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GENERAL INTRODUCTION

Microorganisms live in all kinds of environments, from our bodies to extreme environments on
Earth'2, These organisms possess a variety of unique abilities and used these for a variety of
applications since®*. The ability of microorganisms is provided by enzymes and know the
characteristics of enzymes is important for the utilization of microorganisms.

Some microbial enzymes are species-specific, such as the Polyethylene terephthalate (PET)-
degrading enzyme PET hydrolase from Ideonella sakaiensis’, while others are conserved across a wide
range of species. One of the universal conserved enzymes is succinate dehydrogenase (SDH), which
is conserved in species of all domains, from eukaryotes to archaea and bacteria, catalyzes the oxidation
of succinate to fumarate, coupled with quinone reduction®. SDH consisting of a flavoprotein subunit,
iron sulfur subunit, and a membrane anchor subunit, each of which contains a flavin adenine
dinucleotide (FAD) and an iron-sulfur cluster, cytochrome b as cofactors’. SDH is generally known as
an enzyme that is a component of the tricarboxylic acid (TCA) cycle and the membrane electron
transfer chain® and is central to energy production and metabolism’. In addition, SDH is involved in
other metabolic pathways, one of which is the propionate oxidation pathway, methylmalonyl-CoA
(MMC) pathway!®. The MMC pathway composed by eleven reactions include three oxidizing
reactions, which are energetically unfavorable under the standard condition!'. These oxidizing
reactions are malate oxidation, pyruvate oxidation, and succinate oxidation. Of these, succinate
oxidation (AG®’ = +82) is the most unfavorable reaction''. This most unfavorable reaction catalyzed
by SDH is supported by the consumption of metabolic products by syntrophic methanogens and
reverse electron transfer!!. Therefore, SDH is also an important enzyme for microorganisms with the
MMC pathway.

One of microorganism with an MMC pathway is Pelotomaculum thermopropionicum. P,
thermopropionicum is one of ten reported species of propionate-degrading bacteria'?, isolated from
isolated previously from granular sludge in a thermophilic upflow anaerobic sludge blanket reactor'>.
Previous genomic and transcriptomic analyses have revealed that Pelotomaculum thermopropionicum
has two types of SDHs: membrane-bound (SDHI1) and cytoplasmic (SDH2)!*!*. SDH from the
mesophilic propionate oxidizing bacterium Syntrophobacter wolinii requires membrane potential for
succinate oxidation'>. However, there is no report on these in thermophilic propionate oxidizing
bacteria. Analysis of SDH from P. thermopropionicum would provide functional insights under
energetically limiting high-temperature anaerobic conditions. Furthermore, interesting insights into
the mechanism of SDH maturation are expected, especially the covalent binding of FAD to the
flavoprotein subunit. Covalent binding of flavoprotein subunits to FAD is called flavinylation, and
dicarboxylate, heat, and FAD-binding proteins enhance flavinylation'®!”. However, Gram-positive

bacteria very poorly conserved FAD binding proteins'® and reports on flavinylation are scarce. It is



possible that the universal maturation mechanism of SDH in Gram-positive bacteria can be elucidated
by heterologous expression of SDHs from various Gram-positive bacteria, including P
thermopropionicum, for which genetic recombination techniques have not been established and the
culture complicated, followed by comparative analysis of the heterologously expressed SDHs.

In Chapter 1 of this study, a comparison of the enzymatic activities of the two SDHs in P,
thermopropionicum cell and investigated the hydrogen production from propionate. In addition, the
analysis of the conserved amino acid sequences of the flavoprotein and membrane-bound subunits of
SDH in propionate-oxidizing bacteria. In Chapter 2, I attempted to heterologous expression of Gram-
positive bacteria SDH and compared SDH activity and maturation of each subunit and examined the

maturation mechanism.



CHAPTER 1
Membrane potential-requiring succinate dehydrogenase constitutes the key to propionate

oxidation and is unique to syntrophic propionate oxidizing bacteria

ABSTRACT

Propionate oxidation in Pelotomaculum thermopropionicum is performed under a thermodynamic
limit. The most energetically unfavorable reaction in the propionate oxidation pathway is succinate
oxidation. Based on previous genomic and transcriptomic analyses, succinate oxidation in P
thermopropionicum under propionate-oxidizing conditions is conducted by the membrane-bound
forms of two succinate dehydrogenases (SDHs). We herein examined the activity of SDH, the
mechanisms underlying the succinate oxidation reaction in P. thermopropionicum, and the importance
of the protein sequences of related genes. SDH activity was highly localized to the membrane fraction.
An analysis of the soluble fraction revealed that fumarate reductase received electrons from NADH,
suggesting the involvement of membrane bound SDH in propionate oxidation. We utilized an
uncoupler and inhibitors of adenosine triphosphate (ATP) synthase and membrane-bound SDH to
investigate whether the membrane potential of P. thermopropionicum supports propionate oxidation
alongside hydrogen production. These chemicals inhibited hydrogen production, indicating that
membrane-bound SDH requires a membrane potential for succinate oxidation, and this membrane
potential is maintained by ATP synthase. In addition, the phylogenetic distribution of the flavin adenine
dinucleotide-binding subunit and conserved amino acid sequences of the cytochrome b subunit of
SDHs in propionate-oxidizing bacteria suggests that membrane-bound SDHs possess specific
conserved amino acid residues that are strongly associated with efficient succinate oxidation in

syntrophic propionate-oxidizing bacteria.



1.1 INTRODUCTION

Propionate oxidation, performed by microorganisms in various environments, is energetically
unfavorable, particularly in the absence of electron acceptors; the standard Gibbs free energy change
is positive for the oxidation reaction'®. Therefore, propionate oxidation is an unfavorable reaction in

methanogenic environments!>!.

Propionate-oxidizing bacteria reportedly have a syntrophic
relationship with hydrogenotrophic methanogens because hydrogen production due to propionate
oxidation is facilitated by the consumption of hydrogen by methanogens'’. Although
hydrogenotrophic methanogens enhance propionate metabolism in propionate-oxidizing bacteria,
bacteria may perform propionate oxidation close to the thermodynamic equilibrium?’. These bacteria
possess a specific metabolic mechanism related to the oxidation pathways of substrates, particularly
propionate.

Two metabolic pathways of propionate oxidation in syntrophic propionate-oxidizing bacteria have
been identified: the methylmalonyl coenzyme A (MMC) pathway!®?! (Fig. 1.1A) and Smithella
pathway?2. The MMC pathway is utilized by most isolated propionate-oxidizing bacteria'?, apart from
Smithella species®. It converts propionate to acetate and carbon dioxide and involves 10 reactions and
3 substrate oxidation steps: malate, pyruvate, and succinate oxidation. Under standard conditions,
these oxidation reactions are thermodynamically unfavorable, with succinate oxidation being the most
unfavorable''. In addition, in the MMC pathway, membrane-associated protein complexes may be
solely responsible for succinate oxidation!. Using menaquinone as an electron acceptor, membrane-
bound succinate dehydrogenase (SDH) catalyzes succinate oxidation in the MMC pathway!'!!>!?, The
membrane potential maintained by adenosine triphosphate (ATP) synthase, also known as reverse
electron transport, potentially facilitates the SDH-induced reduction of menaquinone. This succinate
oxidation-requiring membrane potential has been proposed in Syntrophobacter wolinii, a mesophilic
propionate-oxidizing bacterium'>. However, the succinate oxidation reaction has not yet been
investigated in thermophilic propionate-oxidizing bacteria. Pelotomaculum thermopropionicum Sl
grows optimally at 55°C'* and was isolated in a thermophilic upflow anaerobic sludge blanket reactor
from granular sludge®. A genomic analysis revealed that P. thermopropionicum has two types of
SDHs!'%26 (Fig. 1.1B). One SDH is membrane bound (SDH1), while the other is cytoplasmic SDH
(SDH2), which has not yet been examined in detail. A transcriptome analysis revealed that SDH1 was
highly expressed when propionate was used as a substrate and cocultured with a methanogen'.
Nevertheless, these hypotheses are solely based on genome sequences and transcriptomic data, and
the existence of these enzymes has yet to be confirmed. Furthermore, to the best of our knowledge,
the relationship between hydrogen production and the membrane potential remains unclear. We herein
biochemically analyzed SDH activity in P. thermopropionicum cells. We also examined hydrogen
production from propionate in a P. thermopropionicum monoculture in the presence of several

inhibitors. In addition, we performed a sequence homology-based analysis of the catalytic domains of



SDH1 and SDH2 to elucidate the genetic background and phylogenetic differences between proteins

and to identify their key amino acid residues.
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Fig. 1.1 Schematic diagram of succinate oxidation and hydrogen production in the propionate metabolic pathway of
Pelotomaculum thermopropionicum

(A) The methylmalonyl CoA pathway, a propionate-oxidizing pathway in P. thermopropionicum. Modified from previously published
papers'®%. Details of the membrane-associated reaction enclosed by the dotted line are in panel (B). (B) Schematic diagram of protein
complexes involved in succinate oxidation and fumarate reduction and their relationship to the membrane. The number of subunits of
ATP synthase is not exact, but the other complexes are with the predicted number of subunits. (C) Cluster structure within the genome
of the genes encoding SDH and FRD. Abbreviations: CoA, coenzyme A; NAD, nicotinamide adenine dinucleotide; FAD, flavin

adenine dinucleotide; Fdred, reduced ferredoxin; MK, menaquinone



1.2 MATERIALS AND METHODS
1.2.1 Hydrogen production, bacterial strain, and growth and incubation conditions

P. thermopropionicum S1 (DSM 13744) was routinely grown on 18 mM fumarate or pyruvate in 50
mL WY medium at 55°C in a 120-mL serum vial with a butyl rubber seal. WY medium containing
0.01% yeast extract in W medium was prepared as previously described®’. In the enzyme assay, cells
were precultured in 50 mL WY medium containing 18 mM fumarate as the substrate. All precultured
cells were directly inoculated into 6 L WY medium containing 18 mM fumarate and propionate as
substrates in a 10-L medium bottle filled with N»:C0,=80:20 gas and sealed with a butyl rubber and
plastic cap. The culture was incubated under static conditions at 55°C. Regarding propionate hydrogen
production, cells were cultured in 50 mL WY medium containing 18 mM pyruvate as a substrate. The
preculture was typically performed for 2 d and then inoculated when growth reached the stationary
phase (optical density at 600 nm [ODgoo] of approximately 0.25—0.3). Regarding the direct inoculation,
the preculture (5 mL) was directly inoculated into new media. In the wash inoculation, the preculture
was washed as follows: cells were collected from 50 mL of the preculture via centrifugation. Cells
were then suspended in 1 mL WY medium after being washed with fresh WY medium three times.
One hundred microliters of the cell suspension was inoculated into fresh 50 mL WY medium with 18
mM propionate in a butyl rubber-sealed vial. The vial was incubated at 55°C for ~40 d, and hydrogen
was periodically measured in the headspace. When a constant hydrogen production rate was observed,
the headspace was substituted with N»:C0,=80:20 gas for 3 min in a process known as gas exchange
to remove existing hydrogen and reduce oxygen contamination, and the vial was then incubated at
55°C. One hundred microliters of each chemical reagent solution was added via a syringe (Terumo).
Carbonyl cyanide m-chlorophenylhydrazone (CCCP), 2-thenoyltrifluoroacetone (TTFA), and N,N-
dicyclohexylcarbodiimide (DCCD) were dissolved in pyridine. The additive cofactors were dissolved

in water and sterilized by filtration.

1.2.2 Preparation of membrane, soluble, and dialyzed soluble fractions

After an incubation at 55°C for several d when the ODgoo value was >0.15, cells were collected via
centrifugation at 5,000xg at 4°C for 10 min during the stationary phase. The cell pellet was centrifuged
again after being washed with saline containing 8.5 mg L—1 NaCl. The pellet was suspended in 10 mL
of 10 mM potassium phosphate buffer (KPB, pH 7.0) and subjected to 16,000 psi of pressure in a
French press (American Instrument Company). Debris was removed via centrifugation at 8,000xg at
4°C for 15 min, and the supernatant was ultracentrifuged at 100,000xg at 4°C for 60 min using an
ultracentrifuge (himac CP80WX, Hitachi). The resulting precipitate was homogenized in 10 mL of 10
mM KPB and used as the membrane fraction. The collected supernatant was dialyzed against 1 L of

10 mM KPB at 4°C every 6 h. The treated solution was used as a soluble fraction.



1.2.3 Enzyme assays

Protein concentrations were measured using the Pierce BCA protein assay kit according to the
manufacturer’s instructions (Thermo Scientific™). Using a spectrophotometer, routine analyses were
conducted at room temperature using 3-mL plastic or 1-mL quartz cuvettes (UV-1850; Shimadzu).
Succinate:phenazine methosulfate (PMS)/2,6-dichloroindophenol (DCIP) oxidoreductase activity was
measured at 600 nm, 14.52 mM™' cm™' was considered to be the molecular extinction coefficient of
DCIP, and one unit of activity corresponded to a reduction of 1 umol DCIP min~!. The reaction solution
contained 16.6 mM KPB, 20 mM succinate, 200 pM PMS, and 100 pM DCIP?, and the reaction was
initiated by the addition of succinate. Succinate:ubiquinone-1 (Qi) oxidoreductase activity was
measured at 275 nm, and we considered 12.25 mM™ cm™ to be the molecular extinction coefficient
of Q1?’; one unit corresponded to a reduction of 1 umol Q; min—1. The reaction solution contained
45.75 mM KPB, 20 mM succinate, and 50 pM Q, and the reaction was initiated by the addition of
succinate. NADH:fumarate oxidoreductase activity was measured at 340 nm, and 6.22 mM~! cm™' was
considered to be the molecular extinction coefficient of NADH¥. One unit was equivalent to the
oxidation of 1 umol of NADH min~!. The reaction solution contained 20 mM KPB, 60 mM fumarate,
and 5 uM NADH, and the reaction was initiated by the addition of fumarate.

1.2.4 Measurement of the hydrogen content

The gas phase of the cultured vial or bottle was collected using a gas-tight syringe (Hamilton) and
applied to a gas chromatography device (GC-8A; Shimadzu) equipped with a thermal conductivity
detector (TCD) and a 2x3 mm stainless steel column containing Unibeads C (60/80 mesh) (GL
Science). The temperature of the injection port and detector was 150°C, and that of the column was
145°C. The TCD was set to a current of 60 mA, and the flow rate of the carrier gas argon was 30 mL

min—1. A calibration curve was produced using standard H2 gas (GL Sciences).

1.2.5 Comparison of sequence data retrieval, phylogenetic tree construction, and gene
cluster structures

A total of 1,969 genome sequences were retrieved from the NCBI Reference Sequence (RefSeq) FTP
website (ftp.ncbi.nlm. nih.gov/genomes/refseq/). To detect the homologous sequence of
SDH/fumarate reductase (FDR), flavoprotein subunit A, we performed a BLASTP search®! against all
of the protein-coding sequences from the 1,969 genomes using the amino acid sequences of three
functionally validated protein sequences from Escherichia coli BW25113 (SdhA: accession no.
AIN31199) and P. thermopropionicum SI (Sdh1A: BAF59198 and Sdh2A: BAF59672) as the query.
The homologous set was selected by BLASTP based on the criteria of an E-value cut-off of 1e-5 and
a minimum aligned sequence length coverage of 70% of a query and hit sequence. All hits from each

query were collected, and the merged unique sequence data set was used to build the phylogenetic tree.



The input sequence was aligned using MUSCLE 3.8.31 at the amino acid sequence level and used for
phylogenetic construction®***. The MEGAX 10.1.8 package was used to generate a phylogenetic tree
to study phylogenetic relationships using the neighbor-joining approach™*.

To elucidate the structure of the SDH/FDR gene cluster, 10 genes encoded in the region surrounding
each hit were collected. Five of these genes were each encoded in the upstream and downstream
regions. Therefore, each hit along with 10 surrounding genes were defined as candidates for the
structure of the gene cluster. A homologous group of these candidate proteins was constructed by
comparing the all-against-all protein sequences of 1,146 hits and their surrounding proteins using
BLASTP?!, followed by Markov clustering with an inflation factor of 1.2*. By using an E-value cut-
off of le-5 and a minimum aligned sequence length coverage of 70% of a query and hit sequence,
BLASTP identified the homologous proteins. We investigated flavoprotein subunit A as well as the
relationships between the gene cluster structure and phylogenetic location based on the assigned
cluster identification of each candidate and their phylogenetic location in SDH/FDR. The domain
search was performed using models from the Pfam (https://pfam.xfam.org) and UniProt

(https://www.uniprot.org) databases.



1.3 RESULTS

1.3.1 Existence of SDH activity in P. thermopropionicum membrane fractions

According to genomic data, P. thermopropionicum Sl possesses two types of SDHs, designated as
SDH1 and SDH2' (Fig. 1.1C). SDH1 and SDH2 were located on the membrane and in the cytoplasm,
respectively. This was proposed because SDH1 had a transmembrane SdhC subunit, which contained
five transmembrane domains, while SDH2 did not have a similar subunit (Table 1.1 and Fig. 1.1B).
To confirm the existence of SDHs on the membrane and in the cytoplasm of P. thermopropionicum,
the enzyme activity of the membrane and soluble fractions of fumarate- and propionate-cultured cells
were measured. Cells were harvested upon reaching the stationary phase, indicated by an optical
density exceeding 0.15. The cultivation period for these cells ranged from approximately 45 to 55
hours (Fig. 1.2). As cell proliferation progressed, the concentrations of substrates, fumarate and
propionate, in the culture supernatant decreased (Fig.1.3). Notably, fumarate was completely
consumed, while propionate consumption was gradual. Furthermore, various metabolites produced
during propionate metabolism increased with cell growth, though formate production was not
observed (Fig. 1.3). Both fractions exhibited succinate:PMS/DCIP oxidoreductase activity; however,
it was significantly more active in the membrane fraction than in the soluble fraction (Table 1.2).
Furthermore, succinate:Q; oxidoreductase activity levels in both fractions were similar to that of
succinate:PMS/DCIP oxidoreductase activity (Table 1.2). Since the reduction in Q; was considered to
be dependent on the cytochrome b subunit SdhC of SDH1, which had transmembrane regions (Table
1.1), succinate oxidation in P. thermopropionicum was conducted by SDH1 on the membrane. The
soluble fraction exhibited higher NADH:fumarate oxidoreductase activity than the membrane fraction
(Table 1.2), indicating that the reduction of fumarate occurred in the cytoplasm using NADH as an

electron donor.

1.3.2 Conditions of the P. thermopropionicum cell preculture for hydrogen production from
propionate

Hydrogen production from propionate has been reported in P. thermopropionicum®’. Since the
accumulation of hydrogen inhibits the growth of P. thermopropionicum during an incubation with
propionate, cell growth does not occur when monocultured in propionate; however, when cell activity
is present, a very small amount of hydrogen is produced by cells. However, the incubation period
required for hydrogen production was markedly longer, ca. 40 d, than that reported in a previous study
involving S. wolinii, a mesophilic propionate oxidizing bacterium, which produced hydrogen at ca. 5
h. One reason for this difference in the incubation period is the conditions under which S. wolinii and
other syntrophic, butyrate-oxidizing bacteria were cocultured with methanogens inhibited with

15,37

bromoethane sulfonate'*-"’, whereas P. thermopropionicum were monocultured cells*’. To reduce the

time required for propionate hydrogen production, we investigated preculture conditions and culture

10



additives. Propionate hydrogen production via a direct inoculation was observed when cells were
inoculated in a preculture for 2-3 d with pyruvate as a substrate. The partial pressure of hydrogen was
slightly reduced for ~10 d, after which it increased to 50 Pa and reached a plateau ~40 d later (Fig.
1.2A). Hydrogen levels did not increase in the absence of propionate (Fig. 1.4A). Similar results were
obtained when washed cells were inoculated; however, initial hydrogen production was reduced (Fig.
1.4B). When cells were precultured with fumarate, and even when they were inoculated at a high cell
density, an increase in hydrogen was not observed for at least 80 d (data not shown). The difference in
the results obtained among preculture substrates may have been due to enzyme expression because the
pyruvate and fumarate cultures produced propionate and succinate, respectively, and the operon-like
gene cluster coding the enzymes related to the MMC pathway was not highly expressed in the fumarate
culture of P. thermopropionicum'®. The timing of the inoculation of the preculture did not affect the
time required to increase the level of hydrogen; however, the partial pressure of hydrogen observed
immediately following the inoculation had changed (data not shown). Furthermore, the addition of
200 nM cofactors, including cobalamin, pantothenate, thiamine, and biotin, into the media with
propionate before the cell incubation did not affect the incubation period needed for an increase in the
level of hydrogen (data not shown). Although we did not identify any conditions to shorten the period
of hydrogen production, we noted high reproducibility when the preculture was performed using
pyruvate as a substrate and cells were incubated for >40 d (Fig. 1.4B). Following gas exchange in the
headspace of the vial producing hydrogen from propionate, the partial pressure of hydrogen had finally
reached 40-100 Pa (Fig. 1.3).

1.3.3 Effects of an uncoupler and inhibitors on hydrogen production from P
thermopropionicum incubated in propionate-containing media

Under propionate-oxidizing conditions, succinate oxidation constituted the first oxidation step in the
MMC pathway (Fig. 1.1A). This oxidation reaction generated menaquinol, which is required for
hydrogen production, and there were no other predicted enzymes besides SDH that produced
menaquinol under propionate-oxidizing conditions (Fig. 1.1B). Furthermore, succinate oxidation was
largely responsible for hydrogen production from propionate in P. thermopropionicum. Therefore,
membrane-bound SDH appeared to be the key enzyme in the MMC pathway. In addition, succinate
oxidation in a mesophilic propionate oxidizing bacterium was previously shown to be dependent on
the membrane potential maintained by ATP synthase!"!'*. To clarify whether succinate oxidation in P
thermopropionicum depended on the membrane potential, we examined the inhibitory effects of the
uncoupler CCCP on hydrogen production in P. thermopropionicum cells incubated with propionate.
The addition of 10 uM CCCP inhibited hydrogen production from propionate, while 100 uM CCCP
completely suppressed hydrogen production (Fig. 1.5A). Furthermore, we measured propionate

hydrogen production using DCCD, an ATP synthase inhibitor. Propionate hydrogen production was
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reduced by 10 uM DCCD and completely inhibited by 100 uM DCCD (Fig. 1.5B). These results
indicate that P. thermopropionicum requires an ATP synthase-maintained membrane potential for
propionate hydrogen production. To clarify the relationship between quinones and propionate
hydrogen production, we utilized TTFA, which competitively inhibits quinone-binding sites*®3?. We
observed a decrease in hydrogen production following the addition of >100 uM TTFA (Fig. 1.5C).
TTFA also inhibited succinate:Q; oxidoreductase activity in the membrane fraction to a small degree
(Fig. 1.6). These results suggest that membrane bound SDH1 was essential for succinate oxidation

during hydrogen production by P. thermopropionicum incubated in propionate-containing media.

1.3.4 Phylogenetic distribution of flavoprotein subunits and importance of the cytochrome
b subunit of SDH

The importance of membrane-associated SDH in P. thermopropionicum, a thermophilic propionate-
oxidizing bacterium, has increased interest in conserving the amino acid sequence of SDH subunits in
propionate-oxidizing bacteria. SDH comprises three or four subunits, including the flavoprotein
subunit, SdhA, the Fe-S cluster subunit, SdhB, and the cytochrome b subunit, SdhC (with SdhD)*. To
examine the phylogenetic distribution of SDH, we compared homologous flavoprotein subunit protein
sequences. In the SdhA and FrdA homolog phylogenetic tree, the flavoprotein subunits SDH and FRD,
respectively, indicated that the Sdh1A of P. thermopropionicum was contained within clade 7 (Fig.
1.7). Although this phylogenetic analysis was based on protein sequence similarities and did not
necessarily provide a phylogenetic classification, clade 7 contained the SdhA of the mesophilic
syntrophic propionate-oxidizing bacterium Syntrophobacter fumaroxidans (Fig. 1.7). Conserved
amino acid sequences were observed among clade 1, containing E. coli SdhA, clade 5, containing E.
coli FrdA, and clade 7. Alignment revealed that FAD-binding motifs (PROSITE:PS00504) were

similar and also that the most well-known FAD binding residue His43*!:4?

was highly conserved (Fig.
4A). The eighth amino acid was glutamine (Gln) in clades 1 and 7 and glutamic acid (Glu) in clade 5
(Fig. 1.8A). GIn and Glu were consistent with the substrate specificities of succinate:ubiquinone
oxidoreductase (SQR) and menaquinol:fumarate oxidoreductase (QFR) as succinate and fumarate,
respectively®®. These results suggest that clade 7 belongs to the SQR type. Furthermore, clades 1 and
5 both had valine at the fifth position, which was unique to Pelotomaculum (Fig. 1.8A).

We investigated the relationships between the Fe-S cluster and cytochrome b subunits and the
phylogeny of the flavoprotein subunit by summarizing the structures of the cluster of protein homologs
comprising SDH/FRD based on the phylogenetic tree of the flavoprotein subunit (Fig. 1.7). Although
the Fe-S cluster subunit (cluster 1) was always associated with the flavoprotein subunit (cluster 0,
FAD-binding motif), the third and fourth components of each clade were distinct (Fig. 1.7). Cluster
29, which is affiliated with clade 7, contained the SdhC gene of P thermopropionicum and the

cytochrome b subunits of S. fumaroxidans, Desulfovibrio gigas, and Wolinella succinogenes. The

12



alignment and conserved sequences of cluster 29 suggested that the His motif for heme binding (His93,
His120, His143, and His182 for W. succinogenes) was highly conserved (Fig. 1.9). Additionally, the
residues related to the E-pathway for transporting protons outside the membrane into the cytoplasm in
the cytochrome b subunit of W, succinogenes (His44, Glu180)*** were previously reported to be
His38, Glu164, and Glu193 in the cytochrome b subunit of D. gigas*’. These residues were conserved
in P. thermopropionicum (His41, Glul81, and Glu199) and S. fumaroxidans (His37, Glul67, and
Glul96) (Fig. 1.9). The E-pathway theoretically reduces the membrane potential of succinate
oxidation?®. These findings suggest that syntrophic propionate-oxidizing bacteria retain the heme-
binding and E-pathway motifs. Notably, Asp63 in SdhC of P. thermopropionicum was changed from
Glu, which is a putative menaquinone-binding site predicted in D. gigas*? (Fig. 1.8B). Furthermore,
the residue was conserved in the SdhCs of the obligate syntrophic propionate-oxidizing bacteria
Pelotomaculum propionicicum and Pelotomaculum shinckii*® (Fig. 1.8B), suggested that this amino
acid residue evolved in syntrophic propionate-oxidizing bacteria requiring the membrane potential for

succinate oxidation.
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Table 1.1 Predicted genes for succinate oxidation and hydrogen production in P. thermopropionicum

*TM: transmembrane region numbers from UniProt information. $TAT: +, presence of twin-arginine translocation signal peptide.

Enzyme Tocus tag  UniProt Protein Annotation Electron transfer — Size (aa) TM TAT
b3
T
SDH1  PTH_ 1016 AS5D3J0 SdhlC> succinate dehydrogenase/[umarate  Succinate <-> MK 233 5
SDH SdhC rcductasc, cytochrome b subunit
PTH_1017 A5D3J1 SdhlA> succinate dehydrogenase/fumarate 608 0
SdhA reductase, flavoprotein subunit
PTH 1018 AS5D3J2 SdhlB > succinate dehydrogenase/[umarate 249 0
SdhB reductasc, Fe-S protein subunit
SDH2  PTH 1490 A5D270 Sdh2B > succinate dehydrogenase/[umarate Fumarate <->? 212 0
FRD FrdB reductase, Fe-S protein subunit
PTH_1491 A5D271 Sdh2A> succinate dehydrogenase/fumarate 560 0
FrdA reductase, flavoprotein subunit
PTH 1492 AS5D272 FrhB coenzyme F420-reducing 404 0
hydrogenase, beta subunit
HYD1 PTH_0668 A5DA4I9 Tron only hydrogenase large subunit, ?7<>H: 530 0 +

C-terminal domain, containing
ferredoxin

P11 0669 ASD4J0 1lybA  Fe-S-cluster-containing hydrogenase 271 0
components 1
PTH 0670 ASD4J1 Hypothetical protcin 89 1
HYD2 PTH 1377 ASD2H3 hypothetical hydrogenase subunit NADH, Fdred <> 624 0
H.
PTH_ 1378 A5D2H4 NuoF  NADH:ubiquinone oxidoreductase, 650 0
NADII-binding (51 kD) subunit
PTH_1379 A5D2H5 NuoE  NADH:ubiquinone oxidoreductase 192 0
24 kD subunit
1IYD3  PTIL 2010 ASD0Q2 hypothetical hydrogenasc subunit  NADII, Fd red <-> 574 0
H.
PTH 2011 ASDO0Q3 NuoI' NADH:ubiquinone oxidoreductase, 551 0
NADH-binding (51 kD) subunit
PTH_ 2012 A5D0Q4 NuoE  NADH:ubiquinone oxidoreductase 162 0
24 kD subunit
1IYD4 P11l 1701 ASDILO 1llyaA  NiJYe-hydrogenase I small subunit MK <-> 11, 332 0 +
PTH_1702 ASDIL] HyaB  NiFe-hydrogenase T large subunit 482 0
PTH 1703 A5D1L2 HybA Fe-S-cluster-containing hydrogenase 277 0
components |
PTH_1704 ASDIL3 NrfD  NrfD participates in the transfer of 389 10

electrons (rom quinone pool into the
terminal componcnts
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Fig. 1.2 Cell Growth Curves with Fumarate and Propionate as Substrates.

Arrows indicate the timing of cell harvesting. a to d represent the growth of cells used for four independent activity measurements.
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Fig. 1.3 P. thermopropionicum metabolite analysis.

a-c in this analysis represents the metabolites at points a-c in Fig.1. 2. Metabolites were quantified using high-performance liquid
chromatography (HPLC). HPLC analyses were performed using an Alliance e2695 (Waters) equipped with a quaternary pump, a
standard autosampler, a thermostatic column compartment, RI detector, and UV detector. The mobile phase was 0.1 mM perchloric

acid.
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Table 1.2 Enzyme activity of membrane and soluble fractions prepared from P. thermopropionicum cells

Membrane fraction*® Soluble fraction*

Succinate:PMS/DCIP oxidoreductase activity (mU/mg) 96.8 + 68.1 3.7+£2.7
Succinate:Q1 oxidoreductase activity (mU/mg) 43.9+£22.3 29+3.6
NADH:fumarate oxidoreductase activity (mU/mg) 5.7+5.3 35.7+17.7

*+ standard deviations (n = 4)
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Fig. 1.4 Propionate hydrogen production by P. thermopropionicum cells.

Hydrogen in the headspace of vials was detected via gas chromatography. (A) Time course of hydrogen partial pressure in the
headspace of vials with media with (open circles) or without (closed circles) propionate-containing media. An aliquot of preculture
was directly inoculated with pyruvate grown cells for inoculation. (B) Washing inoculation was used to conduct repeated propionate
incubations. The error bars represent the standard deviations for each of the three samples. The arrow indicates the typical timing of

gas exchange.
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Fig. 1.5 Inhibitor effects on propionate hydrogen production by P. thermopropionicum.

The inoculated cells were washed before propionate incubation. Before the chemicals were added, a gas exchange was conducted. At
a final concentration of 15.5 mM, pyridine was used as an inhibitor solvent and as a control. The inhibitors used were (A) carbonyl
cyanide mchlorophenylhydrazone (CCCP), (B) N,N-dicyclohexylcarbodiimide (DCCD), and (C) 2-thenoyltrifluoroacetone (TTFA).

The error bars represent the standard deviations for each of the three samples.
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Fig. 1.6 TTFA inhibition on SDH activity in membrane fractions.

The succinate:Q: oxidoreductase activity was measured with the addition of 0.25, 2.5, 50, and 250 pM 2-thenoyltrifluoroacetone
(TTFA). TTFA was dissolved in dimethyl sulfoxide and added to the reaction mixture before the addition of succinate to initiate the

reaction. Percentage inhibition was calculated on the basis of activity values under 0 puM TTFA conditions. The error bars indicate the

standard deviations of the three individual samples.
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Fig. 1.7 Unrooted neighbor-joining phylogenetic tree of flavoprotein subunits of succinate dehydrogenase/fumarate reductase.
A phylogenetic tree of 1,146 homologous protein sequences was constructed using the MEGAX 10.1.8 software package (Tamura et
al., 2007; Stecher et al., 2020). The bar on the scale represents 0.1 substitutions per site. Each clade number is listed in Table S3. The
numbers, which are cluster IDs, separated by “|” attached to each clade indicate the gene cluster structure in the clade containing each
flavoprotein. The inset table displays the cluster ID as well as specific protein motifs listed in Table S4. Gene clusters were found in
the strains depicted by the arrows: ApSdhCDAB, Acetobacter 21asteurianus, EcSAhCDAB, EcFrdABCD, Escherichia coli, PtFrdAB
(SDH2), PtSdhCAB (SDH1), Pelotomaculum thermopropionicum;, StfSAdhCAB, Syntrophobacter fumaroxidans, DgFrdCAB,

Desulfovibrio gigas, and WsFrdCAB, Wolinella succinogenes.
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S. fumaroxidans 62 EATEMAQEGGP 72
P. thermopropionicum 63 BKNNEAQEGHP 73
P. propionicicum c2 DKNNEAQNMGHEP 72
P. shinckii (1) 63D KNNEAQNGHEP 73
P. shinckii (2) 63 DKNNEAQNGHEP 73
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Fig. 1.8 Conserved regions in constructed alignments.
The logos depicted are (A) FAD-binding motifs for clades 1, 5, 7, and Pelotomaculum or (B) the putative menaquinone-binding site
of cluster 29 containing the SdhC subunit. These logos were created using Weblogo (http://weblogo.berkeley.edu) and the alignment

dataset shown in Fig. 1.5 or Fig. 1.7. The illustrated alignment was partially reconstructed from Fig. 1.7.
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Fig. 1.9 Multiple alignments of cytochrome b subunits of succinate dehydrogenase/fumarate reductase belongs to cluster 29

from several microorganisms involved in clade 7 of the classification of flavoprotein subunit.

The alignment was generated using Clustal Omega 1.2.0 with default parameters in CLC Main Workbench 20.0.4 (http://www.

Clcbio.com). UniProtKB accession of each sequence of a subunit from a specific strain is as follows: W. succinogenes, P17413; D.

gigas, T2GATS; S. fumaroxidans, P. thermopropionicum, A5SD3]0; P. propionicicum, AOA4Y7TRK43; P. shinckii, (1)AOA4YTRCG7

(2)A0A4YTRALS. Red arrows indicate conserved histidine residues for heme binding. Blue arrows indicate conserved amino acid

residues for E-pathway.
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1.4 DISCUSSION

The present results suggest that the SDH of P. thermopropionicum, the key oxidizing enzyme directly
related to propionate hydrogen production, localizes to the membrane and that the enzyme complex
responsible needs to contain the membrane-integrated subunit. A sequence analysis predicted that
SDH (SDH1) possesses a quinone pocket in SdhC (Table 1.1) and transfers electrons to menaquinone,
corresponding to membrane-bound Q1 reductase activity (Table 1.2). In addition, we previously
demonstrated that the expression levels of the genes encoding SDH1 (PTH_1016-1018) were higher
than those of the genes encoding SDH2 (PTH_1492-1490) under conditions of syntrophic propionate
oxidation'. These results indicate that SDH1 is primarily an SDH of P. thermopropionicum.

Furthermore, the results obtained herein revealed that SDH2 is a cytoplasmic FRD that receives
electrons from NADH (Table 1.2), which is not associated with propionate oxidation. Therefore, we
propose that sdh2A is frdA and sdh2B is frdB. The electrons required to reduce fumarate by FRD most
likely originate from adjacent clustered PTH 1492 encoding multiple domains containing FrhB,
which are the hydrogenase/dehydrogenase beta subunit of coenzyme F420, N terminus (IPR0O07516),
coenzyme F420 hydrogenase/dehydrogenase beta subunit, C terminus (IPR007525), and 4Fe-4S
ferredoxin-type iron-sulfur binding domain (IPR017896). However, an additional subunit that oxidizes
NADH and transfers electrons to FRD may be required. In the genome of P. thermopropionicum,
several genes exhibit possible NADH-oxidizing domains, such as NAD_binding 1 (Pfam No.
PF00175), oxidized FMN (PF00724), and Complex1 51K (PF01512). These domains containing
genes include PTH_1405 (NAD_binding 1); PTH_0267, PTH_0595, and PTH_0596
(Oxidored_FMN); PTH_2011, PTH_1378, and PTH_2648 (Complexl_51K) (Table 1.3). The
appropriate gene cannot be identified by the presence of a domain; however, the genes in P
thermopropionicum may be coupled to FRD. Furthermore, cytoplasmic FDRs are present in the
syntrophic propionate-oxidizing bacterium S. fumaroxidans (Sfum_4092-4095, Sfum_1998-2000),
which lacks heme groups and a predicted membrane-integrated domain cytoplasmic b-like?*.

The membrane-bound SDH of P thermopropionicum required an ATP synthase-maintained
membrane potential for succinate oxidation. This was necessary because propionate hydrogen
production by P. thermopropionicum required a membrane potential (Fig. 1.5A), ATP synthase activity
(Fig. 1.5B), and quinones (Fig. 1.5C). These results are consistent with the predicted reverse electron
transport mechanism of membrane-bound SDH from the mesophilic propionate oxidizing bacterium,
S. wolinii'"'*. TTFA, which affects a broad range of quinone-associated proteins containing a quinone
pocket®®, partially inhibited succinate:Q1 oxidoreductase activity (Fig. 1.6), suggesting that TTFA-
causing reductions in SDH hydrogen production warrant further study. One possible TTFA target is
the hydrogenase HYD4 because it includes the NrfD subunit, which accepts electrons from the
quinone pool (Table 1.1). Additionally, membrane-bound NiFe-hydrogenase in E. coli requires a

membrane potential*’. The HYD4 of P. thermopropionicum showed significant homology with these
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genes in £. coli (average of 54% positives), indicating that a membrane potential may also be required
to drive the HYD4 reaction.

Membrane potential-requiring SDHs have been reported in Bacillus subtilis*’ and Desulfovibrio
speciess. Furthermore, the electrogenic catalysis of SDH has been demonstrated in Bacillus
licheniformis*. The structure of the subunit and the reaction models of SDHs that utilize the membrane
potential for succinate oxidation via transmembrane subunit C (cytochrome b subunit) have been
proposed in SQR(SDH) of B. licheniformis and QFR(FRD) of W. succinogene*®>°>'. In the Wolinella
QFR, a compensatory proton transfer model via the E-pathway present in subunit C contributes an
H+/e—ratio of 0.5 in the quinone-reducing reaction via succinate oxidation, whereas the H+/e—ratio is
1.0 in subunit C of B. licheniformis SQR, which does not utilize the E-pathway*’. This difference in
ratios in succinate-oxidizing reactions implies the energetic advantage of the E-pathway. P
thermopropionicum SAhC conserved several essential amino acid residues of the E-pathway (Fig. 1.9)
and exhibited sufficient homology with the subunits of Desulfovibrio (33% identity) and Wolinella
(27% identity). Subunit C of D. gigas QFR has been suggested to utilize the E-pathway in the
reversible reaction of quinol oxidation*’. These findings suggest that P. thermopropionicum SDH
utilizes the E-pathway for succinate oxidation. Conversely, the binding of menaquinone to SdhC of P,
thermopropionicum is crucial for the energetic efficiency of reactions in the SDHs of syntrophic
propionate-oxidizing bacteria. Guan et al. (2018) proposed Q pockets, menaquinone-binding sites, and
related amino acid residues based on the structure of subunit C of Desulfovibrio QFR. However, SdhC
of P. thermopropionicum conserved these amino acid residues for heme binding in subunit C of D.
gigas QFR (Fig. 1.9). Other residues associated with menaquinone binding in syntrophic propionate-
oxidizing bacteria observed in the alignment (Fig. 1.7B) may be of greater importance for the
menaquinone-specific interaction. These hypotheses require additional biological evidence.

According to the phylogenetic analysis of the flavoprotein subunit SdhA, syntrophic propionate-
oxidizing bacteria highly clustered in clade 7 (Fig. 1.7). Since a correlation was observed between the
classification of SdhA and that of the other subunits, SdhB, SdhC, and SdhD (Fig. 1.7), it is logical to
assume that the relationship is significant. This hypothesis has been reported for the respiratory
complex protein NADH:ubiquinone oxidoreductase (complex 1)*2. Additionally, the SdhA subunit is
important for substrate specificity and is closely related to FAD binding. The FAD-binding motif in
the homologs of SdhA suggests that clustered SdhA in clade 7 is a type of SDH, not FRD (Fig. 1.8A).
These results indicate that the SDHs of syntrophic propionate-oxidizing bacteria have evolved
specifically for these microorganisms and that the associated subunits play a crucial role in their
function.

Hydrogen production from propionate oxidation in P. thermopropionicum requires a membrane
potential, which is important for sustaining efficient methane fermentation. In addition, the efficiency

of the energetic reaction of succinate oxidation needs to be considered in the structures of SdhA and
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SdhC, particularly in syntrophic propionate-oxidizing bacteria. The biological mechanisms underlying
energetically efficient propionate oxidation by the unique protein complexes of propionate-oxidizing
bacteria will be elucidated by the accumulation of additional biological data, including those on actual

cell and heterologous expression.
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Table 1.3 Search of NADH oxidizing domain in P. thermopropionicum*

Query Pfam
domain

Pfam No. Query Target locus Target
Length Tag

UniProt
Accession

larget L-value Score Description Related Trans-

Length

cluster membrane®

NAD binding 1

NAD_binding_1

Oxidored_FMN
Oxidored_FMN
Oxidored_I'MN

Complex1_51K

Complex1_51K

Complexl SIK

PFO0175

PF00175

PF00724

PF00724

Pr00724

PFO1512

PFO1512

Proi1s12

109

109

342

342

342

152

152

152

PTH_1405

PTH_1180

PTH_0267
PTH_0595
PT11_0596

PTH_2011

PTH_2648

PTH 1378

ASD2E4

A5D320

A5D5M6
A5D4RS8
ASD4R7

A5D0Q3

ASCYU7

A5SD2114

280

287

641

651

649

551

617

650

3.1E-12

0.0009

1.7E-81

1.7E-60

4.6L-52

5.4E-46

1.9E-44

5.6E-43

58.5

313

285.8

216.8

189.1

167.8

162.8

158.0

2- PTH_1405-0
polyprenylphen 1413

ol hydroxylasc

and related

flavodoxin

oxidoreductases

2- ? 0
polyprenylphen

ol hydroxylase

and related

flavodoxin

oxidoreductases
Uncharacterized ? 0
protein

NADH:flavin PTH 0594-0
oxidoreductases 0601
NADIL:Aflavin P11l 0594-0
oxidoreductases 0601
NADH:ubiquin HYD3 0
one (PTH_2010
oxidoreductase, -2012)
NADH-binding

51 kD subunit
NADH:ubiquin PTH_2647-0
one 2650
oxidoreductase,
NADH-binding

51 kD subunit

NADH:ubiquin HYD2 0
one (PTH 1377
oxidoreductase, -1379)
NADH-binding

51 kD subunit

#Search was performed by hmmsearch (https://www.ebi.ac.uk/Tools/hmmer/search/hmmsearch) with Pfam HMMs.

"Search was performed by DeepTMHMM (https://biolib.com/DTU/DeepTMHMMY/)
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CHAPTER 2
Insight on flavinylation and functioning factor in Type B succinate dehydrogenase from

Gram-positive bacteria

ABSTRACT

Succinate dehydrogenase (SDH), a multisubunit complex enzyme, catalyzes the oxidation of
succinate to fumarate, coupled with quinone reduction. Maturation of each subunit and assembly of
the complex is essential. However, little is known about the maturation mechanisms of SDH in Gram-
positive bacteria. To elucidate the maturation of Type B SDH in Gram-positive bacteria, we
heterologously expressed 3 SDH from Bacillus subtilis, Corynebacterium glutamicum, and
Pelotomaculum thermopropionicum in Escherichia coli. The covalent binding of flavin adenine
dinucleotide (FAD) at these SDH flavoprotein subunits was observed in heterologous expression as a
complex. Their flavinylation was enhanced by the presence of the iron-sulfur subunit and fumarate. In
contrast, the iron-sulfur subunit of heterologously expressed SDH without SDH activity showed no
iron-sulfur clusters. These results suggest that during maturation of SDH, flavinylation is achieved by

the complex and that other factors are required for the iron-sulfur cluster maturation.
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2.1 INTRODUCTION

Succinate dehydrogenase (SDH) is conserved in all species from prokaryotes to eukaryotes and
catalyzes the oxidation of succinate to fumarate coupled with quinone reduction®. Succinate oxidation
is involved in the tricarboxylic acid cycle®, the synthesis of precursors for lipid and amino acid
metabolic pathways’, a propionate oxidation pathway in propionate-oxidizing bacteria'®, and the
membrane electron transport chain. Hence, SDH is central to a variety of cellular metabolic pathways
and energy conversion in most organisms, and understanding how this enzymatic function is critical.

The membrane-associated and complex multisubunit SDH consists of 2 soluble subunits and
membrane anchor subunit(s)’. The soluble flavoprotein subunit possesses a succinate oxidation
catalytic site that involves covalently bonded flavin adenine dinucleotide (FAD) as a prosthetic group™.
The iron-sulfur subunit, the other soluble subunit containing an iron-sulfur (Fe-S) cluster, mediates
electron transfer from succinate to quinone, and the midpoint potentials of the Fe- S clusters favor
electron transfer from FAD to quinone®*. Membrane anchor subunit(s), composed of 1 or 2 subunits,
possess quinone reduction sites containing 1 or 2 heme 5. The membrane anchor subunit can be
classified as Type A to F according to the number of constituent subunits, the number of
transmembrane helices, the heme b they contain, and whether the quinone-binding sites are located
proximally or distally to the soluble subunits*®>*. For the SDH complex to function properly, oxidizing
succinate and reducing quinone, the binding of FAD to the flavoprotein subunit, and the formation of
Fe-S clusters on the iron-sulfur subunit are necessary. In addition, functional assembly of the SDH
complex requires heme 4 in the membrane-anchoring subunits™.

The covalent binding of FAD to the SDH flavoprotein subunit is called flavinylation and is essential
for succinate oxidation because it increases the redox potential and allows electron transfer from
succinate to FAD*!. The co valent binding of FAD to the SDH flavoprotein subunit is mediated by an
8 a-N(3)-histidyl-FAD bond*®. The flavinylation of the SDH flavoprotein subunit generally occurs
before its assembly with other subunits in the complex®’. The proportion of covalent binding of flavins,
including FAD, to whole flavoproteins is approximately 10%, and the mechanism is suggested to be a
self-catalytic protein modification’. However, the detailed mechanism of SDH flavinylation is not
clear. Flavinylation of SDH flavoprotein subunits is enhanced by specific elements, including a FAD-
binding protein, heat, and dicarboxylate!®!757%%-!  The FAD-binding proteins SdhE, Sdh5, and
SDHAF2 in bacteria, yeast, and humans, respectively, enhance the covalent binding of FAD to SDH
flavoprotein subunits™*-*’. Dicarboxylate is necessary to maintain the structure of the flavoprotein and
to synergize with SDHAF?2 to properly orient flavin and SDHA"%!. Additionally, Escherichia coli
SdhE increases the affinity for dicarboxylates'”. The flavinylation of SDH flavoprotein subunits from
hyperthermophilic Gram-negative bacteria and hyperthermophilic archaea, Thermus thermophilus and
Sulfolobus tokodaii, which lack SdhE, requires heat and dicarboxylate'¢. Although many studies have

reported the involvement of these elements in the flavinylation of flavoprotein subunits, only a few
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have reported their involvement in certain organisms, such as Gram-positive bacteria, where
conservation of the SdhE homolog is very low'®. Interestingly, when the Bacillus subtilis sthCAB
operon is expressed in E. coli, the covalent binding of FAD in B. subtilis SDH flavoprotein subunit is
not detected®?. This suggests that host-specific elements are required for flavinylation in Gram-positive
bacteria; however, these elements remain unclear. Multiple sequence analysis of the flavoprotein
subunit of SDH/fumarate reductase (FRD), which has SDH activity, shows a high conservation of His
required for FAD covalent bonding and Arg and His for dicarboxylic acid binding (Fig. 2.1 and 2.2).
Finding out what elements are involved in the covalent binding of FAD to the flavoprotein subunit in
the absence of ¢ ha per ones such as SdhE should be interesting. Few reports have focused on
flavinylation in Type B SDH from Gram-positive bacteria, which include propionate-oxidizing
bacteria, with the exception of Actinobacteria.

In this study, to investigate the elements required for Type B SDH flavinylation in Gram-positive
bacteria, we performed in vivo and in vitro flavinylation using 3 different heterologously expressed
SDHs from Gram-positive bacteria: B. subtilis, a model organism; Corynebacterium glutamicum, an
amino acid-producing bacterium widely used in industry; and Pelotomaculum thermopropionicum, a
thermophilic propionate-oxidizing bacterium. This study provides insights into the flavinylation of
Type B SDH from Gram-positive bacteria and information on the maturation of heterologously

expressed SDHs.
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Q His45 (E. coli Sdha) b arg286 (E. coli sdna)
49 [: . 1 69 368 [ . . ] 388
1 SdhA-C_gl-B FTYHDAPRRAHSTAAQGGVNS 1 SsdhA-C _gl-B ——-PAFGNLVPRDVASRAISQ-
2 SdhA—Hisa—A / J A NA 2 SdhA—Hisa—A —-TNDGELASRDVVSRAELT-
3 SdhA—Bfli—E FS-I AQGGING 3 SdhA—Bfli—B —--PAYGNLVPRDIATREIFDV
4 SdhA-B_su-B FS-I VKRSHSVCAQGGING 4 SdhA-B su-B ——PAYGNLVPRDIATREIFDV
5 FrdA-E_co-C IS-KVYPMRSHTVAAE A 5 FrdA-E_co-C PKNKYMELGPRDKVSQAFWH-
6 SdhA-M sm-F LT-KLYPTRSHTGAAQGGMCA 6 SdhA-M sm-F --PTIVDLAPRDIVARSMVL-
7 SdhA-M_tu-A LT-KLYPTRSHTGAAQGGMCA 7 SdhA-M tu-A —--PTIVDLAPRD \RSD
8 SdhA-E_co-C LS-KVFPTRSHTVSAQG 8 SdhA-E_co-C
9 SdhA-T th-A VS-KLYPTRSHTGAAQ 9 SdhA-T th-A
10 SdhA-A pa-C VT-KVFPTRSHTV. 10 SdhA-A pa-C —-—-PTAKDLASRD
11 SdhA—Pith—B LS-LVPPRRSHSTAAQGGMQA 11 SdhA—Pith—B —-PKKKELASRDVV
12 FrdA-W su-B LS-LIPVKRSHSAAAQGGN 12 FrdA-W_su-B —-PEKKELASRDVV
clustal *if: SFox* clustal Ha
C His354 (E. coli Sdha) d Arg399 (E. coli Sdha)
443 [ H 489 [. 5 1 509
1 SdhA-C gl-B 1 sdhA-C gl-B AS-WTYHGANRLGANSLLSAS
2 SdhA-H sa-A 2 SdhA-H sa-A ACVSLHGANRLGGNALPELT
3 SdhA—B_li—B 3 SdhA—B_li—B 5 GANSLLSAT
4 sdhA-B_su-B 4 SdhA-B su-B SLLSA
5 FrdA-E co-C 5 FrdA-E co-C /GLHGANRLGSNSLAELV
6 SdhA-M_sm-F PTCHYVM 6 SdhA-M_sm-F JSVHGANRLGTNSLLDIN
7 SdhA-M_ tu-A JYPTCHYLMG 7 SdhA-M tu-A JSVHGANRLGTNSLLDIN
8 SdhA-E co-C 8 SdhA-E co-C I ANRLGGNSLLDLV
9 SdhA-T th-A 9 SdhA-T th-A JSLHGANRLGTNSLGDLV
10 SdhA-A pa-C 10 SdhA-A pa-C /SVHGANRLGTNSLLDLT
11 SdhA-P_th-B 11 SdhA-P_th-B WDLHGEFNRLGGNSLAETV
12 FrdA-W_su-B EKWAPVLPMQHYSMGGIRTDY 12 FrdA-W_su-B \CWDMHGEFNRLGGNSVSEAV
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Fig. 2.1 The multiple alignment of the amino acid sequence of the homologs of SDH flavoprotein subunit was constructed using

Muscle5 (Edgar 2022).

Used amino acid sequences were obtained from UniProt database (https://www.uniprot.org). The colored and separated alinement was
produced by MView (Brown et al. 1998). The symbols in row “clustal” are * for full column identity, and : or . for strong and weak
amino acid grouping, respectively. The list of tags for sequence information with the alignment is as follows: 1 SdhA-C_gl-B, C.
glutamicum (UniProt accession: Q8NTD6, Type B); 2 SdhA-H_sa-A, Halobacterium salinarum (A0A4D6GU65, Type A); 3 SdhA-
B_li-B, Bacillus licheniformis (TSHD13, Type B); 4 SdhA-B_su-B, B. subtilis (P08065, Type A); 4 FrdA-E_co-C, E. coli (P00363,
Type C); 6 SdhA-M_sm-F, Mycolicibacterium smegmatis (AOA653FIT6, Type B); 7 SdhA-M_tu-A, Mycobacterium tuberculosis
(L7N501, Type A); 8 SdhA-E_co-C, E. coli (POAC41, Type C); 9 SdhA-T_th-A, Thermus thermophilus (Q5SICO, Type A); 10 SdhA-

A_pa-C, Acetobacter pasteurianus (CTJAR4, Type C); 11 SAdhA-P_th-B, P. thermopropionicum (A5D3J1, Type B),
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12 FrdA-W_su-B, Wolinella succinogenes (P17412, Type B). The type of SDH/FRD is based on the previous report™. (a) The
alignment shows around His45 of SdhA of E. coli. (b) The alignment shows around Arg286. (c) The alignment shows around His354.
(d) The alignment shows around Arg399. These residues are important for FAD-covalent binding®” and dicarboxylic acid binding®.
(e) The phylogenetic tree was subsequently generated by FigTree (http://tree.bio.ed.ac.uk/software/figtree/) using the distance data
calculated by Clearcut program applying the relaxed neighbor-joining algorithm with the Kimura correction®. The scale bar

corresponds to 0.1 substitutions per amino acid. The sequences used in this study are indicated as square.
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1
SdhA-C_gl-B
SdhA-H_sa-A
SdhA-B_li-B
SdhA-B_su-B
FrdA-E_co-C
SdhA-M_sm-F
SdhA-M_ tu-A
SdhA-E_co-C
SdhA-T_th-A
SdhA-A pa-C
SdhA-P_th-B
FrdA-wW_su-B
clustal

81
SdhA-C_gl-B
SdhA-H_sa-A
SdhA-B_li-B
SdhA-B_su-B
FrdA-E_co-C
SdhA-M_sm-F
SdhA-M_tu-A
SdhA-E_co-C
SdhA-T_th-A
SdhA-A pa-C
SdhA-P_th-B
FrdA-wW_su-B
clustal

16l
SdhA-C_gl-B
SdhA-H_sa-A
SdhA-B_li-B
SdhA-B_su-B
FrdA-E_co-C
SdhA-M_sm-F
SdhA-M_tu-A
SdhA-E_co-C
SdhA-T_th-A
SdhA-A pa-C
SdhA-P_th-B
FrdA-W_su-B
clustal

241
SdhA-C_gl-B
SdhA-H_sa-A
SdhA-B 1i-B
SdhA-B_su-B
FrdA-E_co-C
SdhA-M_sm-F
SdhA-M_tu-A
SdhA-E_co-C
SdhA-T_th-A
SdhA-A_pa-C
SdhA-P_th-B
FrdA-W_su-B
clustal

321
SdhA-C_gl-B
SdhA-H_sa-A
SdhA-B_li-B
SdhA-B su-B
FrdA-E_co-C
SdhA-M_sm-F
SdhA-M_ tu-A
SdhA-E_co-C
SdhA-T_th-A
SdhA-A _pa-C
SdhA-P_th-B
FrdA-W_su-B
clustal

401
SdhA-C_gl-B
SdhA-H_sa-A
SdhA-B_li-B
SdhA-B_su-B
FrdA-E_co-C
SdhA-M_sm-F
SdhA-M_ tu-A
SdhA-E_co-C
SdhA-T_th-A
SdhA-A_pa-C
SdhA-P_th-B
FrdA-W_su-B
clustal
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MA-==——————————— HRHEVIVVGAGGAGLTAALYAAKEGA--DVAVVS—-KLYPTRSHTGAAQGGIGAALGNV---EED

MNANTSPSRGAYRIVDHAYDVVVVGAGGSGLRATLGMGAAGL--STACVT-KVFPTRSHTVAAQGGIGASLGNM---AED

MSAK--———=——-— HTHICDVLVIGAGLAAERSAIECAQAGL--NVIILS-LVPPRRSHSTAAQGGMQASLGNCAMGLGD

MKV-—=-————————— QYCDSLVIGGGLAGLRAAVATQQKGL--STIVLS-LIPVKRSHSAAAQGGMQASLGNSKMSDGD
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. 1 . . . . : . 160
GAYRHVKDTVKGGDYRGRESDCWRLAVESVRVIDHMNAIGAPFAREYG-————-———————————————— GALATRSFGG-
SWEDHAYDTMKGSDYLGDAPAIDTFAKTAPDEVIQLEHWGMPFSREDD-—-——-=-———-—-———————————— GRVSQRPFGG-
SPWEHFDDTVYGGDFLANQPPVKAMCEAAPSITHLLDRMGVMFNRTPE--—--—-——-—-—-———————-———— GLLDFRRFGG-
SPWEHFDDTVYGGDFLANQPPVKAMCEAAPSIIHLLDRMGVMENRTPE-————-———————————————— GLLDFRRFGG-
SFEYHFHDTVAGGDWLCEQDVVDYFVHHU PTEMTQLELWGC PWSRRPD--——-——=————————————— GSVNVRRFGG-
NWEWHTFDTVKGGDYLADQDAVEIMUKEAIDAVLDLEKMGMPFNRTPE--————-—-—————————————— GRIDQRRFGGH
NWEWHTFDTVKGGDYLADQDAVEIMUKEAIDAVLDLEKMGMPFNRTPE--—-——-—-—-—————————————— GRIDQRRFGGH
NWEWHMYDTVKGSDYIGDQDATIEYMUKTGPEAILELEHMGLPFSRLDD--——=-=—-—————————————— GRIYQRPFGGQ
HWEWHMFDTVKGGDYLTDQDAAEVFAKEVIEAVIELEHMGLPFDRLPN--——————————————————— GKIAQRRFGGH
NWRWHMYDTVKGSDWLGDQDAIEFMCREAVPAVRELEHFGVPFSRTED-—-—-———-—————————————— GKIYQRPFGGH
NPQIHFEDTVKGSDWGCDQEVAKMFCETVPIMIRQLDYWGVPWNRVVAGKKKLP-DGR--EIEDLKEKEGLITARDEFGG—
NEDLHFMDTVKGSDWGCDQKVARMFVNTAPKATRELAAWGVPWTRIHKGDRMATI INAQKTTITEEDFRHGLIHSRDFGG—

Kk kK B P *.ox KoLk kxK
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—————— VQVSRTYYTRGQTGQQLQLSTASALQRQIHLG-SVE--—--IFTHNEMVDVIVTER--NGEKRCEGLIMRNLITG
—————— LSFPRTTYAGAETGHHMLHTLYE----QVVKR-GIE----VYDEWYVSELAVTDEDNPNDRECHGVVAWDVQSG
—————— TQHHRTAYAGATTGQQLLYALDE----QVRRF-EVEGLVSKYEGWEFLGAVLDD-----DNTCRGIVAQNLTTM
—————— TQHHRTAYAGATTGQQLLYALDE----QVRRY-EVAGLVTKYEGWEFLGAVLDD-----DRTCRGIVAQNLTNM
—————— MKIERTWFAADKTGFHMLHTLFQ----TSLQFPQIQ----RFDEHFVLDILV-D-----DGHVRGLVAMNMMEG
TRDHGKAPVRRACYAADRTGHMILQTLYQ----NCVKH-DVE----FFNEFYALDIALTET--PAGPVATGVIAYELATG

TRDHGKAPVRRACYAADRTGHMILQTLYQ—-
SKNFGGEQAARTAAAADRTGHALLHTLYQ-

—-FFNEFYALDLALTQT--PSGPVATGVIAYELATG
—IFSEWYALDLVKNQ-----DGAVVGCTALCIETG

TKEWGKAPVHRAAHAADRTGHMILQTLYQ- —-FYNEFHVTDVII-E- DGVAKGLVALELATG

MSDYGKAPVPRACAAADRTGHAILHTLYQ----QCLKH-NVE----FFVEYFAIDLIMDE----— EGECRGVMAWCQDDG

—————— VAKWRCCYTSDGTGHTVQFVVDT----VVCKL-GIP----VHDRMEATIALIH-D-----GETCYGAVARCLRTG

—————— TKKWRTCYTADATGHTMLFAVAN----ECLKL-GVS----IQDRKEATALTIH-Q-----DGKCYGAVVRDLVTG
* . kx . . *

: . . . . 3 . . 320
ELTAHTG-HAVILATGGYGNVYHMSTLAKNSNASATMRAYEAGA-YFASPSFIQFHPTGLPVNSTWQSKT--ILMSESLR
ETAGFKASDSVILATGGIGQAFDHTTNAVANTGDGVAMAYRAGV-PVEDMEMIQFHPTTLPS-—---— TG--VLISEGVR
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QIESFRS-DAVIMATGGPGIIFGKSTNSMINTGSAASIVYQQGA-YYANGEFIQIHPTAIPG-————— DDKLRLMSESAR
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DIHVFHA-KAIVFATGGSGRMYKTTSNAHTLTGDGLGIVFRKGL-PLEDMEFHQFHPTGLAG——-—-—- LG--ILISEAVR
DIHVFHA-KAVVIATGGSGRMYKTTSNAHTLTGDGIGIVFRKGL-PLEDMEFHQFHPTGLAG——---—- LG--ILISEAVR
EVVYFKA-RATVLATGGAGRIYQSTTNAHINTGDGVGMAIRAGV-PVQDMEMWQFHPTGIAG-———-—— AG--VLVTEGCR
ELHLFEA-KAIVIASGGFGRIYKVTSNAYTLTGDLQAILYRKGL-PLEDMEFYQFHPTGLYP-———-—— LG--ILLTEGAR
TIHRFNA-KMVVLATGGYGRAYQSCTSAHTCTGDGNGMAMRAGI-PTQDMEFVQFHPTGIYP—-——--—— AG--CLLTEGCR
DLNVYLA-KSTITATGGAGRIYAASTNAVINEGTGLAIALDTGVVPLGNMEAIQFHPTGMPP--——-— TF--ILMTEGAR
DIIAYVA-KGTLIATGGYGRIYKNTTNAVVCEGTGTAIALETGIAQLGNMEAVQFHPTPLFP-- -SG--ILLTEGCR
: . B R HE . * T Fraklo*
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. . Sk kK .
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481 5 . . : . 560

1 SdhA—C_gl—B PGLFCAGEAS-WTYHGANRLGANSLLSASVDGWFTLPFTIPNYLGPL-—-——=--———————————————————————————
2 SdhA—H_sa—A SGLYAAGECACVSLHGANRLGGNALPELIVFGALAGRHAAGKEMADPLIETGPSDALEHDELSVPTGAPDGDAGVAEPAT
3 SdhA—B_li—B PGLFAAGECD-YSMHGGNRLGANSLLSAIYGGMVAGPKAVEYIQGLE
4 SdhA-B_su-B PGLFAAGECD-YSMHGGNRLGANSLLSATYGGMVAGPNAVKYVNGLE
5 FrdA-E_co-C KGLFAVGECSSVGLHGANRLGSNSLAELVVFGRLAGEQATERAATAG
6 SdhA-M_sm-F PGLYAAGECACVSVHGANRLGTNSLLDINVFGRRAGIAAAEYAQNHN
7 SdhA-M_tu-A PGLYAAGECACVSVHGANRLGTNSLLDINVFGRRAGIAAASYAQGHD
8 SdhA-E_co-C PGLFAVGETACVSVHGANRLGGNSLLDLVVFGRAAGLHLQESTAEQG
9 SdhA-T_th-A PGLYAAGEAACVSLHGANRLGTNSLGDLVVFGRRAGIHAARFARDAD
10 sdhA-A_pa-C PGLMAVGEAACVSVHGANRLGTNSLLDLIVFGRAASRRAAEVVKPTD
11 sdhA-P_th-B KGLFAIGEAACWDLHGFNRLGGNSLAETVTAGFLVGMQVAKYTLGAT
12 FrdA-W_su-B KGLFSAGEAACWDMHGFNRLGGNSVSEAVVAGMIVGEYFAEHCANTQ
Clustal * K . * K *k kk koK *:: . *
561 . . . 6 . . . . 640
1 SdhA—C_gl—B ————— LGS-ERLSEDAPEAQAATARAQARIDRLMG-NRPEWVGDNVHGPEYYHRQLGDILYFSCGVSRNVEDLQDGINKI
2 SdhA—H_sa—A DGGAQGAVDTRAPTDVVA--DTATTEEERIEALLG-RE---DGVN---HADVRADLQQSMTENVNVFRTEDGLKQALADT
3 SdhA—B_li—B ————— TSA-EDLSSSVFD--AYVKKEEEKWADIMK-MD---GNEN---AYVLHKELGEWMTDNVTVVRYNDKLLKTDEKT
4 SdhA—B_su—B ————— SSA-EDMSSSLFD--AHVKKEEEKWADIMS-MD---GTEN---AYVLHKELGEWMTANVTVVRHNDKLLKTDDKI
5 FrdA—E_cO—C —————————— NGNEAAIE--AQAAGVEQRLKDLVN-QD---GGEN---WAKIRDEMGLAMEEGCGIYRTPELMQKTIDKL
6 SdhA—M_sm—F ——————————— FV-DMPE--NPAEMVVGWVGDILS-EH---GNER---VADIRGALQQSMDNNAAVFRTEETLKQALTDI
7 SdhA—M_tu—A ——————————— FV-DMPP--NPEAMVVGWVSDILS-EH---GNER---VADIRGALQQSMDNNAAVFRTEETLKQALTDI
8 SdhA—E_cO—C - —ALRDASE--SDVEASLDRLNRWNN-NR---NGED---PVAIRKALQECMQHNFSVFREGDAMAKGLEQL
9 SdhA—T_th—A ——————————— YH-ELTE--EHLGESRERIERIKN-ST---GKEK---VAALRAELQQSMMDNASVFRTGELLKKQVEIL
10 SdhA—A_pa—C ——————————— FTRPLPA--GAGEAALDRLDRLRY-AK---GGTK---VSALRERLQRDMQTHAAVFRTQESLQEGVDKI
11 sdhA-P_th-B  --------- QKFDYKLVE--DFVKKEEERIKNLISGKY---GKEN---VFETKSAMQQVMMDHVHIFRTGPSLEQGVAKL
12 FrdA-W_su-B  -————-——-—-- VDLETKTLE--KFVKGQEAYMKSLVE-SK---GTED---VFKIKNRMKDVMDDNVGIFRDGPHLEKAVKEL
clustal HE : R HEN :
641 : . . . . 7 . . 720
1 sdhA-C_gl-B RALRDDFWKNMRITGSTDEMNQVLEYAARVADYIDLGELMCVDALDRDESCGAHFRDD--HLSEDGEAERDDENWCFVSA
2 sdhA-H_sa-A QDARKRY-QDVYVADKSRTFNTDLQHTIETRNLLDVAEMITIGALARDEFRGAHWRKE--H- —QERKDDEWLKHTM
3 sdhA-B_li-B QELVERY-RNININDTAKWSNQGAVFTRQLHNMLQLARVITLGAYNRNESRGAHYKPD--F---—-— PERNDEEWLKTTM
4 SdhA-B_su-B QELMERF-KKININDTTKWSNQGAMFTRQFSNMLQLARVITLGAYNRNESRGAHYKPD--Y---—-— PERNDDEWLKTTM
5 FrdA-E_co-C AELQERF-KRVRITDTSSVEFNTDLLYTIELGHGLNVAECMAHSAMARKESRGAHQRLDEG  —-——=--— TERDDVNFLKHTL
6 SdhA—M_sm—F HALKERY-SRITVHDKGKRYNSDLLEAIELGFLLELAEVTVVGALNRKESRGGHARED--Y--—-—-— PNRDDTNYMRHTM
7 SdhA—M_tu—A HALKERY-SRITVHDKGKRFNTDLLEAIELGFLLELAEVTVVGALNRKESRGGHARED--Y--—-——-— PNRDDVNYMRHTM
8 SdhA—E_cO—C KVIRERL-KNARLDDTSSEFNTQRVECLELDNLMETAYATAVSANFRTESRGAHSRFD--F--—-——-— PDRDDENWLCHSL
9 SdhA—T_th—A KELMDRY-KRISIDDKGDAYNTELVEALELGYLLEVSEALVHSALNRTESRGAHARED--Y--—-——-— PERDDENWLKHTL
10 SdhA—A_pa—C RDIWTGV-SDISVADSSLIWNSDLMEALEFENLLANATVTLESGLARHESRGAHARDD--Y--—-—-— PDRDDKEWLKHSV
11 SdhA—P_th—B QELYRRS-LKIGLRSSGKGANPELAAAIRMPGMLRVALCVAYGALMRTESRGSHFRED--Y —PKRDDANWLKRTL
12 FrdA—W_su—B EELYKKS-KNVGIKNKRLHANPELEEAYRVPMMLKVALCVAKGALDRTESRGAHNRED--Y------PKRDDINWLNRTL
clustal . * . HE B SELR :
721 . . : . . . . 8 800
1 SdhA—C_gl—B WEP--GEN-—-----— GTFV--RHAEPLFFE-—----—— SVPLQTRNY-——————— - mm e e e e
2 sdhA-H_sa-A VSWN-D--———-—--—— GDPD--LWYRPVLLEGH---DDTYEPKTRSY----——--————-—-—————————————————————
3 sdhA-B_1i-B
4 SdhA-B_su-B
5 FrdA-E_co-C
6 SdhA-M_sm-F
7 SdhA-M_tu-A AYKEIGADKEGPELRSDVR--LDFKPVVQT---——-— RYEPKERKY----——--———-—-—-—————————————————————
8 SdhA-E_co-C YLPE-SE-—----—-- SMTRRSVNMEPKLRP-—---—— AFPPKIRTY---———-———————————— - ——————————
9 SdhA-T_th-A AYKV-ED--—------ GKVC--FRYKPVVLG-—---—— RFEPKPRTY----——--——————————————————————————
10 sdhA-A_pa-C SWLD-DK-—-----—— GGVK--LTYRPVHMKTLTDDVQVFPPKKRVY--=—————— - - mmm———mm—————————— ———
11 sdhA-P_th-B AYWK-EGA-—------ DLPT--LDYEPVACP-—--—-——- YMPPGDRGYGEA-T--—--—-———-—-———————————————————
12 FrdA-W_su-B ASWP-NPE-—---- Q-TLPT--LEYEALDVNE---—— MEIAPGYRGYGAKGNYIENPLSVKRQEEIDKIQSELEAAGKDRH
clustal *ox
801 . . ] 825
1 SdhA-C_gl-B -=
2 sdhA-H_sa-A  -——----------————————— oo
3 sdhA-B_1li-B ~ -—------------—————— KVAKS
4 SdhA-B_su-B =~ ---------------——-——— KVAK
5 FrdA-E_co-C = -——---—-—--——-—————-— KKEKANG
6 SdhA-M _sm-F = -————-———————————————————
7 SdhA-M_tu-A  —---——mmm——mmmmmmm o
8 SdhA-E_co-C  -———————-———————————————

9 SdhA-T_th-A
10 SdhA-A pa-C

11 SdhA-P_th-B AGAKGSK
12 FrdA—W_su—B AIQEALMPYELPAKYKARNERLGDK
clustal

Fig. 2.2 The complete multiple sequence alignment of Fig. S1, which uses parts of it.
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2.2 MATERIALS AND METHODS
2.2.1 Construction of E. coli strains and plasmids with disrupted genes

The constructed strains, plasmids, and primers are listed in Tables 2.1 and 2.2. Tks Gflex™ DNA
polymerase (Takara Bio, Shiga, Japan) was used for DNA amplification. Disrupted strains were
constructed from E. coli C41(DE3). The disruption of the sdhCDAB operon was performed using the
one-step gene inactivation method®, which resulted in E. coli Asdh. Genomic DNA preparation for
cloning SDH genes from E. coli BW25113 (sdhA; BW25113_0723, sdhB; BW25113_0724, sdhC;
BW25113_0721, sdhD; BW25113_0722), SDH genes from B. subtilis 168 (sdhA; BSU 28440, sdhB;
BSU_28430, sdhC; BSU_28450), and SDH genes from C. glutamicum ATCC13032 (sdhA; Cgl0371,
sdhB; Cgl0372, sdhC; Cgl0370) was performed according to a general protocol for each
microorganism, especially for SDH genes from P. thermopropionicum Sl (sdhA; PTH_1017, sdhB;
PTH_1018, sdhC; PTH_1016), which was performed as previously described'’. Plasmids pBR322,
pET23b, and pCA24N were used for cloning and gene expression analyses. The Gibson assembly®®
reaction mixture consisted of 10% PEG-8000, 0.25 M Tris-HCI pH 7.5, 20 mM MgCI2, 20 mM
dithiothreitol, 40 uM dNTPs, 8 mU/uL T5 exonuclease (New England Biolabs, [pswich, MA, USA),
and 10 mU/uL Phusion polymerase (New England Biolabs, Ipswich, MA, USA) according to a
previous report®’. The Gibson assembly mixture was incubated with arbitrary DNA fragments for 30

min at 50 °C. After incubation, the reaction mixture was used to transform E. coli HST08.

2.2.2 Preparation of soluble and membrane fractions

Cells were cultivated in Luria Bertani (LB) medium containing 10 g/L NaCl, 10 g/L tryptone, and 5
g/L yeast extract. The constructed plasmids were transformed into £. coli Asdh and the recombinant
cells were grown overnight at 37 °C in LB medium plate containing 50 pg/mL ampicillin and 50
pg/mL kanamycin or 20 pg/mL chloramphenicol. A transformant colony was inoculated into 15 mL
LB medium containing 50 pg/mL ampicillin and 50 pg/mL kanamycin or 20 pg/mL chloramphenicol
and grown at 37 °C overnight with shaking at 150 rpm. Next, the 10 mL culture medium was
inoculated into fresh 1 L LB medium containing 50 pg/mL ampicillin and 50 pg/mL kanamycin or 20
pug/mL chloramphenicol and grown at 30 °C for 24 h with shaking at 200 rpm. When using pET23b-
based or pCA24N-based vectors, the protein expression was induced by 0.1 mM isopropyl B-D(-)-
thiogalactopyranoside (IPTG). After 4-h incubation at 30 °C at 200 rpm, IPTG was added and the cells
were incubated at 20 °C with shaking at 160 rpm for 18 h. The cells were then harvested by
centrifugation at 6,000 rpm for 15 min at 4 °C, and the cell pellet was washed with an 8.5 g/L NaCl
solution. Harvested cells were stored in an ultra-low temperature freezer at -80°C and collected in the
quantities required for purification. The pellet exceeding 1.5 g wet weight was used and resuspended
in an approximately 4-fold volume of 10 mM potassium phosphate buffer (pH 7.0). The cells were
disrupted with a French pressure cell (American Instrument Company, USA) at 160,00 psi, and the
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cell lysate was obtained by centrifugation (himac CP80WX; Hitachi, Tokyo, Japan) at 9,000 rpm for
15 min at 4 °C. The supernatant was subjected to ultra-centrifugation at 33,200 rpm for 90 min at 4 °C.
The precipitate and supernatant fractions were separated and used as sources of the membrane and
soluble fractions, respectively. The precipitate was suspended with 10 mM potassium phosphate bufter
containing 2% Triton X-100 to a concentration of approximately 10 mg of protein per ml. The mixed
solution was stirred at 40 rpm overnight at 4 °C. The mixture was then subjected to ultra-centrifugation
at 40,300 rpm for 60 min at 4 °C and the supernatant was collected as the solubilized membrane

fraction.

2.2.3 Protein purification

The soluble and solubilized membrane fractions were applied to a HisTrap™ HP column (Cytiva,
USA) using AKTA™ prime plus (Cytiva, USA) with 20 mM sodium phosphate equilibration buffer
at pH 7.4. The proteins were eluted using an imidazole concentration gradient from 20 to 500 mM.
Selected elution fractions were applied to a PD-10 column (Cytiva, USA) and equilibrated with 10
mM potassium phosphate buffer (pH 7.0). The buffer contained 0.10% Triton X-100 for purification
of membrane-associated proteins. Protein concentration was determined using the Pierce BCA Protein

Assay Kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.

2.2.4 Enzyme assays

SDH activity was measured by reduction of 2,6-dichloroindophenol (DCIP) or
ubiquinone-1 (Q1) as an electron acceptor. Succinate-dependent DCIP reduction was
measured at 600 nm using a spectrophotometer (UV-1850; Shimadzu, Kyoto, Japan) at
room temperature in a 3-mL plastic cuvette. The reaction mixture contained 16.6 mM
potassium phosphate buffer (pH 7.0), 0.2 mM phenazine methosulfate, 0.11 mM DCIP, 8
mM sodium azide, and 20 mM succinate. The molecular extinction coefficient of DCIP
was considered 14.52 mM-! cm-1 28 and one unit of activity corresponded to a reduction
of 1 pmol DCIP min-1. Succinate-dependent Q1 reduction was measured at 275 nm using
a spectrophotometer at room temperature in a 1-mL quartz cuvette. Dimethyl sulfoxide
was used as the solvent for Q1. The reaction solution contained 45.75 mM potassium
phosphate buffer (pH 7.0), 8 mM sodium azide, 25 pM Q1, and 20 mM succinate. The
molecular extinction coefficient of Q1 was considered 12.25 mM-! cm-! 22 and one unit

corresponded to a reduction of 1 pmol Q1 min‘1,

2.2.5 SDS-PAGE and in-gel FAD fluorescence detection
The purified sample was suspended in sample buffer containing 62.5 mM Tris-HCI pH
6.8, 2% SDS, 4% sucrose, and 0.002% bromophenol blue and incubated at 100 °C for 5
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min. The incubated samples were subjected to SDS-PAGE on a 12% acrylamide gel. The
molecular maker WIDE-VIEW™ Pre-stained Protein Size Marker III (Wako, Tokyo,
Japan) was used. Proteins in the gel were stained with Coomassie brilliant blue (CBB).
In-gel FAD fluorescence was detected by irradiation at 306 nm and 365 nm with a dual
UV transilluminator (UVA-15; astec, Fukuoka, Japan) or irradiation at 470 nm with a
blue light transilluminator (LED100; AMZ System Science, Osaka, Japan). Before UV
irradiation, unstained gels were washed with pure water for 10 min and then incubated
with 10% acetic acid at pH 3 for 15 min to oxidize the flavins. Imaged software (National
Institutes of Health, Bethesda, MD, USA) was used to quantify fluorescence intensity.
The amount of estimated flavinylation was calculated as the intensity of FAD

fluorescence divided by the intensity of CBB staining.
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Table 2.1 Strains and plasmids used in this study

Strains Description Source
E. coli C41(DE3)  Effective strain for ion of d proteins. F — ompT hsdSB (rB- mB-) gal dem (DE3) Sigma-Aldrich

E. coli Asdh The prarent starin is C41 (DE3). AsdhCDAB::KmR This study

E. coli HSTO8 FT . endAl L supE44 thi-1  recAl , reldl . gyrA96 , phod , ®80dlacZ AM15, A(lacZYA -argF )U169, A(mrr -hsdRMS -mcrBC), AmcrA . a Takara

Plasmids Description Source
pBR322 Commonly used E. coli vector plasmid. Amp™ Lab stock
PET23b C ly used IPTG-i ible gene ion vector plasmid ing T7 p Amp" Lab stock
pCA24N C used IPTG-inducible gene ion vector plasmid ining TS p cm* Lab stock
pKD20 Red recombinase expression plasmids. Lab stock
pKD13 This plasmid contains the R6Ky origin of replication and used to amplify the kanamycin resistance gene. Lab stock
pBR-Ecsdh pBR322-based plasmids. Regulates transcription of the £. coli sdhCDAB operonat the E. coli sdhC' promoter. Histag is fused to the N-terminus of sd/A . This study
pBR-Cgsdh pBR322-based plasmids. Regulates transcription of the C. glutamicum sdhCAB operon at the E. coli sdhC' promoter. Histag is fused to the N-terminus of sdhA4 This study
pBR-Bssdh pBR322-based plasmids. Regulates transcription of the B. subtilis sdhCAB operonat the . coli sdhC' promoter. Histag is fused to the N-terminus of sdhA This study
pBR-Ptsdh pBR322-based plasmids. Regulates transcription of the P. thrmopropiouicum sdhCAB operonat the E. coli sdhC promoter. Histag is fused to the N-terminus of sdh4 This study
pET-EcsdhA PET23b-based plasmids. Regulates transcription of the E. coli sdhA at the T7 promoter. Histag is fused to the N-terminus of s/ . This study
PET-CgsdhA PpET23b-based plasmids. Regulates transcription of the C. glutamicum sdhA at the T7 promoter. Histag is fused to the N-terminus of sdhA4 This study
PET-BssdhA pET23b-based plasmids. Regulates transcription of the B. subfilis sdhA at the T7 promoter. Histag is fused to the N-terminus of sdhA . This study
PET-PtsdhA PET23b-based plasmids. Regulates transcription of the P. thrmopropiouicum sdhA at the T7 promoter. Histag is fused to the N-terminus of sdhA This study
pCA-BssdhA pCA24N-based plasmids. Regulates transcription of the B. subtilis sdhA at the TS promoter. Histag is fused to the N-terminus of sdhA This study
pCA-EcsdhB pCA24N-based plasmids. Regulates transcription of the . coli sdhB at the T5 promoter. Histag is fused to the N-terminus of sdhB . This study
pCA-CgsdhB pCA24N-based plasmids. Regulates transcription of the C. g/ sdhB at the TS p . Histag is fused to the N-terminus of sdhB . This study
pCA-BssdhB pCA24N-based plasmids. Regulates transcription of the B. subtilis sdhB at the T5 promoter. Histag is fused to the N-terminus of sdhB5. This study
pCA-PtsdhB pCA24N-based plasmids. Regulates transcription of the P. thrmopropiouicum sdhB at the TS promoter. Histag is fused to the N-terminus of sdhB. This study
pCA-CgsdhC pCA24N-based plasmids. Regulates transcription of the C. g/ sdhB at the T5 p - Histag is fused to the C-terminus of sd/C'. This study
pCA-BssdhC pCA24N-based plasmids. Regulates transcription of the B. subtilis sdhB at the TS promoter. Histag is fused to the C-terminus of sdhC This study
CA-PtsdhC CA24N-based plasmids. Regulates transcription of the P. thrmopropiouicum sdhB_at the T5 promoter. Histag is fused to the C-terminus of sdhC. ‘This study
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Table 2.2 Primer set used in this study

Primers Sequence (5'3") PCR product
PRDI3-KmF GTAGTCCCCAGGGAATAATAAGAACAGCATGTGGGCGTIATICG TG TAGGCTGGAGCTGCTIC Komarmyoin rosistance gene cassette for disruption of the Eolf sdhCDAB operen
PEDI3-KmR GCGCGICTIATCAGGCCTACGGTITACGCATTACGTIGCAACAANTICCGGGGATCCGTCGAC . b " i "

PBR322-vector
PBR322-veetor-R

ACGCCGGACGCATCGIG
ACAGGACGGGTGTGGTC.

PBR322 vector fragment for Gibson assembly with sdh operon

EesdhCDAB-F GACCACACCCGTCCTGTTT AMGGTCT CCT TAGCGOCTTATTAC E coli sdhCDAB operon containing sdhC promoter region fragment for Gibson assembly with pPR322.
EcsdhCDAB-R CACGATGCGTCCGGCGTGTGATCCCTTAAGCATCTTTTITATGCTTACTT 5 P s o glon fragn 'y with pER322
EesdhA-Nter-Histag-F TGTGATGCACCATCACCATCACCAT AAATTGCCAGTCAGAGAATTTGA

EcsdhA-Nter-Histag-R

CAATTTATGGTGATGGTGATGGTGCATCACACACCCCACACCAC

Plasmid fragment with histag fused to the N-terminus of the £ coli sdhd inpBR322

PBRECSACp-vectorF
PBR-EcSdhCprvector:R

TAAACCGTAGGCCTGATAAGACGC
CATGCTGTTCTTATTATTCCCTGGGG.

PBR322 vector fragment containing E coli sdhC' promoter for Gibson assembly

CgsdhCAB-F
CpsdhCAB-R

GTCCCCAGGGAATAAT AAGAACAGCATGACTGTTAGAAAT CCCGACCGT
CGCGICTTATCAGGCCTACGGTTTAGICGTCTITGCCTCGGAAAGC

C. gluiamicum sdhCAB operon fragment for Gibson assembly vith pBR322

Cadh ANter-HistagF
CosdhANter-histageR.

AATTTATGCACCATCACCATCACCAT AGCACTCACTCTGAAACCAC
GCTATGGTGATGGTGATGGTGCAT AAATTCTTCCT AACCTTTACGCAATC

Plasmid fragment with histag fused to the N-terminus of the C. glutamicum sdhd in pBR322

BssdhCAB-F GTCCCCAGGGAAT AAT AAGAACAGCATGTCTGGGAACAGAGAGTTTTATTTTCGA 5. subiilis sdhCAB. operon fragment for Gibson sssembly sith pER322
BsdhCAB-R TIGCGCGTCTTATCAGGCCTACGGTTTATACTCTGTCGCTTCCGAAGAAATTGC AP operon e ? SN
BssdhA-Nter-Histag-F XTCATGCACCAT CACCATCACCATAGTCAAT CAAGCAT TAT CGTAGTCGGC - N N

s with histag fu terminus of the B. subtilis sdhd. in pRR322
BesdhA-Nter-histag-R TTGACTATGGTGATGGTGATGGTGCATGAT AGCCCCTCTCOCTCT AGT Plasmid fragment with bistag fused to the 2 termins of the B. subtili sdhd inpBR:
PisdhCAB-F GGGAAT AAT AAGAACAGCAT GGAACTT GCAAAGACAT TACAGGT TACATTAAAC B s et or G
PisdhCAB-R ATCAGGCCTACGGTTTACGATACTTTGAACCTTTCAAGTCGAG, pre

Prsdh A-Nier-HistagF
PisdhA-Nter-histagR

GTAGTGCACCATCACCATCACCAT AGCGCAAAACATACCCACATATGT
TGCGCTATGGTGATGGTGATGGTGCACTACAGGGCACCTCCCGC,

Plasmid fragment with histag fused o the Neterminus of the P thrmopropionicum sdhd in pBR322

PET 23b-vector-Nter-histagF
DET23b-veetor-Nter-histag-R

TGAGATCCGGCTGCTAACAAAGC

ATGGTGATGGTGATGGTGCAT ATGT ATATCTCCTTCTTAAGT TAAACAAATTATTTCT AGAGGGA

PET23b vector fragment containing N-terminal His-tag of target protein for Gibson assembly

PET23b-vector-Cler-histag-F
pET23b-vector-Cler-histag-R.

CACCATCACCATCACCATTGAGATCCGGCTGCTAACAAAGC
CATATGTATATCTCCTTCTTAAGTTAAACAAMATTATTTCTAGAGGGA.

PET23b vector fragment containing C-terminal His-tag of target protein for Gibson assembly

EcsdhA-pET23b-F
EcsdhA-pET23b-R

ATGCACCATCACCAT CACCATAAATTGCCAGTCAGAGANT TTGATGC
TTGTTAGCAGCCGGATCTCAGT AAGT ACGAATCTTCGGCGGGA

E coli sdid fragment with Histag fussed to the N-terminus for Gibson assembly with pET23b

CgsdhA-pET23b-F ATGCACCATCACCATCACCATAGCACTCACTCTGAAACCACCC o o
. gl icum sdhA fi ith His fused to the N-t inus for Gibs by th pET23b.
CesdhA-pET23b-R TTGTTAGCAGCCGGATCTCACTTGTAGTTCCTTGTCT GCAGTGGG - ghutamicum sdid Tragment with Histeg fused to the N-terminus for Gibson assembly with pl
BesdAcpET 23b-F XTGCACCATCACCAT CACCAT AGTCAAL CAAGCATTAT CGTAGICGG -
B. subilis sdhA fragment with Histag fused to the N for Gibson assembly with pET23h
BssdhA-pET23b-R TTGTTAGCAGCCGGATCTCATTTCGCCACCTICTICTTCG subiils sdhd Tragment stog fused to the Reterminus for Gibson assembly with pl

Pisdh A-pET 23b-F
PtsdhA-pET23b:-R.

ATGCACCATCACCATCACCAT AGCGCAAAACAT ACCCACAT ATGT
TTGTTAGCAGCCGGATCTCATTTGCTACCTTTGGCGCC

P. thrmopropionicum sdhA fragment with Histag fused to the N-terminus for Gibson assembly with pET23b.

PCA2IN-vector-Nter-histag-F
pCA24N-vector-Nier-histag-R.
pCAIINvectorF
PCA24N-vector-R

GCTTGGACTCCTGTTGATAGATCC
ATGGTGATGGTGATGGTGCATAGTT

PCA24N vector fragment containing N-terminal His-tag of target protein for Gibson assembly

GCTIGGACTCCTG TTGATAGATCC
CATAGTTAATTICTCCTCTTTAATG AATTCTGTGTG,

PCA4N vector fragment for Gibson assembly with sdhC

BssdhA-pCAZAN-F
BssdhA-pCA24N-R

TAACT ATGCACCATCACCATCACCAT AGTCAATCAAGCATTATCGTAGTCGGC
CTATCAACAGGAGTCCAAGCTTATTTCGCCACCTTCTTCTTCGAGTAATC

B. subnilis sdhA fragment with Histag fused to the N-terminus for Gibson assembly with pCA24N.

EcsdhB-pCA24N-F
EcsdhB-pCA24N-R

ACTATGCACCATCACCATCACCATAGACTCGAGTTTTCAAT TTATCGCTATAACCC
CTATCAACAGGAGTCCAAGCTT ACGCATTACGTTGCAACAACATCG

E coli sdhB fragment with Histag fussed to the N-terminus for Gibson assembly with pCA24N.

CasdhB-pCA2AN-F
CosdhB-pCAZNR.

CACCATCACCATCACCATAAACTTACACTTGAGATCTGGCGTCA
TGGATCTAT CAACAGGAGTCCAAGCCTAGT CGTCTTTGCCTCGH

C: glutamicum sdhB fragment with Histag fused to the N-terminus for Gibson assembly with pCA24N.

BssdhB-pCA24N-F
BssdhB-pCA24N-R

CACCATCACCATCACCATAGTGAACANAAAACCATACGATTTAT TATCACACGT
CTATCAACAGGAGTCCAAGCT TATACTCTGTCGCTTCCGAAGAATTGC.

B subiilis sdhB fragment with Histag fused to the N-terminus for Gibson assembly with pCA24N

PisdhB-pCAZINF
PisdhB-pCAZIN-R

CACCATCACCATCACCATGGACGCCAGTT AACATTATCAATCTTTCG
TGGATCTATCAACAGGAGTCCAAGCTTACGATACTTTGAAACCTTT

P. thrmopropionicun sdhB fragment with Histag fused to the N-terminus for Gibson assembly with pCA24N.

CesdhC-pCAZAN-F
CosdhC-pCAZN-R.

CATTAAAGAGGAGAAATTAACT ATGACTGT TAGAAATCCCGACCG
CTATCAACAGGAGTCCAAGCTTACGCAATCCAGCCAAC,

C. glutamicum sdhC fragment for Gibson assembly with pCA24N

BssdhC-pCA24N-F
RssdhC-pCA24N-R

G
CATTAAAGAGGAGAAATTAACT ATGTCTGGGAACAGAGAGT TTTATTTTCGAAGA
CTATCAACAGGAGTCCAAGCTTAAACAAATGCAAAAATCGCTTTT AAGCCTAC

B subiilis sdhC fragment for Gibson assembly with pCA24N.

PisdhC-pCA2INF
PisdhC-pCA2N-R

ATTCATTAAAGAGGAGAAATT AACT ATGGAACTTGCAAAGACATT
CTATCAACAGGAGTCCAAGCCTACAGGGCACCTCCCGCAA.

P. JhC' fragment for Gibson bly with pCA24N.

CosdhC-Cler-Histag-F
CondhC-Cter-Histag-R.

ATTGCGCACCATCACCAT CACCATT AAGCTTGGACTCCTGTTGATAGAT CCAG
AGCTTAATGGTGATGGTGATGGTGCGCAAT CCAGCCAACAGCGA,

Plasmid fragment with histag fused o the C-terminus of the C. glulamicum sdhC inpCa24N.

ResdhC-Cter-Histag-F
BssdhC-Cer-Histag-R

GCATTTGTTCACCATCACCATCACCATT AAGCTTGGACTCCT GTTGATAGATCCA

Plasmid fragment with histag fused to the C-terminus of the B. subtilis sdhC’ in pCA24N

PisdhIC-Cler-Histag-F
Pisdh1C-Cter-HistagR.

AGCTTAATGGTGATGGTGATGGTGAACAAAT GCAAAATCGCTTTTAAGCCT
TGCCCTGCACCATCACCATCACCATTAGGCTTGGACTCCTGTTGAT AGATC
AGCCTAATGGTGATGGTGATGGTGCAGGGCACCTCCCGCAAG

Plasmid fragment with histag fused ta the C-terminus of the P. thrmopropionicum sdhC in pCA24N
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2.3 RESULTS
2.3.1 In vivo flavinylation and SDH activity of heterologously expressed SDH

Flavinylation of flavoproteins of several bacteria is enhanced by the FAD-binding protein SdhE®.
However, this FAD-binding protein has species specificity, because the heterologously expressed SDH
from Acetobacter pasteurianus is not fully complemented in the acetic acid bacterium Gluconobacter
oxydans, and SAhE from 4. pasteurianus is required for its full maturation®. In addition, the SdhE
homolog is not conserved in many Gram-positive bacteria, including B. subtilis, C. glutamicum, and
P. thermopropionicum'®. To confirm whether flavinylation occurred by self-catalysis in E. coli or was
enhanced by E. coli SdhE, three Gram-positive bacterial SDH flavoprotein subunits with an N-
terminal His tag were expressed in E. coli and purified using a HisTrap™ HP column (Fig. 2.3a).
Fluorescence detection of covalently bound FAD in the flavoprotein subunit revealed that the
flavoprotein subunit of E. coli showed FAD fluorescence, whereas the other flavoprotein subunits did
not (Fig. 2.3).

Because the three subunits, flavoprotein, Fe-S cluster, and membrane anchor, are highly conserved
in the genomes of several Gram-positive bacteria, we attempted to heterologously express all three
subunits simultaneously in £. coli. When purification was attempted from the membrane fraction using
E. coli Asdh as a host, the SDH complexes from E. coli and C. glutamicum, but not from B. subtilis
and P. thermopropionicum, could be obtained (Fig. 2.4a-c). In the case of E. coli C41(DE3) host,
purified samples with identical SDH flavoproteins of P. thermopropionicum and B. subtilis were
obtained, but that of C. glutamicum was not (Fig. 2.4d). The purified C. glutamicum SDH complexes,
in which the presence of the flavoprotein subunit was confirmed, clearly showed the presence of the
iron-sulfur subunit, whereas the membrane anchor subunits were scarce (Fig. 2.4a). Because SDH
complexes are tagged at the N-terminus of the flavoprotein subunit used for purification, the presence
of soluble subunits in the membrane fraction indicates proper membrane localization of the complex
in E. coli, probably forming a correct complex. Succinate oxidation activity was not completely lost
in the membrane fraction of £. coli Asdh (Table 2.3) owing to the presence of FRD, which has a
covalently bound FAD and possesses succinate oxidation activity®. The succinate oxidation activity
of C. glutamicum SDH expressed in E. coli was greater than that of the £. coli wild type, and the
purified C. glutamicum SDH complex also had succinate oxidation activity (Table 2.3). The DCIP
reduction activity of the purified C. glutamicum SDH from C. glutamicum ATCC 13869 was 57.5
U/mg’°, whereas the purified C. glutamicum SDH from E. coli Asdh in this study was 43.0 U/mg
(Table 2.3). However, the Q1 reductase activity of the purified SDH complexes from E. coli Asdh was
significantly lower than the DCIP reductase activity. The Q1 reductase activity of the SDH complex
of E. coli was 34% of the DCIP reductase activity and that of C. glutamicum was 2.6% (Table 2.3).
These results suggest that the membrane anchor subunits were lost during the purification process, and

the complex structure could not be maintained, resulting in a reduction in Q1 reductase activity. FAD
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fluorescence, which was not observed when the SDH flavoprotein subunits were expressed alone (Fig.
2.3), was detected at the flavoprotein position in the C. glutamicum SDH complex purified from E.
coli Asdh and the population of covalently bound FAD was approximately 13% of purified E. coli
SDH (Fig. 2.4a, Table 2.3).Weak FAD fluorescence was also observed at the flavoprotein position in
the B. subtilis and P. thermopropionicum SDHs purified from E. coli C41(DE3), respectively, which
are not deficient in SDH and FRD (Fig. 2.4d). However, no activity was observed in the purified B.

subtilis and P. thermopropionicum SDHs (data not shown).

2.3.2 Heterologous expression and purification of iron-sulfur and membrane anchor
subunits

FAD fluorescence at the flavoprotein position in the purified SDH complex was observed; however,
heterologously expressed SDHs of B. subtilis and P. thermopropionicum did not function in E. coli.
To analyze the maturation of each subunit, individual expression and purification of the N-terminally
tagged iron-sulfur subunit and the C-terminally tagged membrane anchor subunit were performed.
Purified proteins separated by SDS-PAGE showed identical bands corresponding to iron-sulfur and
membrane anchor subunits, although the purified proteins contained many off-target proteins (Fig.
2.5). Exceptionally, the yield of C. glutamicum membrane anchor subunit was very low, and the band
of the C. glutamicum membrane anchor subunit could not be identified. (Fig. 2.5b). The B. subtilis
membrane anchor subunit was successfully expressed in E. coli and contained heme bsss 7', Typical
bacterial SDH iron-sulfur subunits possess one each of [2Fe-2S], [3Fe-4S], and [4Fe-4S] clusters.
Additionally, the [3Fe-4S] and [4Fe-4S] clusters show a broad absorbance peak around 390-410 nm,
which is difficult to distinguish. The presence of iron-sulfur cluster(s) can be inferred from the
detection of the characteristic optical absorbance of iron-sulfur proteins’. The purified iron-sulfur
subunits from E. coli and C. glutamicum showed a broad absorption peak around 410-420 nm,
suggesting the presence of one or more iron-sulfur cluster(s), which were not observed in those from

B. subtilis and P. thermopropionicum (Fig. 2.6).

2.3.3 in vitro flavinylation of C. glutamicum and B. subtilis SDHs

Our results indicate that flavinylation of the SDH flavoprotein subunit from the three Gram-positive
bacteria used in this study was observed when the SDH complex was heterologously expressed, but
not when expressed alone. To elucidate in more detail the flavinylation mechanism of SDH used in
this study, in vitro flavinylation of the SDH flavoprotein subunit was performed using complex
reconstruction. The purified membrane anchor subunit of C. glutamicum had a low yield (Fig. 2.5),
and the purified subunit of P. thermopropionicum was degraded during the incubation for in vitro
flavinylation (data not shown). Therefore, purified flavoprotein and iron-sulfur subunits of C.

glutamicum and the corresponding purified subunits of B. subtilis were used. In vitro flavinylation of
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the SDH flavoprotein subunit of C. glutamicum showed that slight FAD-covalent binding occurred in
the presence of 100 uM FAD, and the binding was enhanced by the presence of fumarate or the iron-
sulfur subunit. The amount of flavinylation increased approximately 4-fold in the presence of each
(Fig. 2.7a lane 1-3). The concomitant addition of fumarate and iron-sulfur subunit did not result in a
greater enhancement of flavinylation when compared with the presence of each component, and the
amount of iron-sulfur subunit did not have a significant effect (Fig. 2.7a, lanes 4-8). Moreover, in vitro
flavinylation of the SDH flavoprotein subunit of B. subtilis also showed slight FAD binding in the
presence of 100 uM FAD and increased flavinylation in the presence of the B. subtilis iron-sulfur
subunit (Fig. 2.7b, lanes 1 and 2). The presence of the iron-sulfur and membrane anchor subunits
increased flavinylation approximately 1.5-fold compared to when only FAD was present (Fig. 2.7b,
lane 3). No additional increase in flavinylation was observed in the presence of fumarate and Q1 when

all subunits of B. subtilis were present (Fig. 2.7b, lanes 4-6).
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Fig. 2.3 Purification of SDH flavoprotein subunits from E. coli and detection of covalently bound FAD

SDH flavoprotein subunits were heterologously expressed using a pET23b-based vector in E. coli Asdh and purified using a HisTrap™
HP column, then separated by SDS-PAGE. The arrows show each flavoprotein subunit. (a) CBB-stained. Each sample loaded 1 pg.
(b) In-gel fluorescence of covalently bound FAD in flavoproteins before CBB staining. UV irradiation was used. These data represent
results from three independent experiments. The approximate predicted molecular weight of the His-tag fusion flavoprotein subunit
of each strain is as follows: E. coli (EcA), 65 kDa; C. glutamicum (CgA), 76 kDa; B. subtilis (BsA), 66 kDa; P. thermopropionicum

(PtA), 67 kDa. M is the molecular marker. The molecular weight was predicted using Expasy (https://web.expasy.org/compute_pi/).
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Fig. 2.4 Purification of SDH complexes from E. coli and detection of covalently bound FAD

SDH complexes were heterologously expressed using a pBR322-based vector and purified using a HisTrap™ HP column, then
separated by SDS-PAGE. Each sample loaded 1 pg. The arrows show each flavoprotein subunit. Each left panel shows a CBB-stained
gel and the right panel shows in-gel fluorescence of covalently bound FAD in the flavoprotein subunit before CBB staining. (a) C.
glutamicum SDH complex heterologously expressed in E. coli Asdh. (b) B. subtilis SDH complex heterologously expressed in E. coli
Asdh. (c), P. thermopropionicum SDH complex heterologously expressed in E. coli Asdh. UV irradiation was used for in-gel
fluorescence detection in panel a-c. Panels a-c each represent results from three independent experiments. (d) SDH complex
heterologously expressed in £. coli C41(DE3). Blue light was used for in-gel fluorescence detection. These data were obtained from
a single experiment. The gel image is joined by deleting the lane between Cg and Pt, but the size is not changed. Marker: molecular

marker; Ec: E. coli SDH; Cg: C. glutamicum SDH; Bs: B. subtilis SDH; Pt: P. thermopropionicum SDH.
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Table 2.3 Enzymatic activities and flavinylation of recombinant SDH heterologously produced in E. coli

Membrane fraction Purified sample

Succinate:PMS/DCIP ~ Succinate:PMS/DCIp Succinate:Ql - Flavinylation

. . . .. i lation®
oxidoreductase activity® oxidoreductase activity? ox1dor§dgctaase pOpuoatlon
activity (%)

(U/mg) (U/mg) (Ulmg)
E. coli C41(DE3) 0.19+0.03 - - -
Asdh 002000 - e o
EcSdh/Asdh 2.54+0.29 21.1+15.7 7.17 £3.95 100
CgSdh/Asdh 0.73£0.25 43.0+ 8.6 1.12+£0.10 12.7+2.21
BsSdh/Asdh 0.01 £0.00 NDb 0.10+£0.17 ND
PtSdh/Asdh 0.01 £0.00 ND 0.07 £ 0.08 ND

Ec: E. coli; Cg: C. glutamicum; Bs: B. subtilis; Pt: P. thermopropionicum. *+ standard deviations (n = 3).

bND means not detected.
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Fig. 2.5 Purification of heterologously expressed SDH iron-sulfur and membrane anchor subunits

Iron-sulfur cluster and membrane anchor subunits were heterologously expressed using a pCA24N-based vector in E. coliAsdh and
purified using a HisTrap™ HP column, then separated by SDS-PAGE stained by CBB. Each sample loaded 2 pg. (a) Iron-sulfur
subunits. (b) Membrane anchor subunits. The arrows show each subunit. These data represent results from three independent
experiments. The approximate predicted molecular weight of the His-tag fusion iron-sulfur subunit of each strain is as follows: E. coli
(EcB), 28 kDa; C. glutamicum (CgB), 27 kDa: B. subtilis (BsB), 29 kDa; P. thermopropionicum (PtB), 29 kDa. The approximate
predicted molecular weight of the His-tag fusion iron-sulfur subunit of each strain is as follows: C. glutamicum (CgC), 29 kDa; B.
subtilis (BsC), 24 kDa; P. thermopropionicum (PtB), 27 kDa. M is the molecular marker. The molecular weight was predicted using

Expasy (https://web.expasy.org/compute_pi/).
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Fig. 2.6 Absorption spectra of purified iron-sulfur subunits

Measurements were performed using a UV-1800 (Shimadzu) instrument with the UVProbe program (Shimadzu). Spectra were
recorded between 300 and 700 nm using a 1-mL quartz cuvette with a 10-mm path length. The baselines of the spectra were obtained
by measuring in 10 mM potassium phosphate buffer. Protein concentrations were adjusted to 50 pg/mL. These data represent results
from three independent experiments. (a) Absorption spectra of the iron-sulfur subunit of E. coli. (b) Absorption spectra of the iron-
sulfur subunit of C. glutamicum. (c) Absorption spectra of the iron-sulfur subunit of B. subtilis. (d) Absorption spectra of the iron-

sulfur subunit of P. thermopropionicum.
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Fig. 2.7 In vitro flavinylation of C. glutamicum and B. subtilis SDH flavoprotein subunits

Approximately 1 pg of flavoprotein subunit, 0.5 pg of iron-sulfur subunit, 0.5 pg of membrane anchor subunit, 100 pM of FAD, 20
mM of fumarate, and 5 uM of Q1 were incubated in 20 pL of 10 mM phosphate buffer (pH 7.0) at 30°C for 60 min. After incubation,
all samples were suspended in sample buffer and in-gel fluorescence was determined as described in the experimental procedures.
The top panel shows the conditions for each lane: +, presence; -, absence; 2, twice the amount (1 pg); 0.5, half the amount (0.25 pg).
The middle panel shows the CBB-stained SDS-PAGE gel for each reaction mixture. The bottom panel shows the in-gel fluorescence
of covalently bound FAD in the flavoprotein subunit before CBB staining. The arrows show each flavoprotein subunit. (a) /n vitro
flavinylation of C. glutamicum SDH flavoprotein subunit. Flavoprotein subunit and iron-sulfur subunit of C. glutamicum SDH were
heterologously expressed using a pET23b-based vector in E. coli Asdh and purified using a HisTrap™ HP column. UV irradiation
was used for in-gel fluorescence detection. These data represent results from two independent experiments. (b) /n vitro flavinylation
of B. subtilis SDH flavoprotein subunit. Each subunit was heterologously expressed using a pCA24N-based vector in E. coli Asdh
and purified using a HisTrap™ HP column. Blue light was used for in-gel fluorescence detection. These data represent results from

two independent experiments.
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2.4 DISCUSSION

In this study, no fluorescence resulting from covalent binding of FAD was observed in the individual
heterologous expression of three Type B SDH flavoprotein subunits from Gram-positive bacteria (Fig.
2.3). However, when expressed as part of the SDH complex, this fluorescence was observed in the C.
glutamicum SDH flavoprotein subunit (Fig. 2.4a and 2.8), and the same was also suggested in the B.
subtilis and P. thermopropionicum SDH flavoprotein subunits (Fig. 2.4d). These results indicate that
flavinylation of the heterologously expressed Type B SDH flavoprotein subunits from three Gram-
positive bacteria was neither self-catalyzed in the E. coli cell nor enhanced by E. coli SAhE, whereas
flavinylation of the Type B SDH flavoprotein subunit was enhanced by the presence of other SDH
subunits. Additionally, in vitro self-catalyzed flavinylation of the SDH flavoprotein subunit of C.
glutamicum was enhanced by the presence of the iron-sulfur subunit or fumarate (Fig. 2.7a). Fumarate
enhances flavinylation'” and is an essential element for certain SDH flavinylation'®, suggesting that
fumarate is related to the SDH flavinylation of a wide range of species. Furthermore, in vitro self-
catalyzed flavinylation of the B. subtilis SDH flavoprotein subunits was enhanced in the presence of
an iron-sulfur subunit, and further enhancement was observed in the presence of iron-sulfur and
membrane anchor subunits. These in vitro self-catalyzed flavinylation suggest that the flavinylation
of SDH used in this study was assisted not only by fumarate but also by the presence of an iron-sulfur
subunit and that the presence of the membrane subunit may stabilize the structure of the complex,
thereby enhancing flavinylation.

The self-catalyzed flavinylation of flavoproteins assisted by other subunits has been reported in p-
cresol methylhydroxylase (PCMH), which catalyzes the oxidation of p-cresol to 4-hydroxybenzyl

alcohol”

. PCMH is composed of two flavoprotein subunits and two c-type cytochrome subunits and
requires FAD as a prosthetic group; flavinylation of the flavoprotein subunit is self-catalyzed in the
presence of a c-type cytochrome subunit”. In addition, flavinylation of the PCMH flavoprotein subunit
is induced by small rearrangements in the flavoprotein-cytochrome interface region, which alters the
conformation of the FAD-binding site’*. Therefore, the flavinylation caused by self-catalysis and
structural change may occur in the SDH of Gram-positive bacteria.

The mechanism of flavin re-oxidation and stabilization, where electrons move from the covalently
bound flavin, such as FAD and flavin mononucleotide (FMN), to electron acceptors, is also an
interesting one. Trimethylamine dehydrogenase (TMADH) contains covalently bound FMN and
catalyzes the oxidation of trimethylamine N-demethylation. In TMADH, FMN is re-oxidized by
transferring electrons to the Fe-S cluster, stabilizing the covalent bond”. In addition, the iron-sulfur

subunit of SDH supports flavinylation but is not essential’®

. The results of in vitro flavinylation in C.
glutamicum (Fig. 2.7a) are consistent with FAD being stabilized by its iron-sulfur cluster. Interestingly,
we observed an increase in in vitro flavinylation of B. subtilis SDH by the iron-sulfur subunit, despite

the absence of Fe-S clusters in this subunit (Fig. 2.6 and 2.7b), and this result is inconsistent with the
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previous report’>. One possibility is that in vitro flavinylation of the B. subtilis SDH flavoprotein
stabilizes the covalent bond by re-oxidation through electron transfer to oxygen. This speculation is
supported by evidence of electron transfer to oxygen during in vitro flavinylation of the E. coli SDH
flavoprotein subunit!’.

This study provides the insight that the flavinylation of Type B SDH from Gram-positive bacteria is
assisted by the presence of fumarate and an iron-sulfur subunit; however, the detailed flavinylation
mechanism remains unclear, because the estimated population of flavinylated C. glutamicum SDH
complex expressed in E. coli was lower than that of E. coli SDH complex (Table 2.3). Furthermore,
the accumulation in the cytoplasm of flavinylated SdhA flavoprotein subunit in the B. subtilis iron-
sulfur subunit deletion mutant strain’’ and the present results of Type B SDH complexes of Gram-
positive bacteria expressed in E. coli strains harboring SdhE (and each subunit of FRD) may suggest
the presence of a certain species-specific factor(s) other than fumarate and the iron-sulfur subunit. In
these connections, we also noted that the estimation of the amount of flavinylation based on the in-gel
FAD fluorescence method would require more attention, as the estimated amount of flavinylation of
the E. coli SdhA flavoprotein subunit was roughly 1.8-fold of that of the £. coli SDH complex, under
the same conditions when those of the flavinylated C. glutamicum SDH complex and SdhA
flavoprotein were approximately 18% and negligible, respectively, than that of the E. coli complex
(Fig. 2.8). Further analysis including biochemical experiments is therefore required to elucidate the
detailed flavinylation mechanism of Type B SDH in vivo and to explore the additional species-specific
element that assists flavinylation (e.g., chaperone protein).

Certain heterologously expressed enzymes are often inactive because of the incorrect conformation
of components, wrong localization to the membrane, and lack of maturation of the cofactor-requiring
subunit. We observed succinate oxidation activity of the purified SDH of C. glutamicum from E. coli
cells (Table 2.3), which indicates the functional heterologous expression of SDH from Gram-positive
bacteria. The characteristic absorption spectra of each iron-sulfur cluster are so close that
distinguishing between them by absorption spectra is difficult. Consequently, accurate identification
of iron-sulfur clusters within the iron-sulfur subunit requires further analysis, such as electron
paramagnetic resonance. One possible explanation for the absence of Fe-S clusters in the iron-sulfur
subunit could be the compatibility issue between the Fe-S cluster synthesis machinery and the
expressed iron-sulfur subunits. Three major Fe-S cluster synthesis machineries have been reported
which are called the NIF machinery, ISC machinery, and SUF machinery, respectively’® (Fig. 2.9).
Several Fe-S cluster synthesis machineries are present in E. coli: ISC”, SUF®, and CsdAE®!. ISC is
the main machinery for Fe-S cluster synthesis’®, SUF is utilized under conditions of iron starvation
and oxidative stress®’. For the iron-sulfur subunit of SDH, ISC, and HscAE, Fe-S cluster biosynthetic
chaperones, are important for Fe-S cluster insertion, especially [2Fe-2S]%2. In contrast, B. subtilis

contains a slightly different SUF-type machinery, called Bacilli-SUF, and the SDH iron-sulfur subunit
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is matured by SufU-related mechanisms®’. Among the Gram-positive bacteria, Clostridia-ISC,
Actinobacteria-SUF, and Bacilli-SUF have been reported®. C. glutamicum contains the Bacilli-SUF-
type machinery, and the P. thermopropionicum genome contains the Clostridia-ISC-type machinery.
The protein sequences of the iron-sulfur subunits of C. glutamicum and B. subtilis are phylogenetically
closely related, but the homology was not high (AA identity: 26.7%), The reason why the iron-sulfur
subunits of B. subtilis and P. thermopropionicum lack Fe-S clusters in E. coli remain unclear; however,
a specific Fe-S cluster synthesis machinery is probably required for heterologously expressed SDH to
function.

Finally, based on the information we found about flavinylation and Fe-S clusters, solving these
problems and enabling the comparison and high expression levels of SDH from Gram-positive bacteria,
which has not been attempted in E. coli, may be possible. In other words, analyzing and comparing
SDHs in cells derived from microorganisms that have not yet been cultured or from parasitic
pathogenic bacteria may be easier. Further studies are required to obtain the activity levels of SDH

from B. subtilis and P. thermopropionicum in E. coli.
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Fig. 2.8 Comparison of in-gel fluorescence of covalently bound FAD to the same gel in E. coli and C. glutamicum.

The purified SDH flavoprotein subunits used are the same as in Fig. 1 and the purified SDH complex is the same as in Fig. 2. UV
irradiation was used to detect of the fluorescence of covalently bound FAD. The purified C. glutamicum SDH complex used three
independently samples. (a) CBB-stained. Each sample loaded 1 pg. (b) In-gel fluorescence of covalently bound FAD in flavoproteins
with acetic acid treatment. M: molecular marker; Ec: E. coli SDH complex; Cg: C. glutamicum SDH complex; EcA: E. coli SDH

flavoprotein subunit; CgA: C. glutamicum SDH flavoprotein subunit.
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Fig. 2.9 Models of Three Major Fe-S Cluster Biosynthesis Machineries
In these systems, a cysteine desulfurase (NifS / IscS / SufS) extracts a sulfur atom from L-cysteine, which serves as the sulfur

source. Subsequently, novel Fe-S clusters are assembled on scaffold proteins (NifU / IscU / SufBCD).
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2.5 CONCLUSION

Flavinylation of the flavoprotein subunit of Type B SDH from Gram-positive bacteria did not occur
when it was heterologously expressed in E. coli. However, when the iron-sulfur cluster and the
membrane subunits were co-expressed, covalent binding of FAD was observed. This finding was
confirmed in vitro, suggesting that the covalent binding of FAD to the flavoprotein of Type B SDH
from Gram-positive bacteria was assisted by the presence of fumarate or an iron-sulfur subunit.
Conversely, in functionally heterologously expressed SDH, the maturation of the iron-sulfur cluster

emerges as an important process, along with the need for FAD binding to the flavoprotein subunit.
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ADDITIONAL DISCUSSION

Throughout Chapter 1 and Chapter 2 demonstrated the functional and genetic features of P
thermopropionicum SDH and showed that SDHs from Gram-positive bacteria share a common FAD-
binding mechanism but involve a species-specific machinery for the synthesis of iron-sulfur clusters,
respectively. This is due to differences in the environment in which microorganisms live and each
subunit of SDH may employ a species-specific optimized maturation mechanism.

Heterologous expression of SDH from E. coli, C. glutamicum, and P. thermopropionicum was
performed using B. subtilis as a host. All heterologously expressed SDH strains were observed no
succinate oxidizing and fumarate reducing activities (Fig. 3.1). Gram-positive bacteria have a variety
of specific iron-sulfur cluster synthesis mechanisms and employ a species-specific iron-sulfur cluster
synthesis machinery®!. These results support the need to employ the appropriate iron-sulfur cluster
synthesis machinery for each SDH for the functional heterologous expression of SDHs showed in
Chapter 2. Surprisingly, E. coli and P. thermopropionicum SDH and E. coli FRD were heterologously
expressed in C. glutamicum as host, E. coli SDH observed a slight succinate oxidizing activity and E.
coli FRD observed fumarate reducing activity. (Fig. 3.2). It has been suggested that the flavinylation
of the E. coli SDH flavoprotein subunit occurs when the caller concentration of fumarate in the cell
increases even in the absence of FAD-binding protein and it may be enhanced in under anaerobic and
microaerophilic conditions or roughly 20°C or higher. This hypothesis supported by In vitro
demonstration shown that flavinylation of . coli SDH flavoprotein subunit occurs in the presence of
20 mM fumarate in the absence of sdhE'" and also by my previous shown that SDH activity was
observed in an E. coli AsdhAfrdAsdhE strain SDH complemented by plasmid cultured at 30°C and
flavinylation occurred when the flavoprotein subunit was expressed (Date not shown). However, it is
unclear why the SDH maturation mechanism of E. coli and C. glutamicum that employ completely
different iron-sulfur cluster synthesis machinery can complement each other, whereas the maturation
of B. subtilis and C. glutamicum that employ the same type of iron-sulfur cluster synthesis machinery
cannot complement each other. Further genetic and biochemical analyses are required to clarify this
problem.

Our study demonstrated that the FAD-binding motifs and alignment of membrane-bound subunits
SDH of P thermopropionicum possess specific conserved amino acid residues that are strongly
associated with efficient succinate oxidation in syntrophic propionate-oxidizing bacteria, and
heterologously expressed SDH suggested of P. thermopropionicum that the covalent FAD binding
mechanism is common to B. subtilis and C. glutamicum. The iron-sulfur cluster synthesis machinery
also able to predict from the P. thermopropionicum genome. Further research is required to the SDH
of P. thermopropionicum functioning in heterologous expression cells, such as co-expression the iron-

sulfur cluster synthesis mechanism of P. thermopropionicum. However, the use of heterologously
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expressed technology is expected to clarify whether a membrane potential is required for succinate
oxidation even in thermophilic propionate-oxidizing bacteria and to gain further insights.

This finding from this study suggests that even enzymes conserved across many wide range species
have species-specific optimized utilization strategies. These strategies can be demonstrated under
heterologous cells and in vitro condition using heterologously expressed technology, even for species
that the genetic recombination technology has not been established and the culture is complicated.
These findings will help us isolation culture and utilize unique microorganisms that are currently

uncultivable.
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Fig. 3.1 Enzyme activity of cell Extract prepared from B. subtilis Asdh harboring heterologously expressed SDHs

Strains were cultured in 150 ml of LB medium containing 50 mM MOPS and 20 uM chloramphenicol on 30°C at 200rpm 20h. Various
SDHs were heterologously expressed in a pHCMC02-based vector by B. subtilis sdhC promoter. a, SDH activity was determined by
DCIP as electron acceptor. PMS reduction was determined by monitoring the absorbance at 600 nm at room temperature in a solution
containing 16.6 mM phosphate buffer, 0.2 mM PMS, 0.11 mM DCIP, 20 mM succinate and each sample. The reaction was initiated
by the addition of succinate. b, FRD activity was determined by Benzyl viologen (BV) as electron donor. BV reduction was determined
by monitoring the absorbance at 550 nm at room temperature in a solution containing 50 mM phosphate buffer, 0.1 mM BV, 20 mM
fumarate. BV was reduced with dithionite before adding the samples. The reaction was initiated by the addition of fumarate. WT; B.
subtilis 168; Asdh; B. subtilis sdh operon deletion strain; BsSdh: B. subtilis SDH; EcSdh: E. coli SDH; EcFdh: E. coli fumarate

reductase (FRD); CgSdh: C. glutamicum SDH; PtSdh: P. thermopropionicum SDH.
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Fig. 3.2 Enzyme activity of cell Extract prepared from C. glutamicum Asdh harboring heterologously expressed SDHs

Strains were cultured in 150 ml of P7 medium containing 50 ng/mL kanamycin and 0.1 mM IPTG on 30°C at 200rpm 20h. Various
SDHs were heterologously expressed in a pCNKS-based vector by B. subtilis sdhC promoter. a, SDH activity was determined by
DCIP as electron acceptor. PMS reduction was determined by monitoring the absorbance at 600 nm at room temperature in a solution
containing 16.6 mM phosphate buffer, 0.2 mM PMS, 0.11 mM DCIP, 20 mM succinate and each sample. The reaction was initiated
by the addition of succinate. b, FRD activity was determined by BV as electron donor. BV reduction was determined by monitoring
the absorbance at 550 nm at room temperature in a solution containing 50 mM phosphate buffer, 0.1 mM BV, 20 mM fumarate. BV
was reduced with dithionite before adding the samples. The reaction was initiated by the addition of fumarate. WT; C. glutamicum
ATCC13032; Asdh; C. glutamicum sdh operon deletion strain; CgSdh: C. glutamicum SDH; EcSdh: E. coli SDH; EcFdh: E. coli FRD;

PtSdh: P. thermopropionicum SDH.
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