In this thesis, the study has a large range which is from
developing the high throughput electrochemical system to studying the molecular mechanism of
flavin enhancement.

Chapter 1 is a general introduction, the basic background was given in this chapter, and the latest
research in this field was summarized. Although, extracellular electron transfer was studied a lot, the
robustness of bound flavin and genome in model strain bacteria Shewanella onidensis MR-1 for
current production are still not clear. In this study, 4 strategies were used to address and identify this
problem.

Since the fluctuation of potential and solution balance always occurred in the bioelectrochemical
system, the stability of current production is unclear. Chapter 2, data science emerges as a promising
approach for studying and optimizing complex multivariable phenomena, such as the complex
interaction between microorganisms and electrodes. However, there have been limited reports on a
bioelectrochemical system that can produce a reliable database to date. Herein, we developed a high-
throughput platform with low deviation to apply 2-D Bayesian estimation for electrode potential and
redox-active additive concentration to optimize microbial current production (/). A 96-channel
potentiostat represents <10% standard deviation for maximum /Z.. 576 time-/. profiles were obtained
in 120 different electrolyte and potentiostatic conditions with two model electrogenic bacteria,
Shewanella and Geobacter. Acquisition functions showed the highest performance per concentration
for riboflavin over a wide potential range in Shewanella. The underlying mechanism was validated
by electrochemical analysis with mutant strains lacking outer-membrane redox enzymes. We
anticipate that the combination of data science and high-throughput electrochemistry will greatly
accelerate breakthroughs for carbon-neutral electrochemical technologies.

As we used the high throughput electrochemical to acquire the best performance of the current
production enhancement factor by flavin. In chapter 3, we continue to study the molecular mechanism
of flavin for enhancing the EET ability of Shewanella oneidensis MR-1. Flavin enhances the current
production by binding with the outer membrane cytochromes has been proved, however, under some
conditions, flavin cannot exhibit the best performance. Herein, the heme redox state inside of outer

membrane cytochromes was proved to be a vital factor to affect flavin binding with OMCs. Flavin
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lose the ability for increasing the current production when alternative electron acceptors were used
for specific oxidizing the heme centers, which suggests that flavin exert the best performance should
be in the reduced state of the heme center and keeping the electrode as the sole electron acceptor in
MFCs.

Chapter 4 shows the importance of membrane potential on extracellular electron transfer.
Membrane potential was considered an indicator for extracellular electron transfer. Herein, we
demonstrated the importance of membrane potential on extracellular electron transfer. After the cell
membrane was depolarized, the ability of extracellular electron transfer was impaired. However, the
EET ability was enhanced by the membrane hyperpolarized. Besides, the proton transporter rhodopsin
can enhance the EET ability by the light-activated. Apart from the direct effect, flavin binding with
OMC:s also can be affected by the membrane potential. The depolarization of the cell membrane also
dissociates the flavin with outer membrane cytochromes. This study indicated the extracellular
respiration bacteria survival mechanism under different potential environments.

Chapter 5 showed the application of high throughput electrochemical system. To better
understand the EET mechanism, it is necessary to explore genes that relate to the EET. Previously
due to technical limitations, it is impossible to screen the whole mutant library. In this study, we
developed a high-throughput system with anomaly detection to screen the whole mutant library of
Shewanella oneidensis MR-1. The result showed only 25 over 1000 mutants have lower current
production than the wild type, and 5 mutants have higher current production. Besides, the analysis of
anomaly genes indicates extracellular electron transfer is related to some biological process. We also
used the traditional method to verify the result. In this study, we developed a high throughput system
combined with anomaly detection, which greatly narrowed the range for screening genes that limit
EET.

In this thesis, we develop a high-throughput method with high reliability to analyze the optimal
performance of intermediaries to improve the EET rate. Flavins showed a high range of enhancing
current yield. To further analyze the potentiating effect of flavin, it was found that the redox state of
heme within the outer membrane cytochrome that controls flavin binding was found. In addition, the
membrane potential was found that control the EET rate and flavin binding. Last, we use the high
throughput system combined with anomaly detection to screen EET-related genes from the whole
mutant library of Shewanella oneidensis MR-1. Our studies from the instrument development to the

fundamental mechanism aim to explain more about extracellular electron transfer.
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6.2 Future prospects

Electrochemical measurement has been investigated for many years, however, currently, the high
throughput system applied to the study of extracellular electron transfer is still immature. From our
study, we developed a high-throughput system, it breaks the bottleneck of the current electrochemical
system. That high throughput system combined with the data sciences for the study of
bioelectrochemistry will hugely increase the efficiency of the fundamental study of extracellular
electron transfer. Besides, mutant library screening by the high throughput system can provide new
insight into the extracellular electron transfer like the coupled metabolism with EET or important
genes which control EET rate. For that, we can better understand or utilize EET.

Flavin is a promising additive to enhance the microbial fuel cells (MFCs) power output, the
factors which affect semiquinone formation has been explored, and the redox state of heme is a key
factor to affect flavin binding, which suggests under the real MFCs system, electron acceptor should
not be contained. Besides, the membrane potential also was proved to control flavin disassociation,
which broadens the horizon for understanding the EET mechanism, and the potential survival

mechanism of microbes employing extracellular electron transfer was revealed.
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