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Summary

Iron-sulfur clusters are essential enzyme cofactors. The most common and stable clusters
are [2Fe-2S] and [4Fe-4S] that are found in nature. They are involved in crucial biological
processes like respiration, gene regulation, protein translation, replication and DNA repair
in prokaryotes and eukaryotes. In Escherichia coli, Fe-S clusters are essential for
molybdenum cofactor (Moco) biosynthesis, which is a ubiquitous and highly conserved
pathway. The first step of Moco biosynthesis is catalyzed by the MoaA protein to produce
cyclic pyranopterin monophosphate (cPMP) from 5’GTP. MoaA is a [4Fe-4S] cluster
containing radical S-adenosyl-L-methionine (SAM) enzyme. The focus of this study was
to investigate Fe-S cluster insertion into MoaA under nitrate and TMAO respiratory
conditions using E. coli as a model organism. Nitrate and TMAO respiration usually occur
under anaerobic conditions, where oxygen is depleted. Under these conditions, E. coli
uses nitrate and TMAO as terminal electron. Previous studies revealed that Fe-S cluster
insertion is performed by Fe-S cluster carrier proteins. In E. coli, these proteins are known
as A-type carrier proteins (ATC) by phylogenomic and genetic studies. So far, three of
them have been characterized in detail in E. coli, namely IscA, SufA, and ErpA. This study
shows that ErpA and IscA are involved in Fe-S cluster insertion into MoaA under nitrate
and TMAO respiratory conditions. ErpA and IscA can partially replace each other in their
role to provide [4Fe-4S] clusters for MoaA. SufA is not able to replace the functions of

IscA or ErpA under nitrate respiratory conditions.

Nitrate reductase is a molybdoenzyme that coordinates Moco and Fe-S clusters. Under
nitrate respiratory conditions, the expression of nitrate reductase is significantly increased
in E. coli. Nitrate reductase is encoded in narGHJI genes, the expression of which is
regulated by the transcriptional regulator, fumarate and nitrate reduction (FNR). The
activation of FNR under conditions of nitrate respiration requires one [4Fe-4S] cluster. In
this part of the study, we analyzed the insertion of Fe-S cluster into FNR for the expression
of narGHJI genes in E. coli. The results indicate that ErpA is essential for the FNR-
dependent expression of the narGHJI genes, a role that can be replaced partially by IscA
and SufA when they are produced sufficiently under the conditions tested. This
observation suggests that ErpA is indirectly regulating nitrate reductase expression via

inserting Fe-S clusters into FNR.

Most molybdoenzymes are complex multi-subunit and multi-cofactor-containing enzymes that
coordinate Fe-S clusters, which are functioning as electron transfer chains for catalysis. In E.

coli, periplasmic aldehyde oxidoreductase (PaoAC) is a heterotrimeric molybdoenzyme that



consists of flavin, two [2Fe-2S], one [4Fe-4S] cluster and Moco. In the last part of this study,
we investigated the insertion of Fe-S clusters into E. coli periplasmic aldehyde oxidoreductase
(PaoAC). The results show that SufA and ErpA are involved in inserting [4Fe-4S] and [2Fe-
2S] clusters into PaoABC, respectively under aerobic respiratory conditions.
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1 Introduction

1.1 Iron in biological systems

Iron is an essential element in all forms of life, which involves many kinds of physiological
activity (Wang et al., 2019). It is a crucial element for numerous biological reactions such
as nitrogen fixation, ATP production, DNA synthesis, oxygen transport, respiration,
electron transport, the citric acid cycle, and many other physiological processes (E. S.
Boyd et al., 2014; Dixon & Stockwell, 2014; Wang et al., 2019). Iron is the fourth most
abundant element on Earth, and appears in two different forms: iron (lI) and iron (1) (P.
A. Frey & Reed, 2012). Iron (Ill) is very poorly soluble under physiological conditions. Free
iron (Il, IlI) can damage cells or DNA as a result of oxidative stress (Andrews, Robinson,
and Rodriguez-Quifiones, 2003; Dixon and Stockwell, 2014). This is known as the Haber—
Weiss and Fenton reaction. Free hydroxyl radicals (‘fOH) are generated from hydrogen
peroxide (H202) and superoxide (‘O2°), which is catalysed by free iron (ll, lll). Free radicals

are the main culprit responsible for cellular oxidative stress.

Iron free | ;ﬁi{; Iron loaded
siderophore_ ﬁﬁ ?x.}ﬁ‘ siderophore
N @D Iron loaded (B) e
7 |pe0000 siderophore binding goee0e! L 090000
$eCeee T HObbd seeee
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Figure 1-1: The iron intake mechanism by siderophore transporter

The proposed iron exchange mechanism via siderophore transporter in iron intake for gram-
negative bacteria (Stintzi et al., 2000). The steps are (A) the iron-loaded siderophore, (B)
exchange of Fe®" by a pH gradient, (C) conformational changes of the receptor, and (D)
release of the iron to the periplasm
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Therefore, the cell has a strict mechanism to avoid potential iron-related toxicity by iron
homeostasis. It regulates iron uptake and storage depending upon the availability of iron
in nature (Andrews, Robinson, and Rodriguez-Quifiones, 2003). In E. coli, iron uptake is
performed by the high-affinity iron (Ill) siderophores, associated with a transport system.
Iron uptake takes place in four steps: a) iron (lll) loaded siderophore, b) iron (lll)-
siderophore exchange by pH gradient, c) conformational change of receptor, and d)
release of iron into the periplasmic space (Stintzi et al., 2000).

The siderophore is highly specific to iron (Ill) and makes an Fe3*-siderophore complex
(Andrews et al., 2003; Neilands, 1981). Fe®* is exchanged by the binding protein and is
attached to the multifunctional receptor. An ATP-dependent reaction takes place to
transport the complex into the cytosol (Koster, 2001; Krewulak & Vogel, 2008), where the
iron (lll) is converted to iron (1) by iron (Ill) reductase and released from the receptor
(Fontecave, 2006). The iron-free siderophore can then be exported and is available for
the next cycle (Cowart, 2002; Furrer et al., 2002).

1.2 Sulfur and L-cysteine desulfurases

Sulfur is an essential element in living organisms and is present in cofactors, nucleotides,
amino acids, vitamins, and other components (Kessler, 2006; Mueller, 2006). Sulfur has
a unique characteristic, acting both as an electrophile (e.g., disulfides) and as a
nucleophile (e.g., thiols) (Beinert, 2000a, 2000b). Sulfur is present in cysteine and
methionine amino acids, where it plays an important role in protein folding, conformation,
coordination of metal, and other functions (Kessler, 2006; Nagahara et al., 2009). Sulfur
is present as persulfide, bound to a cysteine residue (Kessler, 2006; Mueller, 2006). The
cells absorb sulfur as sulfate (SO4%) from nature and consequently reduce it to sulfite
(S0Os3). Sulfite is further reduced into hydrosulfide (HSO3) and converted into L-cysteine
from O-acetylserine (Sekowska, Danchin, and Risler, 2000; Hullo et al., 2007). L-cysteine
is the major source of sulfur in cells. It is used for the formation of a variety of sulfur-
containing compounds such as molybdenum cofactor (Moco), biotin, thiamin, lipoic acid,
and thionucleosides, Fe-S clusters, ribonucleic acid, and others (Kessler, 2006). The
persulfide is bound to a cysteine in proteins that protects sulfur against destabilization and

oxidation in the cell.
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Figure 1-2: The importance of L-cysteine desulfurases for the biosynthesis of sulfur-
containing biomolecules

The L-cysteine desulfurase mobilizes the sulfur as persulfide from L-cysteine; the persulfide
functions as a source of sulfur for the biosynthesis of vitamins (biotin, thiamine), cofactors
(Moco, Fe-S clusters, lipoic acid) and thionucleosides; IscS: PDB — 3LVM

In E. coli, sulfur atom mobilization is performed by L-cysteine desulfurases, which belong
to the class of sulfurtransferase (Westley et al., 1983; Hidese, Mihara, and Esaki, 2011).
The first L-cysteine desulfurase was characterized as NifS (nitrogen fixation) for nitrogen
fixation in Azotobacter vinelandii by Dean and coworkers (Jacobson et al., 1989; L. Zheng
et al., 1994). The enzyme catalyzes the conversion of L-cysteine to L-alanine via the
formation of a cysteine persulfide (Jacobson et al., 1989; L. Zheng et al., 1994). The
transfer of terminal sulfur to a cysteine residue in the acceptor protein provides sulfur in
the biosynthesis of various sulfur-containing compounds such as Fe-S clusters, Moco,
biotin, and thiamin (Kessler, 2006). L-cysteine desulfurases are homodimers and contain
pyridoxal-5’-phosphate (PLP) as a cofactor (L. Zheng et al., 1994). In E. coli, three different
NifS homologs have been identified, namely IscS, SufS, and CsdA (Flint, 1996; Mihara et
al., 1997). Sequence analysis has shown that NifS has around 25-40% amino acid
sequence homology with IscS (iron—sulfur cluster), SufS (sulfur mobilization), and CsdA
(Mihara et al., 1999). The L-cysteine desulfurases can be divided into two groups based
on their specific amino acid sequence characteristics. NifS and IscS belong to group 1 L-
cysteine desulfurases, and group 2 consists of SufS and CsdA (Mihara et al., 1997, 1999).

Group 1 can be characterized by a conserved flexible long-loop motif with a unique

3
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cysteine residue. On the other hand, group 2 represents a smaller and structurally rigid
loop (Mihara et al., 1997; Cupp-Vickery, Urbina, and Vickery, 2003; Kessler, 2006).

-~ I I K SR scS. NS
N~ [ K G C S, CsdA

Figure 1-3: Schematic sequence comparisons of two groups of L-cysteine desulfurases

The high variability of sequence regions is shown in black, the gaps in sequences are bridged;
the amino acid residues histidine (H), lysine (K), and cysteine (C) are physiologically essential;
the conserved lysine (K) binds to the PLP cofactor

The formation of a persulfide from L-cysteine is a precise multistep mechanism with the

direct involvement of the PLP cofactor of the L-cysteine desulfurases (L. Zheng et al.,

1993).
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Figure 1-4: Reaction mechanism of formation of L-cysteine by L-cysteine desulfurases

Sulfur is mobilized by L-cysteine desulfurases as a form of persulfide by conversion of L-
cysteine to L-alanine. The reaction starts with binding the PLP cofactor to lysine, which binds
the substrate L-cysteine, resulting in the formation of an external aldimine. The ketamine
intermediate is formed in the next step, which is further attacked by the thiolate-anion of
cysteine to the electrophilic sulfur atom and form protein-bound persulfide (-Cys-S-S-). L-
alanine is formed for another turnover and release of persulfide sulfur.

The formation of the persulfide is performed in five steps: a) the PLP cofactor binds on to
a conserved lysine, which binds the substrate L-cysteine to start the reaction, b) formation
of external aldimine, c) conversion of ketamine intermediate from aldimine (L. Zheng et
al., 1993), d) the thiolate anion of cysteine attacks the electrophilic sulfur atom of the
ketamine in an intermediate step and this leads to the formation of the protein-bound
persulfide (-Cys-S-S-) novel ketamine (Lima, 2002; L. Zheng et al., 1994), and e) the
formation of L-alanine for the next turnover by hydrolysis of a novel ketamine (Behshad et
al., 2004; Mihara et al., 2000; L. Zheng et al., 1994).
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1.3 Fe-S clusters

Iron—sulfur clusters are among the most ancient and functionally diverse prosthetic groups
present in all forms of life, acting as a cofactor in multiple enzymes involved in critical
metabolic pathways in prokaryotes and eukaryotes (Fontecave, 2006). They involve
various functions in diverse cellular and vital biological processes, including electron
transfer, respiration, photosynthesis, metabolism of nitrogen, sulfur, carbon, hydrogen,
biosynthesis of antibiotics, gene regulation, protein translation replication, DNA repair,
protection from oxidizing agents, and neurotransmission (Ayala-Castro et al., 2008;
Beinert et al., 1997; Fuss et al., 2015; Lill et al., 2006; Mettert & Kiley, 2015; Roche et al.,
2013).

(A) (B)
T Respiration 37%
S—i—Fe=incys . .
Cysn,, /S\ s ‘ s | Fe Protein maturation 3%
CySrFe\S e Fe\cys i /Fe" s7 o Fe-S cluster biosynthesis 6%
cluster cluster Amino acid biosynthesis 6%
Unknown functions 11%

Figure 1-5: The different forms of naturally abundant Fe-S clusters and their
involvement in the biological process.

(A) the [2Fe-2S] as rhombic shape and [4Fe-4S] cluster as cubic shape; (B) the known Fe-S
clusters containing proteins and their respective functions in E. coli

The abundance of Fe and S facilitates their recruitment as a cofactor in the early stage of
life. Over 165 proteins have been identified that contain Fe-S clusters as a cofactor (Py &
Barras, 2010). Different types of iron—sulfur cluster are found in nature, such as the [2Fe-
2S] cluster which has a rhombic shape, as well as [3Fe-4S] and [4Fe-4S] clusters with a
cubic shape. Moreover, [7Fe-8S] and [8Fe-8S] clusters also exist in nature (Beinert, 2000).
Free iron and sulfide can spontaneously form Fe-S clusters under reducing conditions
(Malkin & Rabinowitz, 1966). However, Fe-S cluster biosynthesis does not spontaneously
occur in biological systems; it requires precise multistep mechanisms with specific scaffold
proteins. Finally, the assembled Fe-S cluster is transferred by means of chaperones and
insertion into the target apo-protein (Roche et al., 2013). In prokaryotes, three different
systems have been identified for Fe-S cluster biosynthesis, namely the NIF (nitrogen

fixation), ISC (iron—sulfur cluster), and SUF (sulfur mobilization) systems (D. C. Johnson
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et al., 2005). ISC and SUF are also found in eukaryotes as homologous proteins and have
been identified in mitochondria and chloroplasts (Lill, 2009; Wayne Outten, 2015).

1.3.1 The ISC system

In E. coli, the ISC system is expressed from the isc operon containing the
iIsScCRSUAhscBAfdx genes. The ISC system is the housekeeping system for Fe-S cluster
biosynthesis under normal cellular conditions (Mettert & Kiley, 2015; L. Zheng et al., 1998).
IscR regulates transcription of the isc operon in the presence or absence of cellular iron
(Giel et al., 2006; Schwartz et al., 2001).

B e e

Figure 1-6: Assembly of the Fe-S clusters in the ISC system

(A) the isc operon encodes the genes for the proteins required for Fe-S cluster biosynthesis,
except for cyaY; (B) the proposed model for Fe-S cluster biosynthesis in the ISC system,
whereby CyaY binds to the IscS-IscU complex to regulate the introduction of iron, the IscS
provides sulfur to the IscS-IscU complex as persulfide from the conversion of L-cysteine to
alanine, ferredoxin (Fdx) replaces the CyaY in the complex and provides the electron for Fe-
S clusters’ biogenesis; the chaperone proteins HscB and HscA replace the ferredoxin (Fdx)
and assist the clusters’ release from the IscS-IscU complex to the apo-target through IScA,;
IscS: PDB — 3LVM

Fe-S cluster biosynthesis starts with the formation of a persulfide by IscS. IscS-catalyzed
L-cysteine to L-alanine conversion and serves as the sulfur source for assembly (Beinert,
2000b). Assembly is performed on a scaffold protein called IscU, in which the IscS and
IscU interaction has been reported both in vivo and in vitro (Kato et al., 2002; Raulfs et al.,

2008; Shi et al., 2010). The IscU-IscS macromolecular complex is characterized as an S-
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shaped structure, where the IscU monomer binds to the C-terminus end of the IscS
subunit (Shi et al., 2010). The IscU-IscS complex facilitates the Fe-S cluster assembly in
the presence of iron and sulfur from IscS. The iron donor in this complex is still unknown,
with various candidates having been suggested such as CyaY, IscX, and IscA (Blanc,
Gerez, and de Choudens, 2015). It has been proposed that CyaY, a prokaryotic homolog
of eukaryotic frataxin (Huynen et al., 2001), is involved in iron donation together with iscX
(Kim et al., 2014). It has been shown that CyaY has a strong affinity in binding ferric iron
(111 (Adamec et al., 2000; Layer et al., 2006). However, deletion of both genes leads to a
slight loss of activity for Fe-S clusters containing enzymes (Li et al., 1999; Tokumoto and
Takahashi, 2001; Vivas, Skovran, and Downs, 2006; Pohl et al., 2007; Kim et al., 2014).
The function of Cya is still quite unclear since it is involved in regulation of Fe-S cluster
biosynthesis by competing for the binding site of IscS with other proteins like IscX and in
slowing down the activity of IscS (Adinolfi et al., 2009a; Kim et al., 2013, 2014; Prischi et
al., 2010; Shi et al., 2010). It has been shown that the binding of CyaY induces
conformational changes in the IscS-IscU complex and reduction of Fe-S cluster
biosynthesis (Adinolfi et al., 2009a; Tsai & Barondeau, 2010). The sulfur is reduced to
sulfide to bind with iron to form an Fe-S cluster, where the electron is provided by
ferredoxin (Fdx). Ferredoxin is encoded in the isc operon and contains a [2Fe-2S] cluster
as a cofactor (Lange et al., 2000). Under physiological conditions, it has been shown that
each dimer of IscU contains a [2Fe-2S] cluster (Shimomura et al., 2008). However, an in
vitro experiment reported that each dimer of IscU contains two [2Fe-2S] clusters or one
[4Fe-4S] cluster (Agar et al., 2000). Therefore, the [4Fe-4S] cluster assembly is replaced
by a second [2Fe-2S] cluster biosynthesis in the IscU dimer. The [4Fe-4S]?* cluster is
formed by means of reductive coupling between two [2Fe-2S]?* clusters on the IscU dimer,
where ferredoxin provides the electron (Chandramouli et al., 2007; Chandramouli &
Johnson, 2006).

1.3.1.1 Release of the Fe-S cluster from the IscU complex

The assembled [2Fe-2S] or [4Fe-4S] clusters are released from the IscU dimer and
subsequently transferred to the apo-target proteins with the aid of the chaperones called
HscB and HscA. Both HscB and HscA are encoded in the isc operon, which assist in
releasing Fe-S clusters from IscU in an ATP-dependent system (Bonomi et al., 2008,
2011; Kim, Tonelli, Frederick, et al., 2012).
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Figure 1-7: The proposed model for chaperone-mediated Fe-S cluster transfer into the
apo-target from the IscS-IscU complex

The HscB binds to an Fe-S cluster containing IscU, which triggers the recruitment of ATP-
HscA(T-state) and forms an HscA-HscB-holo-IscU complex; ATP hydrolysis facilitates the
release of the Fe-S cluster to the IscA protein, leading to the formation of an ADP-HscA(R-
state)-apo-IscU complex; the apo-lscU and HscA(R) are released from the complex and
engaged in a new cycle; T and R are denoted as transition and resting states; IscS: PDB —
3LVM

The process is initiated with the binding of HscB to the IscU and the formation of the HscB-
IscU complex. HscA (T) and HscA (R) are denoted as the transition and resting states of
the protein, indicating ATP- and ADP-bound states respectively. The substrate-binding
domain (SBD) of HscA (T) binds to the conserved LPPCK sequence motif in IscU and
makes a transient IscU-HscB-HscA complex. The binding of HscA induces the ATPase
activity of the chaperone (Silberg and Vickery, 2000; Hoff, Cupp-Vickery, and Vickery,
2003; Cupp-Vickery, Peterson, et al., 2004; Tapley, Cupp-Vickery, and Vickery, 2006).
The transient IscU-(Fe-S)-HscA-HscB complex is delivered by the Fe-S cluster to an apo-
target protein such as IscA, induced by the ATP hydrolysis and then changes the
conformation of the IscU scaffold protein (Chandramouli & Johnson, 2006). Consequently,
ADP-bound HscA also undergoes a conformational change after the ATP-dependent
reaction and forms HscA (R) to engage in a new cycle of cluster transfer from the IscU
complex (Kim, Tonelli, & Markley, 2012; Kim, Tonelli, Frederick, et al., 2012).
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1.3.2 The SUF system

The suf operon is encoded by the sufABCDSE genes and regulated by IscR, OxyR, and
Fur (J. H. Lee et al., 2004; Outten et al., 2004; Yeo et al., 2006). The operon is only
expressed under oxidative stress and iron-limiting conditions (Lee, Yeo, and Roe, 2004;
Yeo et al., 2006; Jang and Imlay, 2010).

(A)

e s
f FAD

Sufc sufc

Figure 1-8: Fe-S cluster biogenesis in the SUF system under iron-limiting or oxidative
stress condition

(A) the suf operon encodes the genes for the proteins that are required for Fe-S cluster
biosynthesis; (B) the proposed model for Fe-S cluster biosynthesis by the Suf system,
whereby the SufBC.D complex is required for the biosynthesis of the cluster, sulfur is
transferred as persulfide by L-cysteine desulfurase from the SufE-SufS complex to SufB, SufD
regulates the access of iron in the SufBC,D complex, the oxidation of FADH, provides the
electron, and ATP hydrolysis facilitates the formation of Fe-S clusters in the SufBC,D complex
and is then transferred to the SufA protein for inserting into the apo-target; SufS: PDB — 6010

The SUF system is quite similar to the ISC system, whereby the SufS is the L-cysteine
desulfurase, functioning in conjunction with SufE. SufS belongs to group 2 of L-cysteine
desulfurase, catalyzes L-cysteine to L-alanine conversion, and provides sulfur as
persulfide for Fe-S cluster biogenesis. It has been shown that SufE binds to SufS and
induces the activity of SufS by a conformational change (Loiseau et al., 2003; Outten et
al., 2003). SufE binding facilitates the less flexible active-site loop of SufS to become more

exposed (Lima, 2002; G. Liu et al., 2009). SufE has structural homology with IscU but
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lacks conserved sequence motifs to bind Fe-S clusters and interact with HscB and HscA
(Goldsmith-Fischman et al., 2004). In the Suf system, SufB functions as a scaffold protein
that binds a [4Fe-4S] cluster (Chahal et al., 2009; Wollers et al., 2010), while 2xSufC and
SufD also interact with SufB and form a SufBC>D complex for Fe-S cluster biosynthesis
(Saini et al., 2010). SufD is a SufB paralog that involves introducing iron into the complex
(Saini et al., 2010). In vitro, it has been shown that the SufSE and SufBC.D complexes
interact with each other, which also stimulates the L-cysteine desulfurase activity of SufS
(Layer et al., 2007; Outten et al., 2003). The role of SufC is still unclear; however, it is
required for the interaction between the SufB and SufSE complexes to enhance the
activity of the SufBC.D complex (Layer et al., 2007). Overall the sulfur is transferred from
SufS to SufBC,D through SufE in the Fe-S cluster biosynthesis complex (Layer et al.,
2007). With SufSE and SufD in the SufBC2D complex, sulfur and iron are provided to form
Fe-S clusters. However, the iron donor is still unknown. A flavin-based cofactor provides
the required electrons to the SufBC.D complex (Wollers et al., 2010). Further, the
assembled Fe-S cluster is released from the SufBC,D complex and transferred to A-type
carrier proteins-like SufA for final delivery to the targeted apo-protein (de Choudens,
Sanakis, and Fontecave, 2004; Chahal et al., 2009).

1.3.3 Fe-S cluster homeostasis in E. coli

Under oxidative stress and iron-limiting conditions, Fe-S clusters are oxidized and further
degraded (Imlay, 2003; Jang & Imlay, 2010), leading to a reduction in iron (I
concentration in the cell and followed by cell death. The cellular iron level must be
regulated to avoid this scenario (Andrews, Robinson, and Rodriguez-Quifiones, 2003). In
E. coli, regulation of iron availability is performed by Fur (ferric uptake regulator) (Fillat,
2014). Fur is an iron sensor; a homodimeric protein that contains two Zn?* (Althaus et al.,
1999) molecules, each subunit able to bind one iron (Il) (Bags & Neilands, 1987). The
DNA-binding and metal-binding domains are located at the N- and C-termini, respectively.
Fur is involved in regulating siderophores, ABC transporters, iron storage proteins, and
Fe-S cluster biosynthesis (Fillat, 2014).

11
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Figure 1-9: The proposed model for iron-dependent regulation of Fe-S cluster
homeostasis by ISC and SUF systems in E. coli

Under normal conditions, the ISC system is involved in Fe-S cluster biogenesis; the isc operon
is regulated indirectly by Fe?*-Fur through a small non-coding RNA called rhyB, and holo-IscR,
which regulates the expression of operon by an autoregulatory circuit in the presence of Fe-S
clusters; the suf operon is influenced by apo-Fur, OxyR and apo-IscR under iron-limiting
condition where the Fur repression is abolished and rhyB gene expressed, which leads to a
degradation in the mRNA of the isc operon except for iscR, the apo-IscR regulator recruits the
suf operon for Fe-S cluster biosynthesis; under oxidative stress condition, OxyR activates
expression of the suf operon; the activation and repression are shown as black and red lines

The Fe?*-Fur complex represses the suf operon by downregulating the expression of rhyB.
rhyB is a small RNA, the expression of which is negatively regulated by the Fur protein
(Massé and Gottesman, 2002; Massé, Vanderpool, and Gottesman, 2005). It is a 90-
nucleotide small RNA, expressed only under low iron concentrations. rhyB reduces the
stability of the mRNA of the isc operon, since after binding of rhyB to the mMRNA of iScCSUA,
its degradation is stimulated (Desnoyers et al., 2009). However, it has been shown that
iIscCR mMRNA remains intact and IscR in its apo-form then binds to the promoter region of
the sufABCDE operon in its [2Fe-2S] cluster-bound form. Holo IscR represses

transcription of the isc operon (Giel et al., 2006). Therefore, under iron-limiting conditions,
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cells use the SUF system and not the ISC system for Fe-S cluster assembly. (Desnoyers
et al., 2009; Massé & Gottesman, 2002). IscR is a transcription factor that belongs to the
isc operon (Schwartz et al., 2001). IscR is highly conserved in bacteria and regulates at
least 40 different genes (Giel et al., 2006).

Under oxidative stress conditions in the presence of superoxide or reactive oxygen
species, suf operon expression is activated by the transcription factor OxyR (M. Zheng et
al., 2001). OxyR is activated by oxidation of the two conserved cysteine residues (Cys-
199, Cys-208) (C. Lee et al., 2004) and induces the transcription of the suf operon by
binding to the promoter region (M. Zheng et al., 2001).

1.4 Fe-S cluster carrier proteins

In the final step of Fe-S cluster biosynthesis, the produced Fe-S clusters are released from
the IscU scaffold protein with the aid of HscB and HscA chaperones (Muhlenhoff et al.,
2003; Wu, Mansy, and Cowan, 2005; Chandramouli and Johnson, 2006) and further
delivered to the targeted apo-protein. The insertion of Fe-S clusters is performed by Fe-S
cluster carrier proteins such as BolA, GrxA/B/C/D, and A-type carrier proteins (ATC) (Py,

Moreau, and Barras, 2011).

1.4.1 DNA-binding transcriptional regulator — BolA

BolA was first identified as a transcription factor that plays a vital role in cell morphology
in the stationary phase under conditions of starvation (Aldea et al., 1989; Santos et al.,
2002). BolA also plays a role in the maturation of complex-1 since the deletion of bolA
leads to loss of the binuclear Fe-S cluster N1b and a partially disturbed assembly of the
complex (Burschel et al., 2019). It has been reported that the glutaredoxin (Grlx-3)-BolA2
complex acts as a chaperone to transfer [2Fe-2S] clusters into the apo-protein in human
cells (A. G. Frey et al., 2016). Moreover, the GrIx-3-BolA2-[2Fe-2S] cluster complex is also

involved in sensing the cellular iron status in eukaryotes (H. Li et al., 2012).

1.4.2 Glutaredoxins — GrxA, GrxB, GrxC and GrxD

Glutaredoxins are ubiquitous and catalyze the reduction of disulfides via reduced
glutathione (GSH) (Begas et al., 2017). It has been reported that E. coli contains four
different types of glutaredoxin, namely GrxA, GrxB, GrxC, and GrxD. GrxA, GrxB, and

GrxC contain a dithiol active site, whereas GrxD has a monothiol active site (Aslund et al.,
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1996; Fernandes et al., 2005). It has been proposed that GrxD physically interacts with
the iron—sulfur cluster assembly and acts as an Fe-S cluster carrier protein for the SUF
system (Bolstad et al., 2010; Bolstad & Wood, 2010). In vitro studies have shown the
interaction of GrxD and NfuA are involved in the maturation of apo-MiaB (Boutigny et al.,
2013). Moreover, dimeric GrxD is involved in transferring [2Fe-2S] clusters into the apo-

ferredoxin (Yeung et al., 2011).

1.4.3 P-loop NTPase family protein — Mrp

Mrp is reported as a Fe-S cluster carrier protein, which binds and rapidly transfer Fe-S clusters
to apoprotein (J. M. Boyd et al., 2008). It belongs to the Mrp/Nbp35 subfamily of the P-loop
NTPases (Leipe et al., 2002). It is proposed initially to have a role in thiamine biosynthesis
(Petersen & Downs, 1996). It has been reported that the archaeal ApbC/Nbp35 homolog was
functioning as a carrier protein (J. M. Boyd, Drevland, et al., 2009). ApbC is a Mrp ortholog
from Salmonella typhimurium (J. M. Boyd et al., 2008; J. M. Boyd, Sondelski, et al., 2009)

1.4.4 A-type carrier proteins (ATC) — ErpA, IscA, SufA

Phylogenomic and genetic analysis by Frédéric Barras and coworkers has shown that A-
type carrier proteins (ATC) originated in the Last Bacterial Common Ancestor and were
conserved in most bacteria (Daniel Vinella et al., 2009). Eukaryotes and archaea further
acquired this via horizontal gene transfer (Daniel Vinella et al., 2009). The genome
analysis of proteobacteria also indicates the presence of two distinct ATC. Moreover, the
ATC phylogeny shows another sub-family of ATCs that is involved in nitrogenase
maturation. The ATCs are divided into three sub-families based on evolutionary criteria
and phylogenomic study: ATC-I, ACT-Il, and ATC lll, where only ErpA belongs to ATC-I,
whereas the IscA and SufA are ATC-Il (Daniel Vinella et al., 2009). The ATC-Ill encoding
genes are involved in nitrogenase maturation, since they are surrounded by genes of the

nif operon (Daniel Vinella et al., 2009).

IscA and SufA belong to the isc and suf operons, respectively, whereas erpA is a single
transcriptional unit in the chromosome (Loiseau et al., 2007; Daniel Vinella et al., 2009).
In E. coli, three ATCs share around 30% sequence identity (Loiseau et al., 2007) with
three conserved cysteine residues at Cys-50, Cys-114, and Cys-116 (Wada et al., 2005),
that facilitate the binding of Fe-S clusters. Moreover, SufA and IscA also share around

48% sequence similarities (Bilder, Ding, and Newcomer, 2004; Cupp-Vickery, Silberg et
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al., 2004; Wada et al., 2005). ErpA shares 40% with IscA and 34% with SufA amino acid

sequence identity (Loiseau et al., 2007).

In E. coli, the ATCs can bind with both [2Fe-2S] and [4Fe-4S] clusters. It has been reported
that an iscA/sufA double mutant is not viable under aerobic conditions (Butland et al.,
2008; Mettert et al., 2008) but survive under the anaerobic conditions in the presence of
ErpA (Mettert et al., 2008). In contrast, the deletion of erpA is lethal under aerobic and
anaerobic conditions (Loiseau et al., 2007). Aerobic and anaerobic respiration depends
on quinones’ requirement as electron carriers, which is derived from isopentenyl
diphosphate (IPP). The biosynthesis of IPP is directly dependent on IspG and IspH
proteins, which contain [4Fe-4S] clusters. Maturation of IspG and IspH requires ErpA and
IscA under both aerobic and anaerobic conditions. Therefore, deletion of these genes
leads to defective growth and respiration for the strains. To avoid this situation, mutant
strains have been introduced with the eukaryotic mevalonate-dependent pathway for
biosynthesis of IPP (Grawert et al., 2004; Wolff et al., 2003).

All the observations are due to the lack of maturation of the IspG/H enzyme (Daniel Vinella
et al., 2009), which is essential for the biosynthesis of isopentenyl diphosphate (IPP)
(Grawert et al., 2004; Wolff et al., 2003).
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Figure 1-10: Amino acid sequence alignment of A-type carrier proteins (ATC), ISCA,
SufA, and ErpA (YadR) from different organisms

The three cysteine variants at C-50, C-114, and C-116 are highlighted in yellow; other
conserved residues are shown in dark green, and variant residues in light green (Wada et al.,
2005)
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The maturation model of IspG/H by Frédéric Barras and coworkers has shown that the
Fe-S cluster is transferred to ErpA before insertion into the final apo-target under both
aerobic and anaerobic conditions. Under anaerobic conditions, IscA can directly deliver
the cluster to the final apo-target, but IscA requires ErpA under aerobic conditions (Daniel
Vinella et al., 2009). In E. coli, IscA and SufA are functionally redundant; under aerobic
conditions, the iscA/sufA double mutant can survive by exogenous overexpression of
either iscA or sufA (Lu et al., 2008). Both SufA and IscA potentially receive Fe-S clusters
from the IscU scaffold protein or the SufBC.D complex and are further delivered to ErpA
(Daniel Vinella et al., 2009). Moreover, under anaerobic conditions, ErpA and IScA might
be functionally redundant since both can receive the Fe-S clusters from IscU and deliver
these to the IspG/H, as demonstrated by Barras and his team (Daniel Vinella et al., 2009).
It has been reported that the ErpA and IscA are involved in the maturation of formate:
hydrogen lyase, the hydrogen-oxidizing [NiFe]-hydrogenase (Pinske & Sawers, 2012b),
and IspG/H (Daniel Vinella et al., 2009) by inserting Fe-S clusters into them. The nitrate
reductase, formate dehydrogenase-N, and format dehydrogenase-O activity are
significantly reduced in the iscA deleted strain, whereas no activity has been observed in
the erpA mutant strain (Pinske & Sawers, 2012a). Moreover, no hydrogenase 1 and
hydrogenase 2 activity has been observed in either the iscA- or erpA-deleted mutant
(Pinske & Sawers, 2012b). It has also been shown that SufA is able to insert a [2Fe-2S]

cluster into ferredoxin and Aconitase-A (Gupta et al., 2009).

1.4.5 Atypical A-type carrier protein (ATC) — NfuA

NfuA is another Fe-S cluster carrier protein known as atypical A-type carrier protein (Py
et al., 2012). NfuA can potentially receive Fe-S clusters from the IscU-HscBA or SufBC2D
complexes and further deliver them to typical ATCs like SufA or IscA (Py et al., 2012). E.
coli NfuA belongs to the Nfu-l sub-family of Nfu-like proteins (Angelini et al., 2008).
However, NfuA does not contain a typically conserved cysteine residue at the N-terminus
like the ATCs. However, this degenerated domain has shown efficient Fe-S cluster
transfer to apo-target proteins. It has been reported that the C-terminus of NfuA is able to
bind a [4Fe-4S] cluster (Angelini et al., 2008; Py et al., 2012). The deletion of nfuA is not
lethal under both anaerobic and aerobic conditions (McCarthy & Booker, 2017;
Palchevskiy & Finkel, 2006). NfuA is involved in the maturation of apo-aconitase (AncA
and AncB) (Angelini et al., 2008), and the NuoG-a subunit of NADH dehydrogenase | (Py
et al., 2012). In vitro studies have shown that NfuA also performs maturation of LipA

16



Introduction

(McCarthy and Booker, 2017) and apo-MiaB (Boutigny et al., 2013). Moreover, Py and
her team have demonstrated that NfuA plays a vital role in repairing damaged or oxidized
Fe-S clusters under aerobic conditions. It has been proposed that NfuA interacts directly
with ErpA for Fe-S cluster insertion to the target apo-protein under oxidative stress
conditions (Py et al., 2018).

1.5 Molybdenum cofactor (Moco) biosynthesis and
molybdoenzymes

1.5.1 Moco biosynthesis

Molybdoenzymes are essential for biological processes, and play a crucial role in sulfur,
carbon, and nitrogen metabolism (Hille, 1996). These enzymes patrticipate in critical redox
reactions that are required for fundamental physiological processes (Zhang and
Gladyshev, 2008; Madsen, 2011; Carpenter, Archer, and Beale, 2012). In most
molybdoenzymes, electron transfer is mediated by Fe-S clusters, FMN/FAD, or
cytochrome to or from a molybdenum cofactor (Moco) (lobbi-Nivol & Leimkihler, 2013;
Yokoyama & Leimkuhler, 2015). To date, more than 60 different molybdoenzymes have
been identified in prokaryotes and 5 in eukaryotes (Hille, Hall, and Basu, 2014). About 19
different molybdoenzymes are present in E. coli, which have been studied in great detail
(lobbi-Nivol & Leimkuhler, 2013). Molybdoenzymes contain a molybdenum cofactor. The
molybdenum atom is involved in electron transfer during redox reactions, which exist as
IV, V and VI oxidation states (Hille, 2002). The molybdoenzymes are classified into three
different families depending on the configuration of ligands around the molybdenum atom.
The three different families are: a) the xanthine oxidase (XO), b) sulfite oxidase (SO), and
c) dimethyl sulfoxide (DMSOQO) reductase families (Hille, 1996). Enzymes of the DMSO

reductase family are only present in prokaryotes (Leimkuhler, 2020).
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Figure 1-11: The operons involved in Moco biosynthesis in E. coli

A total of 5 different gene loci and 11 different organizations of genes are directly involved in
Moco biosynthesis that are encoded in moa, mob, moc, moe, and mog operons, with the
individual role of each protein from the respective gene in different steps in Moco biosynthesis

Molybdenum enzymes are composed of a tricyclic pyranopterin ring. The molybdenum
atom is coordinated by a unique dithiolene moiety (Johnson and Rajagopalan, 1982;
Rajagopalan, Johnson, and Hainline, 1982). The nature of its chemical structure was
established by Rajagopalan and Johnson (Rajagopalan & Johnson, 1992). The
biosynthesis pathway of Moco is highly conserved from prokaryotes to eukaryotes (R R
Mendel & Leimkuhler, 2015; Ralf R. Mendel, 2013). In E. coli, the biosynthesis of Moco
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has been extensively studied, where 11 different genes in 5 different loci, namely moa,
moe, mob, moc, and mog have been identified as being involved in Moco biosynthesis
(Shanmugam et al., 1992; Neumann et al., 2009). The biosynthesis of Moco is divided
into four steps in bacteria (Rajagopalan, 1996; Mendel and Leimkuhler, 2015): a) cyclic
pyranoptrein monophosphate (cPMP) formation from 5GTP, b) formation of
molybdopterin (MPT) by sulfur incorporation into cPMP, c) formation of Mo-MTP by the
insertion of a molybdate atom to the dithiolene group, and d) further modification of Mo-
MTP to form bis-MGD (molybdopterin guanine dinucleotide) and MCD (molybdopterin
cytosine dinucleotide) by attachment of GMP and CMP respectively.
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Figure 1-12: Biosynthesis of cPMP from 5’GTP catalyzed by MoaA and MoaC

MoaA catalyzes the conversion of 5GTP to 3’,8-CH,GTP intermediates, where the C8 (blue)
atom of guanine is inserted between C2 and C3 of ribose and forms 3',8-CH.GTP
intermediates, here the SAM is reductively cleaved to 5’-dA, which further abstracts the H
atom in 5GTP; cPMP is formed by cleaving of a pyrophosphate group from 3’,8-CH,GTP
intermediates, and the reaction is catalyzed by MoaC; MoaA:PDB — 1TV7

The first step of Moco biosynthesis is performed by the conversion of cPMP from 5GTP.
The reaction is catalyzed by two enzymes, namely MoaA and MoaC (Hover et al., 2013,
2015; Hover & Yokoyama, 2015; Wuebbens & Rajagopalan, 1995). In vitro studies have
demonstrated that 5’GTP is the initial substrate for Moco biosynthesis. MoaA is a
homodimeric enzyme that belongs to the superfamily of radial S-adenosyl methionine
(SAM) dependent enzymes (Hanzelmann & Schindelin, 2004; Sofia et al., 2001). It binds
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two [4Fe-4S] clusters in each monomer, where one at the C-terminus binds the substrate
5'GTP and the other one at the N-terminus binds SAM to initiate the reaction (Hanzelmann
and Schindelin, 2004, 2006). The reaction starts with the interaction of the N-terminus
[4Fe-4S] cluster of MoaA with SAM, in which the SAM is reductively cleaved and forms
5’-deoxyadenosyl radical (5’-dA.), and an electron is provided from the oxidation of the
[4Fe-4S] cluster (Frey, Hegeman, and Ruzicka, 2008). Consequently, the C8 guanine is
opened and inserted between C2 and C3 carbon of ribose (Hover et al., 2013; Mehta,
Abdelwahed, and Begley, 2013) to produce a 3’-8-CH2-GTP. Further, this 3’-8-CH>-GTP
intermediate is converted into the cPMP by MoaC. It has been demonstrated that the
formation of cPMP is catalyzed by the cleavage of the pyrophosphate group (Hover et al.,
2013, 2015).

The second step of Moco biosynthesis is molybdopterin (MPT) formation from cPMP by
incorporating two sulfur atoms from MPT synthase (Pitterle and Rajagopalan, 1989, 1993;
Pitterle, Johnson, and Rajagopalan, 1993; Rudolph et al., 2001). MPT synthase is a
heterotetrameric complex of two (MoaE)2 and (MoaD)2 subunits (Pitterle & Rajagopalan,
1989). The isolated MTP synthase from E. coli demonstrates that MoaE is a central dimer,
where one subunit of MoaD is located at each end (Daniels et al., 2008; Rudolph et al.,
2001). The reaction starts with the insertion of the thiocarboxylate sulfur atom from the
MoaD to the C2 position of cPMP and formation of hemisulfurated intermediate (Daniels
et al., 2008) before the dissociation of MoaD from the MPT synthase complex (Daniels et
al., 2008; Wuebbens & Rajagopalan, 2003). The second thicarboylate attacks the C1
position of cPMP and forms molybdopterin (MPT) (Daniels et al., 2008). The regeneration
of MoaD with sulfur is performed by MoeB, which interacts with the C-terminus end of
MoaD (Leimkuhler & Rajagopalan, 2001). IscS donates the sulfur atom as a form of
persulfide (Mihara et al., 2000; Leimkuhler and Rajagopalan, 2001; Leimkuhler,
Wuebbens, and Rajagopalan, 2001). The MoaD-AMP receives the sulfur from the L-
cysteine desulfurases to the (MoaD-MoeB). complex, where the sulfur is transferred by
the TusA to the MoaD and forms MoaD-SH (persulfide) (Leimkuhler, 2017).

The third step of Moco biosynthesis involves the addition of a molybdate atom to the
unique dithiolene moiety and formation of Mo-MPT (Grunden & Shanmugam, 1997). The
reaction is catalyzed by MoeA and MogA (Grunden & Shanmugam, 1997), where MogA
is a homotrimer (M. T. W. Liu et al., 2000) and MoeA is a dimer (Schrag et al., 2001; Xiang
et al., 2001). It has been demonstrated that the addition of the molybdenum atom is
performed in two steps (J. Nichols & Rajagopalan, 2002), where MogA catalyzes the
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formation of MPT-adenylate species under low physiological molybdate concentrations (J.
D. Nichols & Rajagopalan, 2005; J. Nichols & Rajagopalan, 2002). This reaction is Mg?*-
2004).
molybdenum ligation to the MPT structure and Mo-MPT is formed (Nichols and

and ATP-dependent (Kuper et al., In the next step, the MoeA catalyzes the

Rajagopalan, 2005; Leimkuhler, Wuebbens, and Rajagopalan, 2011). Mo-MPT functions
as a basic form of Moco that can be directly inserted into molybdoenzymes that belong to

the sulfite oxidase family (SO) (Brokx et al., 2005; Havelius et al., 2011).
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Figure 1-13: Schematic diagram of Moco biosynthesis in E. coli

Moco biosynthesis starts with the conversion of 5’GTP to cPMP catalyzed by MoaA and MoaC;
MPT is formed in the second step by incorporation of sulfur atoms; sulfur is provided by L-
cysteine desulfurase as a form of persulfide, which is further mobilized by TusA through MoeB,
and the reaction is catalyzed by MPT synthase (MoaD/MoakE); in the third step, Mo-MPT is
formed by incorporation of a molybdenum atom in the presence of MogA and MoeA, and the
Mo-MPT can be directly inserted into the sulfite oxidase family of enzymes (SO and mARC).
In E. coli, Mo-MPT can be further modified into MCD and a bis-MGD cofactor, and the addition
of cytosine nucleotide in Mo-MPT is catalyzed by MocA to form a molybdopterin cytosine
dinucleotide (MCD) cofactor that contains an equatorial sulfur ligand coordinate to the Mo
atom; the MCD cofactors are present in all the xanthine oxidase (XO) enzyme family; the bis-
MGD cofactor belongs to the whole DMSO reductase (DMSOR) enzyme family, where the
Mo-MPT is modified by the addition of two guanosine dinucleotides that are catalyzed by
MobA to form bis-MGD; bis-MGD can be further modified with an addition of a sulfur ligand at
the molybdenum center
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Mo-MPT can be further modified into bis-MGD (Hille et al., 2014). The formation of bis-
MGD is performed by adding GMP to the phosphate group of each Mo-MPT (Leimkunhler,
2017). The reaction is catalyzed by MobA, which exists as a monomer and contains two
domains. The crystal structure of MobA demonstrates that the N-terminus contains a GTP-
binding Rossmann fold, and the MPT binding site is located at the C-terminus end (Lake
et al., 2000; Stevenson et al., 2000). The conversion of bis-MGD from Mo-MTP is carried
out in two steps (Reschke et al., 2013). In the first step, the Mo-MTP is used as a substrate
for MobA to form bis-Mo-MPT. In the next step, the GMP molecules from GTP hydrolysis
bind to the C4 phosphate of bis-Mo-MPT and facilitate the formation of bis-MGD (Lake et
al., 2000; Palmer et al., 1996). One molybdate is released from the two combined Mo-

MPT molecules during the reaction (Leimkuhler, 2020).

Mo-MTP can also be modified as MCD and inserted into the xanthine oxidase family of
molybdoenzymes in E. coli (Neumann et al., 2009; lobbi-Nivol and Leimkuhler, 2013). The
formation of MCD from Mo-MTP is catalyzed by MocA (Leimkihler & Neumann, 2011).
The reaction is catalyzed by the addition of CMP to the C4 phosphate of Mo-MTP, where
the MPT and CMP covalently link to each other by the release of pyrophosphate
(Neumann et al., 2009a, 2009b).

Moco is sulfurated in molybdoenzymes that belong to the xanthine oxidase (XO) family
(Hille, 1996; Hille, Hall, and Basu, 2014). Sulfuration of the Mo-MPT cofactor of xanthine
dehydrogenase from Rhodobacter capsulatus has been investigated in particular detail
(Neumann et al., 2007a). Moreover, the sulfurated MCD cofactor has also been observed
in periplasmic aldehyde oxidase (PaoABC) (lobbi-Nivol & Leimkuhler, 2013; Neumann,
Mittelstadt, et al., 2009). In Moco sulfuration, the molybdenum oxygen ligand is replaced
by a sulfur atom, where the L-cysteine desulfurase provides the sulfur. In R. capsulatus
XDH, this sulfur incorporation is performed by the direct association of XdhC, where it
interacts with L-cysteine desulfurases (NifS4) and mobilizes the sulfur as persulfide by
catalyzing the conversion of L-cysteine to L-alanine. This further facilitates the
replacement of one oxygen ligand by a sulfur ligand (Neumann et al., 2007a). It has been
demonstrated that XdhC also protects the oxidation of Mo-MPT until the terminal sulfur is
inserted (Leimkihler, 2020; Neumann et al., 2007a). Moreover, the XdhC chaperone also
plays a role in Moco insertion into the target apo-protein and further interacts with the apo-
target to facilitate proper folding after the insertion of Moco (Leimkuhler & Klipp, 1999).
PaoD and YqgeB also belong to this XdhC chaperone family. It is believed that the PaoD
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also performs an identical role to XdhC in sulfur-ligand incorporation in MCD for the
PaoABC enzyme (lobbi-Nivol & Leimkuhler, 2013; Neumann et al., 2007a).

1.5.2 Moco sulfuration and insertion into enzymes of the DMSO
reductase family

The addition of sulfur in Moco has also been observed in some DMSO reductase family
enzymes, such as periplasmic nitrate reductase from Cupriavidus necator (Coelho et al.,
homologous to NapA from Desulfovibrio desulfuricans (Najmudin et al., 2008). It has been
established recently that the TMAO reductase (Kaufmann et al., 2018) and formate
dehydrogenase (FdhF) (Thome et al., 2012) from E. coli both carry a sulfur ligand in place
of the molybdenum—oxygen ligand. It has been reported that the absence of FdhD leads
to the production of inactive FdhF, which can be restored by chemical sulfuration (Thome
et al., 2012). Therefore, this indicates that sulfuration of FdhF requires the presence of
FdhD, which acts as a chaperone for inserting a sulfur atom in bis-MGD (Thome et al.,

2012), a role similar to that played by XdhC for xanthine dehydrogenase.

In E. coli, most molybdoenzymes of the DMSO reductase family harbor a specific
chaperone for Moco insertion (lobbi-Nivol & Leimkuhler, 2013) such as NarJ for NarGHI
(Blasco et al., 1998), NarW for NARZYV (Blasco et al., 1992), NapD for NapA (Dow et al.,
2014), TorD for TorA (Genest et al., 2005, 2006), and FdhD for FdhF (Thome et al., 2012),
as well as FAnGHI and FdoGHI. Moco insertion into a target apo-protein has been
extensively studied for the TMAO reductase enzyme in E. coli, where TorD functions as a
chaperone for apo-TorA maturation (Genest et al., 2005). It has been reported that TorD
binds both TorA and MobA during the insertion process, where it binds to the signal
peptide in apo-TorA and inserts the bis-MGD (Genest et al., 2008; Genest, Méjean, and
lobbi-Nivol, 2009; lobbi-Nivol and Leimkuthler, 2013). TorD also accomplishes the correct
folding of holo-TMAO reductase (Genest et al., 2008) before the periplasmic translocation
by cleavage of the signal peptide (lobbi-Nivol & Leimkuhler, 2013). It has been shown that
TorD plays an important role in the binding to the TorA-Tat-leader peptide (Genest,
Méjean, and lobbi-Nivol, 2009; Leimkuhler and lobbi-Nivol, 2016). The Tat (twin-arginine
translocation) pathway is essential for translocation of the folded protein to the periplasm
(Jack et al., 2004; Berks, Palmer, and Sargent, 2005). Insertion of the bis-MGD and
conformational change of TorA induces the dissociation of TorD from the complex and
exposes the Tat-leader peptide to the Tat-machinery for facilitating the translocation of

mature TMAO reductase (Pommier et al., 1998). The Tat-consensus motif has been
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identified for DMSO reductase (DmsA and DmsB), format dehydrogenase (FdnG/H,
FdoG/H), TMAO reductase (TorA), and periplasmic oxidoreductase (PaoA) (Berks et al.,
2005; Ize et al., 2009).

1.5.3 Regulation of Moco biosynthesis

In E. coli, FNR (fumarate and nitrate reduction) is a dual transcriptional regulator, which
needs a [4Fe-4S] cluster under anaerobic condition to regulate the activation or repression
of different genes (Green & Guest, 1993; S Spiro & Guest, 1990; Unden et al., 2002).
Transcription of the moaABCDE and moeAB operons are up- and downregulated
respectively, by FNR (Anderson et al., 2000; Hasona, Self, and Shanmugam, 2001; Zupok
et al., 2019).
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Figure 1-14: Overall transcriptional regulation of the moa and moe operon

Depicted is the promoter region upstream of the moaABCDE operon (A) the binding sites of
regulators schematically: FNR (blue), ModE (orange), Moco riboswitch region (black) binding
site, transcription start sites: S1 and S2. The biding sequence of transcriptional activator and
repressor (B) show as FNR (-46 to -33), ModE (+20 to +43), Moco riboswitch region (bold).
The promoter region of moeAB operon (C) which is expressed by NarL and repress by holo-
FNR

FNR is itself also autoregulated by [4Fe-4S]-FNR (Mettert & Kiley, 2007). Moreover, ArcA
and Fur also downregulate FNR expression (Compan & Touati, 1994; Gunsalus & Park,
1994; Kumar & Shimizu, 2011).
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1.5.4 Molybdoenzymes

1.5.4.1 Nitrate reductase

Nitrate reductase is a molybdoenzyme that belongs to the DMSO reductase family
(Miralles-Robledillo et al., 2019). Dependent upon the growth condition and presence of
nitrate in the medium, three different types of nitrate reductases are encoded in the
genome of E. coli (Cole, 2006; Yokoyama & Leimkuhler, 2015), namely NarGHI and
NarZYV which are oriented towards the cytoplasm, but anchored in the membrane
(Stewart, 1988; Chang et al., 1999), and NapAB localized in the periplasm (Brondijk et al.,
2004). All these types of nitrate reductase consist of bis-MGD as a form of Moco
(Yokoyama & Leimkuhler, 2015). The expression of membrane-bound NarGHI is induced
at a high concentration of nitrate in the medium, further localized at the cytoplasm
(Stewart, 1988). In contrast, periplasmic NapAB is produced under a low nitrate
concentration (Brondijk et al., 2004). NarZYV is produced regardless of the presence of
nitrate at the early stationary phase (Chang et al.,, 1999). NarGHI is the most
predominantly expressed nitrate reductase, and is involved in cellular respiration under
anaerobic conditions, where it functions as a terminal electron acceptor from the quinone
pool and facilitates the conversion of nitrate to nitrite (Berks et al., 1995; Unden &
Bongaerts, 1997). Nitrate reductase is a heterotrimer consisting of NarG, NarH, and Narl
subunits (Forget, 1974; Enoch and Lester, 1975; Clegg, 1976; Coleman, Cornish-Bowden,
and Cole, 1978; Sodergren, Hsu, and DeMoss, 1988). The oxidation of quinol provides
the electron for the reaction at the cellular level, which is transferred through the heme in
Narl, through one [3Fe-4S] and three [4Fe-4S] clusters in NarH, and one [4Fe-4S] cluster
in NarG to the bis-MGD catalytic site for performing the reduction of nitrate to nitrite
(Rothery et al., 1999, 2001, 2004; Zhao et al., 2003). The NarGH subunit is located in the
inner membrane of the cytoplasm, where it binds with a membrane-bound fraction of Narl
through hydrophobic interaction. In vitro study has shown that NarGHI exits in homodimer
form (Bertero et al.,, 2003). A chaperone protein, namely NarJ, performs bis-MGD
incorporation in the NarG. The narJ belongs to the narGHJI operon, which coexpresses
with narGHI during transcription (Blasco et al., 1992, 1998; Dubourdieu & DeMoss, 1992).
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(A)

1

-73 -60 -54 -48 -35
TTAGGAATTTACTTTATTTTTqTCCCCATtACTqTTGATCGTTATCAAETCCCACGCTGTTTCAGAGCGTTACCTTG

(B)

CCCTTAAACATTAGCAATGTCGATTTATCAGAGGGCCGACAGGCTCCCACAGGAGAAAACCGCEBGAGTAAAT

Figure 1-15: Overall transcriptional regulation of the narGHJI operon

Depicted is the promoter region upstream of the narGHJI operon (A) the binding sites of
regulators schematically: FNR (blue), NarL (green) and Fis (orange), transcription start sites:
S1. The biding sequence of transcriptional activator and repressor (B) show as FNR (-48 to -
35), NarL (-60 to -54) and Fis (-73 to -60), transcriptional starting site atg (green)

The narGHJI operon is regulated by FNR (Lamberg & Kiley, 2000; Melville & Gunsalus,
1996; Stewart, 1982) and NarL (Stewart, 1982; Li, Kustu, and Stewart, 1994). Holo-FNR
is required for the activation of narGHJI expression under anaerobic conditions (Schroder,
Darie, and Gunsalus, 1993). It has been reported that holo-FNR binds to the upstream of
the narGHJI operon at the -48 to -35 region (Melville and Gunsalus, 1996; Lamberg and
Kiley, 2000). Moreover, NarL is essential for nitrate- and molybdate-dependent activation
of the narGHJI operon under anaerobic conditions (luchi and Lin, 1987a; Kalman and
Gunsalus, 1990; Chiang, Cavicchioli, and Gunsalus, 1992). Under nitrate respiratory
conditions, NarL is phosphorylated to NarL-P (Rabin & Stewart, 1993) and positively
regulates operon expression by binding to the -60 to -54 region, upstream of the narGHJI
operon (Stewart, 1982; Rabin, Collins, and Stewart, 1992; Li, Kustu, and Stewart, 1994).
However, NarL expression is downregulated by FNR in the presence of Fe-S in cells
(Myers, Yan, Ong, Chung, Liang, Tran, Keles, et al., 2013). In addition, Fis protein is

involved in the downregulation of narGHJI expression (Bradley et al., 2007).

1.5.4.2 TMAO reductase

TMAO reductase belongs to only those few DMSO reductase family members that do not
contain an Fe-S cluster (McCrindle, Kappler, and McEwan, 2005). TMAO reductase
functions as a terminal electron acceptor like nitrate reductase during anaerobic
respiration in the presence of TMAO (Cox et al., 1980; Cox & Knight, 1981). E. coli harbors
two different types of TMAO reductase, namely TorCA and TorYZ (Gon et al., 2000).
However, the torCAD operon is induced in the presence of TMAO (Ansaldi et al., 2007).
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It has been reported that TMAO reductase is one of the few molybdoenzymes that is
expressed in the presence of oxygen (Carey et al., 2018; Kaufmann et al., 2018; Roggiani
& Goulian, 2015). TMAO reductase catalyzes the reduction of TMAO to TMA. TMAO
reductase consists of two main subunits, TorA and TorC (McCrindle, Kappler, and
McEwan, 2005). TorC is an inner-membrane-bound anchor protein (lobbi-Nivol et al.,
1994; Méjean et al., 1994; Gon et al., 2001), which is considered as a hydrophilic protein
with a small hydrophobic amino acid portion at the N-terminus (Méjean et al., 1994). Five
heme prosthetic groups are present in TorC, four of which are located at the N-terminus
of TorC and one at the C-terminus. Electron transfer occurs from the quinone pool through
the hemes of membrane-bound TorC and transfers to the catalytic site of periplasmic TorA
for reduction (Gon et al.,, 2001). The TorA subunit contains the bis-MGD cofactor to
convert TMAO to TMA (Genest et al., 2008; Méjean et al., 1994; L. Zhang et al., 2008).
The bis-MGD is inserted into the TorA subunit with the help of TorD (Genest et al., 2008;
Méjean et al., 1994).

TMAO reductase expression is regulated by TorT, TorS, TorR, and TorC (Simon et al.,
1994; Gon et al., 2001; Baraquet et al., 2006). It has been reported that the expression of
torCAD is influenced by phosphorylated TorR, where it positively regulates the expression
of the operon (Jourlin et al., 1995; Simon et al., 1994).

@ | N

Figure 1-16: Model for the regulation of TMAO reductase in E. coli under anaerobic
conditions

27



Introduction

TorA contains bis-MGD, a terminal electron acceptor under TMAO respiration and catalyzes
the conversion of TMAO to TMA; TorC is a membrane-bound c-type cytochrome, TMAO
reductase expression depends upon the presence of TMAO. The operon is activated through
a signaling system that is composed of three proteins: TorT: senses the presence of TMAO in
the periplasm, TorS: interacts with TorT and phosphorylates TorR, phosphorylated TorR:
activates torCAD expression; apo-TorC interacts with TorS and prevents it from
phosphorylating TorR and negatively regulate its expression; the expression of torT and torS
is regulated by oxygen through IscR transcription that binds to a shared regulator site between
the two genes and represses their transcription

In the presence of TMAO, the TorST complex induces the phosphorylation of TorR, which
stimulates the expression of torCAD (Jourlin et al., 1996; Simon et al., 1994). Furthermore,
membrane-bound TorC also plays a vital role in the expression of the operon. In the
absence of heme, apo-TorC negatively regulates torCAD expression by interacting with
TorS sensory kinase, which prevents the phosphorylation of TorR (Ansaldi et al., 1999;
Gon, Jourlin-Castelli, et al., 2001). The formation of holo-TorC is dependent on the
availability of iron and the presence of Fe-S clusters in the cells. Under anaerobic
conditions, heme biosynthesis is directly influenced by the Fe-S cluster and further
regulates expression of the torCAD operon. It has been reported that the aminolevulinic
acid dehydratase is a [4Fe-4S] cluster containing an enzyme that is involved in the
conversion of the second step in heme biosynthesis (Gon et al., 2001). Therefore, the lack
of an Fe-S cluster leads to impaired heme biosynthesis and this consequently represses
torCAD expression. Besides this, torCAD expression is also significantly reduced by IscR
in the presence of oxygen (Schwartz et al., 2001). The abundance of IscR under the
aerobic condition compared to the anaerobic condition facilitates the binding of the IscR
between the torS and torT at the promoter region and represses transcription (Roggiani &
Goulian, 2015). TorT and TorS are regulators that positively influence torCAD transcription
(Simon et al., 1994; Gon et al., 2001). Therefore, the absence of oxygen leads to a

reduction in IscR production and positively influences the expression of torCAD.

1.5.4.3 Periplasmic aldehyde oxidase (PaoABC)

The xanthine oxidase family of molybdoenzymes is characterized as molybdopterin
(MPT)-MoV'OS(OH) in the oxidation state with one MPT equivalent coordinated to the
metal (Hille, 1996). The inactive desulfo-enzyme is formed by removing sulfur from the

active molybdenum site, where the oxygen can replace the sulfur.
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Figure 1-17: Schematic representation of membrane-bound nitrate reductase (NR),
TMAO reductase (TMAOR), periplasmic aldehyde oxidase (PaoABC) in E. coli, and
xanthine dehydrogenase (XDH) from R. capsulatus

The E. coli membrane-bound NarGHI (NR) contains three subunits: Narl, where the
membrane anchor subunit consists of Cyt,, one [3Fe-4S], three [4Fe-4S] clusters in NarH, and
one [4Fe-4S] cluster, bis-MGD in the NarG subunit, which catalyzes the conversion of nitrate
to nitrite; TAMOR consists of two subunits, namely TorC and TorA — the TorC subunit contains
heme, bis-MGD present in the TorA subunit for catalyzing TMAO to TMA; PaoABC belongs to
the xanthine oxidase family (XO) and consists of three subunits: PaoA contains two [2Fe-2S]
clusters, one [4Fe-4S] cluster and flavin (FAD) cofactor in PaoB and MCD present in the PaoC
subunit to catalyze the aldehydes to their respective acids; xanthine dehydrogenase (XDH)
from R. capsulatus consists of two subunits: two [2Fe-2S] clusters and a flavin (FAD) cofactor
in XdhA, and XdhB contains an Mo-MPT cofactor that catalyzes the formation of xanthine or
uric acid and NAD* from NADH

The xanthine oxidase family enzymes use oxygen by taking part in two-electron transfer
hydroxylation or oxo-transfer reactions with water (Wahl & Rajagopalan, 1982). In E. coli,
periplasmic aldehyde oxidase (PaoABC) is one of the three enzymes in the xanthine
oxidase family. The other two are xanthine dehydrogenase XdhABC and uncharacterized
XdhD (Leimkihler & Neumann, 2011). PaoABC is a heterotrimer, with a size of 135.0 kDa,
and consists of the Moco-containing large subunit PaoC (78.1 kDa), FAD and one [4Fe-
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4S] cluster containing a medium subunit PaoB (33.9 kDa), and a small subunit PaoA (21.0
kDa) that binds two [2Fe-2S] clusters. PaoA contains the Tat-leader peptide that is
involved in the periplasmic localization of the enzyme. The PaoD subunit is not part of the
mature enzyme but belongs to the operon (Neumann et al., 2009). PaoD has around
~40% amino acid sequence homology to the XdhC in R. capsulatus (Neumann et al.,
2007b). Therefore, it is believed that PaoD is involved in sulfuration of Moco and further
insertion into the PaoC subunit (lobbi-Nivol & Leimkuhler, 2013; Neumann et al., 2007b).
The enzyme oxidizes a broad spectrum of aldehydes to their respective carboxylic acids
(Neumann et al., 2009).

1.5.4.4 Xanthine dehydrogenase (XDH)

Xanthine dehydrogenase (XDH) is a molybdoflavo-enzyme involved in the oxidation of
purine using NAD*, or a molecular oxygen electron acceptor (Leimkuhler et al., 1998,
2003). An autosomal recessive disease identified by hyperuricemia and xanthinuria can
be due to a deficiency of xanthine dehydrogenase. The enzyme catalyzes the formation
of uric acid from hypoxanthine or xanthine and is excreted through urine. The inactivation
or lack of XDH expression reduces cellular xanthine metabolism (Beedham, 2010; Hille,
2007). The XDH from R. capsulatus was heterologously expressed in E. coli strains in our
study. R. capsulatus is a heterotetrameric enzyme with a size of 275 kDa, located in the
cytoplasm (Leimkdihler et al., 2003). The XDH contains two subunits, with the large subunit
XDHB at 83.0 kDa containing Moco as a form of MCD, and the relatively small subunit
XdhA at 50.0 kDa which consists of FAD and two [2Fe-2S] clusters (Leimkuhler et al.,
1998, 2003).

1.6 Fumarate and nitrate reduction (FNR)

FNR is a global regulator under anaerobic conditions, which regulates the transcription of
hundreds of different genes by activation or repression (Kang et al., 2005; Salmon et al.,
2003). FNR stands for fumarate and nitrate reduction (Lambden and Guest, 1976), and
regulates the expression of genes with the functions of chemotaxis, cell structure, and
signaling, molecular biosynthesis, and others (Kang et al., 2005; Salmon et al., 2003). The
activation or repression of FNR regulation is oxygen-dependent (Sutton et al., 2004),
whereas FNR requires a [4Fe-4S] cluster under anaerobic conditions (Moore & Kiley,
2001). This leads to a conformational change, and dimerization of protein takes place.

Consequently, it becomes activated and able to bind at the promoter site to regulate its
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transcription (Moore & Kiley, 2001). The [4Fe-4S]-FNR binds to the respective operon at
a specific palindromic consensus sequence TTGATNNNNATCAA (Eigimeier et al., 1989;
Gerasimova et al., 2001). The G and the first T of each FNR half-site appear to interact
with the FNR residues Glu-209 and Ser-212 (S Spiro & Guest, 1990). The active FNR can
bind to the transcription site at two different promoter regions; class | is located at -61, -
71, -82, and -92, and class Il is located at -41.5 (Wing, Williams, and Busby, 1995). Under
anaerobic conditions, [4Fe-4S]-FNR exists in a homodimeric form (Crack et al., 2014),
where the sensory domain is located in the N-terminus end, and the DNA-binding domain
at the C-terminus end contains a dimerization motif (Kérner, Sofia, and Zumft, 2003). The
[4Fe-4S] cluster binds at the N-terminus end containing 5 conserved cysteine residues
(Green et al., 1993). FNR inactivation is performed via oxygen, where the [4Fe-4S] cluster
is oxidized to [3Fe-4S], followed by the [2Fe-2S] cluster and consequent disassembly of
the dimer takes place (Khoroshilova, Beinert, and Kiley, 1995; Lazazzera et al., 1996;
Sutton et al., 2004; Jervis et al., 2009; Crack, Thomson, and Le Brun, 2017). The
prolonged exposure results in the destruction of [2Fe-2S] clusters and the formation of
apo-FNR (Reinhart et al., 2008; Sutton et al., 2004).

1.7 Aims and Objectives

Recently a direct connection between Moco biosynthesis and Fe-S clusters assembly has
been discovered. In the first step of Moco biosynthesis, MoaA requires two [4Fe-4S]
clusters to catalyze the formation of cPMP from 5’GTP. Besides, molybdoenzymes such
as nitrate reductase, formate dehydrogenase, and periplasmic aldehyde oxidoreductase
require either [2Fe-2S] or [4Fe-4S] or both clusters for their activity. These observations
indicate that Moco biosynthesis or the activity of most molybdoenzymes directly depends
on the presence or assembly of Fe-S clusters. The critical gaps in our knowledge are how
the Fe-S clusters are inserted into their target apo-enzymes and with what specificity this
process is ensured. Therefore, this study focuses on identifying the proteins that insert
Fe-S clusters into MoaA and nitrate reductase and how the process is achieved at the
cellular level in E. coli. Moreover, TMAO reductase is used in our study as a control instead
of nitrate reductase since TMAO reductase is devoid of Fe-S clusters. Selected E. coli
mutant strains in Wt MG1655, AmoeB, AerpA, AiscA, AsufA, AnfuA, AiscAAnfuA,
AiscAlAerpA, AiscAlAsufA, AsufAlAerpA, Afnr, and AiscAlAsufAlAerpA will be tested for
their ability to synthesize Moco, cPMP or to produce an active nitrate reductase or TMAO

reductase under anaerobic nitrate or TMAO respiration.
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Figure 1-18: Schematic representation of cross-talk between Moco biosynthesis and
Fe-S cluster assembly in E. coli

Conserved Moco biosynthesis requires four steps: cPMP formation from 5GTP, MPT
formation by sulfur incorporation, the addition of a molybdenum atom, and the modification of
Mo-MPT to MCD and bis-MGD cofactors; the Fe-S cluster is required for activation of MoaA
in the first step of Moco biosynthesis and intramolecular electron transfer into the
molybdoenzymes; the A-type carrier proteins (ATCs)-IscA, SufA, ErpA, and NfuA are the
potential candidates for Fe-S cluster transfer into the MoaA and other molybdoenzymes; IscS:
PDB — 3LVM; MoaA:PDB - 1TV7

Some genes are involved in Moco biosynthesis and most of the genes encoded in
molybdoenzyme expression in E. coli are regulated by the transcriptional regulator FNR.
Activation of FNR directly depends on the presence of [4Fe-4S] clusters under anaerobic
conditions. Therefore, in the absence of an Fe-S cluster, Moco biosynthesis and the
expression of molybdoenzymes are inhibited. Therefore, the second objective of our study
is to understand FNR regulation in the expression of molybdoenzymes and to identify the
particular proteins that insert Fe-S clusters into FNR at the cellular level under anaerobic

conditions of nitrate respiration.
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Molybdoenzymes such as periplasmic aldehyde oxidase (PaoABC) and xanthine
dehydrogenase (XDH) belong to the xanthine oxidase (XO) family. The only difference
between these two enzymes lies in the form of the Fe-S clusters present, where the
PaoABC contains additional [4Fe-4S] clusters along with 2x[2Fe-2S] clusters, which is
absent in XDH (Leimkuhler et al., 1998, 2003; Neumann et al., 2009; Otrelo-Cardoso et
al., 2014). Therefore, the third objective of our study was to identify the carrier proteins
that insert the different Fe-S clusters into the EcPaoABC and RcXDH. Thus, we will
express the EcPaocABC and RcXDH in the selected E. coli mutant strains in the Wt
MG1655, AerpA, AiscA, AsufA, AnfuA mutant strains, purified, to characterize the

enzymes.
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2 Materials and methods

2.1 Materials

2.1.1 Media and buffers

All the standard buffers were prepared with deionized Milli-Q water (Merck EMD Millipore
Corporation, Billerica, MA). The pH of solutions was adjusted using a glass pH sensor S
100 NE (Knick Elektronische Messgerate, Berlin) with either HCl or KOH. The solutions
were further sterilized with a 0.2 um sterile filter. The media components were dissolved

with deionized water and further sterilized by autoclaving at 121°C, 1 bar for 20 min.

Table 2-1: The list of media and buffers was used in this study

Media and buffers compositions pH

LB media 10 g/L of tryptone, 5 g/L of yeast extract, 10
g/L of NaCl

LB media 10 g/L of peptone, 5 g/L of yeast extract, 10

(overexpression) g/L of NaCl

MES buffer 500 mM 2-(N-morpholino) ethane sulfonic 6.3
acid, 30 mM CacCl>xH-0, 22 mM MnCl>xH-0,
10% Glycerol

TES buffer 10 mM Tris, 10 mM EDTA, 0.5% SDS

TAE buffer 1 mM EDTA, 40 mM Tris, 20 mM acetic acid

Resuspension buffer (1) | 50 mM sodium phosphate, 300 mM NacCl 8.0

Resuspension buffer (2) | 50 mM Tris-HCI 7.5

Resuspension buffer (3) | 100 mM Tris-HCI 7.2

Wash buffer (1) 10 mM imidazole, 50 mM sodium phosphate, | 8.0
300 mM NacCl

Wash buffer (2) 20 mM imidazole, 50 mM sodium phosphate, | 8.0
300 mM NacCl

Elution buffer (1) 250 mM imidazole in 50 mM sodium 8.0
phosphate, 300 mM NacCl

Elution buffer (2) 50 mM Tris-HCI, 200 mM NaCl, 1 mM EDTA 7.5
50 mM Tris-HCI, 200 mM NaCl, 2.5 mM DTT, |7.5
1 mM EDTA
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Dialysis buffer (1) 50 mM Tris, 1 mM EDTA 7.5
Dialysis buffer (2) 50 mM Tris-HCI, 2.5 mM DTT, 1 mM EDTA 7.5
Transfer buffer 25 mM Tris-HCI, 200 mM glycine, 20%
methanol
TBS-T buffer 50 mM Tris-HCI, 150 mM NacCl, 0.1% (w/v) 7.4
Tween-20
Solution A 100 pL 250 mM luminol, 44 pL 90 mM p-
coumaric acid, 8.85 mL H20
Solution B 1 ml1 M Tris-HCI, pH 8.5, 6 puL 30% H20>, 9
mL of H20
Acidic iodine 914 pL 12/KI+86 pL 37% HCI
Potassium phosphate 10 mM KH2POg4 3.0
buffer
Potassium phosphate 33.7 mM K2HPO4 66.3 mM KH2PO4 6.5
buffer (2)
Buffer Z 40 mM NaH2PO4, 10 mM KCI, 1 mM MgS0O4, | 7.0
0.05 B-mercaptoethanol
Reaction buffer (XDH) 50 mM Tris-HCI, 1 mM EDTA 8.0
Mcllvaine buffer 200 mM NazHPOQO4, 100 mM citric acid 6.5
SDS-PAGE buffer 192 mM glycine, 25 mM Tris, 0.1 % (w/v) SDS | 8.2

Coomassie staining

solution

40% (v/v) MeOH, 10 % (v/v) acetic acid, 0.25

(w/v) Coomassie

2.1.2 Antibiotics

The antibiotic stock solutions were prepared with either Millipore water or 97% ethanol
and sterilized with a 0.2 um sterile filter. The following concentration of antibiotics was
used in experiments: 150 pg/mL for Ampicillin, 50 pg/mL for Kanamycin, 50 pug/mL for
Chloramphenicol in 97% (w/v) ethanol and 50 pg/mL for Spectinomycin, and 50 pg/mL for

Tetracycline in 97% (w/v) ethanol.

35




2.1.3 Plasmids

Materials and methods

Table 2-2: The list of plasmids was used in this study

transcriptional start cloned into EcoRI/BamHI sites
of pGE593, Amp’

Plasmids Genotype or relevant characteristics Source or

reference

pmoaABCDE moaABCDE coding region cloned into Hindlll/Xhol | This study
of pCDF-duetl, Spec'

pnarGHJI narGHJI coding region cloned into pTrcHis This study
Ndel/Sall, Amp"

pPMN100 paoABCD coding region cloned into pTrcHis (Neumann,
Ndel/Sacl, Amp’ Mittelstadt, et

al., 2009)
pSL207 RcxdhABC coding region cloned into pTrcHis (Leimkuhler et
Ndel/Hindllll, Amp’ al., 2003)

pfnr fnr coding region cloned into pTrcHis This study

pPLAS-A sufA coding region cloned into EcoRI/Xhol of (Daniel Vinella
pBAD-I, Amp’ et al., 2009)

pLAI-A iSCA coding region cloned into EcoRI/Xhol of (Daniel Vinella
pBAD-I, Amp’ et al., 2009)

pLAE-A erpA coding region cloned into EcoRI/Xhol of (Daniel Vinella
pBAD-I, Amp' et al., 2009)

psufA sufA coding region cloned into BamHI/Xhol of This study
pCDF-Duetl, spec'

piSCA isCA coding region cloned into Ndel/Xhol of pCDF- | This study
Duetl, spec'

perpA erpA coding region cloned into BamHI/Xhol of This study
pCDF-duetl, spec'

PtorCAD-lacZ Gene region -276 bp to -1 bp upstream of torC (Jourlin et al.,
transcriptional start cloned into smal site of 1995)
pGES593, Amp’

pJD84 Gene region -200 bp to -1 bp upstream of pepT (Dahl, Radon,

Buhning, et al.,
2013)
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Pfnr-lacZ Gene region -200 bp to -1 bp upstream of fnr This study
transcriptional start cloned into BamHI site of
pGES593, Amp’
PmoaA-L-lacZ Gene region -477 bp to -1 bp upstream of moaA (Zupok et al.,
transcriptional start cloned into EcoRI/BamHI sites | 2019)
of pGE593, Amp’
pGE593 pBR322Atet lacZ lacY’ (Zupok et al.,
2019)
pTrcHis Expression vector pTrcdel containing the Hise-Tag | (Temple et al.,
and trc promotor, Amp' 2000)
pCDF-duetl T7-RNA polymerase-based expression vector, Novagen
CloDF13 origin, Spec'
2.1.4 Bacterial strains
Table 2-3: The list of strains was used in this study
Strains Genotype characteristics Sources or
references
DH5a F-, supE44, Alac U169, (Hanahan, 1983)

(p80lacz AM15), hsdR17, endA1,
gyrA96, thi-1, relAl, recA56

MG1655 MVA+

Parental strain, MG1655 derivative carrying

(Daniel Vinella et

the MVA pathway genes in the al., 2009)
chromosome
AmoeB MG1655 derivative, AmoeB:.cat, MVA+ This study

AerpA (DV1094)

MG1655 derivative, AerpA::.cat, MVA+

(Daniel Vinella et

al., 2009)
AiscA (DV700) MG1655 derivative, AiscA::kan, MVA+ (Daniel Vinella et
al., 2009)
AnfuA MVA+ MG1655 derivative, AnfuA::kan, MVA+ (Py et al., 2018a)
ASUfA MVA+ MG1655 derivative, AsufA::cat, MVA+ This study

AnfuA/AiscA MVA+

MG1655 derivative, AnfuA::AiscA::cat;
MVA+

(Daniel Vinella et
al., 2009)
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AiscA/AerpA (DV1217)

MG1655 derivative, AiscA::AerpA::cat,

(Daniel Vinella et

MVA+ al., 2009)
ASufA/AiscA (DV1219) MG1655 derivative, AsufA::AiscA::cat, (Daniel Vinella et
MVA+ al., 2009)

AsufA/AerpA (DV1220)

MG1655 derivative, AsufA::AerpA::cat,

(Daniel Vinella et

MVA+ al., 2009)
AsufA/AiscA/AerpA MG1655 derivative, (Daniel Vinella et
(DV1285) ASUFA::AiIscA::AerpA::cat;, MVA+ al., 2009)
Afnr MG1655 derivative, Afnr::kan, MVA+ This study
AmoaA BW25113 derivative, AmoaA::kan (Baba et al.,
2006)
AsufS BW25113 derivative, AsufS::kan (Baba et al.,
2006)
AiscS BW25113 derivative, AiscS::kan (Baba et al.,
2006)
AmoaC BW25113 derivative, AmoaC::kan (Baba et al.,
2006)
AtorA BW25113 derivative, AtorA::kan (Baba et al.,
2006)
AiSCA BW25113 derivative, AiscA::kan (Baba et al.,
2006)
ASUfA BW25113 derivative, AsufA::kan (Baba et al.,
2006)
AnfuA BW25113 derivative, AnfuA::kan (Baba et al.,
2006)
AbolA BW25113 derivative, AbolA::kan (Baba et al.,
2006)
AQrxA BW25113 derivative, AgrxA::kan (Baba et al.,
2006)
AgrxB BW25113 derivative, AgrxB::kan (Baba et al.,
2006)
AgrxC BW25113 derivative, AgrxC::kan (Baba et al.,
2006)
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2.1.5 Oligonucleotides

Different oligonucleotides were used in this study for gRT-PCR (Quantitative Real time
PCR), verification PCR, antibiotic cassette amplification PCR, and cloning. All the
oligonucleotides were purchased from Eurofins Genomics GmbH and are listed in

appendix Table 7-1.

2.1.6 Enzymes

All the restriction enzymes for this study (Ndel, EcoRlI, Xhol, BamHlI, Sall and HindlIl) and
T4 ligase were purchased from New England Biolabs and Thermo Fisher Scientific. The

DNA polymerase Herculase Il was purchased from Agilent Technologies.

2.1.7 Markers and dyes

The agarose and SDS loading dyes were prepared as

6X Agarose loading dye 30% (w/v) glycerol, 0.25% (w/v) Bromophenol Blue, water

5X SDS loading dye 250 mM Tris/HCI pH 6.8, 0.5% Bromophenol blue, 10%
(w/v) SDS, 50% (w/v) glycerol, 500 mM 2-
mercaptoethanol

2.1.8 Kits

Table 2-4: The list of Kits was used in this study

NucleoSpin Plasmid Purification Macherey & Nagel (Duren, Germany)

NucleoSpin Gel and PCR Clean Macherey & Nagel (Duren, Germany)
Up
High Pure RNA Isolation Kit Roche Applied Biosystems (Mannheim,

Germany)

Quantitect reverse transcription kit | Qiagen (Hilden, Germany)

Quick change site-directed Agilent technology (Waldbronn, Germany)

mutagenesis

Power SYBR Green PCR Master Applied Biosystems, Darmstadt, Germany
Mix
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2.1.9 Growth curves

The growth curve was measured to analyze the growth pattern of the strains since deletion
of essential genes leads to growth defects for the strains. The precultures were prepared
from the single colony of E. coli strains and incubated at 37°C in the presence of 1 mM
mevalonate and 15 mM potassium nitrate or TMAO under anaerobic conditions with
appropriate antibiotics. The main cultures were prepared by inoculating the precultures in
50 mL LB media in the presence of 1 mM mevalonate and 15 mM potassium nitrate or
TMAO with the starting cell density (ODeoo) of 0.05 at 37°C anaerobically. Afterward, 1 mL
culture suspension was aliquoted every hour in a cuvette, and ODsoonm Was measured

using a spectrophotometer for 12 h.

2.2 Methods
2.2.1 Molecular Biology

2.2.1.1 Cultivation

The E. coli MG1655 strains were cultivated in LB media in the presence of suitable
antibiotics. Anaerobic cultivation was undertaken anaerobically for 8 h with the
supplement of 15 mM potassium nitrate or 15 mM TMAO as an alternative electron
acceptor in the presence of 1 mM mevalonate. All the protein expressions were performed
at either 22°C (EcPaoABC) or 30°C (RcXDH) for 24 h under a semi-aerobic cultivation
condition, where tryptone was replaced by peptone (10 g/L) in presences of 20 uM IPTG.

2.2.1.2 Preparation of competent cells
2.2.1.2.1 Chemical competent cells

The chemical competent cells were prepared according to Dagert and Ehrlich (1979) for
the transformation of extrachromosomal plasmid DNA. To obtain the competent cells, a
respective single colony of E. coli strain was incubated in 50 mL of LB media with the
supplement of 20 mM MgSO4 and suitable antibiotics for 3-4 h at 37°C until a cell density
(ODsoonm) Of 0.7-0.9 was reached. After cooling at 4°C for 30 min, the cells underwent
harvesting at 727xg for 12 min. The pellets were further resuspended in an MES buffer
(500 mM 2-(N-morpholino) ethane sulfonic acid, 30 mM CaCl>xH20, 22 mM MnCl>xH0,
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10% Glycerol, pH 6.3) and incubated for 10 min at 4°C. The centrifugation process was
repeated, and cells were further resuspended in a 2 mL MES buffer. Afterward, the 100

ML separated aliquots were prepared and stored at -80°C for future use.

2.2.1.2.2 Electrocompetent cells

The electrocompetent cells were prepared to transform linear DNA into the E. coli strain
by electroporation (Gonzales et al., 2013). This method is widely used for selective gene
deletion using the lambda-red recombination technique. The respective colony from the
E. coli strain containing pkD46 plasmid was cultivated in 5 mL LB media in the presence
of an appropriate antibiotic for 3-4 h with 10 mM L-arabinose until a cell density of 0.6-0.7
was reached. Further, the cells were harvested at 4000xg for 10 min and resuspended
twice with 5 mL sterile water for washing. After resuspension, the centrifugation process
was repeated twice, and the supernatant discarded. The pellets were again resuspended
twice with 10% (v/v) glycerol and further centrifuged at 4000xg for washing. Afterward, the
pellets were resuspended in 100 pL 10% (v/v) glycerol, which was used for

electroporation.

2.2.1.3 Cloning
2.2.1.3.1 Isolation of genomic DNA

Genomic DNA was isolated from the wild-type E. coli MG1655, which was used for the
amplification by PCR for cloning purposes. The E. coli strain was cultivated in 5 mL LB
media at 37°C overnight. Afterward, the cells were harvested at 11000xg for 1 min and
washed twice with a TES buffer (10 mM Tris, 10 mM EDTA, 0.5% SDS). After the final
centrifugation step, the cells were resuspended with 800 pL of TES buffer. About 20 L of
20% SDS-lysed were added to the cell suspension and incubated for 30 min at RT.
Further, 300 pL of phenol was added to the batch and centrifuged at 12000xg for 10 min.
Then 300 L of phenol was again added to obtain the upper phase, and this step was
repeated four times. Afterward, the equivalent volume of isopropanol was added with the
obtained upper phase, and the genomic DNA was incubated for 1 h at -20°C for
precipitation. Centrifugation was conducted at 15000xg for 20 min at 4°C to obtain the
pellet, which was further washed twice with 1 mL 70% ethanol. After centrifugation, the

ethanol was completely removed and dried at 37°C for 20 min. The pellets were
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resuspended with 100 pL TES buffer and incubated at 37°C for 1 h. The concentration of

genomic DNA was measured at 260 nm and further stored at -20°C.

2.2.1.3.2 Polymerase chain reaction (PCR)

PCR was carried out to amplify particular genes, which were intended to be cloned into a
specific plasmid for expression. It was also used for amplification of antibiotic cassette for

selective gene knock-out using lambda-red recombination.

2.2.1.3.3 Amplification of genes

The amplification of the selected gene was performed by means of a polymerase chain
reaction (PCR). The volume of the reaction was 50 pL.

Table 2-5: Composition of PCR reaction for gene amplification

Components Volume [uL]
5x Herculase buffer 10

10 mM dNTP 1

DMSO 2.5

50 pmol/puL forward primer | 1.25

50 pmol/uL reverse primer | 1.25
1 U/uL Herculase I 1
250 ng/puL DNA template 1-2

Water To make the volume 50 pL

The standard protocol of amplification PCR depends on the annealing temperate at step
3, which is directly influenced by the melting temperature of primers. The elongation
temperature also varies according to the size of the fragments, which can be 1000 bps

per minute. The standard PCR program contained following steps:

Step 1 Denaturation 4 min at 95°C

Step 2 Denaturation 30 s at 95°C

Step 3 Annealing of primers 30 s at primer melting temperature (Tm) 34X
Step 4 elongation 1 min/1000 bps at 72°C

Step 5 Final elongation 6 min at 72°C
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2.2.1.3.4 Verification of genes

The presence or absence of selected gene fragments can be evaluated using verification
polymerase chain reaction (PCR). This method is widely used to verify knock-out for a
selected gene. PCR was performed using a single colony or pre-culture instead of pure

DNA fragments. The final volume of this PCR reaction was 25 pL.

Table 2-6: Composition of PCR reaction for gene verification

Components Volume [pL]

5x Herculase buffer 5

10 mM dNTP 0.5

DMSO 1.25

50 pmol/pL forward primer 0.75

50 pmol/pL reverse primer 0.75

1 U/uL Herculase II 0.5

DNA template Colony fractions or 1 L culture
Water To make the volume 25uL

The standard protocol for verification PCR was identical to the amplification PCR, which

has been previously described.

2.2.1.3.5 Restriction digestion

Restriction double digestion was performed during the cloning for introducing the specific
(sticky) ends for both vector and insert, which allows the ligation of a suitable (insert) gene
in the vector. The final volume of the restriction double digestion reaction was 20 uL. The
reaction was performed for 2-3 h with suitable restriction enzymes, except for high fidelity
(HF) restriction enzymes, which were used for 10-15 min. During vector digestion, FastAP

was used to avoid re-ligation of the end after the cleavage by enzymes.

Table 2-7: Reaction composition of restriction digestion

Components Vector digestion [uL] | Insert digestion [uL]
DNA 10 10

Water 5 6

10x Reaction buffer 2 2
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Restriction enzyme 1 |1 1
Restriction enzyme 2 | 1 1
Fast AP 1

2.2.1.3.6 Agarose gel electrophoresis

Agarose gel electrophoresis was used to isolate the DNA fragments according to their
respective sizes. In this study, 1% (w/v) agarose gel was used, which contains 1% (w/v)
ethidium bromide. The gel was run at 90-100 V in a 1% TAE buffer (1 mM EDTA, 40 mM
Tris, 20 mM acetic acid). The DNA or PCR product was combined with DNA-loading dye
and a 1 Kbs DNA ladder was deployed to identify the size of DNA fragments.

2.2.1.3.7 Isolation of DNA fragment from the agarose gel

The DNA fragment was isolated from the gel and further purified for use as a template in
cloning and gene knock-out. The extraction of purified DNA fragments was performed
using the NucleoSpin Extract Il Kit (Macherey-Nagel) and eluted with 20-50 pL of water at
70°C.

2.2.1.3.8 Ligation

Ligation was conducted for tying the suitable gene fraction to a vector. The ligation was
carried out at 16°C overnight with the T4 ligase enzyme. The reaction was stopped at
65°C for 20 min. The 5-fold higher insert DNA to vector DNA ratio was used during the

ligation reaction. The final volume of the reaction was 20 pL.

Table 2-8: Reaction composition of vector and insert ligation

Components Volume [uL]

Insert DNA (4-6 ug) 10

Vector DNA (1 pg) 2

10x T4 ligase buffer 2
1
5

1 U T4 ligase
Water
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2.2.1.4 Transformation
2.2.1.4.1 Heat shock transformation

Heat shock was performed for the transformation of the circular plasmid DNA into the E.
coli strain. Around 1-2 pL of plasmid DNA was added to the competent cells and further
incubated in ice for 30 min. Afterward, the mixture of cells and plasmid DNA was heat-
shocked at 42°C for 0.5 min and again incubated in ice for 2 min. Around 800 pL of LB
media was added to the cells and further incubated at 37°C for 1 h. About 200 pL of
aliquots were spread on an agar plate with appropriate antibiotics.

2.2.1.4.2 Electroporation

Electroporation was applied for the transformation of linear DNA into the E. coli strains.
About 1 pg of purified linear DNA fragment was added to the electrocompetent cells
prepared fresh according to the preparation of the electrocompetent cells outlined above
at 2.2.1.2.2. Further, the DNA and cell mixture were transferred into the electroporation
cuvette and electroporate at 2.5 kV. Afterward, 1 mL of warm LB media was added to the
mixture and incubated for 2 h at 37°C. Then, 200 uL of aliquots were spread on the agar

plate in the presence of appropriate antibiotics.

2.2.1.5 RNA extraction

The total RNA was extracted from the E. coli Wt MG1655 and mutant strains, which were
grown with 15 mM potassium nitrate at 37° for 8 h anaerobically. The extraction was
performed using the High Pure RNA Isolation Kit (Roche Applied Biosystem) according to
the specifications of manufacturer. The total RNA concentration and purity were
determined by its absorption at 230 nm and A230/A260, respectively, using Nanodrop
(Shimadzu Scientific).

2.2.1.6 Reverse transcription

Reverse transcription was performed to produce cDNA from the extracted mRNA. This
cDNA was further used in RT-gPCR to analyze the expression of respective genes. The
conversion of cDNA from mRNA was executed by a reverse transcript kit (Qiagen). The
concentration and purity of the produced cDNA were measured by its absorption at 260

nm and A260/A230, respectively, using Nanodrop (Shimadzu Scientific).
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2.2.1.7 qRT-PCR

gRT-PCR was conducted to analyze the relative expression of selective genes under a
specific growth condition. In our study, the strains were grown anaerobically with 15 mM
potassium nitrate for 8 h at 37°C. Quantitative real-time PCR (QRT-PCR) was performed
in a final volume of 10 pL according to the instructions of Power SYBR Green PCR Master
Mix (Applied Biosystems, Darmstadt, Germany) using the CFX96 system (Bio-Rad,
Munich, Germany). The reaction was performed with 2-4 biological replicates for each

strain.

2.2.1.8 Construction of mutants
2.2.1.8.1 Removal of antibiotic cassette

The removal of the antibiotic cassette was necessary to construct double or triple mutant
strains from the single mutant strain to avoid the antibiotic selection problem. Cassette
removal was executed by Flp-recombinase, whose gene is encoded in pCB20 plasmid.
The E. coli strain that contains the antibiotic cassette was transformed with plasmid pCB20
by heat-shock transformation and further incubated at 30°C with LB media since pCB20
is a temperature-sensitive plasmid. Afterward, 200 uL of aliquot was spread in the LB
amp-agar plate and incubated at 30°C overnight to express the Flp recombinase. Further,
several colonies were picked from the LB amp-agar plate and patched two times on new
LB amp-plates at 30°C to ensure complete removal of the antibiotic cassette. Then,
several colonies were picked and subsequently patched at least three times at 43°C on
LB plates containing no antibiotics. Afterward, one single colony from the LB plate was
struck out on (a) LB plates without any antibiotics, (b) antibiotic plates that were intended
to be removed, and (c) LB amp-plates, to remove any traces of the plasmid. The colonies
were exclusively grown in LB plates without antibiotics, and no colonies were observed
on the other two plates. Furthermore, the single colonies were tested with verification PCR

to confirm the removal of the antibiotic cassette.

2.2.1.8.2 Site-directed mutagenesis

Site-directed mutagenesis was performed by using a polymerase chain reaction (PCR).
Based on the site-directed mutagenesis quick-change method (Braman et al., 1996), the

Quick-change Lighting site-directed mutagenesis kit from Agilent Technology was used.
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The primers were designed for this PCR reaction as homologous to the cDNA template

with a mutation to the base pair in the sequence.

Table 2-9: Composition of PCR reaction for site-directed mutagenesis

Components Volume [uL]

10x reaction buffer 5

10 mM dNTP 1

100 ng DNA template 15

50pmol/puL forward primer 1.25

50pmol/pL reverse primer 1.25

2.5U/uL Pfu Ultra HF DNA polymerase 1

Water To make the volume 50uL

The PCR program for site-directed mutagenesis contained following steps:

Step 1 Denaturation 30 s at 95°C

Step 2 Denaturation 30 s at 95°C

Step 3 Annealing of primers 1 min at primer melting temperature (Tm) 18X
Step 4 Elongation 1 min/1000 bps at 68°C

Step 5 Final elongation 10 min at 68°C
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Figure 2-1: Site-direct mutagenesis by PCR

Mutagenesis of a single base by using mutagenic primers; the Dpn | is used for digestion of
parenteral DNA

After the PCR reaction, 1 pyL of 10 U/pL Dnpl restriction enzyme was added to the PCR
mixture and incubated at 37°C for 1 h. Dnpl is specific for methylated DNA. The template
plasmid that was biosynthesized in E. coli had been digested, while the mutated plasmid,
which was generated in vitro and unmethylated, had been left undigested. Afterward, the
PCR product was transformed into a DH5a and further plaited with the appropriate
antibiotics. The single colony was picked on the following day, and mini prep was
performed. The extracted plasmid was sent for sequencing to identify the single point

mutation.
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2.2.1.8.3 Selective gene knock-out

Gene knock-out was performed using the single-gene knock-out technique by means of
the A-red system, adapted from Datsenko and Wanner (2000). The selective gene to be
knocked out was replaced by an antibiotic cassette as a selection marker. The lambda-
red system works by homologous recombination in vivo in E. coli. This allows for choosing
the homologous arm at 50 bps upstream and downstream of the selected gene, which
can easily be added to the functional cassette by long PCR primers (70-80 bps). The pKD3
and pKD4 templates were used to amplify chloramphenicol and kanamycin cassette,
respectively, with 50 bps upstream and downstream homology with the selective gene.
The host E. coli strain requires a pKD46 plasmid, which further expresses the lambda-red
(RecE and RecT) recombinase enzyme under the induction with 10 mM L-arabinose.
These enzymes are facilitated in the exchange between the gene to be knocked out and

the antibiotic cassette.

—.: —
@ PKD46 Electroporation

E. coliMG1655

Y pKD46
. (RecE, RecT)
A

\ AN s

)
H1 Gene to be knocked out n

H1 H2

Figure 2-2: Flow scheme for single-gene knock-out using the A-red system

The strain was transformed with pKD46 plasmid, which contains recombinase enzymes. RecT
and RecE function as recombinase enzymes, which are induced using L-arabinose at 30°C;
H1 and H2 refer to the homologous arm around 50-70 bps

For this experiment, the pKD3 and pKD4 template DNA was amplified using the PCR gene
amplification protocol according to 2.2.1.3.3. In addition, the PCR product containing
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chloramphenicol (cat) or kanamycin (kan) cassette was purified from the agarose gel
according to 2.2.1.3.7. The single colony of pKD46 containing the host E. coli strain was
grown in LB at 30°C for 2-3 h with 10 mM L-arabinose to induce the expression of lambda-
red recombinase (RecE and RecT). Afterward, electrocompetent cells were prepared with
the grown host E. coli strain according to 2.2.1.2.2. Furthermore, the transformation of
PCR product (cat or kan cassette) was performed by electroporation at 2.5 kV, and 1000
pL of LB media was added to the cells and incubated at 37°C for 2 h according to 2.2.1.4.2.
About 200 pL of aliquots were spread on an agar plate with appropriate antibiotics.

Afterward, deletion of the selective gene was verified by colony verification PCR.

2.2.2 Biochemical Methods

2.2.2.1 Overexpression of proteins

Overexpression of proteins was performed after the transformation of plasmid by either
heat shock or electroporation of the gene of interest into the selective E. coli strain. In
general, the strain containing the selective plasmid was incubated aerobically in LB media
in the presence of appropriate antibiotics at 130 rpm. Expression was induced with either
20 uM IPTG or 0.2% L-arabinose regarding the protomers for transcription. The cells were
harvested by centrifugation at 8000xg for 5 min and resuspended in a suitable buffer
before storage at -20°C. On the other hand, anaerobic expression was performed in the
presence of 15 mM potassium nitrate or 15 mM TMAO. The cells were incubated in a 50
mL falcon tube without any shaking at 37°C. The anaerobic overexpression of the narGHJI
and moa operons was performed at 24°C and 37°C for 24 h and 8 h respectively in the
presence of 20 uM IPTG and 0.2% L-arabinose, respectively. All the purified proteins in
this work are listed in Table 2-10 including their expression condition, the plasmids, strains

used for expression, and respective antibiotics.

Table 2-10: Overview of the expressed proteins in this study with expression
conditions, plasmids, inducer and respective antibiotics

Proteins Plasmid Condition Inducer Antibiotics
Nitrate endogenous 8 h, 37°C, | 15mM KNO3

reductase anaerobic

TMAO endogenous 8 h,37°C, | 15mM

reductase anaerobic | TMAO
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Nitrate narGHJI 24 h, 24°C, | 20 pM IPTG | Ampicillin
reductase (pTri-His) anaerobic
MoaABCDE moaABCDE 8 h, 30°C, |0.2% L- Spectinomycin
(pCDF-duetl) | anaerobic | arabinose
Periplasmic paoABCD 24 h, 22°C, | 20 pM IPTG | Ampicillin
aldehyde (PMN100) 130rpm
oxidase
Xanthine xdhABC 24 h, 30°C, | 20 pM IPTG | Ampicillin
dehydrogenase | (pSL207) 130 rpm
SufA pPLAS-A 8h,37°C, |15mM Ampicillin
(pPBAD-I) anaerobica | KNOs3, 0.2%
Iy L-arabinose
IscA pLAI-A 8h,37°C, |15mM Ampicillin
(pPBAD-I) anaerobica | KNOs3, 0.2%
Iy L-arabinose
ErpA pLAE-A 8h,37°C, |15mM Ampicillin
(pPBAD-I) anaerobica | KNOs3, 0.2%
Iy L-arabinose
SufA PsufA 8h,37°C, |15mM Spectinomycin
(pCDF-duetl) | anaerobica | KNOs, 0.2%
Iy L-arabinose
IscA PiscA 8h,37°C, |15mM Spectinomycin
(pCDF-duetl) | anaerobica | KNOs, 0.2%
Iy L-arabinose
ErpA PerpA 8h,37°C, |15mM Spectinomycin
(pCDF-duetl) | anaerobica | KNOs, 0.2%
Iy L-arabinose

2.2.2.2 Cell lysis

Lysis was performed using the harvested cells, which were stored at -20°C. Cell lysis was

carried out using either a cell disruptor or with an ultrasonic method by sonification.
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2.2.2.2.1 Cell disruptor

The cells were thawed and further resuspended with 10 mM imidazole, 50 mM sodium
phosphate, 300 mM NaCl, pH 8.0. DNase (1 pg/mL) was added to the cell suspension
before lysis. The resuspended cells were lysed two times mechanically using high
pressure and shear force in a pre-cooled (12°C) cell disruptor (TS Benchtop Series,
Constant Systems Ltd) at 1.35 kbar. The cell debris was separated from the cytosolic
materials by centrifuging at 4°C, 13500xg for 45 min. The separated supernatant
contained the protein that was to undergo further purification. The complete process was

performed at 4°C to minimize protease activity.

2.2.2.2.2 Sonification

Sonification was conducted to disrupt the anaerobically grown cells using the ultrasound
method. The procedure was performed in a 1.5 mL Eppendorf tube at 4°C to neutralize
heat generation as a result of sonification. The cell pellets were resuspended using 1 mL
50 mM Tris-HCI, pH 7.5, and further lysed using 20% amplitude with 2 sec on and 2 sec
off for 30 sec. For the anaerobically narGHJI- and moa-operon overexpressed culture, cell
lysis was undertaken using 25% amplitude with 2 sec on and 2 sec off for 1 min. After
sonification, the cell debris was removed by centrifugation at 4°C, 13500xg for 30 min.

The supernatant was collected and further used for activity study and cofactor analysis.

2.2.2.3 Purification of protein

The collected crude extract after the centrifugation was used to purify the expressed

protein. The purification was performed in the following two steps.

2.2.2.3.1 Affinity purification

Affinity purification was done by immobilized metal ion affinity chromatography (IMAC)
using a Ni**-NTA matrix, in which the Ni**-ion competitively binds with 6x histidine of the
expressed protein. Ni**-NTA is a complex of Ni**-ions with nitrilotriacetic acid (NTA). The
elution of protein was performed using a high concentration of competitors such as

imidazole.
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Figure 2-3: Principle of IMAC (immobilized metal affinity chromatography)

A specific coordinate covalent bond between Ni** and an imidazole ring of histidine; here
nitrilotriacetic acid (NTA) is shown as a spacer, which connects with the resin (beads)

The Ni**-NTA matrix was pre-equilibrated with 50 mL of 10 mM imidazole, 50 mM sodium
phosphate, 300 mM NacCl, pH 8.0. Afterward, the collected crude extract from the lysed
cells was poured into the Ni**-NTA matrix (0.5 mL/L of culture volume), allowing the
histidine-containing protein to bind the Ni**-ions. Then, the resin was washed with 20 CV
of 10 mM imidazole, 50 mM sodium phosphate, 300 mM NaCl, pH 8.0 and, after this, with
20 CV of 20 mM imidazole, 50 mM sodium phosphate, 300 mM NacCl, pH 8.0. The protein
was eluted with 2-3 CV of 250 mM imidazole in 50 mM sodium phosphate, 300 mM NacCl,
pH 8.0. Further, the purity of the eluted protein was analyzed by SDS-PAGE. The eluted
protein was dialyzed (10 kDa membrane) overnight against 50 mM Tris, 1 mM EDTA, pH
7.5 at 4°C to eliminate excess imidazole. The dialyzed protein was then concentrated by
means of ultrafiltration, using Centriprep YM-50 concentrators with a 50 kDa cut-off

membrane. The concentrated protein was further used in gel filtration.
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2.2.2.3.2 Size exaltation chromatography (SEC)

The eluted protein after Ni**-NTA was further purified by using SEC. The protein with
different sizes can be separated with SCE, in which the small protein molecules diffuse
through the porous tunnel gel using the superose-6 column. Therefore, migration is
comparatively slower in complex pathways compared to the case with large protein
molecules. As a result, the large protein molecules elute faster than the small ones. The
protein was eluted using 50 mM Tris-HCI, 200 mM NaCl, 1 mM EDTA, pH 7.5, and further
concentrated by means of ultrafiltration using Centriprep YM-50 concentrators with a 50
kDa cut-off membrane. Eluted protein was collected in fractions and analyzed by SDS-
PAGE as well as with UV-Vis spectroscopy at 280 nm, 445 nm, and 550 nm for purity.

2.2.2.4 Analytical methods
2.2.2.4.1 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

The purity of the protein can be analyzed using SDS-PAGE, where the mixture of protein
molecules is separated according to their mass. SDS facilitates the denaturation and
reduction of the proteins according to their molecular weight in discontinuous Tris/glycine-
SDS gels. Therefore, the mixture of protein molecules is separated in an applied electric
field according to their mass but not to their net charge. The high negative charge of SDS
enhances the movement of the proteins, which leads to the slow movement of large

protein molecules.

Table 2-11: Components for preparation of separation (12% and 17%) and stacking gel
(5%) was used in this study

Compositions 12 % Separation | 17 % Separation | 5%  Stacking
gel (mL) gel (mL) gel (mL)

Water 1.75 0.85 1.16

4x Lower Tris 1.25 1.25

4x Upper Tris 0.50

30% (w/v) Acrylamid/ 2.00 2.85 0.34

0.8% (w/v) Bisacrylamid

TMED 0.0025 0.0025 0.0020

10% (w/v) APS 0.025 0.025 0.010
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The samples were mixed with 5xSDS-loading dye and incubated at 95°C for 5 min. For
the separation of proteins, gels were run at a constant 15 mA for 75 min at room
temperature. In this study, 12% and 17% gels were used to obtain an effective separation

of the proteins.

2.2.2.4.2 Coomassie staining

Coomassie Brilliant Blue R-250 was used to stain the separated protein molecules in SDS-
PAGE. The Coomassie Blue binds with the basic amino acids of the protein molecules in
an acidic environment such as lysin, arginine, and histidine. The gel was incubated with
staining solution for around 1 h at room temperature after the SDS-PAGE. Subsequently,
the gel was destained using a destaining solution containing methanol: acetic acid: water
(4:1:5) until the excess stain was removed. Further, the gel was documented in Gel doc

from Bio-Rad.

2.2.2.4.3 Determination of protein concentration
2.2.2.4.3.1 Photometric protein concentration

The concentration of purified protein was determined by the extinction coefficient at 280
nm using the Lambert-Beer law. The concentration was calculated from the following

eqguation:

l A
c <mo ) = 280 *d(cm)

€280(M~1cm-1)

A = Absorbance at specific wavelength
¢ = specific molar extinction coefficient
d = path length of cuvette

¢ = concentration of protein
The extinction coefficient at 280 nm was calculated using the ProtParam (ExPASYy) tool

with the respective amino acid sequences. Moreover, the concentration of Flavin cofactor-

containing proteins was also determined by the extinction coefficient at 445 nm.
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Table 2-12: Molecular weight and extinction coefficient (280 nm, 445 nm and 465 nm)
for EcPaoABC and RcXDH

Protein MW (kDa) €280(M1cm-?) €445(M-1cm) €465(M-1cm)
EcPaoABC 135 93835 23686
RcXdhAB 135 107270 31600

2.2.2.4.3.2 Bradford

The overall protein concentration from the crude cell extract was determined by the
Bradford method. The experiment was performed using Bradford assay solutions, where
the Coomassie reagent binds with basic and aromatic amino acids such as arginine,
tryptophan, or tyrosine. The crude extracts were diluted 1:500-800 with 0.9% NaCl solution
and incubated at 1:1 with the Bradford reagent for 10 min or until the color had developed
at room temperature. Further, the formed color complex was measured phototactically at

595 nm. The BSA was used as a standard for this experiment.

2.2.2.4.4 Immunodetection

The experiment was performed to detect the specific protein with an antibody that interacts
with it specifically in a mixture of different proteins. The Wt MG1655 and all the mutant
strains were cultivated with 15 mM potassium nitrate or 15 mM TMAO for 8 h anaerobically
at 37°C. The moa-operon overexpressing strains were cultivated for 8 h at 30°C with 20
UM IPTG. Afterward, the cells were harvested and resuspended with 50 mM Tris-HCI, pH
7.5. Furthermore, cell lysis was performed by sonification (2.2.2.2.2) and centrifuged to
remove the cell debris. The concentration of protein was determined by Bradford from the
cell extract. About 50 g of protein was loaded to the 12% (SufS, IscS, and TorA) or 17%
(MoaC) SDS-PAGE gel and, subsequently, proteins were separated according to their
mass. Furthermore, the protein was transferred to the PVDF (IscS, TorA, and MoaC) or
nitrocellulose (SufS) membrane. The PVDF was activated by 20% methanol with a
transfer buffer containing 25 mM Tris-HCI, 200 mM glycine, 20% methanol for 2 min. The
transfer of protein to the membrane was performed using 90 V for 90 min. Afterward, the
membrane was blocked with 5% (w/v) milk powder in TBS-T solution (50 mM Tris-HCI,
150 mM NaCl, 0.1% (w/v) Tween-20, pH 7.4) for 1 h at room temperature. The excess
milk powder was rinsed three times using TBS-T. Next, the membrane was incubated

overnight at 4°C with slight agitation (20 rpm) with a primary antibody diluted with TBS-T.
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On the following day, the membranes were again washed three times with TBS-T and
incubated at room temperature for 1 h with horseradish peroxidase (HRP)-conjugated
goat anti-rabbit (IscS, TorA, and MoaC) and goat anti-chicken (SufS) secondary
antibodies. Then, the unbound antibodies were washed three times with TBS-T before the
protein bands were visualized by chemiluminescence. For this purpose, the membrane
was treated with a 1:1 mixture of solution A (100 pL 250 mM luminol, 44 yL 90 mM p-
coumaric acid, 8.85 mL H>0) and solution B (1 ml 1 M Tris-HCI, pH 8.5, 6 uL 30% H20>,
9 mL of H20) according to the recommended amount supplied by the device manufacturer
(FUSION FX7, Vilber) given optimal exposure time (5-45 sec) that the chemiluminescence
recorded. A pre-stained protein molecular weight marker from 20.0 to 120.0 kDa

(Fermentas) was used.

Table 2-13: Overview of antibodies and membranes were used for immunodetection of
the respective proteins in this study

Proteins | Primary antibody Secondary antibody Membrane
IscS Rabbit anti-1scS (1:5000) goat anti-rabbit (1:10000) | PVDF

SufS Goat anti-SufS (1:2000) goat anti-chicken (1:5000) | Nitrocellulose
TorA Rabbit anti-TorA (1:500) goat anti-rabbit (1:10000) | PVDF

MoaC Rabbit anti-MoaC (1:1000) | goat anti-rabbit (1:10000) | PVDF

2.2.2.4.5 Characterization of purified protein with UV-vis spectrum

The purity of the purified protein can be estimated by photometric measurement using the

Lambert-Beer law. The Lambert-Beer equation is as follows:

A=¢cx*xcx*d

A = Absorbance at specific wavelength
¢ = specific molar extinction coefficient
d = path length of cuvette

¢ = concentration of protein

In this study, the spectrum of purified EcCPaocABC and RcXDH proteins was measured.

1000 pL of 10 uM purified protein was used in a range of 250 nm-800 nm on a Shimadzu
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UV-2401PC spectrophotometer at room temperature. The absorption was measured for
prosthetic FAD cofactor at 445 nm and 465 nm for ECPaocABC and RcXDH.

2.2.2.4.6 Metal content determination by ICP-OES

Inductively coupled plasma optical emission spectrometry (ICP-OES) with an Optima
2100 DV (PerkinElmer Life and Analytical Sciences, Waltham, MA) was used to quantify
the metal contents in purified EcPaoABC and RcXDH. The ICP-OES can detect and
guantify any trace metal elements. It uses an inductively coupled plasma in a very high
temperature at a high-frequency field to excite the analyte metals or atoms. Those that
are emitted in electromagnetic radiation in specific wavelengths characterize the selected
metal. The intensity of a specific wavelength is directly proportional to the content of the
elements.

The metal content was quantified for purified ECPaoABC and RcXDH, and expressed in
Wt MG1655 and other single mutant strains. 500 pL of 10 uM of purified protein was
incubated with an equal volume of 65% HNO3z at 100°C overnight for denaturation. Then,
the samples were diluted with 4 mL of millipore water and a 6.5% HNOs-treated buffer
was used as a reference. The detection was performed at wavelengths of 203.845 nm,
202.031 nm, and 204.597 nm for molybdenum and 238.204 nm, 239.562 nm, and 259.939
nm for iron. A standard was used to calibrate and quantify the detected metals (standard
solution XVI; Merck Millipore, Darmstadt, Germany). The relative molybdenum content
was estimated as 1 mole for both of the proteins. 8 and 4 moles’ iron content were
estimated for ECPaoABC and RcXDH, respectively.

2.2.2.4.7 Cofactor detection and quantification
2.2.2.4.7.1 Moco and cPMP content detection

The Moco can be detected as FormA on a C18 reversed-phase HPLC column, where the
molybdopterin (MPT) can be oxidized with acidic iodine, and FormA is produced. The total
Moco content was quantified from the crude cell extract of the Wt MG1655 and all the
mutant strains that were grown anaerobically with 15 mM potassium nitrate or 15 mM
TMAO for 8 h at 37°C. The cells were harvested, washed twice with 100 mM Tris-HCI, pH
7.2 and further lysed by sonification. The cell debris was separated by centrifugation at
13200xg for 30 min, and the crude extract was collected. Subsequently, 400 pL of the

crude cell extract was isolated, oxidized with 150 pL of iodine solution that contains 1% I
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(w/v) and 2% Kl (w/v) and 50 pL of acidic iodine (914 uL 12/KI+86 uL 37% HCI) for 30 min
at 95°C. The denatured protein was removed by centrifugation at 13200xg for 30 min, and
400puL of supernatant was collected in a new tube. The excess iodine was removed by
adding 100 pL 1% (w/v) ascorbic acid, which resulted in the formation of a transparent
solution. 1 M Tris was added to the solution to adjust the pH at 8.3. Finally, the FormA
was obtained by removing the phosphate group with 40 pL MgClz, 2 uL of 1 U Fast AP,
and further incubated for 2 h at room temperature. Purifying of FormA was done by loading
the sample onto a 500 yL QAE ion exchange resin (Sigma), which was equilibrated with
5 CV millipore water. After the FormA had bound with the resin, the column was washed
by 10 CV millipore water and 1.3 mL of 10 mM acetic acid. The FormA was eluted in six
fractions with 10 mM acetic acid, in which the eluent in each fraction was 500 pL. All the
fractions were separated on a C18 reversed-phase HPLC column (4.6 x 250 mm ODS
Hypersil, particle size 5 ym), equilibrated with 5 mM ammonium acetate and 15% (v/v)
methanol at a flow rate of 1 mL/min. The injection volume for each sample in HPLC was
100 pL. An Agilent 1100 series fluorescence detector monitored elution of FormA with an
excitation at 383 nm and emission at 450 nm. The total FormA content was normalized to

the growth of cells at ODeoo nm.

5'GTP Compound Z
MoaC MoaA o o
[o]
N o._ /
on (1/K) HN = ~po
o. Oxidation {12 * | ;
X, 7 o]
HoN N N~ HO
/CompoundZ
cPMP
& S o
. : ;‘ngc\: MoaD/MoaE QAE
cvs 3
I =\= MoeB ion exchange HPLC
— FormA

)%[ Ijt@opo3 O—r
I a('lon [o]
MPT 0r30 (x /r/) \
HN | “jfczc—cmo—cmoma"
PN
N N N

MogAl MoeA

Mo-MPT, MCD, bis MGD
o-HF T, EE, bis 95°C for 30 min

FormA

Figure 2-4: Scheme for the detection of Moco and cPMP from E. coli cell extract

The Moco and cPMP are detected as their fluorescence derivatives FormA and compound Z
respectively and analyzed by means of a C18 reversed-phase column in HPLC with an
excitation at 383 nm and emission at 450 nm; IscS: PDB — 3LVM
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In this study, the Moco content was also estimated from the purified EcPaoABC and
RcXDH, where 10 pM of 400 pL purified protein was used for oxidation. The
complementation study was also performed with the Wt MG1655 and respective mutant
strains, whereby the plasmid moa operon, sufA, iscA, and erpA were introduced and
expressed in the presence of 0.2% L-arabinose, 15 mM potassium nitrate at 37°C (for
sufA, iscA, and erpA) or 30°C (moa operon) for 8 h. Further, the cells were harvested, and

the Moco content was measured as described above.

The cPMP was detected as an oxidized fluorescent derivative called compound Z,
whereby the cPMP was oxidized with acidic iodine and further analyzed in the C18
reversed-phase HPLC column. The detection and quantification of compound Z were
performed from the identical crude-cell extract from which the Moco was identified. The
oxidation of 400 pL crude extract was performed with 150 pyL of lodine solution that
contained 1% I» (w/v) and 2% KI (w/v) and 50 pL of acidic iodine (914 pL I12/Kl+ 86 uL
37% HCI), which was further incubated for 16 h in the dark at room temperature. The
denatured proteins were separated by centrifugation at 13200xg for 30 min. Then, the 400
puL of supernatant was collected into another tube. The removal of excess iodine and
adjustment of pH at 8.3 was performed as described above for Moco extraction. Purifying
of compound Z was done by using 500 yL QAE ion exchange resin (Sigma) as described
above. However, before the elution of compound Z, the column was washed with 10 CV
of millipore water and 10 mM acetic acid. Afterward, compound Z was eluted as 5x1000
pL with 100 mM HCI. The fractions were separated on a C18 reversed-phase HPLC
column (4.6 x 250 mm ODS Hypersil, particle size 5 um) equilibrated with 10 mM
potassium dihydrogen phosphate (pH 3.0), 1% (v/v) methanol at a flow rate of 1 mL/min.
A fluorescence detector monitored compound Z elution with an excitation at 383 nm and
emission at 450 nm. The total Compound Z content was normalized to the growth of cells
at ODsoo nm.

2.2.2.4.7.2 The detection and quantification of FAD

The detection and quantification of flavin cofactor were performed photometrically at 450
nm using purified EcCPaocABC and RcXDH. The 10 uM of 500 pL purified protein was
incubated with 150 pL of 50% (w/v) trichloroacetic acid for 10 min on ice. As a result, the

protein was denatured, and the FAD cofactor was released into the solution. The
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denatured protein was centrifuged at 13200xg for 20 min, and the supernatant was
collected into another tube. The pellet was resuspended with 200 pL of 5% (w/v)
trichloroacetic acid and incubated in ice for 10 min. Subsequently, the resuspended
solution was centrifuged for 10 min at 13200xg, and the supernatant collected. Both the
supernatants were combined with the addition of 300 pL of 2 M K>HPO4. The released
FAD was detected photometrically on a Shimadzu UV-2401 PC photometer (Shimadzu
Europa, Duisburg, Germany) at 450 nm. FAD concentration was calculated from the
specific extinction coefficient of free FAD (11300 M1 cm at 450 nm) and normalized to
the concentration of the purified protein that was expressed in the wild-type Wt MG1655

and in the respective mutant strains.

2.2.2.5 Enzyme activity
2.2.2.5.1 Nitrate and TMAO reductase activity

Nitrate and TMAO reductase are molybdoenzymes that belong to the DMSOR family,
where both enzymes function as electron acceptors under anaerobic respiratory
conditions. Nitrate and TMAO reductase are able to reduce the nitrate to nitrite and the
TMAO to TMA, respectively, under anaerobic conditions. Enzyme activity was measured
from the crude cell extract in the anaerobic chamber. The Wt MG1655 and all the mutant
strains were cultivated anaerobically with 15 mM potassium nitrate or 15 mM TMAO for 8
h at 37°C. The cells were harvested at 8000xg for 10 min and subsequently washed two
times with 50 mM Tris-HCI, pH 7.5 and phosphate buffer, pH 6.5 for nitrate- and TMAO-
induced culture. Finally, the cell pellets were resuspended with 1000 puL of 50 mM Tris-
HCI, pH 7.5 and phosphate buffer, pH 6.5 for nitrate and TMAO reductase activity before
the cells were lysed. Cell lysis was performed by sonification according to 2.2.2.2.2. The
cell lysates were subsequently transferred into the anaerobic condition and incubated at

4°C for 3-4 h before measurements started.
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Figure 2-5: Determination of nitrate reductase and TMAO reductase activity from the
E. coli cell lysate

The cells were cultivated anaerobically with 15 mM KNOszor 15 mM TMAO, 1 mM mevalonate
for 8 h respectively, and cell lysis was performed by sonification; the sodium dithionite provides
the electron for the reaction; NR: PDB - 1Q16; TMAOR: PDB - 1TMO

In 4 mL of final reaction volume that contains 0.3 mM benzyl viologen, 10 mM potassium
nitrate or 5 mM TMAO in a water or phosphate buffer, pH 6.5 respectively, about 50 pL of
cell lysate was used for analyzing the nitrate reductase and TMAOR activity. The reaction
was initiated with the addition of sodium dithionate in the reaction mixture, which provides
electrons for the reaction, and subsequent oxidation of benzyl viologen takes place,
resulting in a purple to transparent color change recorded at 600 nm for 30 sec. The

activity was calculated according to the following equation:

AAb600nm/min ]
U= 05x €600nm (Benzyl viologen) v

AAb = Absorbance at soonm/min

€e00nm = Molar extinction coefficient of benzyl viologen
V = volume of the reaction mixture (mL)

U = enzyme activity
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The molar extinction coefficient for benzyl viologen of 7.4 mmolt cm? was used for
calculation. One unit is defined as the oxidation of 1 uM-reduced benzyl viologen per

minute. The activity was normalized to the ODeoo nm Of the cells before harvesting.

Table 2-14: Reaction composition for measuring NR and TMAOR activity

Components NR assay TMAOR assay
1 M KNO3 or TMAO 40 pL 40 pL

1 M Tris-HCI pH 6.8 80 uL 80 uL

15 mM benzyl viologen 80 uL 80 pL

Water or 100 mM phosphate buffer (pH 6.5) | 3750 pL 3750 pL

Cell lysate 50 pL 50 pL

Sodium dithionate Add x pL to make final volume 4 mL

Exclusion of the FNR regulation study was performed with the expression of narGHJI
plasmid in Wt MG1655 and all the mutant strains anaerobically at 24°C for 36 h with 20
UM IPTG. Moreover, the complementation study was performed by anaerobic expression
of exogenous sufA, iscA, and erpA in wild-type MG1655 and the mutant strains (AiscA,
AerpA, and AiscA/AerpA) with 0.2% L-arabinose for 8h at 37°C. Further, the cells were

harvested, and nitrate reductase activity was carried out as described above.

2.2.2.5.2 The B-galactosidase activity

The B-galactosidase activity was performed to evaluate the transcriptional level of a
respective gene under a particular condition. The promoter region of this respective gene
is cloned before the lacZ reporter gene in a plasmid. Under a particular condition or in a
mutant strain, the promoter region is induced or repressed, leading to increased or
decreased B-galactosidase enzyme production. This enzyme catalyzes the formation of
the yellow dye o-nitrophenol from ortho-nitrophenyl-3-D galactopyranoside. The product

can be further measured photometrically at 420 nm.

In this study, the expression of moaA, fnr, sufA, iscR, torCAD, and pepT was analyzed in
Wt MG1655 and the respective mutant strains. Therefore, PmoaA-L-lacZ, Pfnr-lacZ,
PsufA-lacz, PtorCAD-lacZ, and PpepT-lacZ plasmids were individually transformed into

all the respective strains. The strains were cultivated with 15 mM potassium nitrate for 8
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h at 37°C, except for the strains containing PtorCAD-lacZ. These strains were cultivated
with 15 mM TMAO under conditions identical to those outlined above. After cultivation, the
cells were diluted with a freshly prepared buffer Z (40 mM NaH2PO4, 10 mM KCI, 1 mM
MgS0O4, 0.05 B-mercaptoethanol, pH 7.0), in which the dilution can be 1.5 to 1:10
depending on the strong or weak activation of the promoter region. Subsequently, 25 pL
of 0.1% SDS and 50 pL of chloroform were added to the cell dilution and incubated for 5
min at 28°C. The reaction was initiated with the addition of 100 uL of 4 mg/mL ortho-
nitrophenyl-B-D-galactopyranoside (ONPG) and was stopped when the development of
sufficient yellow color either in the wild-type strain or in any of the mutant strains was
detected. The reaction was stopped by the addition of 250 uL 1 M NaxCOs. The amount
of formed ortho-nitrophenol was measured photometrically at 420 nm, corrected for light
scattering at 550 nm, and normalized to the cells’ optical density at 600nm. The activity

was calculated as a Miller unit with the following equation:

[Asz0 — 1.75 * Ags]
v (mL) * t (min) * ODg(,

Miller unit (MU) = 1000 =

Az20550nm = Absorbance at 420 nm and 550 nm
v = volume of cell lysate (mL)
t = time of the reaction (min)

ODeoonm = Optical density of cells at 600nm

For each strain, a respective blank reaction containing cells transformed with the vector

control was subtracted.

2.2.2.5.3 Periplasmic aldehyde oxidase (Ec paoABC) and Xanthine dehydrogenase
(RcXDH) activity

The specific activity of purified RcXDH and EcPaoABC was determined
spectrophotometrically at room temperature under aerobic conditions. 10 yL of 5 uM
purified enzyme was used for the reaction. Oxygen and xanthine were used as electron
acceptors, for ECPaoABC and RcXDH respectively. The specific activity of EcPacABC
was determined as U/mg, which is defined as 1 pumol of benzaldehyde that was oxidized
mint mg?, with a molar extinction coefficient of € = 1321 mM-1 cm 1. On the other hand,

the specific enzyme activity of RcXDH was determined as U/mg, which is defined as 1
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pmol of xanthine oxidized mint mg, with a molar extinction coefficient for NADH of €

NADH = 6.22 mMt cm.

Table 2-15: Reaction composition for measuring EcPaocABC and RcXDH activity

Components EcPaoABC RcXDH

Buffer Mcllvaine buffer (Citrate | 50 mM Tris-HCI, 1 mM
phosphate), pH 6.5 EDTA, pH 8

Electron acceptor Oxygen 50 mM Xanthine

Substrate 50mM Benzaldehyde 75 mM NAD+

Enzyme 5 UM

Absorption 290 nm 340 nm

2.2.2.6 Circular dichroism (CD) spectroscopy

UV-visible circular dichroism is a method of absorption spectroscopy, where the

measurement takes place based on the difference of absorption in right- and left-circularly

polarized light by a substance. It is widely used to evaluate the structural integrity of protein

molecules. In our study, a CD spectrometer was used to detect the presence of different

forms of Fe-S clusters in the purified protein. About 20 uM of 1000 pL purified protein
(EcPaocABC and RCXDH) in 50 mM Tris-HCI, 1 mM EDTA, pH 7.5 was used for the
analysis by means of a Jasco J-715 CD spectrophotometer at room temperature. The

spectra were recorded in the range of 300-600 nm as an average of three runs with

sensitivity set to standard. The scanning mode was set with a step width of 1 nm at a scan

speed of 10 nm/s, and each measurement was repeated three times. N2 flow was set to

6-8 L/min.
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3 Results
3.1 Analysis of nitrate reductase activity and Moco content

3.1.1 The influence of glucose on nitrate reductase activity under
anaerobic conditions

At the cellular level, Fe-S cluster insertion into the target apo-protein is still one of the open
guestions in this field. This study focuses on identifying the carrier proteins that are
involved in the maturation of MoaA. Fe-S cluster transfer is performed by carrier proteins
such as IscA, SufA, or ErpA (Vinella et al., 2009; Zheng et al., 1998; Outten, Djaman, and
Storz, 2004; Tanaka et al., 2016). IscA and ErpA were shown to deliver an Fe-S cluster
to the formate: hydrogen lyase and hydrogen oxidizing [NiFe]-hydrogenase (Pinske &
Sawers, 2012b). Also, NfuA (Angelini et al., 2008), BolA, and GrxA/B/C/D are known as
Fe-S cluster carrier proteins (Begas et al., 2017; Burschel et al., 2019; A. G. Frey et al.,
2016). The Fe-S cluster carrier proteins were identified by using knock-out strains of
selected genes in which nitrate reductase activity and Moco content were measured. In
this study, we wanted to first identify the growth conditions that are suitable for assaying
nitrate reductase activity and Moco formation. After an initial screening, we wanted to
exclude the proteins that are not essential for the production of Moco.

Nitrate reductase activity was measured to evaluate the influence of glucose, whereby the

cells were cultivated with 15 mM potassium nitrate in the presence or absence of 0.2%

glucose anaerobically at 37°C for 8 h.
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Figure 3-1: Analysis of nitrate reductase activity in E. coli Wt BW25113 strain

Nitrate reductase activity was determined in Wt BW25113 strains, which were grown in the
presence of 15 mM potassium nitrate, with and without 0.2% glucose under anaerobic
conditions; nitrate reductase activities were normalized to ODsg Nm; Standard deviations were
calculated from three biological replicates

Figure 3-1 shows that the nitrate reductase activity was ~80% reduced in the presence of
glucose as compared to the BW25113 strain grown under anaerobic nitrate respiratory
conditions without glucose. This shows that nitrate reductase is repressed under

anaerobic fermentative conditions as repeated before (Stephen Spiro & Guest, 1987).

3.1.2 Nitrate reductase activity under anaerobic conditions of
nitrate respiration

E. coli harbors three different types of nitrate reductase, NarGHI, NarZYV, and NapAB,
with NarGHI being the most predominant of the three under nitrate respiratory conditions
(Leimkuthler, 2020). To confirm that, under nitrate respiratory conditions, only the activity
of NarGHI is measured and not that of the other two nitrate reductases; nitrate reductase
activity was determined in the mutant strains AnarG, AnapA, and AnarZ in comparison to
the corresponding Wt BW25113 strain. The strains were grown anaerobically in the

presence of 15 mM potassium nitrate for 8 h at 37°C.
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Figure 3-2: Analysis of nitrate reductase activity in E. coli mutant strains

Nitrate reductase activity was determined in Wt BW25113, AnarG, AnapA and AnarZ strains,
which were grown in the presence of 15 mM potassium nitrate under anaerobic conditions;
nitrate reductase activities were normalized to ODsoo Nm; Standard deviations were calculated
from three biological replicates

Figure 3-2 shows that nitrate reductase activity was absent in the AnarG strain, whereas
the activities in the AnapA and AnarZ strains were almost similar to the parenteral Wt
BW25113 strain. The complete absence of nitrate reductase activity in the AnarG strain
suggests that, under nitrate respiratory conditions, NarGHI mainly contributes to the

nitrate reductase activities that can be detected.

3.1.3 Moco content and nitrate reductase activity under anaerobic
and aerobic conditions

In order to identify the carrier protein that inserts the Fe-S clusters into the MoaA or nitrate
reductase, the Wt BW25113, AiscA, AnufA, AsufA, AbolA, AgrxA, AgrxB, and AgrxC
strains were cultivated under aerobic and anaerobic condition with 15 mM potassium
nitrate for 8 h at 37°C. The Moco was quantified as FormA after separation on a C18

reversed-phase HPLC column.
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Figure 3-3: Analysis of relative Moco content and nitrate reductase activity in E. coli
mutant strains

Relative Moco content (A) and nitrate reductase activities (B) were determined in E. coli Wt
BW25113, AiscA, AsufA, AnfuA, AbolA, AgrxfA, AgrxB, and AgrxC strains, the strains were
grown under anaerobic (black bar) and aerobic (white bar) conditions in the presence of 15
mM potassium nitrate; Moco content and nitrate reductase activity were normalized to ODego
nm. Standard deviations were calculated from three biological replicates.
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Figure 3-3 show that under anaerobic conditions, the Moco content and nitrate reductase
activity for all the mutant strains were quite similar in comparison to the Wt BW25113
strain, with the exception of the AiscA strain under anaerobic conditions, where both Moco
content and nitrate reductase activity were reduced by about ~53% and ~40%,
respectively. Moreover, the Moco content and nitrate reductase activity under aerobic
conditions were comparable in all the mutant strains. Both Moco content and nitrate
reductase activity were reduced by around ~80% when the cells were cultivated
aerobically compared to under anaerobic cultivation. This significant measured difference
suggests that the nitrate reductase- and Moco-producing ability of the strains were much
more favorable under anaerobic conditions than under the aerobic condition based on
FNR regulation. Therefore, the rest of our study was carried out under anaerobic
conditions in the presence of potassium nitrate. The AerpA strain was not a part of this
measurement because the strain was only available in the MG1655 MVA* background.
Therefore, all the strains were changed to MG1655 MVA* from BW25113 for the rest of
this study. The Wt MG1655, AmoeB, AerpA, AiscA, AnufA, AsufA, Afnr, the double mutant
AnfuA/AiscA, AerpA/AiscA, AsufA/AiscA, AsufA/AerpA strains, and the triple mutant
AsufA/AiscA/AerpA strain were used for the rest of the study. The moeB-deleted strain
was used as a negative control for the Moco quantification since MoeB is involved in the
formation of MPT from cPMP in Moco biosynthesis. The strains were either constructed
by the lambda-red method or received from Béatrice Py (Daniel Vinella et al., 2009). The
erpA- and iscA-deleted strains are lethal under anaerobic or aerobic respiratory conditions
based on the requirement of quinones as electron carriers, which is derived from
isopentenyl diphosphate (IPP) (Grawert et al., 2004; Wolff et al., 2003). IPP biosynthesis
depends on [4Fe-4S] containing IspG and IspH proteins, which are dependent on ErpA
and IscA for their maturation. Therefore, deletion of these genes leads to a defective
respiration of these strains. To ensure growth, the mutant strains were introduced with a
eukaryotic mevalonate-dependent pathway for biosynthesis of IPP (Gréawert et al., 2004;
Wolff et al., 2003) and restoration of the defective respiration (Daniel Vinella et al., 2009).
The E. coli MG1655 strains were always cultivated in the presence of 1 mM mevalonate
in this study. Moreover, the bolA, grxA, grxB, and grxC deleted strains were not further
used in our study since deletion of these genes did not impact either the Moco content or

the nitrate reductase activity.
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3.1.4 Growth curves of the strains under anaerobic conditions of
nitrate respiration

Growth curves were measured for all the strains to determine their growth patterns, since
deletion of essential genes leads to growth defects for the strains. The strains were
cultivated anaerobically with 15 mM potassium nitrate and 1 mM mevalonate at 37°C. The

samples were taken every hour for measuring the optical density at 600 nm for 12 h.
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Figure 3-4: Analysis of the growth curves of E. coli mutant strains

The growth curves were measured for E. coli Wt MG1655, AmoeB, AerpA, AiscA, AsufA, AnfuA
(A), Wt MG1655, AnfuA/AiscA, AiscA/AerpA, AiscA/AsufA,  AsufA/AerpA  and
AiscA/AsufA/AerpA (B) mutant strains; the cells were grown in 50 mL LB medium
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supplemented with 15 mM potassium nitrate and 1 mM mevalonate. The start ODgo NM was
0.05 and recorded for 12 h. Standard deviations were calculated from three biological
replicates

Figure 3-4 show that the cell growth was significantly reduced for the AmoeB, AerpA,
AiscA/AerpA, AsufA/AerpA, and AsufA/AiscA/AerpA strains as compared to the Wt
MG1655 under nitrate respiratory conditions. All the strains reached the stationary phase
at 8 h, despite a growth defect of some mutant strains. Therefore, the cells were harvested
at the late exponential phase at 8 h for this study to measure Moco content, nitrate

reductase, and B-galactosidase activity.

3.1.5 Nitrate reductase activity in different mutant strains under
anaerobic conditions of nitrate respiration

The E. coli active nitrate reductase requires Fe-S clusters together with the bis-MGD
cofactor. The strains were cultivated under anaerobic conditions with 15 mM potassium
nitrate for 8 h at 37°C supplemented with 1 mM mevalonate. Activity was measured from

the crude cell extract.
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Figure 3-5: Analysis of nitrate reductase activity in E. coli mutant strains

Nitrate reductase activity was determined in Wt MG1655, AmoeB, AerpA, AiscA, AnfuA,
AsufA, AnfuA/AiscA, AiscA/AerpA, AiscA/ AsufA, AsufA/AerpA, AsufA/AiscA/AerpA, and Afnr
strains (black bars) and the same mutant strains transformed with a narGHJI plasmid under
the control of an IPTG inducible promoter (white bars) in the presence of 15 mM potassium
nitrate, 20 uM IPTG and 1 mM mevalonate under anaerobic conditions; nitrate reductase
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activities were normalized to ODeoo NmM; Standard deviations were calculated from three
biological replicates, n.d.: not detectable

Figure 3-5 show that nitrate reductase activity almost remained constant in all the single
mutant strains, except the strains containing a deletion of iscA, where the activity was
significantly reduced compared to the Wt MG1655 strain. In contrast, all the erpA-deleted
strains completely lost nitrate reductase activity. The AerpA single mutant and
AsufAlAerpA double mutant strains showed almost no nitrate reductase activity. On the
other hand, the single AiscA mutant strain retained only ~20% of nitrate reductase activity
compared to the Wt MG1655 strain. Surprisingly, the AnfuA/AiscA and AsufA/AiscA
double mutant strains showed comparatively higher nitrate reductase activity, of about
~65% and ~50% respectively, compared to the Wt MG1655 strain. Moreover, no nitrate
reductase activity was detected in the Afnr, the AiscA/AerpA double mutant strain, or the
AsufA/AiscA/AerpA triple mutant strain.

The nitrate reductase expression (narGHJI operon) is strictly dependent on the activation
by FNR (Lamberg & Kiley, 2000). It has been reported that the deletion of the
iIsScCRSUAhscBAfdx operon significantly reduces FNR activity. FNR activity can be restored
by the plasmid-borne suf operon expression in the isc operon deleted strain (Mettert et al.,
2008). FNR regulation was avoided by constructing a narGHJI expression plasmid under
the control of an IPTG inducible promoter and transforming it into the Wt MG1655 and
other mutant strains. The narGHJI plasmid-containing strains were induced by 20 uM
IPTG for 36 h at 24°C under anaerobic conditions in the presence of 1 mM mevalonate
and 1 mM NaxMoOea..

When the narGHJI plasmid was expressed from an IPTG inducible promoter in these
mutant strains, a restoration of nitrate reductase activity was observed in the AerpA single
mutant and AsufA/AerpA double mutant strains, up to almost ~55% and ~50%
respectively, in comparison to the Wt MG1655 strain. The restoration of nitrate reductase
activity in erpA-deleted strains indicates that ErpA is not required for nitrate reductase
activity. Furthermore, nitrate reductase activity in the AiscA single mutant strain also
increased around ~3-fold, while in the AerpA/AiscA double mutant strain and the

AsufA/AiscA/AerpA triple mutant strain, nitrate reductase activity remained undetectable.

Moreover, nitrate reductase activity was restored in the Afnr strains when the narGHJI
was exogenously expressed, which indicates the requirement of FNR in nitrate reductase
expression, but not for the activity. The other single mutants possessed a quite similar

nitrate reductase activity as compared to the Wt MG1655 strain.
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3.1.6 Quantification cPMP and Moco in different mutant strains
under anaerobic conditions of nitrate respiration

In order to identify the carrier protein that inserts Fe-S clusters into MoaA, the cPMP- and
Moco-producing ability was investigated for the single mutant strains AmoeB (as a
negative control), AerpA, AiscA, AnufA, AsufA, Afnr, the double mutant strains
AerpA/AiscA, AsufA/AiscA, AsufA/AerpA, the triple mutant strain AsufA/AiscA/AerpA, and
the Wt MG1655 strain. The cPMP measurement was used as a control in our study. The
cPMP content reflects the cellular MoaA activity. The strains were cultivated under

anaerobic conditions for 8 hours with 15 mM potassium nitrate and 1 mM mevalonate.

The cPMP and Moco content were quantified from the crude extracts in the form of their
fluorescence derivatives as Compound Z and FormA, respectively, in which the
conversion was performed by oxidation using Kl and I,. Furthermore, the compounds were

separated on a C18 reversed-phase HPLC column.
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Figure 3-6: Analysis of relative cPMP and Moco content in E. coli mutant strains

Relative cPMP (A) and Moco content (B) were determined in Wt MG1655, AmoeB, AerpA,
AsufA/AerpA,
AsufA/AiscA/AerpA, and Afnr strain (black bar) and the same mutant strains transformed with
a moaABCDE plasmid under the control of an arabinose inducible promoter (white bars) in
the presence of 15 mM potassium nitrate, 0.2% L-arabinose and 1 mM mevalonate under
anaerobic conditions; the Compound Z (cPMP) and FormA (Moco) were monitored by
fluorescence of extinction at 383 nm and an emission at 450 nm using HPLC; the relative
amounts of cPMP and Moco were normalized to the ODsoo Nm. Standard deviations were
calculated from three biological replicates, n.d.: not detectable
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Figure 3-6 shows that cPMP was only accumulated in the AmoeB strain under nitrate
respiration. This was expected since the deletion of moeB leads to inhibition in the
production of MPT from cPMP. The absence of cPMP accumulation in other mutant strains
suggests that either MoaA was completely inactive, which indicates that no cPMP was

produced, or that MoaA was active and all cPMP was converted to MPT/Moco.

Furthermore, the Moco content was analyzed in all the respective mutant strains. As
expected, the results show that no Moco was detected in the AmoeB mutant in the
presence of nitrate, whereas mutant strains containing deletions in either iscA or erpA
showed a reduced Moco content. In the single AerpA and AiscA mutants, the Moco
content was ~40% reduced, whereas no Moco was detectable in the AiscA/AerpA double
mutant strain or the AsufA/AiscA/AerpA triple mutant strain as compared to the Wt
MG1655 strain. Furthermore, the respective Moco contents in the AnfuA/AiscA and
AsufA/AiscA strains were almost ~13% and ~24% reduced in comparison to the Wt
MG1655 strain. This had not been predicted since the double mutant strains produced
higher Moco content than the respective AiscA single mutant strain, as it was ~40%
reduced.

On the other hand, the AsufA/AerpA double mutant strain produced an almost similar
amount of Moco in comparison to the AerpA and AiscA single mutant strains. The other
single mutant strains showed almost identical Moco content as the Wt MG1655 strain.
Under nitrate respiratory conditions, the Moco-producing ability of the Afnr strain was

almost identical when compared to the Wt MG1655 strain.

It has been reported that the Moco biosynthesis pathway is regulated by FNR, where it
positively regulates the moa operon but negatively regulates the moe operon. (Rivers et
al., 1993; Zupok et al., 2019; Anderson et al., 2000; Hasona, Self, and Shanmugam,
2001). The additional moaABCDE operon was introduced on a replicative plasmid under
the control of an arabinose inducible promoter into the respective mutant strains to exclude
the effect of regulation by FNR. The moaABCDE operon was overexpressed under
anaerobic conditions in the presence of 1 mM mevalonate and 0.2% L-arabinose for 8 h
at 37°C.

After the moaABCDE overexpression, no major changes were observed in comparison to
the chromosomal moaABCDE expression from the endogenous promoter. However, the
overall Moco content increased about ~2-fold after the exogenous operon expression. The

Moco content in the AnfuA/AiscA and AsufA/AiscA double mutant strains was,
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respectively, almost ~43% and ~32% reduced in comparison to the Wt MG1655 strain.
Simultaneously, the AsufA/AerpA double mutant strain showed a ~58% reduction in Moco
content compared to the Wt MG1655 strain. Furthermore, the Moco content was reduced
to almost ~67% in the AerpA and ~50% in the AiscA mutant strain compared to in the Wt
MG1655 strain. This result confirmed the importance of IscA and ErpA for Moco
biosynthesis. No Moco content was detectable in the AiscA/AerpA double mutant and
AsufA/AiscA/AerpA triple mutant strains in the presence or absence of exogenous
moaABCDE expression under nitrate respiratory conditions. Overall, after uncoupling the
moa-operon expression from the control of FNR and other cellular regulations, the overall
cellular Moco content matched the nitrate reductase activity measured for the respective

mutant strains.

3.1.7 Complementation study with erpA, iscA and sufA expression
plasmid

ErpA and IscA play an important role in the maturation of nitrate reductase and MoaA
under anaerobic nitrate respiratory conditions, as shown above. A complementation study
was conducted to analyze the functional replacement of Fe-S cluster carrier proteins that
play a role in MoaA and FNR maturation. The experiment was performed using iscA, sufA,
and erpA overexpressing plasmids under the control of an arabinose inducible promoter.
EcoRI and Xhol were used to digest the iscA, sufA, and erpA PCR product. Further, the
digested PCR product was ligated into the pBAD-I vector and produced pLAI-A for iscA,
pLAS-A for sufA, and pLAE-A for erpA, respectively. The pLAI-A, pLAS-A, and pLAE-A
overexpressing plasmids were transformed into Wt MG1655, AiscA, AerpA, and
AiscA/AerpA strains and further cultivated anaerobically with 15 mM potassium nitrate, 1
mM mevalonate and 0.2% L-arabinose for 8 h at 37°C. The complementation effect was
analyzed by performing nitrate reductase activity and measuring overall Moco content in

the cell extract.
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Figure 3-7: Analysis of Moco content and nitrate reductase activity in E. coli mutant
strains

Relative Moco content (A, C, E) were determined in Wt MG1655, AerpA, AiscA, and
AiscA/AerpA strains. FormA (Moco) was monitored by fluorescence of extinction at 383 nm
and an emission at 450 nm using HPLC; the relative amounts of Moco were normalized to the
ODsoo nm; Nitrate reductase activities (B, D, F) were determined in Wt MG1655, AerpA, AiscA,
and AiscA/AerpA strains; nitrate reductase activities were normalized to ODgoo N, the strains
were grown anaerobically in the presence of 15 mM potassium nitrate, 0.2% L-arabinose, and
1 mM mevalonate for 8 h. Standard deviations were calculated from three biological replicates.
Black bars correspond to the indicated mutant strains; white bars correspond to the same
mutant strains containing either a plasmid expressing erpA (A+B), iscA (C+D), or sufA (E+F);
n.d.: not detectable

Figure 3-7 shows no alteration of Moco content under exogenous sufA overexpression in
the mutant strains. This indicates that SufA could not replace ErpA or IScA in the
maturation of MoaA by inserting Fe-S clusters into it. However, nitrate reductase activity
was restored in AerpA strains, indicating that plasmid-borne sufA expression could
replace ErpA when produced in sufficient amounts. No nitrate reductase activity in

AiscA/AerpA strains was detected due to the absence of Moco. On the other hand, the
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overexpression of iscA slightly increased the Moco content in the AerpA and AiscA/AerpA
strains, at around ~20% and ~50% respectively, compared to the Wt MG1655 strain.
Moreover, nitrate reductase activity in the AerpA strain increased up to ~55% compared
to the Wt MG1655 strain. This shows that exogenously produced IscA could replace the
role of ErpA. Furthermore, nitrate reductase activity in the AiscA/AerpA double mutant
strain was around ~35% compared to the Wt MG1655 strain. Finally, the Moco content
was significantly increased in the AiscA, AerpA, AiscAlAerpA strains as compared to the
Wt MG1655 strain after erpA overexpression. The nitrate reductase activity in the
AiscAlAerpA strain was increased to ~85% compared to the Wt MG1655 strain. After the
overexpression of erpA, an increased Moco content and a higher nitrate reductase activity

were observed under nitrate respiratory conditions.

3.1.8 Investigation of the expression of the moaABCDE operon

The unaltered expression of moaA is important for Moco biosynthesis in E. coli. However,
the expression of moaA is controlled by FNR and can be altered due to the deletion of A-
type carrier proteins. Therefore, it was necessary to evaluate the expression level of moaA
in the AerpA, AiscA, AsufA, and AnufA mutant strains and to compare it to the Wt MG1655

strain.

In this study, the PmoaA-L-LacZ fusion plasmid was used, including a 477 bps fragment
upstream of the moaA ATG start codon containing the reported FNR binding sites (Zupok
et al., 2019). The E. coli Wt MG1655, AerpA, AiscA, AnufA, AsufA, and Afnr strains were
grown under anaerobic conditions in the presence of 15 mM potassium nitrate and 1 mM

mevalonate.
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Figure 3-8: Analysis of the expression of a PmoaA-L-LacZ fusion in E. coli mutant
strains

B-galactosidase activities in Miller units were determined for the PmoaA-L-LacZ fusion in Wt
MG1655, AerpA, AiscA, AnfuA, AsufA, Afnr mutant strains. Strains were grown anaerobically
in 15 mM potassium nitrate and 1 mM mevalonate for 8 h. 8-galactosidase activities were
normalized to ODsoo M. Standard deviations were calculated from three biological replicates.

Figure 3-8 shows that p-galactosidase activity under nitrate respiratory conditions was
reduced to almost ~40% in the Afnr mutant strain. This was consistent with the previous
report, indicating that FNR acts as a transcriptional activator of the operon, but is not
entirely essential for its expression (Zupok et al., 2019). In comparison, the AiscA and
AerpA mutant strains showed around ~20% and ~15% reduced B-galactosidase activity,
respectively. The B-galactosidase activity remained comparable in the AsufA and AnfuA
mutant strains to the Wt MG1655 strain. The slightly reduced expression of the operon in
the AiscA and AerpA mutant strains might indicate that these two proteins are also
involved in Fe-S cluster insertion into FNR, as suggested from the results shown above
(Mettert et al., 2008).

3.1.9 Immunodetection of MoaC

The moaABCDE operon overexpression was performed to avoid the effects of FNR

regulation under nitrate respiratory conditions. To confirm that the protein levels of protein
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expressed from the moaABCDE operon are not altered in the various mutant strains used,

we performed immunoblot analysis using an antiserum raised against MoaC.
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Figure 3-9: Immunodetection of MoaC in E. coli mutant strains.

50 ug of total protein fractions of cell extract of Wt MG1655, AmoeB, AiscA, AerpA, AsnfuA,
AsufA, and AnfuA/AiscA strains were separated by 17% SDS-PAGE and transferred onto a
PVDF membrane. A MoaC specific antiserum (1:1000 dilution) was used and visualized by
enhanced chemiluminescence; the AmoaC cell extract served as a negative control; the
strains were grown anaerobically in the presence of 15 mM potassium nitrate, 0.2% L-
arabinose, and 1 mM mevalonate for 8 h.

Figure 3-9 shows that MoaC was detectable in similar amounts in the different mutant
strains, with the exception of the AmoeB strain, where the MoaC expression was slightly
increased. The presence of the MoaC band confirmed the sufficient expression of the

exogenous moaABCDE operon in Wt MG1655 and in the mutant strains.

3.1.10 Immunodetection of IscS

The IscS protein is essential for Fe-S cluster biosynthesis and provides sulfur as a form
of persulfide in Moco biosynthesis. Therefore, it was also important to establish that the
cellular levels of IscS were not affected by Fe-S cluster carrier proteins like IscA, SufA,
ErpA, or NfuA. Otherwise, the absence of Moco in these strains will be based on the
absence of IscS since it provides sulfur in MPT. In this study, the effect of cellular IscS
levels was analyzed in all the single mutant strains, in the AiscA/AerpA, AsufA/AiscA, and
AsufA/AerpA double mutant strains, and in a AerpAlAsufA/AiscA triple mutant strain by
immunodetection using antisera derived against IscS. The Wt MG1655 and other mutant
strains were grown anaerobically for 8 h in LB medium supplemented with 15 mM

potassium nitrate and 1 mM mevalonate.
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Figure 3-10: Immunodetection of IscS in E. coli mutant strains.

50 pg of total protein fractions of the cell extract of Wt MG1655, AmoeB, AiscA, AerpA, AnfuA,
AsufA, AiscA/AerpA, AiscA/AsufA, AsufA/AerpA, AsufA/AiscA/AerpA strains were separated
by 12% SDS-PAGE and transferred onto a PVDF membrane. An IscS specific antiserum
(1:5000 dilution) was used and visualized by enhanced chemiluminescence; the AiscS cell
extract served as a negative control; the strains were grown anaerobically in the presence of
15 mM potassium nitrate, and 1 mM mevalonate for 8 h.

Figure 3-10 shows that IscS was detectable in almost similar amounts in most mutant
strains but was slightly lower in the AiscA, AnfuA, and AsufA single mutant strains.
Conclusively, the reduced Moco content in the A-type carrier protein deleted strain, in the
AiscA/AerpA, AsufA/AiscA, and AsufA/AerpA double mutant strains, and in the

AerpAlAsufA/AiscA triple mutant strain was generally not based on the absence of IscS.

3.1.11 The expression of IscR and SufA in mutant strains

In E. coli, the iscRSUA-hscBA-fdx-iscX and sufABCDSE operons are involved in Fe-S
cluster assembly, where the isc operon functions as a housekeeping system and the suf
operon expresses under iron-limiting conditions (Zheng et al., 1998; Outten, Djaman, and
Storz, 2004; Ayala-Castro, Saini, and Outten, 2008; Tanaka et al., 2016). The expression
of the iscRSUA-hscBA-fdx-iscX and the sufABCDSE operons are regulated by IscR, a

protein that represses the expression of iISCRSUA-hscBA-fdx-iscX in the presence of a
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[2Fe-2S] cluster and activates the expression of SUfABCDSE in its apo-form (Giel et al.,
2006; Schwartz et al., 2001). In this study, the expression of a PiscR-lacZ fusion and a
PsufA-lacZ fusion was analyzed in the Wt MG1655, AerpA, AiscA, AnufA, AsufA, and Afnr
single mutant strains, and in the AnfuA/AiscA, AerpA/AiscA, AsufA/AiscA, and
AsufA/AerpA double mutant strains. The experiment was performed to determine the
expression level of the isc operon and further compare it to the expression of the suf
operon under anaerobic nitrate respiratory conditions. The strains were grown under

anaerobic conditions with 15 mM potassium nitrate and 1 mM mevalonate for 8 h.
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Figure 3-11: Expression of a PiscR-lacZ and a PsufA-lacZ fusion in E. coli mutant
strains

B-galactosidase activities in Miller units were determined for the PiscR-lacZ (A) and the PsufA-
lacz (B) fusion in Wt MG1655, AerpA, AiscA, AnufA, AsufA, AnfuA/AiscA, AerpA/AiscA,
AsufA/AiscA, AsufA/AerpA, and Afnr strains. The strains were grown anaerobically in the
presence of 15 mM potassium nitrate and 1 mM mevalonate for 8 h; 8-galactosidase activities
were normalized to ODsgo nm; standard deviations were calculated from three biological
replicates; n.d.: not detectable
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Figure 3-11 show that B-galactosidase activity was increased in erpA- and iscA-deleted
strains in the presence of PiscR-lacZ, in which the expression of iscR was increased
almost 2-fold in the AerpA and AiscA mutant strains as compared to the Wt MG1655
strain. Moreover, the expression was also increased almost 1.7-fold in AsufA/AiscA and
AsufA/AerpA compared to the Wt MG1655 strain. The AsufA, AnfuA, and AnfuA/AiscA
strains showed slightly increased iscR expression as compared to the Wt MG1655 strain.
However, iscR expression significantly decreased to ~80% in the Afnr mutant strain
compared to the Wt MG1655 strain.

On the other hand, a slightly increased [-galactosidase activity was observed in all the
single and double mutant strains compared to the Wt MG1655 strain for PsufA-lacZ fusion,
except in the AiscA strains, where B-galactosidase activity was reduced by around ~40%.
Moreover, undetected 3-galactosidase activity in the Afnr mutant strain compared to the
Wt MG1655 reflects the finding that sufA was not expressed in the absence of FNR
protein. Overall, the expression of sufA was almost 20 times lower than the expression of

iSCR under anaerobic nitrate respiratory conditions.

3.1.12 Immunodetection of SufS

Under nitrate respiratory conditions, it has been shown that SufA did not play any role in
FNR or MoaA maturation at the cellular level. The experiment was performed to determine
the suf operon expression under nitrate respiratory conditions by immunodetection using
SufS antiserum. For these experiments, the cells were cultivated under anaerobic
conditions with 15 mM potassium nitrate and 1 mM mevalonate for 8 h at 37°C.
Immunodetection using SufS antiserum was performed with the crude cell lysate, where

50 ug of protein was used for detection.
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Figure 3-12: Immunodetection of SufS in E. coli mutant strains.

50 pg of total protein fractions of the cell extract of Wt MG1655, AmoeB, AiscA, AerpA, AnfuA,
AsufA, Anful/AiscA, AiscA/lerpA, AiscA/AsufA, AsufA/AerpA, AsufA/AiscA/AerpA strains
were separated by 12% SDS-PAGE and transferred onto a nitrocellulose membrane. A SufS
specific antiserum (1:2000 dilution) was used and Vvisualized by enhanced
chemiluminescence; the AsufS cell extract served as a negative control; the strains were
grown anaerobically in the presence of 15 mM potassium nitrate, and 1 mM mevalonate for 8
h.

Immunodetection (Figure 3-12) showed that SufS detection was almost similar in all the
mutant strains compared to the Wt MG1655 strain. However, the SufS amount was slightly
enhanced in the AerpA mutant strains and reduced in the AiscA, AsufA/AiscA, and

AsufA/AerpA mutant strains.
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3.1.13 Detection of relative iron content in erpA and iscA
deleted strains under anaerobic nitrate respiratory conditions

The availability of Fe is required for Fe-S cluster biosynthesis, where the source of iron is
still unknown. Yang et al. (2015) reported that IscA might be functioning as an Fe
chaperone in Fe-S cluster biosynthesis. Therefore, it was of interest to determine the Fe
content in AiscA and AerpA strains; otherwise, the lack of Moco content could be based
on a lack of iron content in these strains. The iron content was quantified in Wt MG1655,
and in the AiscA and AerpA strains, by inductively coupled plasma optical emission
spectrometry (ICP-OES). The measurement was performed using a reference standard
(Solution XVI, Merck) for the exact quantification of iron content. The strains were

cultivated anaerobically with 15 mM potassium nitrate and 1 mM mevalonate for 8 h.
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Figure 3-13: Analysis of relative iron saturation in E. coli mutant strains

The ICP-OES analysis for the determination of relative iron saturation in Wt MG1655, AerpA,
and AiscA strains; the strains were cultivated anaerobically with 15 mM potassium nitrate and
1 mM mevalonate for 8 h at 37°C; 50 UM total protein extract was used the analysis; the
following wavelengths were used to analyze for iron: 238.204 nm, 238.562 nm, 259.939 nm;
A baseline was measured using 100 mM Tris, pH 7.5; the iron concentrations were determined
by using the Standard XVI (Merck)

Figure 3-13 shows that the iron content was almost similar for the AiscA strain and was

reduced by around ~25% in the AerpA strain compared to in the Wt MG1655 strain.
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Therefore, the reduced Moco content in the AerpA and AiscA strains was generally not
based on the absence of Fe-S cluster formation since the iron content was comparable in

these mutant strains.

3.1.14 Detection of erpA and iscA transcripts

The previous results showed that together ErpA and IscA are involved in the Fe-S cluster
insertion into MoaA in the Moco biosynthesis pathway. However, the double mutant strains
containing either iscA or erpA (except for the AerpA/AiscA double mutant strain) also
showed higher Moco content and nitrate reductase activity in comparison to their
respective single mutant strains such as the AiscA strain. This indicates that ErpA and
IscA could probably replace each other in their role in [4Fe-4S] cluster insertion into MoaA
or FNR. Therefore, it was important to quantify gene expression in the respective single
and double mutant strains. The strains were grown under anaerobic conditions with 15
mM potassium nitrate and 1 mM mevalonate for 8 h at 37°C. gRT-PCR was performed to

guantify the transcript levels of erpA and iscA in the mutant strains.
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Figure 3-14: Analysis of relative expression levels of erpA and iscA in E. coli mutant
strains

Relative expression was carried out using qRT-PCR; the expression levels of erpA (A) and
isCA (B) in Wt MG1655, AerpA, AiscA, AsufA, AnfuA/AiscA, AiscA/AerpA, AiscA/AsufA, and
AsufA/AerpA strains. The strains were grown in the presence of 15 mM potassium nitrate and
1 mM mevalonate; Y-axis denotes the relative expression value in the log of fold changes to
Wt MG1655, standard deviations were calculated from three biological replicates; n.d.: not
detectable

Figure 3-14 show the transcript levels of erpA in the respective mutant strains. No erpA
transcript was detected in the erpA-deleted single and double mutant strains. The

transcription level of erpA was increased about ~2.6-fold in the AiscA single mutant and
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about ~4.6-fold in the AiscA/AsufA double mutant strain as compared to in the Wt MG1655
strain. Moreover, the AnfuAl/AiscA double mutant strain showed a ~2-fold increased erpA
expression compared to the Wt MG1655 strain. This higher expression of erpA in the
AnfuAlAiscA and AiscAlAsufA double mutant strains might explain the increased nitrate
reductase activity and Moco content in these strains in comparison to the AiscA single
mutant strain, and shows that higher ErpA levels result in a better substitution of the role
of IscA in these strains.

Similar results were obtained for the iscA transcript levels, in which the iscA transcript
level was almost ~3-fold higher in the AerpA and AsufAlAerpA mutant strains while, as
expected, no iscA transcripts were detected in the AiscA, AnfuAlAiscA, and AiscAlAerpA
mutant strains. This result shows that IscA protein levels should be higher in AerpA mutant

strains.

3.1.15 Detection of sufA transcripts under anaerobic nitrate
respiratory conditions

The expression level of sufA in Wt MG1655 and other mutant strains was determined
under nitrate respiratory conditions by qRT-PCR. The cells were cultivated under
anaerobic conditions with 15 mM potassium nitrate and 1 mM mevalonate for 8 h at 37°C.
For the gRT-PCR expression analysis, cDNA was used from the extracted mRNA from

the respective strains.
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Figure 3-15: Analysis of relative expression levels of sufA in E. coli mutant strains
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Relative expression was carried out using qRT-PCR; the expression levels of sufA in Wt
MG1655, AerpA, AiscA, AsufA, AnfuA/AiscA, AiscA/AerpA, AiscA/AsufA, AsufA/AerpA and Afnr
strains. The strains were grown in the presence of 15 mM potassium nitrate and 1 mM
mevalonate; Y-axis denotes the relative expression value in the log of fold changes to Wt
MG1655, standard deviations were calculated from three biological replicates; n.d.: not
detectable

The gRT-PCR result (Figure 3-15) shows the transcript levels of sufA in the respective
mutant strains. No sufA transcript was detected in the sufA-deleted single and double
mutant strains. Moreover, the transcription level of sufA was almost similar in AiscA, the
AerpA single mutant strain, and the AiscA/AerpA and AnfuAlAiscA double mutant strains
as compared to the Wt MG1655 strain. Furthermore, sufA was also not detectable in the
Afnr strain. Conclusively, no enhanced expression of sufA was observed under nitrate

respiratory conditions.

3.1.16 Detection of narG transcripts under anaerobic nitrate
respiratory conditions

gRT-PCR analysis was performed to analyze the transcript level of narG in the Wt
MG1655, the AerpA, AiscA, and Afnr single mutant strains, and in the AnfuA/AiscA,
AerpA/AiscA, AsufA/AiscA, and AsufA/AerpA double mutant strains. This experiment was
conducted to understand nitrate reductase expression in the mutant strains since erpA-
deleted strains were shown to be devoid of nitrate reductase activity. The strains were
cultivated for 8 h at 37°C with 15 mM potassium nitrate and 1 mM mevalonate.
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Figure 3-16: Analysis of relative expression levels of narG in E. coli mutant strains

Relative expression was carried out using gRT-PCR; the expression levels of narG in Wt
MG1655, AerpA, AiscA, AsufA, AnfuA/AiscA, AiscA/AerpA, AiscA/AsufA, AsufA/AerpA and Afnr
strains. The strains were grown in the presence of 15 mM potassium nitrate and 1 mM
mevalonate; Y-axis denotes the relative expression value in the log of fold changes to Wt
MG1655, standard deviations were calculated from three biological replicates; n.d.: not
detectable

Figure 3-16 shows that the transcript level of narG increased almost ~1.2- and 2.2-fold in
the AiscA and in the AnfuA/AiscA, AiscA/AsufA mutant strains, respectively. In contrast,
no narG transcripts were detected in the AerpA, AiscA/AerpA, AerpA/AsufA, and Afnr

mutant strains.

3.2 Fe-S cluster insertion into FNR

3.2.1 Insertion of Fe-S clusters into FNR under anaerobic nitrate
respiratory conditions

From the previous results, it can be assumed that FNR maturation is performed by the A-
type carrier proteins like ErpA or IscA by inserting Fe-S clusters into it. This experiment
was performed to investigate the activity of FNR in the different strains, including the Wt
MG1655 strain, the AerpA, AiscA, AnufA, AsufA, and Afnr single mutant strains, in addition
to the double mutant strains AerpA/AiscA, AsufA/AiscA, and AsufA/AerpA. In this
experiment, the analysis of the expression of a PpepT-lacZ fusion was performed since
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pepT expression is solely dependent on FNR (Constantinidou et al., 2006; Myers, Yan,
Ong, Chung, Liang, Tran, Keles, et al., 2013), without the involvement of other
transcriptional regulators (Dahl et al., 2013). The pepT gene codes for peptidase T, a
tripeptidase that cleaves the amino-terminal leucine, lysine, methionine, or phenylalanine
residue from certain tripeptides (Sussman and Gilvarg, 1970; Simmonds, Szeto, and
Fletterick, 1976; Hermsdorf, 1978). The strains were cultivated for 8 h at 37°C in the
presence of 15 mM potassium nitrate and 1 mM mevalonate.
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Figure 3-17: Expression of a PpepT-lacZ fusion in E. coli mutant strains

B-galactosidase activities in Miller units were determined for the PpepT-lacZ fusion in Wt
MG1655, AmoeB, AerpA, AiscA, AnufA, AsufA, Anful/AiscA, AerpA/AiscA, AsufA/AiscA,
AsufA/AerpA, and Afnr strains. The strains were grown anaerobically in the presence of 15
mM potassium nitrate and 1 mM mevalonate for 8 h; B-galactosidase activities were
normalized to ODego NM; standard deviations were calculated from three biological replicates;
n.d.: not detectable

Figure 3-17 shows no -galactosidase activity was detected either for erpA-deleted strains
such as the AerpA single mutant, or for the AiscA/AerpA and AsufA/AerpA double mutant
strains as compared to the Wt MG1655 strain. Moreover, B-galactosidase activity was not
detectable in the Afnr strain, confirming that FNR activates the expression of pepT.
Furthermore, B-galactosidase activity was reduced to almost ~60% in the AiscA mutant

strain compared to the Wt MG1655 strain. The other single and double mutant strains,
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including AnfuA/AiscA and Asuf/AiscA, showed unaltered [-galactosidase activity
compared to the Wt MG1655 strain.

3.2.2 Analysis of FNR expression under anaerobic nitrate
respiratory conditions

This experiment was conducted to analyze the fnr expression level in different mutant
strains. To exclude the lack of expression of the PpepT-lacZ fusion based on undetectable
B-galactosidase activity in the AerpA mutant strains, this additional investigation was
performed to quantify the expression of a Pfnr-lacZ fusion in Wt MG1655, as well as in the
Afnr, AerpA, AiscA, AnufA, and AsufA single mutant strains. The expression of fnr has
been described previously as being repressed by a [4Fe-4S] cluster containing FNR.
Cultivation was carried out under anaerobic conditions with 15 mM potassium nitrate

supplemented with 1 mM mevalonate for 8 h at 37°C.
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Figure 3-18: Expression of a Pfnr-lacZ fusion in E. coli mutant strains

B-galactosidase activities in Miller units were determined for the Pfnr-lacZ fusion in Wt
MG1655, AerpA, AiscA, AnufA, AsufA, and Afnr strains. The strains were grown anaerobically
in the presence of 15 mM potassium nitrate and 1 mM mevalonate for 8 h; 3-galactosidase
activities were normalized to ODgye nm; standard deviations were calculated from three
biological replicates
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Figure 3-18 shows that B-galactosidase activity was increased to comparable levels in
the Afnr, AerpA, and AiscA mutant strains, while activity in the AnufA and AsufA single
mutant strains was similar to that in the Wt MG1655 strain. This result indicates that in the
AerpA and AiscA mutant strains, fnr was expressed but likely inactive based on a lack of
Fe-S clusters in these strains. The increased expression level was also observed in the
Afnr strain since apo-FNR cannot bind to the promoter region of FNR to repress its
expression (Mettert & Kiley, 2007).

3.2.3 Analysis of PpepT-lacZ expression after complementation
with erpA, sufA, and iscA plasmid under anaerobic respiratory
conditions

The experiment was performed to analyze the Fe-S cluster insertion into the FNR
regulator using erpA, iscA, and sufA plasmids coexpressed with PpepT-lacZ in Wt
MG1655 and in the AerpA, AiscA, and AiscA/AerpA strains. This study helps to
understand the functional replacement of Fe-S cluster carrier proteins in FNR maturation.
The cloning was performed for overexpressing the iscA, sufA, and erpA gene, where the
Ndel/Xhol enzymes digested the PCR product of iscA, BamHI/Xhol, for sufA, and erpA.
Further, the digested PCR product was ligated into the pcdf-duetl vector to construct
piscA, psufA, and perpA plasmids. The perpA, piscA, and psufA overexpressing plasmids
were transformed into PpepT-lacZ containing Wt MG1655, AiscA, AerpA, and
AiscA/AerpA strains, and were further cultivated anaerobically with 15 mM potassium
nitrate, 0.2% L-arabinose for 8 h at 37°C. The complementation effect was analyzed by

measuring the p-galactosidase activity.
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Figure 3-19: Expression of a PpepT-lacZ fusion in E. coli mutant strains with
coexpression of plasmids containing erpA, iscA, and sufA.

B-galactosidase activities in Miller units were determined for the PpepT-lacZ fusion in Wt
MG1655, AerpA, AiscA, and AiscA/AerpA strains. The strains were grown anaerobically in 15
mM potassium nitrate, 0.2% L-arabinose, and 1 mM mevalonate for 8 h; B-galactosidase
activities were normalized to ODsoo nm; standard deviations were calculated from three
biological replicates. Black bars correspond to the indicated mutant strains; white bars
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correspond to the same mutant strains containing either a plasmid expressing erpA (A), iscA
(B), or sufA (C); n.d.: not detectable

Figure 3-19 show that B-galactosidase activity was restored after the expression of perpA,
piscA, and psufA in all the mutant strains compared to the Wt MG1655 strain. This
indicates that sufficient production of IscA and SufA could replace the function of ErpA for
the insertion of Fe-S clusters into FNR. B-galactosidase activity slightly increased after
overexpression of erpA in the AerpA strain compared to in the Wt MG1655 strain. In
contrast, the expression of iscA and sufA was able to restore activity in all the mutant
strains, except for the AiscA/AerpA double mutant strain, where B-galactosidase activity
was slightly reduced as compared to the Wt MG1655 strain. Moreover, the plasmid-
encoded copies of erpA showed increased [-galactosidase activity in the AiscA/AerpA
double mutant strain compared to the expression of sufA and iscA. This result indicates
the preference for ErpA as an Fe-S cluster carrier protein in FNR maturation since deletion
of erpA leads to inactivation of FNR, and iscA or sufA is not able to compensate for this
role under nitrate respiratory conditions at the cellular level. However, the plasmid-
encoded copies of iscA and sufA were able to replace the function of ErpA in FNR

maturation.

3.3 Analysis of TMAO reductase expression and activities

TMAO reductase functions as a terminal electron acceptor like nitrate reductase during
anaerobic respiration in the presence of TMAO (Cox et al., 1980; Cox & Knight, 1981). It
belongs to only a few DMSO reductase family members of molybdoenzyme that do not
contain any Fe-S cluster (McCrindle, Kappler, and McEwan, 2005). It has been reported
that the TMAO reductase enzyme escapes FNR regulation. Therefore, we have selected
the TMAO reductase enzyme as a control in this study along with nitrate reductase to

avoid Fe-S cluster-related regulations.

3.3.1 Growth curves of the strains under anaerobic TMAO
respiratory conditions

The growth curve was measured for all strains to evaluate their growth in the presence of
TMAO since deletion of essential genes leads to growth defects for the strains. The strains
were cultivated anaerobically with 15 mM TMAO and 1 mM mevalonate at 37°C. The

samples were taken every hour for measuring the optical density at 600 nm for 12 h.
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Figure 3-20: Analysis of the growth curves of E. coli mutant strains

The growth curves were measured for Wt MG1655, AmoeB, AerpA, AiscA, AsufA, AnfuA (A),
Wt MG1655, AnfuA/AiscA, AiscA/AerpA, AiscA/AsufA, AsufA/AerpA and AiscA/AsufA/AerpA
(B) mutant strains; the cells were grown in 50 mL LB medium supplemented with 15 mM TMAO
and 1 mM mevalonate. The start ODgoo nm was 0.05 and recorded for 12 h. Standard
deviations were calculated from three biological replicates.

Figure 3-20 shows that under TMAO respiration, cell growth was significantly reduced for
the AmoeB, AerpA, AiscA/AerpA, AsufA/AerpA, and AsufA/AiscA/AerpA strains, which
was quite comparable under nitrate respiratory conditions. All the strains reached the
stationary phase at 8 h. Therefore, cells were harvested at the late exponential phase at
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8 h for this study to measure Moco content, TMAO reductase, and B-galactosidase

activity.

3.3.2 Quantification of cPMP and Moco under anaerobic TMAO
respiratory conditions

In this experiment, the Moco- and cPMP-producing ability of the single mutant strains
AmoeB (as a negative control), AerpA, AiscA, AnufA, and AsufA, the double mutant
strains AerpA/AiscA, AsufA/AiscA, and AsufA/AerpA, as well as the triple mutant strain
AsufA/AiscA/AerpA and the Wt MG1655 strain, was determined in the presence of TMAO.
This experiment confirmed the Moco content of the mutant strains grown in the presence
of potassium nitrate since both nitrate reductase and TMAO reductase contain bis-MGD
as a cofactor. The strains were cultivated under the anaerobic condition for 8 h with 15
mM TMAO and 1 mM mevalonate. The cPMP and Moco were quantified from the crude
extract in the form of fluorescence derivatives as Compound Z and FormA, respectively,

which were derived by oxidation using Kl and I».
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Figure 3-21: Analysis of relative cPMP and Moco content in E. coli mutant strains

Relative cPMP (A) and Moco content (B) were determined in Wt MG1655, AmoeB, AerpA,
AiscA, AnfuAh, AsufA, AnfuA/AdiscA,  AiscA/AerpA,  AiscA/AsufA,  AsufA/AerpA,
AsufA/AiscA/AerpA, and Afnr strain. The strains were grown in the presence of 15 mM TMAO,
and 1 mM mevalonate under anaerobic conditions; the Compound Z (cPMP) and FormA
(Moco) were monitored by fluorescence of extinction at 383 nm and an emission at 450 nm
using HPLC; the relative amounts of cPMP and Moco were normalized to the ODggo nm.
Standard deviations were calculated from three biological replicates, n.d.: not detectable

A similar result (Figure 3-21) was obtained under TMAO respiration, where cPMP was
only accumulated in the AmoeB strain, identical to nitrate respiration. This was expected

since deletion of moeB leads to an inhibition in the production of MPT from cPMP.
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Under conditions of TMAO respiration, all mutant strains containing deletions of either
iSCA or erpA also showed a reduced Moco content similar to that for nitrate respiration.
Particularly, in the AerpA and AiscA single mutant strains, the Moco content was ~40%
reduced. No Moco was detected in the AerpA/AiscA double mutant or the
AsufA/AiscA/AerpA triple mutant strains. The Moco content for the other single mutant
strains AsufA and AnfuA was quite similar to that of the Wt MG1655 strain. Moreover, the
Moco content in AnfuA/AiscA and AsufA/AiscA, as well as in the AsufA/AerpA double
mutant strain, was reduced almost ~20% and ~30%, respectively, in comparison to the
Wt MG1655 strain. The Moco content in the Afnr strain was almost identical to that in the
Wt MG1655 strain, indicating that the absence of FNR does not influence Moco production

under the anaerobic condition of TMAO respiration.

3.3.3 TMAOR activity under anaerobic conditions of TMAO
respiration

TMAO reductase contains only a molybdenum cofactor as a form of bis-MGD but no Fe-
S clusters. TMAOR activity was measured to quantify the Moco content of all the mutant
strains in the presence of TMAO. The strains were cultivated under anaerobic conditions
with 15 mM TMAO for 8 h at 37°C supplemented with 1 mM mevalonate. Activity was
measured from the crude cell extract inside the anaerobic chamber.
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Figure 3-22: Analysis of TMAOR activity in E. coli mutant strains

TMAOR activity was determined in Wt MG1655, AmoeB, AerpA, AiscA, AnfuA, AsufA,
Anful/AiscA, AiscA/lerpA, AiscA/ AsufA, AsufA/lderpA, AsufA/AiscA/AerpA, and Afnr strains.
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The strains were grown in the presence of 15 mM TMAO and 1 mM mevalonate under
anaerobic conditions; TMAO reductase activities were normalized to ODege Nm; Standard
deviations were calculated from three biological replicates, n.d.: not detectable

Figure 3-22 shows a comparable TMAOR activity that matches the cellular Moco content
under TMAO respiration. TMAO reductase activity was reduced ~54% and ~80% in the
AerpA and AiscA mutant strains respectively and almost undetectable in the AerpA/AiscA
double mutant and the AsufA/AiscA/AerpA triple mutant strains. Moreover, TMAO
reductase activity for the AnfuA/AiscA and AsufA/AiscA double mutant strains shows
relatively similar results to the nitrate reductase activity, in which a comparatively higher
level of activity was observed for those double mutant strains as compared to in the AiscA
single mutant strain. Overall, the findings were identical to the results obtained for the
cellular Moco content in these strains. However, TMAOR activity in the Afnr strain was
reduced ~65% compared to the activity in the Wt MG1655 strain. This indicates that FNR
is important for the active TMAO reductase. However, it has been reported that TMAOR
enzyme expression is not dependent on FNR (Pascal, Burini, and Chippaux, 1984; luchi
and Lin, 1988; Spiro and Guest, 1990).

3.3.4 Expression of torCAD under anaerobic TMAO respiratory
conditions

The expression of torCAD was determined in the Wt MG1655, the AerpA, AiscA, AnfuA,
AsufA, and Afnr single mutant strains in addition to the double mutant strains AnfuA/AiscA,
AerpA/AiscA, AsufA/AiscA, and AsufA/AerpA by using the PtorCAD-lacZ plasmid. This
experiment was conducted to understand the regulation of torCAD transcription in fnr-,
erpA-, and iscA-deleted strains since TMAOR activity was reduced in these strains. The
cells were cultivated under the anaerobic condition with 15 mM TMAO and 1 mM

mevalonate for 8 h at 37°C.
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Figure 3-23: Expression of a PtorCAD-lacZ fusion in E. coli mutant strains

B-galactosidase activities in Miller units were determined for the PtorCAD-lacZ fusion in Wt
MG1655, AiscA, AerpA, AnfuA, AsufA, Anful/AiscA, AiscA/AerpA, AiscA/ AsufA,
AsufA/AerpA, and Afnr strains. The strains were grown anaerobically in the presence of 15
mM TMAO and 1 mM mevalonate for 8 h; B-galactosidase activities were normalized to ODsgoo
nm; standard deviations were calculated from three biological replicates, n.d.: not detectable

Figure 3-23 shows that B-galactosidase activity was significantly reduced in the erpA- and
iscA-deleted strains compared to in the Wt MG1655 strain, which might be due to lack of
Moco content in the AerpA and AiscA strains. The expression was also remarkably
decreased in fnr-deleted strains. The reduced expression in the erpA- and iscA-deleted
strains could be due to an indirect regulation in FNR maturation since ErpA and IscA
proteins insert the Fe-S cluster into FNR. Moreover, expression of torCAD was not
observed in the AiscA/AerpA double mutant. However, a relatively higher B-galactosidase
activity was observed in the AsufA/AiscA and AsufA/AerpA double mutant strains as
compared to in the AiscA or AerpA single mutant strains. Furthermore, the AnfuA strain
expression was reduced around ~25% compared to in the Wt MG1655 strain. No
significant change in (3-galactosidase activity was observed in the AsufA strain compared
to in the Wt MG1655 strain.
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3.3.5 Immunodetection of TorA

Immunodetection of TorA using an antiserum was carried out to quantify cellular TorA
levels. This experiment was performed to determine the production level of TMAO
reductase in different mutant strains.
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Figure 3-24: Immunodetection of TorA in E. coli mutant strains.

50 ug of total protein fractions of the cell extract of Wt MG1655, AmoeB, AiscA, AerpA, AnfuA,
AsufA, AiscA/AerpA, AiscA/AsufA, AsufA/AerpA, AsufA/AiscA/AerpA strains were separated
by 12% SDS-PAGE and transferred onto a PVDF membrane. A TorA specific antiserum
(1:500 dilution) was used and visualized by enhanced chemiluminescence; the AtorA cell
extract served as a negative control; the strains were grown anaerobically in the presence of
15 mM TMAO, and 1 mM mevalonate for 8 h.
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The western-blot analysis result (Figure 3-24) shows that the TorA level was remarkably
reduced in the deleted strains containing erpA and iscA, in which the AerpA and AiscA
single mutant strains showed about ~80% reduction in comparison to the Wt MG1655
strain. Moreover, the TorA amounts in the AsufA/iscA and AsufA/erpA double mutant
strains were slightly increased as compared to the AerpA single mutant strain, while no
TorA was detected in the AiscA/erpA double mutant and the AsufA/AiscA/AerpA triple
mutant strains. In the AsufA and AnfuA mutant strains, the levels of TorA remained almost

constant compared to in the Wt MG1655 strain.

One possibility is that torCAD expression is regulated by FNR since the expression of the
torCAD transcript was reduced in the absence of FNR. Therefore, we determined a
potential FNR binding site in the torCAD promoter region to prove that FNR binds to this
site (Figure 3-25). The FNR consensus sequence was mutated with single point mutations
and the expression of torCAD-lacZ fusion was determined. All the mutated plasmids
(mut.1, mut.2, mut.3, mut.4) and the control plasmid (torCAD-lacZ) were transformed into
the Wt MG1655 and Afnr strains. The cells were cultivated with 15 mM TMAO for 8 h at
37°C.

(A) -81 -74 =72 -65 -50 -44
ACTCAT |CTGTTCATIQ |CTGTTCATIATTCTGCCGTAAGC GTTCATICCTGACCAGTG
-29 -22 -19 -6

CCHCTGTTCATR ETGCTCATTAAGATt1GCTT@3TAAAC CATAATTCTACAGGGGT

TATTEEGCGGAAACTCTGGAACGCGCTACGCCG

|torC transcription

(B)
TTGCT CATT AAGAT Wt MG1655
GCT CATT AAGAT mut.1
TT. CATT AAGAT mut.2
TTGAT CATT AAGAT mut.3 (fnr consensus)
CATTAAGAT mutd

Figure 3-25: Analysis of predicted FNR binding site at upstream of the torCAD operon

FNR binding site in torCAD promoter region; (A) the predicting FNR biding site (red) and TorR
(blue); the transcriptional starting site atg (green); (B) the point mutation in FNR binding site,
the oligonucleotides substitution was performed by mutagenesis to loss of the FNR binding;
the TT>>GG substitution for mut.1; the GCT>>AAA substitution for mut.2, the GCT>>GAT
substitution for mut.3, the TTGCT>>GGAAA substitution for mut.4 of the consensus sequence
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Figure 3-26: Expression of a PtorCAD-lacZ fusion in E. coli mutant strains

B-galactosidase activities in Miller units were determined for the PtorCAD-lacZ fusion in Wt
MG1655 (black bars) and Afnr (white bars) strains. The FNR concensor sequence was
TTGCT, the mutation of the consensus sequence was denoted as mut.1 (GGGCT), mut.2
(TTAAA), mut.3 (TTGAT), and mut.4 (GGAAA). The strains were grown anaerobically with 15
mM TMAO and 1 mM mevalonate for 8 h; B-galactosidase activities were normalized to ODeoo
nm; standard deviations were calculated from three biological replicates.

Figure 3-26 shows that 3-galactosidase activity was decreased for Wt MG1655 in mut.1
and mut.4 compared to the Wt MG1655 torCAD-lacZ, indicating the importance of the TT
sequence in the promoter region since mut.1 and mut.4 were exchanged from the TT to
GG. On the other hand, p-galactosidase activity in mut.2 for Wt MG1655 was almost
similar to that for Wt MG1655 torCAD-lacZ. Increased B-galactosidase activity was
observed for the Wt MG1655 mut.3 compared to the Wt torCAD-lacZ strain since the
mutation of C to A on the sequence leads to generation of the exact FNR consensus
sequence (TTGAT). It also indicates that the A in TTGAT plays a role in FNR binding since
B-galactosidase activity was slightly enhanced compared to the Wt MG1655 torCAD-lacZ.
Moreover, activity for torCAD-lacZ in the Afnr strain also decreased compared to Wt
MG1655 torCAD-lacZ.

3.4 Expression and purification of periplasmic aldehyde
oxidase (PaoABC) from different E. coli mutant strains
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Periplasmic aldehyde oxidase (PaocABC) belongs to the xanthine oxidase (XO) family of
molybdoenzymes, and contains MCD as a form of Moco, FAD, and two [2Fe-2S] clusters
along with an additional [4Fe-4S] cluster. The goal of the experiment was to identify the
Fe-S cluster carrier proteins that insert the different types of Fe-S cluster for the maturation
of EcPaoABC. Therefore, we expressed E. coli paoABCD in the selected E. coli mutant
strains in Wt MG1655, AerpA, AiscA, AsufA, and AnfuA, purified, and characterized the

enzymes.

3.4.1 Expression of EcPaoABC in E. coli mutant strains

The expression of periplasmic aldehyde oxidase was performed using the plasmid
pPMN100, which was constructed in the pTrcHis vector, in which the paoABCD genes were
cloned from E. coli, using Ndel-Sall restriction sites (Neumann et al., 2009). The
expression was performed in Wt MG1655 and other single mutant strains AerpA, AiscA,
AsufA, and AnufA. The expression of the protein leads to the formation of N-terminal 6x-

His fusion to PaoA. The protein was purified by IMAC using Ni**-nitrilotriacetic acid (NTA).

The strains were cultivated aerobically at 22°C for 24 h for the expression of paoABCD.
The cells were harvested by centrifugation, and the cell pellets were resuspended in a
phosphate buffer, pH 8.0. Cell lysis was performed in 2 cycles at 1.35 kBar pressure and
the crude extract was isolated by centrifugation, which was used for the IMAC purification.
Elution was carried out by using a phosphate buffer containing 250 mM imidazole. The
eluted fractions were analyzed by 12% SDS-polyacrylamide gel electrophoresis. The
eluted fractions after Ni**-NTA affinity chromatography were further dialyzed overnight at
4°C into a Tris buffer, pH7.5.

3.4.2 Size exclusion chromatography (SEC)

Size exclusion chromatography was the last step of purification. This step was performed
using a Superose-6 gel filtration column, and further, the eluted fractions were analyzed
by 12% SDS-PAGE.

107



1400

)

mAbs
> ™
8 8

Absorbance (
] B )] [o]
g8 8 8 8

(=]

Absorbance (mAbs)

]
S

)

S
g &
S o

250
200

-

Absorbance (mAb

1400

1200

=
o
o
o

Absorbance (mAbs)

700

Absorbance (mAbs)

1 78 kDa —280nm
1 —445nm
1 34 kDa
| 21kDa Wt MG1655
10 30 50 70 90 110
volume (mL)
—280nm
78kDa —445nm
34 kDa
21kDa AiscA
10 30 50 70 90 110
volume (mL)
10 30 ' 70 % 110
volume (mL)

10 30 50 70 90 110
volume (mL)

AsufA

10 30 50 70 90 110
volume (mL)

108

Results



Results

Figure 3-27: Gel filtration chromatograms of the purified EcPaoABC expressed in
different E. coli mutant strains

The elution profiles (absorbance at 280 nm and 445 nm) and analysis of the purity after the
analytical gel filtration chromatography of ECPaoABC expressed in (A) Wt MG1655, (B) AiscA,
(C) AerpA, (D) AnfuA, and (E) AsufA mutant strains; the elution of the protein was performed
using 50 mM Tris, 1 mM EDTA and 200 mM NacCl, pH 7.5 by superose-6 gel filtration column
on the Akta system; the purity of ECPaoABC was analyzed using 12% SDS-PAGE gel; the
eluted EcPaoABC that expressed in Wt MG1655 (1), AiscA (1), AnfuA (lll), AsufA (IV) and
AerpA (V)

Figure 3-27 shows that the elution profiles of expressed PaoABC in Wt MG1655, as well
as in the AiscA, AnfuA, and AsufA mutant strains, show a prominent peak after 70 mL and
another minor peak at around 90 mL (except for AerpA-expressed PaoABC). The
presence of the subunits was also confirmed from the respective bands after separation
by SDS-PAGE around 78 kDa, 34 kDa, and 21 kDa corresponding to PaoC, PaoB, and
PaoA, respectively. Additional bands in the SDS-PAGE gel also indicate the presence of
minor impurities. However, the AsufA mutant-strain-expressed PaoABC shows only a
weak band at 78 kDa for PaoC.

While the elution profile of PaoABC from the AerpA strain shows two significant peaks at
around 30-40 mL and 50-85 mL respectively, elution of trimeric PaoABC corresponded to
the peak at 70 mL. The first peak, around 30-40 mL indicated aggregation of the protein.

3.4.3 Characterization of periplasmic aldehyde oxidase

3.4.3.1 UV-Vis spectroscopy

The typical UV-Vis spectra of periplasmic aldehyde oxidase show the characteristic
features of other molybdoflavo-enzymes, where aromatic amino acids are absorbed at
280 nm, FAD at 445 nm, and the [2Fe-2S] cluster at 550 nm. The absorption spectra were

recorded from 250 nm to 800 nm.
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Figure 3-28: Analysis of UV-visible spectrum from purified EcPaocABC expressed in
different E. coli mutant strains

The UV-visible spectrum (250 nm to 800 nm) for characterization of purified EcCPaocABC that
expressed in Wt MG1655, AiscA, AerpA, AnfuA, and AsufA strains; the concentration of
purified EcPaoABC was 10 pM, and the spectrum was recorded at room temperature using
50 mM Tris, 1 mM EDTA, pH 7.5

Table 3-1: The absorbance ratio between 280 nm and 445 nm of purified EcCPaocABC
expressed in E. coli mutant strains

Strains Ratio (280/445)
Wt MG1655 4.28

AiscA 6.66

AerpA 25.88

AnfuA 4.16

AsufA 4.10
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Based on previous knowledge regarding closely related enzymes such as xanthine
oxidase (XO), a way to determine the purity of the protein and with cofactors saturation
are the absorbance ratios at A280/A445. The ratio between A280/A450 of 5.0 or less for
the recombinant enzyme indicates a high purity. A ratio of A280/A450 higher than 5
indicates impurities in the sample (Alfaro et al., 2009; Hartmann et al., 2012). The spectra
(Figure 3-28) of purified enzymes show that PaoABC expression in the Wt MG1655,
AnfuA, and AsufA strains was quite similar because their respective FAD shoulders at 445
nm were well visible and comparable to each other, and where the ratio of A280/A445
was around 4.28, 4.16, and 4.10, respectively. This suggests that the quality of PaoABC
that was expressed in the AnfuA and AsufA strains was identical to the quality in Wt
MG1655. The paoABC in the AiscA and AerpA strains show a relatively weak FAD
shoulder at 445 nm compared to the Wt MG1655 one, in which the ratio of A280/A445
was 6.66 and 25.88, respectively. This indicates that PaoABC in the AerpA strain had a
significant lack of purity and high contamination along with a low FAD content in the
enzyme in comparison to Wt MG1655. However, PaoABC in the AiscA strain showed a
ratio of 6.66 (A280/A445), indicating that it was significantly less contaminated as
compared to the PaoABC in the AerpA strain, but relatively more impure than in Wt
MG1655.

3.4.3.2 Metal content determination by ICP-OES

The metal content of the purified PaoABC was quantified using inductively coupled plasma
optical emission spectrometry (ICP-OES). The experiment was conducted to estimate the
iron and molybdenum content reflecting both Moco and Fe-S clusters in the enzyme. The
measurement was conducted using a reference standard (Solution XVI, Merck) for the
exact quantification of both elements. The concentration used of PaoABC for ICP-OES
analysis was around 10 pM. The concentration of the elements was calculated to a
percentage scale of saturation values of cofactors, considering 1 molybdenum and 8 iron

atoms (in the two [2Fe-2S] clusters and the single [4Fe-4S] cluster).
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Figure 3-29: Analysis of relative molybdenum and iron saturation from EcPaoABC
expressed in different E. coli mutant strains

The ICP-OES analysis for the determination of relative molybdenum (black bars) and iron
(white bars) saturation of EcPaoABC that expressed in Wt MG1655, AiscA, AerpA, AnfuA,
and AsufA strains; the concentration of purified EcPaoABC was 10 pM; the following
wavelengths were used to analyze for iron: 238.204 nm, 238.562 nm, 259.939 nm and for
molybdate: 203.84 nm, 202.031 nm, 204.597 nm. A baseline was measured using 50 mM Tris,
1 mM EDTA, pH 7.5; the iron and molybdenum concentrations were determined by using the
Standard XVI (Merck); Standard deviations were calculated from three biological replicates

Figure 3-29 show that the molybdenum saturation of expressed PaoABC in the AnfuA and
AiscA strains was quite similar compared to Wt MG1655, with a saturation of 18-20%.
This low molybdenum saturation of the enzyme implies that the majority of the purified
PaoABC was in a Moco-free form. However, the molybdenum saturation of expressed
PaoABC was significantly reduced in the AerpA strain and almost undetectable in the
AsufA strain. Moreover, the iron saturation of expressed PaoABC in the AerpA strain was
significantly reduced to ~85% compared to saturation in Wt MG1655. The iron saturation
of PaoABC in Wt MG1655 was around ~56%, which indicates that 44% of the enzyme
was in iron-free form. Furthermore, the iron saturation of PaoABC was almost unaltered
in the AnfuA and AsufA strains compared to in the Wt MG1655. The iron saturation of
expressed PaoABC in the AiscA strain was reduced to ~40% compared to that in the Wt
MG1655 one. The lack of iron in AerpA- and AiscA-expressed PaoABC suggests that
these play an essential role in the maturation of PaoABC.
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3.4.3.3 Quantification of Moco content in purified EcPaocABC

The Moco content was determined from the purified PaoABC in Wt MG1655 and in the
AiscA, AerpA, AnfuA, and AsufA strains. In addition, the cellular Moco content was also
analyzed for the same strains under the aerobic condition. The Moco was measured as

FormA, the fluorescence derivatives of Moco produced by oxidation using I. and KI.
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Figure 3-30: Analysis of relative Moco content from purified EcPaocABC (A) and cell
extract (B) in different E. coli mutant strains

Relative Moco content was quantified from the purified EcPaocABC (A) and cell extract (B) was
determined in Wt MG1655, AiscA, AerpA, AnfuA, and AsufA strains. FormA (Moco) was
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monitored by fluorescence of extinction at 383 nm and an emission at 450 nm using HPLC,;
the relative amount of Moco were normalized to protein concentration (UM) and ODggo Nm for
the purified EcPaoABC and cell extract, respectively. Standard deviations were calculated
from three biological replicates

Figure 3-30 show that the Moco content of expressed PaoABC in the AiscA and AnfuA
strains was almost similar to that of Wt MG1655. However, the Moco content of expressed
PaoABC in the AerpA and AsufA strains was significantly reduced to ~88% and ~81%,
respectively, compared to the Wt MG1655.

However, the overall Moco content in the cell extract was almost identical for all the mutant
strains compared to the Wt MG1655 strain under aerobic conditions, which suggests that
sufficient Moco was produced in the cells but could not be delivered into the apo-PaocABC.
Moreover, the reduced Moco content of expressed PaoABC in the AsufA strain is reflected
in a very weak band of PaoC from the purified enzyme after SEC, which belongs to the

Moco domain.

3.4.3.4 Quantification of FAD content in purified EcPaocABC

The FAD content was quantified for Wt MG1655 and for the AiscA, AerpA, AnfuA, and

AsufA strains’ expressed purified PaoABC enzyme.
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Figure 3-31: Analysis of relative FAD content from EcPaoABC expressed in different E.
coli mutant strains
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The quantification of FAD cofactor from purified ECPaoABC expressed in Wt MG1655, AiscA,
AerpA, AnfuA, AsufA mutant strains; the concentration of purified protein was 10 uM, and
measurement was performed using 50 mM Tris, 1 mM EDTA, pH 7.5. Standard deviations
were calculated from three biological replicates

Figure 3-31 shows that the FAD content of expressed PaoABC was comparable in Wt
MG1655 and in the AiscA, AnfuA, and AsufA strains. This was also reflected in the FAD
spectra that contain the FAD shoulder peak at 445 nm. In contrast, the FAD spectra of
expressed PaoABC in the AerpA strain show a significantly weak shoulder at 445 nm,
which reflected a reduction in FAD content by about ~85% compared to the Wt MG1655.
Moreover, the FAD content of expressed PaoABC in the AnfuA strain was also slightly
reduced to around ~15% compared to the Wt MG1655.

3.4.3.5 Enzyme activity of purified EcPaocABC

The enzyme activity was determined from the expressed PaoABC in the Wt MG1655 and
in the AiscA, AerpA, AnfuA, and AsufA strains, where benzaldehyde was used as a
substrate, and oxygen as a terminal electron acceptor. About 5 uM purified PaoABC was

used in the enzymatic reaction.
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Figure 3-32: Analysis of the specific activity from purified EcPacABC expressed in
different E. coli mutant strains

The specific activity from purified ECPaocABC expressed in Wt MG1655, AiscA, AerpA, AnfuA,
AsufA mutant strains was determined; the benzaldehyde and oxygen were used as a substrate
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and terminal electron acceptor for this reaction; 5 uM purified EcPacABC was used, and the
reaction was performed at room temperature. Standard deviations were calculated from three
biological replicates

Figure 3-32 shows that the specific activity of expressed PaoABC in the AiscA and AnfuA
strains was comparable to that of the Wt MG1655. Moreover, the specific activity of
expressed PaoABC in the AerpA strains was significantly decreased to almost ~90%
compared to Wt MG1655, since the expressed PaoABC from the AerpA strain shows a
lack of Fe, Mo, and FAD content. However, the specific activity of expressed PaoABC in

the AsufA strain was almost undetectable based on the lack of Moco.

3.4.3.6 CD spectroscopy of purified EcPaocABC

CD spectroscopy was carried out to determine the presence of [2Fe-2S] and [4Fe-4S]
clusters in purified PaoABC expressed in Wt MG1655 and in the AiscA, AerpA, AnfuA,
and AsufA strains. The experiment was conducted using purified PaoABC, in which the
spectrum was recorded using a 50 mM Tris buffer; 1ImM EDTA pH 7.5 at room
temperature in the range of 300-600 nm as an average of 3 runs with the sensitivity set to

standard. The slit width was set to 1 nm and the delay time to 3 seconds.
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Figure 3-33: Analysis of CD spectra from purified EcPaocABC expressed in different E.
coli mutant strains

CD spectra of purified EcPaoABC expressed in Wt MG1655, AiscA, AerpA, AnfuA, AsufA
mutant strains; the concentration of purified protein was 10 uM, and measurement was
performed at room temperature in the range of 300-600 nm using 50 mM Tris, 1 mM EDTA,
pH 7.5
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Figure 3-33 show that the negative signals at 350-400 nm, 520-580 nm, and the intense
positive signal at 400-500 nm were observed for the expressed PaoABC in Wt MG1655
and in the AiscA, AnfuA, and AsufA strains. Moreover, the peak transition was visible at
374 nm, 434 nm, 470 nm, and 552 nm for purified PaoABC. Furthermore, the peak
intensity around 400 nm to 500 nm for PaoABC expressed in the AiscA, AnfuA, and AsufA
strains was slightly reduced compared to with the Wt MG1655. Peak intensity at around
400-500 nm was significantly reduced for PaoABC expressed in the AerpA strain
compared to Wt MG1655. Moreover, the peak shift at 520-580 nm remained relatively
unaltered for the PaoABC expressed in the AerpA strain. The peak shift at 434 nm and
470 nm revealed the presence of [2Fe-2S] clusters (Schumann et al., 2008), which was
very prominent for the PaoABC expressed in Wt MG1655 and in the AiscA, AnfuA, and
AsufA strains, although not for the AerpA strain. This indicates the absence of Fe-S
clusters in the PaoABC-expressed AerpA strain.

3.5 Expression and purification of xanthine dehydrogenase
from R. capsulatus

The xanthine dehydrogenase from R. capsulatus belongs to the xanthine oxidase (XO)
family of molybdoenzymes, which is a heterotetrameric enzyme that contains Mo-MPT as
a form of Moco, FAD, and two [2Fe-2S] clusters. The objective of the experiment was to
identify the Fe-S cluster carrier proteins that insert [2Fe-2S] clusters for the maturation of
RcXDH. Therefore, we expressed R. capsulatus xdhABC in the E. coli Wt MG1655, and
in the AerpA, AiscA, AsufA, and AnfuA mutant strains, purified, and characterized the

enzymes.

3.5.1 Expression of RcXDH in mutant strains

The expression of RcXDH was performed in the E. coliWt MG1655 and the mutant strains.
The overexpression was performed using the plasmid pSL207, constructed in the pTrcHis
vector, where the xdhABC operon from R. capsulatus was cloned, using the Ndel-Hindlll
restriction sites (Leimkihler et al., 2003). The expression was performed aerobically at
30°C for 24 h at 130 rpm. The cells were harvested by centrifugation and resuspended
using a phosphate buffer, pH 8.0. Further, purification was carried out by IMAC and
followed by the gel.
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3.5.2 Ni-NTA affinity and size exclusion chromatography

After cell lysis, the crude extract was separated by centrifugation, further used for IMAC
purification. The crude extract was incubated with a Ni**-NTA matrix, in which 0.5 mL of
the matrix was used per liter of cell culture. Elution was performed using 250 mM
imidazole-containing phosphate buffer, where the eluted XDH fractions were a brown
color, and no significant exceptions were visible for different mutant strains that expressed
RcXDH in comparison to the Wt MG1655 eluent. After Ni**-NTA affinity chromatography,

the eluted fractions were further dialyzed overnight at 4°C into a Tris buffer, pH7.5.

Size exclusion chromatography was the last step of purification. This step was performed
using a Superose-6 gel filtration column, and further, the eluted fractions were analyzed
by 12% SDS-PAGE.
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Figure 3-34: Gel filtration chromatograms of the purified RcXDH expressed in different
E. coli mutant strains

The elution profiles (absorbance at 280 nm and 445 nm) and analysis of the purity after the
analytical gel filtration chromatography of RCXDH expressed in (A) Wt MG1655, (B) AiscA,
(C) AerpA, (D) AnfuA, and (E) AsufA mutant strains; the elution of the protein was performed
using 50 mM Tris, 1 mM EDTA, 2.5 mM DTT and 200 mM NaCl, pH 7.5 by superose-6 gel
filtration column on the Akta system; the purity of RcXDH was analyzed using 12% SDS-PAGE

gel.

Figure 3-34 shows that the elution profiles of expressed XDH in the E. coli Wt MG1655
and in the AiscA, AerpA, AnfuA, and AsufA mutant strains show a prominent peak after
65 mL and another minor peak at around ~100 mL. The protein eluted between 60-80 mL,
where the heterotetrameric XDH form elutes. Fractions of XDH heterotetrameric in the
AiscA strain showed an additional minor peak at 35 mL, which indicates the presence of
aggregated proteins. The SDS-PAGE analysis shows two bands around 83 kDa and 50
kDa corresponding to the sizes of XdhA, and XdhB, respectively. SDS-PAGE also
indicated minor impurities, with the exception of expressed XDH in the AiscA mutant strain
that contains some additional minor bands. This indicates that the purified XDH from the
AiscA mutant strains contained more contaminants than the purified XDH from the Wt
MG1655.

3.5.3 Characterization of purified RcXDH

3.5.3.1 UV-Vis spectroscopy

The typical UV-Vis spectra for the XDH enzyme show absorption at 280 nm for the
aromatic amino acids and 550 nm for two [2Fe-2S] clusters, FAD at 465 nm. The
absorption spectra were recorded from 250 nm to 800 nm using a UV-visible

spectrometer.
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Figure 3-35: Analysis of UV-visible spectrum from purified RcXDH expressed in
different E. coli mutant strains

The UV-visible spectrum (250 nm to 800 nm) for characterization of purified RcXDH that
expressed in Wt MG1655, AiscA, AerpA, AnfuA, and AsufA strains; the concentration of
purified EcPaoABC was 10 pM, and the spectrum was recorded at room temperature using
50 mM Tris, 2.5 mM DTT, 1 mM EDTA, pH 7.5

Table 3-2: The absorbance ratio between 280 nm and 445 nm of purified RcXDH
expressed in E. coli mutant strains

Strains Ratio (280/445)

Wt MG1655 5.5

AiscA 8.6
AerpA 6.1
AnfuA 5.6
AsufA 5.7

The high purity of metalloflavoproteins can be reflected in their absorption ratio between
280 nm and 465 nm, which should be around 5.0 (Leimkuhler et al., 2003). The spectra
of purified XDH enzyme shows that the Wt MG1655-, AnfuA-, and AsufA-expressed XDH
were quite similar since the FAD peak shoulder at 465 nm was well visible and the

121



Results

shoulders were comparable to each other, with the ratio of A280/A465 in the same range
at around 5.5, 5.6 and 5.7 respectively. The FAD shoulder was also observed for
expressed XDH in the AerpA strains, in which the ratio of A280/A465 was 6.1, which is
higher compared to the Wt MG1655. This indicates that the quality of XDH expressed in
the AerpA, AnfuA, and AsufA strains was quite similar to that of Wt MG1655. The
expressed XDH in the AiscA strain shows a relatively weaker FAD shoulder at 465 nm
compared to the Wt MG1655, with ratio of A280/A465 at 8.6. This indicates that the
expressed XDH in the AiscA strain was comparatively less purified and more
contaminated than in the Wt MG1655.

3.5.3.2 Metal content determination by ICP-OES

The iron and molybdenum content were quantified for the expressed XDH in the Wt
MG1655, and in the AiscA, AerpA, AnfuA, and AsufA strains using inductively coupled
plasma optical emission spectrometry (ICP-OES). The concentration of the elements was
calculated to a percentage scale of saturation values of cofactors, considering 1

molybdenum and 4 iron atoms (in the two [2Fe-2S] clusters).
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Figure 3-36: Analysis of relative molybdenum and iron saturation from RcXDH
expressed in different E. coli mutant strains

The ICP-OES analysis for the determination of relative molybdenum (black bars) and iron
(white bars) saturation of RcXDH that expressed in Wt MG1655, AiscA, AerpA, AnfuA, and
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AsufA strains; the concentration of purified RcXDH was 10 pM; the following wavelengths
were used to analyze for iron: 238.204 nm, 238.562 nm, 259.939 nm and for molybdate:
203.84 nm, 202.031 nm, 204.597 nm. A baseline was measured using 50 mM Tris, 2.5 mM
DTT, 1 mM EDTA, pH 7.5; the iron and molybdenum concentrations were determined by using
the Standard XVI (Merck); Standard deviations were calculated from three biological replicates

Figure 3-36 show that the molybdenum saturation of expressed XDH in the AsufA strain
was comparable to that of the Wt MG1655, which was around ~35%. This 35%
molybdenum saturation implies that most purified XDH was in its Moco-free form.
However, this number was slightly reduced for the expressed XDH in the AiscA, AerpA,
and AnfuA strains, where the molybdenum saturation was ~30%, ~26%, and ~25%,
respectively. On the other hand, the iron saturation of the expressed XDH in the AiscA
and AerpA strain was significantly decreased around ~34% and ~16% compared to in the
Wt MG1655. The iron saturation of expressed XDH in the Wt MG1655 strain was around
~55%, indicating around ~45% of the XDH was in its iron-free form. Furthermore, the iron
saturation of expressed XDH in the AnfuA and AsufA strains was comparable to that of
the Wt MG1655.

3.5.3.3 Quantification of Moco content in purified RcXDH

The Moco content was determined from the Wt MG1655, and from the AiscA, AerpA,
AnfuA, and AsufA strains expressed purified XDH enzyme. The Moco was measured as

FormA, the fluorescence derivatives of Moco, produced by oxidation using I> and KI.
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Figure 3-37. Analysis of relative Moco content from purified RcXDH expressed in
different E. coli mutant strains

o

Relative Moco content was quantified from the purified RcXDH was determined in Wt
MG1655, AiscA, AerpA, AnfuA, and AsufA strains. FormA (Moco) was monitored by
fluorescence of extinction at 383 nm and an emission at 450 nm using HPLC; the relative
amount of Moco were normalized to protein concentration (UM) and ODego Nm for the purified
EcPaoABC and cell extract, respectively. Standard deviations were calculated from three
biological replicates

Figure 3-37 shows that the Moco content of expressed XDH in the AiscA, AnfuA, and
AsufA strains was unaltered compared to the Wt MG1655. However, the Moco content
slightly reduced to ~10% for the expressed XDH in the AerpA strains compared to the Wt
MG1655. Therefore, no significant change was observed in the Moco content of purified
XDH for all the mutant strains compared to that in Wt MG1655.

3.5.3.4 Quantification of FAD content in purified RcXDH

The FAD content of purified XDH enzyme was detected from the absorbance at 465 nm

by UV-visible spectra and quantified.
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Figure 3-38: Analysis of relative FAD content from RcXDH expressed in different E. coli
mutant strains

The quantification of FAD cofactor from purified RcXDH expressed in Wt MG1655, AiscA,
AerpA, AnfuA, AsufA mutant strains; the concentration of purified protein was 10 uM, and
measurement was performed using 50 mM Tris, 2.5 mM DTT, 1 mM EDTA, pH 7.5. Standard
deviations were calculated from three biological replicates

Figure 3-38 shows that the FAD content of expressed XDH in the Wt MG1655, AnfuA, and
AsufA strains was comparable. This was also reflected in the FAD shoulder at 465 nm.
However, the FAD spectra of expressed XDH in the AerpA strains show a slightly weaker
shoulder at 465 nm, reflecting a reduced FAD content about ~20% compared to the Wt
MG1655. Moreover, the FAD content of expressed XDH in the AiscA strains was around
~36% compared to that of Wt MG1655. This was also reflected in the FAD shoulder of
expressed XDH in the AiscA strain at 465 nm.

3.5.3.5 Enzyme activity of purified RcXDH

Enzyme activity was determined from purified XDH from the Wt MG1655, and from the
AiscA, AerpA, AnfuA, and AsufA strains, where NAD* was used as a substrate. About 5

MM purified XDH was used in the enzymatic reaction.
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Figure 3-39: Analysis of the specific activity from purified RcXDH expressed in different
E. coli mutant strains

The specific activity from purified RcXDH expressed in Wt MG1655, AiscA, AerpA, AnfuA,
AsufA mutant strains was determined; the NAD and xanthine were used as a substrate and
terminal electron acceptor for this reaction; 5 uM purified RcXDH was used, and the reaction
was performed at room temperature. Standard deviations were calculated from three
biological replicates

Figure 3-39 shows that the specific activity of purified XDH in the AiscA, AnfuA, and AsufA
strains was comparable to that of the Wt MG1655. Moreover, the specific activity of
purified XDH in the AerpA strain was slightly reduced to almost ~10% compared to Wt
MG1655.

3.5.3.6 CD spectroscopy of purified RcXDH

CD spectroscopy was carried out to determine the presence of [2Fe-2S] clusters in purified
XDH that expressed in Wt MG1655, and in the AiscA, AerpA, AnfuA, and AsufA strains.
The experiment was performed using purified XDH, in which the spectrum was recorded
using a 50 mM Tris buffer, 1 mM EDTA; pH 7.5 at room temperature in the range of 300-
600 nm as an average of 3 runs with the sensitivity set to standard. The slit width was set

to 1 nm and the delay time to 3 seconds.
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Figure 3-40: Analysis of CD spectra from purified RcXDH expressed in different E. coli
strains

CD spectra for purified RcXDH expressed in Wt MG1655, AiscA, AerpA, AnfuA, AsufA mutant
strains; the concentration of purified protein was 10 uM, and measurement was performed at
room temperature in the range of 300-600 nm using 50 mM Tris, 2.5 mM DDT, 1 mM EDTA,
pH 7.5

Figure 3-40 shows that all the spectrum characteristics are identical to a typical xanthine
dehydrogenase CD spectrum (Schumann et al., 2008). Negative signals at 350-400 nm,
520-580 nm, and a strong positive signal at 400-500 nm were observed for the expressed
XDH in the Wt MG1655, and in the AerpA, AnfuA, and AsufA strains. Meanwhile, the XDH
expressed in the AiscA strain shows less intense negative signals at 350-400 nm, whereas
the other signal transitions were similar as compared to Wt MG1655. The peak transition
was visible at 374 nm, 434 nm, 470 nm, and 552 nm for purified XDH expressed from the
Wt MG1655, and from the AerpA, AnfuA, and AsufA mutant strains. However, the peak
intensity at 434 nm and 470 nm was slightly decreased for XDH expressed in the AiscA
mutant strain compared to that of Wt MG1655. The peak shift at 434 nm and 470 nm

indicated the presence of [2Fe-2S] clusters (Schumann et al., 2008).

127



Discussion

4 Discussion

4.1 Fe-S cluster insertion into MoaA and FNR under anaerobic
nitrate respiratory conditions

In the first part of this study, the Fe-S cluster carrier proteins that are involved in MoaA
maturation were identified under nitrate and TMAO respiration. Together, ErpA and IScA
are involved in [4Fe-4S] cluster insertion into the MoaA. Moreover, relatively weak FNR
regulation in Moco biosynthesis was also determined in our study based on the unaltered
Moco content in the fnr deleted strain. We were unable to detect the Fe-S cluster carrier
proteins that were involved in the insertion of Fe-S clusters into nitrate reductase. [4Fe-
4S]-FNR is required for the expression of the narGHJI operon. In our study, we were able
to identify ErpA as the FNR maturation protein by inserting the Fe-S cluster into it under
nitrate respiratory conditions. Moreover, exogenous expression of sufA and iscA revealed

that both could complement ErpA in FNR maturation under the growth conditions tested.

4.1.1 Cross-talk between Fe-S and Moco biosynthesis

The Fe-S cluster assembly in E. coli involves two core systems: the iron—sulfur cluster
(ISC) and sulfur mobilization (SUF). The ISC system is a housekeeping system that works
under normal cellular conditions (L. Zheng et al., 1998). The SUF system is activated
under conditions of iron starvation and oxidative stress (Outten, Djaman, and Storz, 2004;
Ayala-Castro, Saini, and Outten, 2008; Tanaka et al., 2016). To date, about 165 Fe-S
clusters containing proteins have been identified in E. coli (Roche et al., 2013). Among
these, one important protein is MoaA. MoaA is involved in Moco biosynthesis, whereby
MoaA catalyzes the formation of cPMP from 5’GTP in the first step of Moco biosynthesis
(Hanzelmann & Schindelin, 2004). MoaA belongs to the superfamily of radical/S-
adenoslymethionine (SAM) enzymes (Broderick et al., 2014), that use a [4Fe-4S] cluster
to reductively cleave SAM. MoaA consists of two [4Fe-4S] cluster-binding domains, one
at the C-terminus and another at the N-terminus (Yokoyama & Leimkuhler, 2015). The
[4Fe-4S] cluster located in the N-terminus binds to the C-X3-C-X2-C motif and initiates

the electron transfer for SAM cleavage.
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4.1.2 MoaA maturation under anaerobic conditions

4.1.2.1 Mevalonate is required for cell growth and respiration

The cells were cultivated for 8 h anaerobically with potassium nitrate or TMAO. Despite
the growth defects of some mutant strains such as the erpA-deleted ones, all the strains
reached the late-exponential phase after around 7-8 h of cultivation. The exponential
phase was chosen for harvesting since most of the growth-related genes are activated in
this phase (A Ishihama, 1997; Loewen & Hengge-Aronis, 1994). Moreover, the cell
population is more homogenous in the exponential phase than in the stationary phase,
where heterogeneity and cell diversity increase and lead to cell death (Kolter, Siegele, and
Tormo, 1993; Ishihama, 1999; Makinoshima et al., 2003). This is why, in our study, the

cells were harvested after 8 h of growth to acquire the most homogenous results.

According to evolutionary considerations and phylogenetic study, A-type carrier proteins
in E. coli such as ErpA belong to the ATC-I and IscA family members, and SufA is
classified as ATC-II. It has been reported that the ATC-I family members can directly
interact with the target apo-protein, whereas the members in ATC-Il are able to interact

with scaffold proteins (Daniel Vinella et al., 2009).

It has been reported that the deletion of A-type carrier protein ErpA can be lethal for the
strains in the presence of oxygen or other terminal electron acceptors such as nitrate,
fumarate, and TMAO (Loiseau et al., 2007), which negatively influence the growth of
AerpA and other double mutant or triple mutants such as AiscAlAerpA, AsufAlAerpA, and
AsufAlAiscAlAerpA (Loiseau et al., 2007). Aerobic and anaerobic respiration depends on
the requirement of quinones as electron carriers, which are derived from isopentenyl
diphosphate (IPP). Deletion of erpA and iscA leads to lack of maturation of the IspG/H
enzymes (Daniel Vinella et al., 2009), which are essential for the biosynthesis of
isopentenyl diphosphate (IPP) (Grawert et al., 2004; Wolff et al., 2003). To avoid growth
deficiency, the mutant strains were introduced with the eukaryotic mevalonate-dependent
pathway for biosynthesis of IPP (Grawert et al., 2004; Wolff et al., 2003). In this study, the
mutants can respire and are viable under nitrate respiratory conditions in the presence of

mevalonate.
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4.1.2.2 Fe-S clusters insertion into MoaA under nitrate respiratory
conditions

Under nitrate respiratory conditions, a significant reduction in cellular Moco content was
observed in the AiscA and AerpA single mutant strains, which indicates their involvement
in Fe-S cluster insertion into MoaA. Completely devoid Moco content in the AiscA/AerpA
double mutant strain indicated that ErpA and IscA together are involved in the maturation
of MoaA. SufA did not play any role in the maturation of MoaA under anaerobic conditions
at the cellular level since the Moco content was unaltered in the AsufA strain. Under nitrate
respiratory conditions, SufA was unable to substitute either ErpA or IScA or both in MoaA
maturation despite the exogenous expression of sufA. SufA is a Fe-S cluster carrier
protein, which belongs to the suf-operon system. It has been previously reported that the
SUF system is employed for Fe-S cluster biosynthesis under oxidative stress or in iron
starvation conditions (Outten, Djaman, and Storz, 2004; Ayala-Castro, Saini, and Outten,
2008; Tanaka et al., 2016). The apo-IscR protein induces suf-operon expression (Giel et
al., 2006a; Yeo et al., 2006; Lee, Yeo, and Roe, 2008). In the presence of oxygen, SufA
receives Fe-S clusters from the SufBCD complex and further transfers them to ErpA or
other carrier proteins for insertion into target apo-proteins (Roche et al., 2013). Therefore,
under anaerobic respiration in the presence of nitrate, the role of SufA plays only a minor
role in Fe-S cluster transfer to MoaA. The Moco content after exogenous expression of
iscA indicated that IscA is able to replace the role of ErpA in MoaA maturation. Moreover,
ErpA can also replace the function of IscA in Moco biosynthesis. The analysis of gene
expression showed similar observations. The transcription level of erpA in the AiscA strain
and respective double mutant strains such as AnfuA/AiscA and AsufA/AiscA was
increased around ~2.6-4.6-fold. Moreover, iscA expression was also increased around
~3-fold in the absence of erpA in the AerpA single and the AsufA/AerpA double mutant
strains. The higher Moco content in double mutant strains can be based on the increased
level of erpA and iscA in the iscA and erpA deleted strains. These observations indicate
that IscA and ErpA are able to replace each other’s functions in the maturation of MoaA

at the cellular level under nitrate respiratory conditions.

NfuA did not play any role in Fe-S cluster transfer into MoaA since the Moco content was
identical for the AnfuA strain and for the AnfuA/AiscA double mutant as it was for the Wt
MG1655 strain. The role of NfuA is probably more specialized in the repair of damaged or
oxidized Fe-S clusters in the presence of oxygen, as suggested by a recent study by Py

and coworkers (Py et al., 2018a). It has been reported that under aerobic respiration, NfuA
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and ErpA interact with each other, where NfuA is presumed to assist ErpA under severely
unfavorable conditions by interacting directly with the client protein for Fe-S cluster
delivery (Py et al., 2018a). Moreover, a recent study has shown a specific role played by
a NfuA carrier protein in inserting an auxiliary [4Fe-4S] cluster into LipA. In LipA, this
auxiliary [4Fe-4S] cluster is sacrificed during catalysis to supply the sulfur atoms to
synthesize lipoic acid (McCarthy et al., 2019; McCarthy & Booker, 2017). The specific
function for NfuA in Fe-S cluster insertion for LipA is distinct from the [4Fe-4S] cluster
insertion by ErpA and IscA into MoaA, which allows for a more rapid exchange of the
inactive Fe-S cluster in LipA. Conclusively, our study shows that SufA and NfuA do not
play any role in transferring Fe-S clusters into MoaA under anaerobic conditions.

Figure 4-1: The insertion of Fe-S clusters into the MoaA in E. coli under nitrate
respiratory conditions

MoaA catalyzes the conversion of 5’GTP to cPMP in the first step of Moco biosynthesis; active
MoaA requires ErpA and IscA, which insert [4Fe-4S] clusters under anaerobic nitrate
respiratory conditions, whereby the Fe-S cluster is released from the scaffold protein IscU by
the chaperones HscA and HscB, and further delivered into IscA and ErpA for insertion into
MoaA; IscS: PDB — 3LVM; MoaA:PDB — 1TV7

Under anaerobic respiration, the expression of MoaA is partly dependent on the regulatory
protein, FNR, which positively regulates the expression of the moa operon by binding to
the promoter site (Zupok et al., 2019). The moa operon was overexpressed in the strains
to avoid regulation based on the inactivation of FNR. Immunodetection of MoaC confirmed
overexpression of this operon in all the mutant strains. The moa operon expression
ensured the presence of Moco biosynthesis enzymes in sufficient quantity in all the strains.
No significant difference was obtained for exogenous moa-operon expression compared

to the results of the chromosomal moa operon for all the strains. Reduced Moco content
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was observed in the AiscA/AerpA double mutant strain in both chromosomal and
exogenous moa-operon expression, which indicates the necessity of both ErpA and IscA
in the maturation of MoaA. Similar Moco content was observed for the other mutants, such
as AnfuA and AsufA, which suggests that no significant role is played by NfuA and SufA

in MoaA maturation.

MoaA maturation was also investigated in our study under TAMO respiratory conditions.
TMAO was used to induce the production of TMAO reductase under anaerobic conditions.
TMAO reductase belongs to the DMSO reductase family of molybdoenzymes, and
contains the bis-MGD cofactor as a form of Moco but no Fe-S clusters (Czjzek et al.,
1998). Under TMAO respiration, no significant difference in Moco content was observed
in the mutant strains as compared to the nitrate respiratory condition since no Moco was
detectable in the AiscA/AerpA double and AsufAl/AiscA/AerpA triple mutant strains. The
role of ErpA and IscA was again obvious, since under these conditions the Moco content
was reduced to ~ 60% of the Wt MG1655 strain. Conclusively, together ErpA and IscA are

involved in the maturation of MoaA by inserting Fe-S clusters into it.

4.1.3 FNR regulatory network under anaerobic nitrate respiratory
conditions

4.1.3.1 The influence of FNR on the expression of the moa operon

The moa-operon expression is dependent on FNR (Zupok et al., 2019) since FNR is a
global regulator under anaerobic conditions (Green & Guest, 1993). FNR acts as a
transcriptional factor by binding to the promoter site. It has been reported that FNR binds
at the -46 to -33 region, upstream of the moa operon (Zupok et al., 2019; Anderson et al.,
2000).

In our study, the expression of the moa operon was analyzed by -galactosidase activity.
It seems that deletion of erpA and iscA has a slight influence on moa-operon expression,
with ~15% and ~20% reduction of activity compared to in the Wt MG1655 strain.
Moreover, deletion of nfuA and sufA did not influence moa-operon expression. However,
it has also been reported that FNR is not entirely essential for moa-operon expression
(Zupok et al., 2019), which was indicated from the partially reduced B-galactosidase
activity (~40%) in the Afnr strain from our study. The maturation of FNR requires a [4Fe-
4S] cluster under anaerobic conditions, where ErpA and iscA might be involved in the

insertion of Fe-S clusters into it. This is also reflected in the partially reduced expression
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of the moa operon in the erpA and iscA mutant strains. Moreover, similar Moco content in
the Afnr strain compared to in Wt MG1655 is probably based on the dual regulation of
FNR in Moco biosynthesis, whereby FNR upregulates the moa operon and downregulates

the moe operon.

4.1.3.2 The influence of FNR on the expression of the narGHJI operon

In this study, the nitrate reductase activity in all the mutant strains was relatively consistent
except for the erpA- and iscA-deleted mutants based on reduced Moco content. However,
nitrate reductase activity in the AerpA and AsufA/AerpA strains was not detectable despite
the presence of Moco. This indicates that ErpA is involved in the maturation of NarGHI
either by inserting Fe-S clusters into it or by involving other regulations in the expression
of nitrate reductase. Holo-FNR activates the expression of narGHI (Lamberg & Kiley,
2000; Melville & Gunsalus, 1996); therefore, the absence of [4Fe-4S] leads to an absence
of narGHI expression. The undetectable nitrate reductase activity and narG transcription
in the Afnr strain showed that FNR is required for the expression of narGHI. These results
are consistent with those of Patricia Kiley and coworkers (Mettert et al., 2008), who also
showed that narG expression was undetected in the Afnr strain. Nitrate reductase activity
was restored in the Afnr strain by exogenous expression of narGHJI. Regulation based
on FNR was avoided by overexpressing the narGHJI plasmid in all the mutant strains.
Nitrate reductase activity was partially restored by ~50% in erpA-deleted strains after
exogenous narGHJI expression. Partial nitrate reductase activity in erpA-deleted strains
can be explained based on a reduced Moco content. This result indicates that ErpA is not
essential for producing active nitrate reductase, but it might play a role in the expression
of narGHI. Therefore, the undetectable nitrate reductase activity in the AerpA strain
indicates that ErpA is required for the maturation of FNR by inserting [4Fe-4S] cluster into
it. Completely devoid narG transcription in the AerpA and Afnr strains confirms the

necessity of ErpA for the expression of narGHI under nitrate respiratory conditions.

We were able to show that IScA is also involved in the maturation of MoaA, but its role in
FNR maturation is still not evident. Nitrate reductase activity in the AiscA strain was
reduced to ~80% compared to the Wt MG1655 strain, where the activity was not
influenced by the expression of the fnr plasmid. The reduced nitrate reductase activity in
the AiscA strain is probably based on two major reasons: firstly, the reduced Moco content
in the AiscA strain since IscA is involved in MoaA maturation; secondly, ISCA might insert

Fe-S clusters into NarGHI since the optimum expression of narGHI was achieved by ErpA
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based on FNR maturation. Furthermore, the detected narG transcription also confirmed
the optimum expression of narGHI in the AiscA strain. This result is also consistent with
findings from Kiley and coworkers, who showed no significant impact of narG expression
in the iscA-deleted strain (Mettert et al., 2008). However, they did not report findings about
narG expression in the AerpA strain, whereas we have shown the essential role of ErpA
in narGHJI expression under anaerobic nitrate respiratory conditions. The reduced (~20%)
and restored (~60%) nitrate reductase activity before and after exogenous narGHJI
expression in the AiscA strain strongly indicates that IscA might be one of the candidates
involved in the maturation of nitrate reductase enzyme, since deletion of IscA might

negatively influence the maturation of nitrate reductase enzyme at the cellular level.

4.1.3.3 Maturation of NarGHlI is still not evident

Completely devoid expression of nitrate reductase in the AiscA/AerpA and
AsufAlAiscA/AerpA strains is based on the absence of Moco content in these strains. That
the partial restoration of nitrate reductase activity in the AiscA and AerpA strains is based
on their limited Moco content does not represent confirmation of the maturation of NarGHI
by IscA or ErpA. Therefore, Fe-S cluster insertion can be performed by either ErpA or IscA
or by other proteins that might replace each other at the cellular level under nitrate
respiratory conditions. Our results are in contrast to Pinske and Sawers’ study (Pinske
and Sawers, 2012a, 2012b; Jaroschinsky, Pinske, and Sawers, 2017). It was concluded
that ErpA and IscA are involved in the maturation of nitrate reductase by inserting Fe-S
clusters into it. However, the study of Pinske and Sawers did not consider the reduced
Moco content in the AerpA and AiscA strains since nitrate reductase activity depends not
only on Fe-S clusters but also on the presence of Moco as a form of bis-MGD. Moreover,
in our studies, we have shown the restoration of nitrate reductase activity despite the
absence of an ErpA or IscA protein. The carrier proteins are involved in Fe-S cluster
insertion into NarGHI can be analyzed by in vitro interaction study of purified NarGHI with

carrier proteins such as ErpA, IscA or others using gel filtration.

4.1.3.4 The insertion of Fe-S clusters into FNR under anaerobic
conditions

It has been previously reported that the FNR protein is essential and regulates the
expression of many hundreds of genes under anaerobic conditions (Kang et al., 2005;

Salmon et al., 2003). FNR directly regulates the expression of the moa and narGHJI
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operon under nitrate respiratory conditions (Lamberg & Kiley, 2000; Melville & Gunsalus,
1996; Unden et al., 2002; Zupok et al., 2019). Therefore, it is crucial to understand how
the Fe-S cluster is delivered to FNR for its maturation. Because our study has shown that
the presence of ErpA is essential for the expression of nitrate reductase (narGHI) but not
for its activity, it can be assumed that ErpA probably regulates the expression of narGHI
indirectly by inserting the Fe-S cluster into MoaA and FNR. PpepT-lacZ was used to
analyze the maturation of FNR in Wt MG1655 and in all the mutant strains. FNR activates
the expression of pepT (Constantinidou et al., 2006; Dahl et al., 2013).

Under nitrate respiratory conditions, ErpA seems the most important Fe-S cluster carrier
protein for the activation of FNR by inserting Fe-S clusters into it, since no transcription
was detected for pepT in the erpA-deleted strain at the cellular level. Under this
experimental condition, IscA or SufA was unable to replace ErpA. However, the
exogenous coexpression of psufA and piscA with pepT-lacZ in the erpA-deleted strain
showed that SufA and IscA are able to compensate for the role of ErpA in FNR activation.
This result is consistent with findings from a previous study (D Vinella et al., 2013). The
essential role of ErpA was replaced by SufA if sufficiently produced in cells. This was
reflected in the partial (~50%) restoration of nitrate reductase activity in the AerpA strain
based on the reduced Moco content. Complete restoration of FNR activity was achieved
after the overexpression of erpA in the AiscA/AerpA strain, which was also reflected in the
increased nitrate reductase activity in this strain. However, FNR activity was slightly lower
in the AiscA/AerpA strain after the exogenous expression of sufA and iscA as compared

to erpA. These observations suggest that ErpA is the most preferred Fe-S cluster carrier
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protein in FNR maturation under nitrate respiratory conditions.
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ST __)ﬁ narGHJI Narl

Figure 4-2: The insertion of Fe-S clusters into FNR under nitrate respiratory conditions

Holo-FNR activates the expression of narGHJI by binding at the promoter site. The activation
of FNR requires a [4Fe-4S] cluster, which is inserted by ErpA under nitrate respiratory
conditions. The Fe-S cluster is released from the scaffold protein IscU by the chaperones
HscA and HscB, and further delivered into ErpA for insertion into FNR; IscS: PDB — 3LVM
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Transcription of pepT was reduced to around ~60% in the absence of IscA compared to
in the Wt MG1655 strain; these results are consistent with fidings from Kiley and
coworkers (Mettert et al., 2008). They have shown that under fermentative conditions, the
IscSUAhscBAfdx plays a significant role in Fe-S cluster insertion into FNR since the
deletion of the isc operon leads to a significant reduction in ydfZ transcripts. This
observation indicates that FNR activation might be slightly dependent on IscA at the
cellular level under nitrate respiratory conditions. However, the exogenous erpA and sufA
expression showed complete restoration of FNR activity in the AiscA strain. These results
are consistent with the previous study (Mettert et al., 2008), in which the expression of
SUF was able to rescue FNR activity in the isc-operon-deleted strain. This was reflected
in the relatively enhanced nitrate reductase activity after erpA overexpression in the AiscA
strain. However, the unaltered nitrate reductase activity after the sufA exogenous
expression was based on the limited Moco content since SufA was unable to replace IscA
or ErpA in MoaA maturation under nitrate respiratory conditions. Moreover, Kiley and her
team have shown that FNR activity is unaltered in the AsufA or AsufABCDSE strains. This
result is also consistent with our studies as an unaltered pepT expression was observed
in the AsufA strain. However, the role of ErpA under anaerobic nitrate respiratory
conditions for FNR maturation is not mentioned by Kiley and her team (Mettert et al.,
2008). In contrast, we have shown that ErpA is an essential and most favorable Fe-S
cluster carrier protein in FNR maturation. IscA or SufA can replace ErpA when produced

sufficiently at the cellular level under nitrate respiratory conditions.

4.1.3.5 Autoregulation of fnr expression

The expression is fnr is autoregulated by [4Fe-S]-FNR, whereby holo-FNR binds to the
promoter region for regulating the transcription of its own expression (Mettert & Kiley,
2007). This might explain the high accumulation of apo-FNR in the Afnr strain. Similar
results were obtained for erpA- and iscA-deleted strains. Since we have identified that
ErpA performed FNR maturation under the nitrate respiratory condition, the deletion of
this gene leads to inhibition of cluster transfer into apo-FNR and disrupts the regulation of
fnr expression. This indicates high apo-FNR accumulation in the AerpA, AiscA, and Afnr

strains under anaerobic nitrate respiratory conditions.
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4.1.4 The dominant expression of the isc operon compared to the
suf operon under nitrate respiratory conditions

4.1.4.1 The expression of iscR under nitrate respiratory conditions

The expression of IscR was performed in all the strains using piscR-lacZ (Dahl et al.,
2013) to determine the expression of the isc operon and compare it to the suf operon
under nitrate respiratory conditions in different mutant strains.

ClscR / IscR I I ' ' ' '
A

Under iron limiting conditions

MRNA

Fur binding site

iscA IscU iscS iscR
Apo IscR — —(Sg_:\.%_—;ﬂ__

Figure 4-3: Model for apo-IscR regulation of the suf operon and degradation of the isc
operon in the presence of iron

In the presence of iron, the isc operon expression is downregulated by Fur and a small mMRNA
rhyB; where rhyB binds at the upstream of iscSUA and cleaves the respective genes. The
intact iscR is upregulated the suf operon for Fe-S cluster biosynthesis. The Fe?*-Fur
downregulated the expression of suf operon.

The unaltered iscR expression in the AsufA strain compared to in the Wt MG1655 strain
is consistent with the findings from Frédéric Barras and coworkers (D Vinella et al., 2013),
although Vinella et al. 2013 did not show iscR expression in the nfuA-deleted strain.
However, iscR expression was significantly increased when erpA or iscA or both were
deleted in our study. These results are also consistent with previous studies (Mettert &
Kiley, 2014; D Vinella et al., 2013) that reported similar observations for iscR expression
under anaerobic fermentative conditions, as distinct from our nitrate respiratory conditions.
These showed an increased iscR expression based on the maturation of IscR (D Vinella
et al., 2013). The relatively higher expression of iscR in AerpA and AiscA, as well as in

other erpA- or iscA-deleted double mutant strains, was due to the accumulation of apo-
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IscR, since deletion of erpA or iscA leads to an inhibition in the transfer of Fe-S clusters
into iscR (D Vinella et al., 2013). As a result, most of the IscR remain in their apo form.
The apo-IscR is unable to bind to the promoter site of the isc operon and fails to regulate
the repression of iscR expression since iscR is autoregulated by [2Fe-2S]-IscR
(Fleischhacker et al., 2012; Giel et al., 2006, 2013; Roche et al., 2013).

On the other hand, iscR expression was significantly reduced in the Afnr strain compared
to the Wt MG1655 strain, which can be explained by the regulation of Fur. Fur plays an
essential role in the low expression of iscR in the Afnr mutant strain. Fur is a sensor for
iron where, under iron-limiting conditions, it allows the transcription of rhyB, a small single-
stranded RNA, which further degrades iscSUA and allow IscR to recruit the suf operon for
transcription (Schwartz et al., 2001; Giel et al., 2006; Yeo et al., 2006; Lee, Yeo, and Roe,
2008). Fur protein expression was increased in the Afnr strain since Fur negatively
regulates FNR (Kumar & Shimizu, 2011). However, under nitrate respiratory conditions
and the presence of all the Fe-S cluster carrier proteins, holo-IscR represses IscR
expression, since the iscR expression is regulated by [2Fe-2S]-IscR (Fleischhacker et al.,
2012; Giel et al., 2006, 2013; Roche et al., 2013). This leads to reduced IscR accumulation

in the Afnr strain.

Ry

Fur = Fur x
Fur binding site
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Figure 4-4: Analysis of iscR expression in the Afnr strain under anaerobic nitrate
respiratory conditions

iscR expression in the Afnr strain is regulated by rhyB where, in the Afnr strain, Fe2*-Fur
inhibit the expression of rhyB and, followed by the intact isc operon. The accumulation of
apo-IscR is reduced

4.1.4.2 Expression of the suf operon under nitrate respiratory conditions

SufA acts as an Fe-S carrier protein, which belongs to the suf operon that consists of
sufABCDSE genes (Chahal et al., 2009; Takahashi & Tokumoto, 2002; Wollers et al.,
2010), expressed under oxidative stress or iron starvation conditions for Fe-S cluster
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biosynthesis. Apo-IscR induces suf operon expression (Giel et al., 2006; Lee, Yeo, and
Roe, 2008). Under aerobic conditions, SufA receives Fe-S clusters from the SufBC.D
complex and deliveres them to the apo-enzymes. Under anaerobic nitrate respiratory
conditions, it seems that SufA does not play any significant role in Fe-S cluster insertion
either into MoaA or into FNR. This is reflected in the unaltered Moco content and pepT
transcripts in the AsufA strain compared to in the Wt MG1655. To understand the role of
SufA in Fe-S cluster insertion, sufA expression was analyzed in all the mutant strains and
compared to the Wt MG1655 strain using a psuf-lacZ fusion, an immunoblot analysis using
a SufS-derived antiserum and gRT-PCR. The suf operon transcription was almost
consistent in all the mutant strains as in the Wt MG1655 strain, except for the AiscA and
Afnr strains. In the AiscA strain, sufA expression was downregulated compared to in the
Wt MG1655 strain. The lower transcription of the psufA-lacZ fusion in the AiscA strain
might be due to dose effects based on the higher copy number of the plasmid pGE593.
On the other hand, sufA expression was not detectable in the Afnr strain based on the Fur
regulation. Fur plays a significant role in regulating the suf operon since the operon is
negatively regulated by the Fe?*-Fur protein (Outten, Djaman, and Storz, 2004; Lee, Yeo,
and Roe, 2008; Mettert and Kiley, 2014), which allows indirect regulation of the suf operon
in the absence of fnr. fur expression is increased in the absence of FNR based on the
negative regulation of FNR in fur expression (Kumar & Shimizu, 2011), which leads the
Fur protein to reduce the expression of the suf operon. As a result, sufA was not detectable

in the Afnr strain under nitrate respiratory conditions.
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Figure 4-5: Analysis of the expression of the suf operon in the Afnr strain under nitrate
respiratory conditions

The downregulation of the suf operon in the Afnr strain is regulated by Fe?*-Fur and rhyB
where, in the Afnr strain, Fe* Fur downregulates the expression of rhyB, and apo-IscR
accumulation is reduced; this leads to inhibition of the recruitment of the suf operon by apo-
IscR

Similar results were obtained using gRT-PCR, where sufA transcription was almost
identical in all the mutant strains compared to in the Wt MG1655 strain. Moreover, the

undetectable transcription of sufA in the Afnr strain was also consistent as we also
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observed for PsufA-lacZ. Patricia Kiley and her team have reported that sufA expression
was increased ~2-3-fold as compared to the wild-type strain in the absence of both the isc
operon and fnr under anaerobic fermentative conditions containing 0.2% glucose. This
was explained as a result of the overlapping functions of the A-type carrier protein because
SufA can replace the functions of IscA (Mettert et al., 2008). In contrast, under the nitrate
respiratory condition, we have shown that sufA expression was slightly reduced or
identical in the AiscA strain, and no expression was detected in the Afnr strain. Our results
were not consistent with previous observations based on differing experimental conditions
(Mettert et al., 2008). Kiley and coworkers cultivated cells without nitrate, but in an M9
minimal-glucose medium, which induces fermentation in cells. Consequently, fnr is
repressed since the expression of fnr is repressed by glucose under anaerobic conditions
(Stephen Spiro & Guest, 1987). FNR repression was shown in our study, where nitrate
reductase activity in the Wt MG1655 strain was reduced around ~80% in the presence of
0.2% glucose compared to when glucose was absent. This observation indicates that the
presence of glucose significantly represses the expression of narGHI through FNR.
Moreover, it has been reported that IscA and SufA paralogues are necessary for
assembling and transferring [4Fe-4S] clusters in to the enzymes of multiple physiological
pathways and for complementing each other’s functions (Lu et al., 2008; Tan et al., 2009).
This observation was also contradicted in our study. The previous studies were also
performed under aerobic conditions in the presence of glucose and without nitrate, which
represses FNR protein expression (Lu et al., 2008; Tan et al., 2009). As a result, the suf

operon was induced and took part in the assembly of Fe-S clusters.

Under anaerobic nitrate respiratory conditions, both the isc and suf operons were
expressed. However, the expression of the suf operon seems much lower in our study
than the fermentation conditions used by Kiley and coworkers (Mettert et al., 2008). They
have reported that the expression of sufA is increased in iscA- and fnr-deleted strains
(Mettert et al., 2008). The expression of sufA using PsufA-lacZ fusion in the mutant strains
was reduced around ~20-fold compared to the expression of iscR by PiscR-lacZ fusion.
This observation also underlines the importance of the ISC system under nitrate

respiratory conditions, in contrast to the SUF system.

Immunodetection of SufS and analysis of the gene expression of iscA were also carried
out in our study to determine the expression of the suf operon, since the suf operon
consists of SUTABCDSE genes. Immunodetection by SufS-derived antisera also confirmed

an almost identical amount of SufS in all the mutant strains, except for the AiscA strain
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and the AsufA/AiscA double mutant strain, where the SufS was slightly reduced. These
results are also consistent with the previous sufA expression results by psufA-lacZ and
gRT-PCR in our study. Moreover, the slightly reduced expression of sufA was observed
for psufA-lacZ or in qRT-PCR and SufS in the immunoblot analysis for AiscA and AerpA
and for other double mutant strains in our study. Overall, this limited expression of sufA in
the mutants reflects that SufA could not replace the functions of IscA or ErpA under
anaerobic nitrate respiratory conditions. Therefore, the role of SufA as an Fe-S cluster
carrier is not involved in the maturation of FNR under anaerobic nitrate respiratory
conditions. Similar results were obtained for MoaA, where SufA was unable to
complement ErpA and IscA in their roles.

4.1.5 The influence of iron content in erpA- and iscA-deleted strains
under nitrate respiratory conditions

In the assembly of Fe-S clusters, the source of the iron donor is still elusive. It has been
proposed that CyaY-frataxin homologs in eukaryotes and IscX can be the potential donor
of iron in Fe-S cluster biosynthesis (Huynen et al., 2001; Kim et al., 2014). However, both
of these have shown weak binding to iron under physiological conditions. Deletion of iscx
and cyaY resulted in a very slight decreased activity of Fe-S cluster containing enzymes.
Huangen Ding and coworkers have shown that IscA or SufA might be functioning as an
iron chaperone, where deletion of either one can lead to the accumulation of a red-colored
cysteine desulfurases in wild-type E. coli (Yang et al., 2015), reflecting the depletion of
intracellular iron for Fe-S cluster assembly. This leads to impede sulfur delivery by IscS,
and result in the accumulation of red IscS in E. coli cells (Yang et al., 2015). In our studies,
Moco biosynthesis was significantly impaired in AiscA and AerpA strains based on the
reduced Fe-S cluster insertion into MoaA. The iron content determination in the AiscA and
AerpA strains confirmed the presence of sufficient iron. This indicates the availability of
iron for Fe-S cluster assembly. Therefore, reduced Moco content in the AiscA and AerpA
strains was based on impaired MoaA activity based on the lack of Fe-S cluster transfer
into it. ErpA and IscA are involved in Fe-S cluster insertion into MoaA rather than acting

as iron donors.
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4.2 Regulation of torCAD expression under anaerobic TMAO
respiratory conditions

Under anaerobic conditions, TMAO reductase catalyzes the formation of TMA. TMAO is
an alternative terminal electron acceptor like nitrate under anaerobic conditions
(Wissenbach, Kroger, and Unden, 1990; Wissenbach, Ternes, and Unden, 1992;
McCrindle, Kappler, and McEwan, 2005). Unlike nitrate reductase, TMAO reductase does
not contain any Fe-S clusters as a cofactor, but both contain bis-MGD as form of Moco
(Czjzek et al., 1998). The devoid TMAOR reductase activity in the AiscA/AerpA and
AsufA/AiscA/AerpA strains was based on inactive MoaA because ErpA and IscA are
involved together in the maturation of MoaA under TMAO and nitrate respiratory
conditions. The reduced TMAO reductase activity in the AerpA strain was due to the
partially active MoaA. This was identical to the Moco content under nitrate respiratory
conditions for the AerpA strain. So far, it has been reported that under the anaerobic
condition, the TMAO reductase expression is independent of FNR regulation (Pascal,
Burini, and Chippaux, 1984; luchi and Lin, 1988; Spiro and Guest, 1990). Therefore, it
was important to determine TMAOR activity in the Afnr strain. The result was unexpected
since the TMAOR activity was reduced around ~65% for the fnr-deleted strain compared
to the Wt MG1655 strain. This observation indicates the requirement of FNR for the
complete expression of torCAD. Therefore, it was essential to determine torA expression
in all the mutant strains. The torCAD expression was remarkably reduced in the AiscA,
AerpA, and Afnr mutant strains compared to in the Wt MG1655, which was also reflected
from TMAOR activity in the former strains. These observations suggest that torCAD
expression is regulated by FNR. The relatively lower expression of torCAD in erpA- and
iscA-deleted strains might be based on the reduced Moco content. The reduced TMAOR
enzyme production level in these strains was confirmed by immunodetection of TorA. The
devoid expression of torCAD in AiscA/AerpA and in the AsufA/AiscA/AerpA strain was due
to the lack of Moco production by these strains, reflected in the undetected TorA protein
in the immunoblot analysis. TorA was probably not produced by the cells because, this
way, cells conserve energy to prevent the unnecessary production of apo-enzymes that
will not be functional due to the absence of cofactors. So far, it has been shown in our
studies that torCAD expression is significantly reduced in the Afnr strain, which indicates

that the presence of FNR protein influences expression of the torCAD level.

In our study, we showed that the absence of FNR negatively influences TMAOR activity

by reducing torCAD expression. FNR might bind at the promoter site and activate
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transcription of the operon. By analyzing the upstream sequence of the torCAD operon
around the +34 to +48 region, the TTGCTCATTAAGAT sequence has been identified as
the FNR binding site correlated with the FNR consensus sequence (Eiglmeier et al., 1989;
Gerasimova et al., 2001). Reduced B-galactosidase activity was observed in consensus
sequence substitution of TTGTC by GGGTC, indicating a lack of torCAD expression. The
substitution of TT by GG had a substantial impact on 3-galactosidase activity compared
to GCT by AAA. However, the significant loss of (3-galactosidase activity in Wt MG1655
and in the Afnr strain for the substitution of TT by GG compared to torCAD-lacZ in the Afnr
strain indicated that TT might not be involved in FNR binding; instead, this sequence is
essential for the polymerase- or sigma-factor binding for transcription. Therefore, the
removal of TT probably leads to disruption of polymerase binding for transcription.
However, the fnr-deleted strain might still negatively influence torCAD-operon expression
through another regulatory protein, NarL. NarL functions as a repressor in torCAD
expression (luchi & Lin, 1987a). The narL expression is increased in the absence of FNR

since NarL negatively regulates the expression of fnr.

4.3 Model for Fe-S clusters insertion under nitrate and TMAO
respiratory conditions

Overall, we want to summarize our results in the following model, whereby we investigated
Fe-S cluster insertion into MoaA and FNR under anaerobic respiratory conditions. Under
this condition, the ISC system plays a major role in Fe-S cluster assembly, since the SUF
system is activated under oxidative stress and iron-limiting conditions. The [2Fe-2S]
clusters are assembled on the scaffold protein IscU and passed to IscA and further to
ErpA, which delivers it to the target protein. It is believed that the [4Fe-4S] clusters are
assembled on these proteins. In our study, we mainly analyzed the Fe-S cluster insertion
into MoaA for Moco biosynthesis and FNR, the major transcriptional regulator under the
anaerobic condition. Under both nitrate and TMAO respiratory conditions, IscA and ErpA
insert Fe-S clusters into MoaA, since the reduced Moco content was obtained in erpA-
and iscA-deleted strains and the AiscA/AerpA double mutant strain was completely devoid
of Moco. Moreover, SufA is unable to substitute the roles of both proteins under these
conditions. For FNR maturation, ErpA is the major A-type carrier protein, a role that is not
substituted by IscA and SufA under cellular conditions of nitrate respiration. Completely
devoid narG transcription in the AerpA strain indicates that the expression of narGHI is

indirectly regulated by ErpA via the maturation of FNR. Moco insertion into apo-NarG is
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performed after the insertion of Fe-S clusters into the enzymes. The pathway of Fe-S
cluster carrier proteins into nitrate reductase still need to be determined. Probably ErpA
or IscA are also involved in this step, as suggested by Pinske and Sawers. Therefore,
FNR targets operons coding for Fe-S cluster-containing enzymes that are not expressed
in the absence of A-type carrier proteins. This might be a way for the cell to conserve
energy to prevent the unnecessary production of apo-enzymes that will not be functional

when either Fe-S clusters or A-type carrier proteins are absent.
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Figure 4-6: Model for Fe-S cluster insertion into MoaA and FNR under anaerobic nitrate
and TMAO respiratory conditions

The ISC system plays a major role in Fe-S cluster biosynthesis, whereas the SUF system is
generally expressed under oxidative stress and iron-limiting conditions. The [2Fe-2S] clusters
are assembled on IscU and pass to IscA and further to ErpA, which delivers it to the target
protein (the dotted line shows that IscU is also able to directly supply the [4Fe-4S] clusters to
ErpA). Both IscA and ErpA can insert Fe-S clusters into MoaA. SufA is unable to substitute
the roles of both proteins under these conditions partially, based on a low expression. For
FNR maturation, ErpA is the major A-type carrier protein, a role that is not substituted by IscA
and SufA under cellular conditions of nitrate respiration. FNR activates transcription of the
narGHJI operon and the moaABCDE operon. Moco, in general, is inserted into apo-
molybdoenzymes, like NarG and TorA, after the insertion of Fe-S clusters into the enzyme.
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The proteins that insert Fe-S clusters into NarGHI were not investigated in this study. The
deletion of fnr contributes to the low expression of the torCAD operon via NarL, since NarL
acts as a repressor of the torCAD operon under TMAO respiratory conditions; IscS: PDB —
3LVM; SufS: PDB - 6010

FNR indirectly regulates the expression of torCAD, which is reflected in significantly
reduced TMAO reductase activity and torCAD expression in the Afnr strain. Deletion of fnr
contributes to the low expression of the torCAD operon via another regulator protein, NarL
(luchi & Lin, 1987a). The deletion of fnr upregulates the expression of narL, whereby NarL
acts as a repressor of the torCAD operon under TMAO respiratory conditions and reduces
the expression of torCAD.

A similar model of Fe-S cluster insertion has been reported by Fédéric Barras and
coworkers in the maturation of IspG and IspH. They have shown that the Fe-S cluster is
directly transferred into ErpA and IscA from IscU under the anaerobic condition (Daniel
Vinella et al., 2009). ErpA is the most preferred Fe-S cluster carrier protein in the
maturation of IspG/H, and IscA can also insert the Fe-S clusters directly or via ErpA
(Daniel Vinella et al., 2009). This is consistent with our findings, as we have shown that
ErpA and IscA are involved in the maturation of MoaA under anaerobic respiratory
conditions. Moreover, the apo-FNR maturation model from Patricia Kiley and her team
show a major involvement of the Isc pathway in FNR maturation under anaerobic
conditions (Mettert et al., 2008). In our study, we have additionally shown that ErpA is
necessary for the maturation of FNR and this role cannot be taken over by IscA for pepT

and narG expression.

4.4 Fe-S cluster insertion in MoaA under aerobic conditions

So far in our study, we have been able to quantify the Moco content, nitrate reductase
activity, and TMAO reductase activity under anaerobic nitrate and TMAO respiratory
conditions. However, under the aerobic condition in the presence of nitrate, both the Moco
content and nitrate reductase activity were significantly reduced, at around ~80% as
compared to under anaerobic conditions. This significant reduction is mainly based on
FNR regulation since FNR activity is directly regulated by oxygen or oxidative stress
conditions. Under aerobic conditions, FNR dimer inactivates via oxidation of [4Fe-4S] to a
[2Fe-2S] cluster and apo-FNR is formed. Apo-FNR is unable to influence moa-operon and
narGHI expression, which was reflected in reduced Moco content and nitrate reductase

activity. Moreover, the requirement of nitrate reductase is significantly reduced in the
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presence of oxygen as compared to under anaerobic conditions. This leads to reduce the
expression of nitrate reductase and consequently, the biosynthesis of Moco is also
significantly reduced as Moco is no longer required for cellular respiration. Under aerobic
conditions, no alteration in Moco content and nitrate reductase activity was observed for
the mutant strains compared to the Wt strain. This suggests that ErpA and ISscA are not
involved in MoaA maturation under the aerobic condition, as observed under anaerobic
nitrate respiratory conditions.

4.5 Maturation of EcPaoABC and RcXDH

In this part of the study, we investigated Fe-S cluster insertion into the E. coli periplasmic
aldehyde oxidase (PaoABC) and R. capsulatus xanthine dehydrogenase (XDH). The
overexpression, purification, and characterizations of the enzymes from different mutant
strains showed that ErpA is involved in the maturation of PaoABC by inserting Fe-S
clusters into it. However, we were unable to determine whether ErpA is able to insert the
[2Fe-2S] or [4Fe-4S] cluster or both into PaoABC. Moreover, the XDH from mutant strains
showed no significant difference in activity.

4.5.1 ErpA is essential for the maturation of EcCPaocABC

The aerobically expressed PaoABC from Wt MG1655 and other mutant strains were
purified by Ni**-NTA and followed by size exclusion chromatography (SEC). A similar
purity was achieved after the SEC of expressed PaoABC in the AiscA, AnfuA, and AsufA
strains as with the Wt MG1655 strain. The SDS-PAGE analysis of purified protein showed
clear bands at 78 kDa, 34 kDa, and 21 kDa for the PaoC, PaoB, and PaoA with minor
bands of impurities. This result was also reflected in the almost identical chromatograms
of the expressed PaoABC from the Wt MG1655, AiscA, AnfuA, and AsufA strains.
However, the chromatogram of expressed PaoABC from the AerpA strain showed the
elution of the aggregated protein. This observation indicates poor expression of PacABC,
which contained relatively high impurities or contaminants, as confirmed by many
irrelevant SDS-PAGE analysis bands. The poor expression and high impurities of
PaoABC in the absence of ErpA were also reflected in the purity analysis by UV-visible
spectra. The purity of molybdoflavo-enzymes is determined from the absorbance ratio of
A280/A445. The significantly high value of ~26 for the absorption ratio of A280/A445
suggests that purified PaoABC expressed in the AerpA strain contains remarkably high

impurities and extremely poor cofactor loading, since the ideal ratio is less than 5.0 for the
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other molybdometalloflavo-enzymes (Hartmann et al., 2012). These observations were
also correlated with the eluted dark brown color of PaoABC from the Wt MG1655, AiscA,
AnfuA, and AsufA strains. The color indicates the presence of flavin cofactor (Michaelis,
Schubert, and Smythe, 1936), together with Fe-S clusters (Adinolfi et al., 2009b).
However, the transparent color for eluted PaoABC from the AerpA strain also reflected
poor cofactor loading into the enzyme. This result is correlated to the insignificant FAD
shoulder in UV-visible spectra with extremely reduced flavin content for PaoABC
expressed in the AerpA strain compared to in the Wt MG1655 strain. Moreover, poor Fe-
S cluster loading was obtained in the expressed PaoABC from the AerpA strain, which is
reflected in significantly reduced (~85%) iron saturation of expressed PaoABC compared
to the expressed PaoABC from the Wt MG1655 strain. This observation indicates the
failure of insertion of [2Fe-2S] or [4Fe-4S] clusters or both in the absence of ErpA.
Moreover, overall iron saturation of PaoABC expressed in the Wt MG1655, AnfuA, and
AsufA strains was reduced around ~40% compared to the previously reported by
Neumann et al. (2009), which was 101% for PaoABC that was expressed in the AmobAB
strain. A slight reduction in iron saturation of expressed PaoABC in the AiscA strain
suggests the importance of IscA as an Fe-S cluster carrier protein in the maturation of
PaoABC. However, this does not affect enzyme activity, which was reflected in the
unaltered specific activity of PaoABC expressed in the AiscA strain compared to in the Wt
MG1655 strain.

Furthermore, overall molybdenum saturation was significantly lower for the expressed
PaoABC in all the strains in our study. It has been reported that the purified PaoABC
overexpressed in AmobAB strain showed ~58% molybdenum saturation (Neumann,
Mittelstadt, et al., 2009), whereas it was around ~20% in our study. The significantly
reduced molybdenum saturation might be based on the different expression strains
(Neumann, Mittelstadt, et al., 2009), where the production of bis-MGD is inhibited in the
AmobAB strain since MobA and MobB are involved in the conversion of bis-MGD from
Mo-MPT (Lake et al., 2000; Palmer et al., 1996). Therefore, all the Mo-MPT is converted
into MCD. In contrast, Mo-MTP might be converted into both bis-MGD and MCD in our
study, which further reduced the overall molybdenum saturation. Molybdenum saturation
was remarkably reduced to ~85% for the expressed PaoABC in the AerpA strain
compared to in the Wt MG1655 strain, which was consistent with the reduced Moco
content (~88%) in the same strain. These results were correlated to poor expression of
the enzyme based on a significantly reduced iron saturation and flavin content in the

absence of ErpA, as mentioned above. However, similar molybdenum saturation and
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Moco content of the expressed PaoABC from the AiscA strain compared to from the Wt
MG1655 strain was obtained despite the slightly reduced iron saturation. A significant
reduction in molybdenum saturation and Moco content for PaoABC expressed in the

AsufA strain was also observed.

A similar Moco content from the cell extract of the Wt MG1655, AiscA, AerpA, AsufA and
AnfuA strains was obtained, based on the unperturbed Moco content in the analyzed
strains, under aerobic conditions. Therefore ErpA, IscA, NfuA, and SufA do not play any
significant role in the maturation of MoaA. Under anaerobic conditions, however, ErpA and
IscA insert Fe-S clusters into MoaA. Moreover, the cellular Moco content of the AsufA
strain was unperturbed, compared to the Wt MG1655 strain. In contrast to these findings,
no Moco was detected from the expressed PaoABC in the AsufA strain.

In our study, the significantly reduced iron content of expressed PaoABC in the AerpA
strain led to identifying the different forms of Fe-S clusters since the purified PaoABC
contained both [2Fe-2S] and [4Fe-4S] clusters. The significant reduction in the peak
intensity of CD spectra of PaoABC expressed in the AerpA strain compared to the Wt
MG1655 strain confirmed the absence of [2Fe-2S] clusters, as has also been reported for
XDH (Schumann et al., 2008). We were not able to detect the presence of [4Fe-4S]
clusters in our study, since no significant difference in the signal transition was obtained
in the presence or absence of [4Fe-4S] in CD spectra. Similar CD spectra of expressed
PaoABC in the Wt MG1655, AnfuA, and AiscA strains were obtained, indicating that IScA

and NfuA might not play a role in the maturation of PacABC.

The significant reduction in FAD, iron saturation and Fe-S clusters loading to the
expressed PaoABC in the AerpA strain reflects the poor expression, structural integrity,
and folding of the enzyme. Since insertion of the Fe-S cluster occurs before the Moco
insertion, this indicates that ErpA is necessary for insertion of both [2Fe-2S] and [4Fe-4S]
clusters into PaoABC. Moreover, it has been reported that [4Fe-4S] clusters are required
for the structural integrity of the PaoB subunit, since the removal of one of the four
coordinating cysteine residues hampers the formation of stable protein (Correia et al.,
2016). The significantly reduced Moco loading of the expressed PaoABC in the AsufA
strain might indicate the lack of [4Fe-4S] cluster insertion, as Fe-S cluster insertion is
prioritized over Moco insertion in vivo. Moreover, CD spectra show that SufA is not
essential for inserting [2Fe-2S] clusters in RcXDH, but probably plays an important role in

[4Fe-4S] insertion into PaoABC. Conclusively, ErpA is essential for EcCPaoABC maturation
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by inserting [2Fe-2S] together with [4Fe-4S] clusters. In addition, SufA is involved in [4Fe-

4S] clusters’ insertion into EcPaocABC.

4 5.2 Purification of RcXDH from E. coli mutant strains

Xanthine dehydrogenase (XDH) from R. capsulatus was heterologously expressed in the
E. coli mutant strains in our study. The purity of the expressed XDH in the AerpA, AnfuA,
and AsufA strains was almost identical to that in the Wt MG1655 strain, where the SDS-
PAGE gel showed two clear bands at 83.0 kDa and 50.0 kDa for the XdhB and XdhA
subunit, respectively. However, the expressed XDH in the AiscA strain showed relatively
more contaminations than the Wt MG1655 strain. The purity was also confirmed from the
UV-visible spectra of XDH expressed from the mutant strains using the FAD-characterized
peak shoulder at 465nm (Leimkihler et al., 2003). The identical peak shoulder at 465 nm
was obtained for purified XDH that expressed in the Wt MG1655, AerpA, AnfuA, and
AsufA strains, with the exception of the AiscA strain. The cofactor loading into the
expressed enzyme in all the strains was ideal for the molybdoflavo-proteins, which was
reflected in the absorbance ratio (A280/A465) of around 5.0. This result is consistent with
Leimkahler et al., 2003, where the purified XDH from the AmobAB strain has been
reported with an absorbance ratio (A280/A465) of 5.23. This observation suggests that
the expressed XDH in all the strains was optimally loaded with FAD and [2Fe-2S] clusters.
However, the poor flavin loading of expressed XDH from the AiscA strain was reflected in
the relatively high A280/A465 ratio of around ~8.6. This was confirmed by the 36%-
reduced flavin content of the expressed XDH in the AiscA strain compared to in the Wt
MG1655 strain.

Moreover, the molybdenum saturation in purified enzymes showed that most of the XDH
was in Moco-free form, and around ~38% of XDH contained Mo-MPT as a cofactor. This
was significantly lower compared to the MPT content reported by Schumann et al. (2008),
which was around ~95%. This significant low Moco content might be based on the different
expression strain, since Schumann et al., 2008 used AmobAB strain for expressing
RcXDH. The molybdenum saturation was 30% reduced for the XDH expressed in the
AerpA and AnfuA strains. This result also accorded with the slightly reduced Moco content
for XDH expressed in the AerpA strain. On the other hand, the overall iron saturation of
purified XDH expressed in the Wt MG1655 was around 55%, significantly lower compared
to the 95% saturation reported by Schumann et al. (2008). Moreover, the reduced (~ 36%)

iron saturation of the expressed XDH from the AiscA strain compared to the Wt MG1655
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strain might negatively influence FAD loading into the enzyme since the flavin content was
also reduced significantly in the absence of IscA. Moreover, a similar CD-spectra signal
transition obtained at 434 nm and at 470 nm for XDH expressed in all the strains suggests

the presence of [2Fe-2S] clusters, which Schumann et al. (2008) had also reported.

In our study, we were not able to determine the E. coli Fe-S cluster carrier protein that
inserts [2Fe-2S] clusters into RcXDH, with the exception of the iscA-deleted strain based
on the reduced iron saturation and FAD content. It might be due to the heterologous
system of expression, since XDH from R. capsulatus was expressed in the E. coli strain
in our study. This leads to the maturation of RcXDH in a non-native system, which
indicates that the carrier proteins involved in RcXDH maturation are only present in R.
capsulatus. This might be the reason why we were unable to detect the Fe-S cluster-

inserting protein for RcXDH in E. coli.

4.6 Model for Fe-S clusters insertion into EcPaoABC and
RcXDH under aerobic respiratory conditions

Overall, we want to summarize our results in the following model, where we investigated
Fe-S cluster insertion into MoaA, EcPaocABC, and RcXDH under aerobic respiratory
conditions. Under this condition, the SUF system plays a major role in Fe-S cluster
assembly, whereas the ISC system is only involved to a minor extent, since the isc operon
is generally cleaved by Fur/rhyB expression in the presence of oxygen that leads to
oxidation of the Fe-S cluster. The [2Fe-2S] clusters were assembled on the scaffold
protein SUfBCD or IscU and passed to A-type carrier proteins for delivery of the cluster to
the target protein. It is believed that the [4Fe-4S] clusters are assembled on these carrier
proteins. In our study, we mainly analyzed Fe-S cluster insertion into MoaA for Moco
biosynthesis, E. coli periplasmic aldehyde oxidase (EcPaoABC) and R. capsulatus
xanthine dehydrogenase (RcXDH) under aerobic conditions. The maturation of
EcPaoABC is performed by ErpA and SufA. ErpA inserts both [2Fe-2S] and [4Fe-4S]
clusters into PaoA and PaoB based on the poor expression, significantly reduced iron
content and devoid Fe-S cluster signals in CD spectra of the expressed PaoABC in the
AerpA strain. In addition, SufA inserts [4Fe-4S] clusters into PaoB in the maturation of
EcPaoABC. The maturation of RcXDH and MoaA still needs to be determined. However,
it seems that ErpA, IscA, SufA, and NfuA are not involved in the maturation of RcXDH and
MoaA. Therefore, other Fe-S cluster carrier proteins such as BolA, GrxA/B/C/D, and Mrp

might be involved in the maturation of these enzymes under aerobic conditions.

150



Discussion

Our model for the maturation of ECPaoABC under the aerobic condition is consistent with
the model reported by Fédéric Barras and coworkers in the maturation of IspG and IspH
(Daniel Vinella et al., 2009). They have shown ErpA can directly transfer the Fe-S cluster
into IspG/H, whereas IScA requires ErpA under aerobic conditions. We have shown that
SufA is involved in the insertion of the [4Fe-4S] cluster into EcPaoABC, which is also
consistent with the previously reported study, which has shown that the maturation of
IspG/H is performed by SufA under conditions of oxidative stress (Daniel Vinella et al.,
2009).

It has been reported that Fe-S cluster insertion into a Mocs1A-MoaA homolog of humans
has not been investigated so far (R R. Mendel et al., 2020). In human, MosclA and
Mocs1B are involved in the formation of 5’GTP to cPMP, which is produced and localized
in mitochondria (Hanzelmann et al., 2004). However, Moco is formed in the cytoplasm.
Therefore, cPMP is transported into the cytoplasm via Atm3 transporter, which is a
homolog of ABC transporter, namely ABCB7 in human (Gerber et al., 2008; Teschner et
al., 2010).

It has been reported that the assembled [2Fe-2S] cluster in mitochondria is further
transferred to GLRX5 via chaperone proteins and can be directly delivered into the target
apoprotein (Lill, 2020). However, since GLRX5 is not essential, the protein function can
be bypassed by direct transfer of [2Fe-2S] to ISCU2 (R R. Mendel et al., 2020). However,
in case of [4Fe-4S] clusters insertion into Mocs1A, It is believed that the [4Fe-4S] cluster
insertion is performed by mitochondrial A-type ISC proteins like IscAl, IscA2, and IBA57
(Beilschmidt et al., 2017; Ulrich Mahlenhoff et al., 2011; Sheftel et al., 2012). It has also
been reported that the GLRX5 transfer the [2Fe-2S] clusters into IscAl/2 to assemble the
[4Fe-4S] cluster. However, the mechanism by which these proteins assist the fusion of
the two [2Fe-2S] clusters to one [4Fe-4S] cluster (R R. Mendel et al., 2020) is still unclear.
Recently it has been shown that mitochondrial [4Fe-4S] cluster biosynthesis and
trafficking is a dynamic system involving other proteins such as Nful, Indl and BolA3
(Maio & Rouault, 2020).

However, Fe-S cluster assembly is also taken place in the cytosol. It has been reported
that the mitochondrial ISC system is essential for the cytosolic Fe-S cluster assembly
(CIA) (Netz et al., 2014; Paul & Lill, 2015), where mitochondrial ISC machinery generates
a sulfur-containing factor, which is exported to the cytosol via ABCB7 transporter for
cytosolic Fe-S cluster assembly by the CIA machinery (Biederbick et al., 2006; Gerber et
al., 2008; Kispal et al., 1999; Stehling et al., 2008). The trafficking of [4Fe-4S] clusters
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from CIA machinery is performed by CIA targeting complex (CTC), which is composed of
CIAO1, CIAO2B, and MMS19 (Gari et al., 2012; Srinivasan et al., 2007). This complex is
able to perform specific interaction to the target apoprotein like aldehyde oxidase or

aconitase and deliver the cluster.
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Figure 4-7: Model for Fe-S cluster insertion into RcXDH and EcPaoABC under aerobic
respiratory conditions

Under aerobic conditions, the SUF system plays a major role in Fe-S cluster biosynthesis,
whereas the ISC system is only involved to a minor extent, since the isc operon is generally
cleaved by Fur/rhyB expression in the presence of oxygen that leads to oxidation of the
Fe-S cluster. The mRNA of isc operon is generally cleaved by Fur/rhyB expresson under
oxidative stress and iron-limiting conditions. The assembled [2Fe-2S] and [4Fe-4S] clusters
on the SUfBCD complex were further passed to ErpA, which is involved in the maturation of
PaoABC by inserting both [2Fe-2S] and [4Fe-4S] clusters. Moreover, SufA might be required
only for [4Fe-4S] clusters. The Fe-S cluster carrier protein that is involved in [2Fe-2S] cluster
insertion into XDH was not identified from our study. Under aerobic conditions, the insertion
of Fe-S clusters into MoaA and FNR remained undetected. FNR activates the transcription of
the moaABCDE operon. Moco, in general, is inserted into apo-molybdoenzymes, like PaoC
and XdhB, after the insertion of Fe-S clusters into the enzyme; ; IscS: PDB — 3LVM; SufS:PDB
- 6010
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5 Outlook

This study mostly focused on the connections between Fe-S clusters and Moco
biosynthesis under anaerobic conditions. We have investigated the Fe-S clusters insertion
into MoaA, which is performed by IscA and ErpA at the cellular level under anaerobic
nitrate and TMAO respiration conditions. However, the most preferred Fe-S cluster carrier
protein in MoaA maturation at the cellular level has not been determined from our study.
Therefore, it is important to identify a hierarchy of Fe-S cluster carrier proteins in the
maturation of MoaA in the future. Moreover, we were not able to show any interaction
between IscA and ErpA to MoaA since we only perform in-vivo maturation of MoaA based
on the Moco content. Therefore, further studies can be carried out by analyzing the
interaction of MoaA to Fe-S cluster carrier proteins IscA and ErpA in-vivo by using
fluorescence resonance energy transfer (FRET) and bacterial two-hybrid system (B2H).
Moreover, in-vitro interaction can also be performed using the purified proteins by
microscale thermophoresis. Therefore, it is necessary to optimize the expression and
purification of the E. coli MoaA enzyme in the future. Moreover, in vivo MoaA maturation
under aerobic conditions is still unknown. Therefore, further studies are necessary to
identify the Fe-S cluster carrier proteins in the maturation of MoaA under aerobic
conditions. This can be performed by creating double and triple mutants in different
combinations using Fe-S cluster carrier proteins such as ErpA, NfuA, IscA, BolA, SufA,
GrxA/B/C/D, and Mrp.

The Fe-S cluster insertion into molybdoenzymes such as nitrate reductase (NR), Format
dehydrogenase (Fdh) and Xanthine dehydrogenase (XDH) in E. coli is still unclear. It has
been reported that deletion of erpA and iscA strongly reduced the specific activity of Fdh-
N and nitrate reductase enzyme. However, the study of Pinske and Sawers did not
consider the reduced Moco content of the AerpA and AiscA strains since ErpA and IscA
are involved in MoaA maturation in Moco biosynthesis (Pinske & Sawers, 2012a).
Therefore, further investigations are necessary to identify the Fe-S cluster carrier proteins
in the maturation of nitrate reductase under anaerobic respiratory conditions. Moreover,
the Fe-S clusters insertion into other Fe-S clusters containing molybdoenzymes such as
FdhF and XDH needs to be studied in the future.

It has been reported that the TMAO reductase is managed to escape the FNR regulation
(Pascal et al., 1984; S Spiro & Guest, 1990). Our study shows that TMAO reductase
activity is significantly reduced based on the low expression of torCAD in fnr deleted
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strains. Although. Moreover, the FNR binding site at the torCAD promoter region was not
identified in our study. Therefore, further studies are necessary to understand the indirect
regulations of FNR via ArcA, NarL and Fe-S cluster biosynthesis, which are negatively

influencing the expression of torCAD operon.
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Appendix

Table 7-1: The list of oligonucleotides was used for this study

sufA_ver_rev

CCAGGTTTTGACATCGTCAGT

moeB_ver_for

GAATGGGTGGAAGTAGAACCGT

moeB_ver_rev

CGTCTTATCAGGCCTGGAGGT

moeB_del_for (Cm)

GGCGAATGGGTGGAAGTAGAACCGTTTAACGCGTTGTTCGGAGG
CCTGTAGTGTAGGCTGGAGCTGCTTC

moeB_del_rev (Cm)

TGCTGATGACGTGGCGGAGTGCCGCGTCTTATCAGGCCTGGAG
GTGGCAAATGGGAATTAGCCATGGTCC

sufA_del_for (Cm)

TATCACTAACATGCTGTTATACGCTGAAAGCGATGAAGTGAGGTA
AATCGGTGTAGGCTGGAGCTGCTTC

sufA_del_rev (Cm)

CCAGGTTTTGACATCGTCAGTTGCTTCAGTATTACGAGACATAGT
ACCGCATGGGAATTAGCCATGGTCC

fnr_del_for (Cm)

CTAAAAAGATGTTAAAATTGACAAATATCAATTACGGCTTGAGCAG
ACCTGTGTAGGCTGGAGCTGCTTC

fnr_del_rev (Cm)

TCAGAAAAATTTAATGATATGACAGAAGGATAGTGAGTTATGCGG
AAAAAATGGGAATTAGCCATGGTCC

erpA_for_gPCR

TAACCCGAATCTGAAATTACGCG

erpA_rev_gPCR GTATAATCAACGGAACCGCC
iscA_for_gPCR TCTGGGCGTGAGAACCTCCG
iscA_rev_gqPCR AGCTGCGTACCGTCCAGAAA
sufA_for_gPCR GTATGGTCGGCGTGCGCTTA

sufA_rev_gPCR

CGTGCCATCAATAAACGGCATCG

narG_for_gPCR

ACAAACTGCCGGTGAAACGC

narG_rev_gqPCR

CACATCGTCATAGCTGGTTG

rrsa_qPCR_for

CTCTTG CCATCG GATGTGCCCA

rrsa_qPCR_rev

CCAGTGTGG CTG GTCATCCTCTCA

torCAD (mut.1) TT to
GG_for

CAGTGCCGCTGTTCATATGGGCTCATTAAGATCGC

torCAD (mut.1) TT to
GG _rev

GCGATCTTAATGAGCCCATATGAACAGCGGCACTG

torCAD (mut.2) GCT to
AAA for

CAGTGCCGCTGTTCATATTTAAACATTAAGATCGC

torCAD (mut.2) GCT to
AAA rev

GCGATCTTAATGTTTAAATATGAACAGCGGCACTG

torCAD (mut.3) GCT to
GAT for

CAGTGCCGCTGTTCATATTTGATCATTAAGATCGCTTC

torCAD (mut.3) GCT to
GAT rev

GAAGCGATCTTAATGATCAAATATGAACAGCGGCACTG

torCAD (mut.4) TTGCT to
GGAAA for

CAGTGCCGCTGTTCATATGGAAACATTAAGATCGCTTC

torCAD (mut.4) TTGCT to
GGAAA rev

GAAGCGATCTTAATGTTTCCATATGAACAGCGGCACTG

iscA_cloning_for_Ndel

GCTCATATGCTGACGCTTTTTATCGCAACTCTCTACTG

iscA_cloning_rev_Xhol

GCCTCTCGAGTCAAACGTGGAAGCTTTCGCCG
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moaABCDE_cloning_for_
HINDIII

GCAAAGCTTCTGACGCTTTTTATCGCAACTCTCTACTG

moaABCDE_cloning_rev_
Xhol

GCCTCTCGAGAACTACCAGCGTTTTGCCGCCTGCTG

sufA_cloning_for_BamHlI

GCATGGATCCCTGACGCTTTTTATCGCAACTCTCTACTG

sufA_cloning_rev_Xhol

GCCTCTCGAGTTAGATACTAAAGGAAGAACCGCAAC

erpA_cloning_for_BamHI

GCATGGATCCCTGACGCTTTTTATCGCAACTCTCTACTG

erpA_cloning_rev_Xhol

GCCTCTCGAGCTATACCCCAAAGCTTTCGCCAC
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