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ABSTRACT

The nucleoside triphosphates (NTPs: ATP, GTP, CTP, and UTP) are the building blocks of RNA,
and apart from that, they also serve specific functions in cellular metabolism, performing cellular
processes such as energy production and signalling. These nucleotides share a common triphosphate
and ribose moiety and are only identified based on the nucleobases. Despite the similar structure, a high
degree of nucleotide selectivity of enzymes exists for various reactions. For instance, ATP is known as
energy currency for all types of cells, and GTP is an intermediate in transmembrane signalling pathways,
serving as a substrate for the G-protein family. Additionally, adenosine moiety from ATP serves as a
recognition handle in coenzymes like flavin adenine dinucleotide (FAD), nicotinamide adenine
dinucleotide (NAD), S-adenosyl methionine (SAM), and coenzyme A, while the other nucleobase
analogues of these cofactors are not trackable in organisms signifying the specificity of ATP for the
enzymes involved in the cofactor biosynthesis. For example, FAD is synthesized from vitamin B,
(riboflavin), where riboflavin is converted to FMN (flavin mononucleotide), followed by the
adenylation of FMN to FAD by the enzymes riboflavin kinase (RFK) and FMN adenylyltransferase
(FMNAT), where only ATP is utilized in both the steps among the NTPs. In prokaryotes, both steps are
performed by a bifunctional FAD synthetase enzyme possessing two separate modules — RFK and
FMNAT module. The best example is the structurally well-explored bifunctional FAD synthetase from
Corynebacterium ammoniagenes (CaFADS).

This thesis focused on the FAD biosynthesis in Escherichia coli by FAD synthetase (EcFADS),
a homolog of CaFADS. We synthesized FAD nucleobase analogues via new chemical and enzymatic
approaches requiring no more than three steps and yielding moderate amounts (10-57%). Then, the
analogues were subjected to evaluate their binding and functional capability with glutathione reductase
flavoprotein and found to be active as reducing agents similar to FAD. The RFK module is ATP-specific,
and the FMNAT module shows promiscuity towards each NTP, except GTP, resulting in FAD analogues
(FCD, FUD, and dFAD). Despite this, E. coli shows only FAD production. We tuned the efficiency of
the FMNAT module with each NTP by using computational and structural homology approaches.
Specifically, we swapped the loop around the adenine of ATP within the FMNAT domain with a loop
of a cytidylyl transferase enzyme. The LoopSwap mutant is efficiently active with GTP and shows
increased activity with each NTP relative to EcFADS. Notably, the expression of the LoopSwap mutant
in E. coli resulted in the synthesis of FAD analogous (FGD, FCD and FUD) within the cell. Furthermore,
the shortening of the same loop established its key role in the ATP specificity of the FMNAT module,
producing FCD and FUD within the cell while showing decreased or diminished in vitro activity with
each NTP. Swapping the EcFADS expressing essential 7ibF gene with the LoopSwap (ribF25) mutant
gene resulted in the biosynthesis of FGD, FCD, and FUD. Interestingly, the »ibF'25 mutant strain shows
similar growth as the wild-type strain. Importantly, the mutant strain exhibits antibiotic tolerance against
aminoglycosides and B-lactams, outperforming the wild-type strain. Due to low FAD, the mutant strain
shows slower growth under anaerobic conditions than the wild-type strain. Yet, the antibiotic tolerance
is observable anaerobically.

This study proposes that manipulating the structure of vital loops is a potent strategy for fine-
tuning enzyme activity without specifically targeting residues within the active site. The biosynthesis
of FAD nucleobase analogues has potential applications in understanding FAD's molecular role in
cellular metabolism as well as in biotechnology and synthetic biology similar to the applications
developed using nucleobase analogue (NCD) of the redox cofactor NAD to make biorthogonal
biological systems. Understanding how unnatural molecules, such as FAD analogues, aid antibiotic
resistance will help increase antibiotics' efficacy.

xii



Chapter 1

Chapter 1

Bioinformatic and molecular efforts to study and alter nucleobase

specificity of enzymes

1.1 Introduction

On the level of molecules, the specificity of a substrate for a protein is best understood
through the interactions that occur between them. The interaction energies associated with
hydrogen bonds of the substrate with the protein and the prevalence of certain protein residues
in the vicinity of the substrate have a crucial role in deciding the enzyme's preference for a
particular substrate.! Moreover, weaker bonds such as electrostatic and Vander Waals in the
protein with its substrates significantly contribute to the specificity of the substrate for the
enzymes, especially in the case of differentiation between closely related substrates.?> For
instance, the four nucleoside triphosphates (NTPs), ATP, GTP, CTP, and UTP, are the building
blocks of RNA, while their deoxy versions (dAATP, dGTP, dCTP, and dTTP in place of dUTP)
help to store the genetic information as DNA. Besides this, these NTPs also have specific roles
to play in cellular metabolism, while these nucleotides share common triphosphate and ribose
moiety and differ only on the basis of nucleobase (Figure 1.1). For example, ATP is the energy
currency for all the life domains and provides energy for processes to build molecules and
tissues by facilitating enzyme activities, transporting molecules across the cell membrane, and
facilitating motion.3* GTP is an active substrate of the G-protein family, an intermediate of the
transmembrane signalling pathway.> CTP is a constituent of CDP-choline, which forms
phosphatidylcholine, a major phospholipid part of cell membranes in most nucleated cells.®
UTP is used to create UDP-sugars such as UDP-glucose, which takes part in sugar metabolism
and biosynthetic reactions, for example, glycogen biosynthesis.”®

Y B«
o O 0! Base Adenine Guanine Cytosine Uracil Thymine
o—‘F‘L—io—‘F}—io—‘F}—;o o N, 2 ; """" O_NHz'oé """ o
o O'i O_i — «NI&N%N | NH 5‘ N 5‘ NH | | NH i
| 3 noeni ' N N/)é ;N N/)\NHzi NAOE N/g0§ N’goi
R Nucleoside ©L_-________ b e ;__} ______ ;___3_ _____ S S :
L»-Nucleoside monophosphate i 3;?; i dG('I;';i i gg.?':{ § UTP I dTTP 3

..........................................................

- Nucleoside diphosphate

- Nucleoside triphosphate

Figure 1.1 Structure of nucleotides.



Chapter 1

Even though nucleotide triphosphates differ only based on the nucleobases, high
selectivity exists for the choice of nucleotide in various enzymatic reactions. For example, the
kinase family generally uses ATP for phosphorylation reactions (Figure 1.3A). Also, the source
of adenosine moiety in coenzymes, like S-adenosyl methionine (SAM), nicotinamide adenine
dinucleotide (NAD), flavin adenine dinucleotide (FAD), and coenzyme is ATP (Figure 1.2).2°
However, it has been seen that enzyme homologs from various organisms can have different
nucleotide utilization for the same function. For example, phosphopantothenoyl-L-cysteine
synthetase (PPCS) from Escherichia coli is CTP specific, and the same enzyme from Homo
sapiens is ATP specific (Figure 1.3B).1'? Another enzyme, succinyl-CoA synthetase (SCS)
from Sus scrofa, is GTP specific, while the same from Blastocystis sp. utilizes ATP (Figure
1.3C).B1* However, the same enzyme from E. coli is promiscuous to GTP and ATP, using
both as a substrate for the same reaction.>! The family of kinases depends on NTPs for the
phosphorylation of a variety of substrates, while the majority of the population is ATP-specific.
Besides, there are examples where the same kinase enzyme homolog can utilize GTP or CTP
to phosphorylate the same substrate. In this instance, Riboflavin kinase is an example that is
ATP-specific generally in eukaryotes and prokaryotes, but the same kinase from archaea
Methanocaldococcus jannaschii and Methanococcus maripaludis was found to be CTP
specific, and that from Rhizopus oryzae is GTP-specific.1’?? For another instance, ATP is
preferred by Diacylglycerol kinases from E. coli, and the homolog from S. cerevisiae prefers
CTP.23’24

o
N
S NH
N \N/go
o NH, oH NH,
N N N
| NH, 2w o Sy
NG P HO P
N e Q NN e 9 NN
o [0-P-0-P-0— 4 0-P-0-P-0— o
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OH OH OH OH OH OH
Nicotinamide adenine dinucleotide (NAD*) Flavin adenine dinucleotide (FAD)
NH, NH,
N N B
N N
< < |
H H oH o o N N/) o é N N/)
/\/ _ i} A 1] _
e S0 dobon o ot
0 o] o O NH,
9 OH OH OH
Coenzyme A (CoA) O:F‘-‘fO' S-adenosyl methionine (SAM)

O
Figure 1.2 Structure of cofactors having the same adenosine moiety ( shown as bold) coming from ATP.



Chapter 1

The K value of NTPs for corresponding enzyme can also play a role in the nucleotide
specificity. The nucleotides present in a cell have different concentrations according to their
metabolic roles. ATP is most abundant in the cell as it acts as an energy currency as well as
serves as cofactors for various reactions. In the nucleotide pool of E. coli mid log phase, ATP,
GTP, UTP, and CTP are ~3.5, 1.6, 0.7, and 0.3 mM respectively.?> However, for humans the
GTP and UTP concentration drops to around 0.5 mM.?¢ If the K, values are higher than the
cellular concentration of NTP, then the nucleotide selectivity can arise. However, there is one
study which shows that ATP and GTP both binds to the adenylate kinase while only ATP is
used to phosphorylate the AMP.?’ In case of ATP binding a large conformational change
happens and enzyme gets into closed structure to facilitate the reaction. When GTP binds to
the enzyme, it arrests the enzyme in open structure. This phenomenon balances the energy
homeostasis as well as protects the GTP pool from adenylate kinase turnover as GTP serves

for various important cellular regulations.
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Nf el
N N
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Figure 1.3 Some examples of nucleotide specificity based on the organism. (A) kinase enzyme employs ATP
as a hydroxyl group phosphorylation source. (B) reaction scheme for phosphopantothenoyl-L-cysteine synthetase

(PPCS) enzymatic reaction. (C) A scheme for enzymatic reaction of succinyl-CoA synthetase (SCS).

All of these observations and studies lead to several open questions regarding
nucleobase specificity, which need to be addressed;
1. What is the molecular basis of this nucleotide specificity?

2. Why does a homologous enzyme from various organisms utilize different NTPs?
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3. Why are only adenosine moiety-containing cofactors known, while this moiety does
not directly contribute to the catalysis?

4. Can the nucleotide selectivity of an enzyme be altered? Can other nucleoside analogues
of cofactors be created in the cell?

1.2 The conserved motifs for nucleotide specificity

Nucleotides play a central role in cellular metabolism, where most reactions utilize the
triphosphate moiety of NTPs. For example, y-phosphate of ATP is used to phosphorylate
substrates by a kinase, and the GTP/GDP cycle goes on for signalling. Most enzyme
interactions with its nucleotide substrate happen through the triphosphate moiety. However, the
nucleotide specificity cannot be attributed directly to these interactions in the ATP and GTP
binding enzymes, which share a common phosphate-binding loop (P-loop) but not in all of
them (Table 1.1).2%% The lysine with a serine or threonine are well-conserved residues in the
P-loop, and its structure is glycine-rich. In the G-protein family, N/TKxD is a conserved
domain for guanine recognition.’® However, there is no conserved domain for recognising
adenine moiety, and the folds surrounding the nucleotide also vary.>! Other efforts towards
understanding the difference in adenine/guanine recognition have been made, and a notable
difference in the conditions surrounding the two ligands has been documented. For instance,
adenine 1s often found to be solvent-exposed, where the hydrogen bonding is fulfilled through
water molecules, while guanine moiety is mostly situated deep within the active site, utilizing
residues over water molecules to establish hydrogen bonds.! Besides this, the protein residues
interacting with either nucleobase differ by the number and type of residues around nucleobase.
Cytidylyltransferase superfamily also possesses a conserved motif HxGH for CTP binding, and
some adenylyltransferases also have a similar motif.*> The motif residues interact with

phosphate oxygen of CTP or ATP via hydrogen bonds.

Table 1.1 Conserved residues in NTP utilising enzymes.

NTP Conserved residues interacting with Conserved residues interacting with the
phosphates of NTP nucleobase of NTP

ATP GxxxxGK

GTP GxxxxGK and DxxG N/TKxD

CTP HxGH
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Adenine binding has no significant sequence motif; still, it follows a specific trend of
backbone interactions in ATP and other cofactors like FAD, NAD, and SAM (Figure 1.4).1%3!
It follows backbone polar and nonspecific hydrophobic interactions unrelated to the
characteristic of side chains of protein residues. The motif for adenine-binding commonly has
a loop composed of 3 amino acid residues (referred to as sites I, II, and III), accompanied by
an extra non-polar residue located near the adenine ring. This loop can bind to the adenine
moiety via two adenine-binding motifs: the "direct" or "reverse" motif (Figure 1.4). From the
adenine ring, the N-1 and the NH> group of N-6 participate in the essential hydrogen bonding
with the loop. The backbone NH group of the 3rd amino acid (site III) within the loop forms a
hydrogen bond with the N-1 atom of adenine within the "direct" motif. Concurrently, the
backbone carbonyl group of the 1st amino acid (site I) establishes the hydrogen bond with the
NH: group at the N-6 site of the adenine. Conversely, within the "reverse" motif, N-1 and N-6
atoms of the adenine moiety establish hydrogen bonds with the 2nd amino acid (site II) in the
loop through the backbone’s amide and carbonyl group. Another motif called the "Asp" motif
is often found in NAD-binding proteins, where a negatively charged amino acid side chain

interacts with adenine's NHz group at the N-6 position (Figure 1.4).

The "Direct" motif The "Reverse" motif The "Asp" motif

N-terminus C-terminus N-terminus

/ /
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Figure 1.4 The trend of backbone interaction of adenine moiety of ATP and enzyme cofactors to enzyme

residues.

1.3 Electrostatic potential approach to understand the adenine/guanine selectivity

The other method to understand nucleotide specificity is to determine the electrostatic
potential (ESP) for active sites in the nucleotide-binding proteins rather than looking at the
conserved motifs and sequence analysis. One study has discriminated between
adenine/guanine-specific active sites in non-redundant proteins by expressing the two ESP of
the adenine/guanine active sites for the dataset as a linear combination and then aligning the

ESP vectors roughly with molecular dipoles of adenine/guanine and established high
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correlation between adenine/guanine selectivity in the active sites and the electrostatic
replacement energies of native substrate by the other non-native substrate.? Later, another study
employed homology modelling, docking and molecular simulations for ESP determination and
predicted the specificity of a nucleotide in Blastocystis succinyl-CoA synthetase (SCS).>* This
study indicated that ATP and GTP could be incorporated in the active binding site, while GTP
is not the native substrate. The Lys42 and Lys110 destabilize the GTP by electrostatic dipole

interactions, making this SCS enzyme ATP-specific.

1.4 Larger pocket for larger modified nucleobases

The phosphorylation of a protein is an essential phenomenon which participates in
governing a part of all cellular signalling pathways. Homology modelling and genetic screening
are a rapid way of identifying novel protein kinases. However, protein kinases show
overlapping and redundancy for their substrates, making it challenging to find their native
protein substrates. Kevan Shokat and co-workers engineered a protein tyrosine kinase, v-Src,
to accommodate ATP analogues that do not bind to wild-type v-Src and this engineered kinase
was used to screen its direct substrates in the presence of other ATP-utilizing kinases.** They
created a pocket around adenine moiety by mutating bigger residues V323 and 1338A with
smaller alanine residues to accommodate bulky N6-modified ATP analogues such as N6-
(cyclopentyl) ATP. Later, they found that 1338 residue alone is responsible for this specificity
and this site is well conserved in Src family protein kinases with similar residues.?> Hence, they
applied glycine mutation in v-Src (I338G) and other member Fyn kinase (T339G) and among
many bulky N®-modified ATP analogues, N°-(benzyl) ATP was found to be the best substrate.
Another study was done to probe G-Protein signalling by engineering unnatural nucleotide
specificity where H-Ras G-protein was engineered to create a pocket to accommodate bulky
guanine-modified GTP/GDP analogues by mutating .19 and N116 to alanine or glycine.® This
mutant is unaffected by the mutation and works similarly to the wild-type enzyme with
GTP/GDP. Moreover, this mutant is regulated by a pair of bulky GTP/GDP analogous, where

it can be deactivated by one analogue and further activated by the other one.
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1.5 The role of gatekeeper residues towards nucleotide selectivity

Kevan Shokat’s group introduced the molecular gate concept (now called gatekeeper
residue) for substrate specificity. They claimed that the partial pocket to accommodate bulky
NS-modified ATP already exists, and the point mutation (I338G or I1338A in v-Src) creates a
gate to enter these bulky substrates in the active site.’” These types of ATP analogues, modified
at various sites, have been widely used for protein kinase research.**-? Later, another group
engineered nucleotide specificity of Blastocystis sp. SCS from ATP to GTP by mutating the
gatekeeper residues.*’ They identified two gatekeeper residues guarding at the entry point of
the nucleotide-active site as charged as well as solvent-exposed and claimed that these charged
amino acids control the entry of the substrate in the binding site by creating electrostatic
interactions with the non-native ligand GTP. They called this mechanism of control of access
the “electrostatic gatekeeper effect”. These gatekeeper lysine amino acids (KK) were replaced
with two negatively charged residues (ED), glutamic acid and aspartic acid, which gave access
to GTP in the active site. However, this ED mutant did not restrict the ATP from entering.
Further mutation of leucine (L) to phenylalanine (F) and valine (V) to leucine (L) made this
enzyme specific to GTP only. All these mutations were done based on the sequence alignment
of Blastocystis SCS with a GTP-specific SCS from Sus scorfa. In another study, the gatekeeper
residue of APH(2")-1la and APH(2")-Iva, known as aminoglycoside 2"-phosphotransferase,
was replaced with a bulky residue, as both these enzymes can incorporate ATP and GTP as co-
substrates.*! This mutation was based on APH(2")-1lla, which is GTP-specific and blocks the
entry of ATP through a bulky amino acid named tyrosine. The M85Y mutation within the
APH(2")-11a caused a ~320 times increase to the Km of ATP and a ~10 times decrease to the
K of GTP. However, in the case of F95Y mutation of APH(2")-IVa, a slight decline of Ky, for
both ATP and GTP can be observed because the F95Y mutant has a larger active site pocket,
allowing the movement of tyrosine residue away from the active site, which makes the entry

of ATP and GTP to the active site possible.

1.6 Modulation of nucleotide selectivity through entire loop alterations or single Point

mutations

In addition to factors like electrostatic potential, a large pocket, or gatekeeper residues,
nucleotide preference can also be tuned by a point mutation. For example, a single amino acid

substitution, D138N, in an elongation factor Tu (EF-Tu) of E. coli, lowered the substrate
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affinity of the protein for GDP and enhanced its activity with xanthosine 5'-diphosphate (XDP)
dramatically. This D138 position is close to the C-2 carbon of purine nucleobases, where GDP
has an NH, group at the C-2 carbon, directly interacting with the Asp residue (D138);
complementarily, Asn in place of D138 amino acid interacts with the 2-carbonyl group of
XDP* Later, similar point mutation engineered many GTP/GTP utilizing enzymes to
accommodate XTP/XDP.* Similarly, cGMP/cAMP kinase active sites differ via threonine or
alanine, which are important for the specificity of cGMP and cAMP.** In ¢cGMP kinase, the
Hydroxy group of threonine interacts with the NH> moiety of cGMP via hydrogen bonding,
while the same interaction cannot happen with cAMP due to lack of 2-amino group; hence,
cAMP kinase possesses alanine at the same position instead of threonine. The mutation A334T
in cAMP kinase from bovine testis resulted in a high affinity for cGMP.** In another instance,
a temperature-sensitive allele of FtsZ, FtsZ84, was found to show an Mg?*-dependent ATPase

activity in vitro because of a point mutation G105S while the wild-type FtsZ is a GTPase.*®

The other way of changing substrate recognition is to swap a part of the whole sequence
of a protein with its homolog, which is promiscuous to other substrates. In this regard, a Homo
sapiens hypoxanthine—guanine phosphoribosyl transferase from (HsHGPRT) utilizes the
phosphoribosyl pyrophosphate (PRPP) for the phosphoribosylation of hypoxanthine to inosine
monophosphate (IMP) and guanine to guanosine monophosphate (GMP). Moreover, the
phosphoribosyl transferase from the Plasmodium falciparum (PfHGXPRT) recognises
xanthine as an additional substrate for the phosphoribosylation. The replacement of 49 residues
of HsHGPRT with the corresponding residues from the PAHGXPRT resulted in a chimeric
enzyme with additional specificity for xanthine, while this sequence is unrelated to the active
site.*” For another instance, a human guanine deaminase (AGDA) was computationally
designed to introduce specific enzyme—substrate interactions to an unnatural substrate
ammelide by directed loop remodelling near the active site.*® This was done by comparing the
active sites of AGDA with the bacterial cytosine deaminase. The loop of ZGDA was remodelled
by introducing the critical interactions of cytosine with the active site of PAHGXPRT, and the
residues directly critical for the catalysis were not touched. Relative to wild-type #/GDA, the
redesigned enzyme was found to be 2.5x10%fold less active with native substrate guanine and
1x10%-fold more active with ammelide, which is a structural intermediate between guanine and

cytosine.
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1.7 Objective of dissertation

For my doctoral thesis, I have focused on the biosynthesis of FAD cofactor derived
from vitamin B> (riboflavin), which utilises two molecules of ATP. The specific questions that

we wish to address are:
1. What is the molecular basis of ATP specificity in FAD biosynthesis?

2. Can the nucleotide preference of FAD synthesising enzymes be altered by modifying

the active site?

3. Is the biosynthesis of other nucleobase analogues of FAD (FGD, FCD, and FUD)
possible in the cell by mutating the genes involved in FAD biosynthesis, and do these analogues

affect cell physiology?
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Chapter 2

Biosynthesis of FAD cofactor and nucleotide specificity

2.1 Introduction

Flavin mononucleotide (FMN) and Flavin adenine dinucleotide (FAD) are two very
important coenzymes, and their biosynthesis relies on the vitamin B> known as riboflavin.'
These coenzymes are responsible for important cell functions such as cellular respiration,
energy metabolism, and facilitating growth and development.>* Moreover, FAD and FMN
contribute to the tryptophan conversion into niacin (vitamin B3) and vitamin Bg into its
coenzyme form, pyridoxal 5'-phosphate, respectively.*> The regulation of riboflavin, FMN,
and FAD levels is well correlated to a range of conditions such as diabetes mellitus, metabolic
irregularities, neurodegenerative disorders, and inborn metabolism errors such as multiple acyl-
CoA dehydrogenation deficiency (MADD).%1° The FAD cofactor is derived from riboflavin
precursor through two enzymatic reactions consuming an ATP molecule in each reaction. In
the initial step, riboflavin kinase (RibK) catalyses the phosphate group transfer to riboflavin,
resulting in flavin mononucleotide (FMN), utilizing ATP, and subsequently, the FMN adenylyl
transferase (FMNAT) converts FMN into FAD with the aid of another ATP molecule (Figure
2.1).""13 Prokaryotes, such as Corynebacterium ammoniagenes, employ a bifunctional FAD
synthetase (FADS) enzyme to perform both steps.!! This enzyme combines the action of RibK
and FMNAT into one catalytic unit having two separate modules. The prokaryotic RibK
modules and eukaryotic RibKs exhibit sequence and structural similarity.'*!> Conversely, the

prokaryotic FMNAT module differs from eukaryotic FAD synthetase enzymes, highlighting

the potential of bacterial FAD synthetases as viable targets for drug development.'¢-18
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Figure 2.1 Scheme for flavin adenine dinucleotide (FAD) biosynthesis. Within the cell, riboflavin (RF)
undergoes an initial transformation into flavin mononucleotide (FMN) through the action of riboflavin kinase
(RibK). Subsequently, FMN adenylyl transferase (FMNAT) further modifies it through adenylation to generate
Flavin adenine dinucleotide (FAD).where both these enzymes use adenosine triphosphate (ATP) as the second
substrate. In prokaryotes, both steps are derived by a bifunctional FAD synthetase enzyme.

2.2 Nucleotide selectivity of riboflavin kinases from different organisms

Both the phosphorylation and adenylation reactions are known to be specific for the use
of ATP as substrate. However, the use of other NTPs by riboflavin will not influence the
resultant product FMN. Yet, there are exceptions where RibK enzymes from various organisms
depend on other NTPs to produce FMN, and the NTP utilization by RibKs varies across
different species (Table 2.1). Unlike other ATP-related RibKs, the archaeal RibKs from the
thermophile Methanocaldococcus jannaschii and mesophilic Methanococcus maripaludis are
specific to CTP.!?! Similarly, GTP is utilized by the RibK from the fungi Rhizopus javanicus
for the phosphorylation reaction, forming FMN.?? This enzyme exhibits minor activity with
UTP but does not respond to ATP and CTP. The same author also reported a cyclic FMN
synthetase from Rhizopus oryzae that relies on GTP and has minor activity with UTP and ITP.?
Another CTP-dependent protein known as RbkR with a dual function of a transcriptional
regulator and a kinase enzyme was found in archaca Thermoplasma acidophilum.** CTP-
dependent RibKs show conservation across the archaeal family, with certain instances being

bifunctional, combining their enzymatic role with a fused transcriptional regulator domain.

Other than this, some ATP-dependent RibKs exhibit versatility, being capable of
utilizing other nucleotides along with ATP to varying extents. For example, in RibK homolog
from the rat intestinal mucosa, UTP is comparably effective to ATP in transferring phosphate
to riboflavin, while CTP and GTP are poor phosphate donors, and similarly, in Lactobacillus
arabinosus, UTP shows 60 % activity in comparison to ATP while no activity was observed
with other nucleotides.>>*® The ATP-dependent RibK (ribR) from Bacillus subtilis can also
utilize CTP (50%), UTP (31%), and dATP (54%) for its function, while a reducing environment
is necessary for the phosphorylation reaction.?” Another thesis from our lab also reported the
utilization of other nucleotides (CTP, GTP, and UTP) by RibKs from eukaryotes named Homo
sapiens, Schizosaccharomyces pombe, and Neurospora crassa, which are ATP-dependent.?®3!
Besides this, even the ADP can also be used as a phosphate donor, as shown by the RibK from
Glycine max (soybean) and Peptostreptococcus elsdenii which catalysed the reactions with 10

% and 22 % efficiency relative to ATP, respectively.’>*?
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Table 2.1 List of some riboflavin kinases from various organisms and their nucleotide selectivity.

This table has been adapted from a thesis by Kumar, Yashwant in our lab.?®

Organism ATP | GTP | CTP | UTP
Bacillus subtilis®’ 100 1 50 31
Escherichia coli** 100 - - -
Streptococcus agalactiae® 100 - - -
Peptostreptococcus elsdenii> 100 - - -
Lactobacillus arabinosus®® 100 0 0 60
Schizosaccharomyces pombe’! 100 | AD* | AD* | AD*
Saccharomyces cerevisiae®® 100 - - -
Mus musculus (from rat liver)'? 100 >1 >1 -
Mus musculus (from intestinal mucosa)® 100 | PD* | PD* | 100
Homo sapiens 100 | AD* | AD* | AD*
Neurospora crassa® 100 | AD* | AD* | AD*
Rhizopus oryzae (cell-free lysate)? 0 100 0 36
Rhizopus javanicus (cell-free lysate)? 0 100 0 AD*
Glycine max (Soybean)?? 100 0 0 0
Vigna radiata (Mung bean)?’ 100 - - -
Thermoplasma acidophilum® - - 100 -
Methanocaldococcus jannaschii*® - - 100 -
Methanococcus maripaludis®' - - 100 -
Note: Numbers represent % activity. PD: Poor donor; AD: Active donor; *:
values of activity not reported

2.3 Promiscuity of the FMN adenylyl transferase enzymes (or modules) for other NTPs

and corresponding FAD nucleobase analogues

The alteration of RibK's promiscuity towards different NTPs does not impact the
product outcome, whereas employing NTPs other than ATP in FMNAT enzymes will lead to
the creation of nucleobase analogous of FAD known as FND (FGD, FCD, and FUD).
Nevertheless, these analogues of FAD do not occur naturally in organisms, suggesting that
these enzymes strongly prefer ATP over other NTPs. One ATP-dependent archacal FMNAT
from Methanocaldococcus jannaschii (MjFMNAT) has shown in vitro activity with CTP and
GTP, resulting in FAD analogues FCD and FGD.?® Nevertheless, the synthesis of these
analogues inside a cell remains unexplored, and their use in cell physiology is a mystery.
However, substitution of adenine nucleobase with others should not change the redox property

of isoalloxazine ring in FAD as the the isoalloxazine and adenine rings typically adopt an
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extended conformation, positioned around 11-16 A apart (measured between terminal

backbone atoms) when bound to flavoenzymes.*

This thesis is aimed at the biosynthesis of FND analogues, and the following questions

were tried to be answered:

1. Can the nucleotide specificity of the FMNAT enzyme (or module) be engineered,
resulting in the FAD nucleobase analogues?

2. Can these engineered FMNAT mutants synthesize the FAD analogues inside the
cell?

3. Do these analogues have any significant role to play in cell physiology?

2.4 The mechanistic and structural understanding of FMNAT and FAD synthetase

enzymes

The evolutionary connection between bacterial and eukaryotic FMNATs remains
unclear due to their limited sequence similarity and distinct classification in protein databases
like SCOP and Pfam.*** The FMNAT module in the N-terminal of bifunctional FAD
synthetase is categorized within the HxGH motif-containing nucleotidylyl transferase
superfamily. Conversely, the FMNATs from eukaryotes belong to the family like 3'-
phosphoadenosine 5'-phosphosulfate reductases, which belong to a superfamily of the adenine
nucleotide a hydrolases. Structurally, FMNATSs from bacteria and eukaryotes can differentiated
evidently by their substrate-binding mechanisms and active site configurations.*’ The bacterial
FMNATs display signature motifs, setting them apart from the conformations seen in
eukaryotic FMNATs. The conserved motifs underpinning catalytic mechanisms also differ.
Bacterial FMNATs feature motifs like HxGH and ISSTxxR, interacting with the B and y
phosphates of ATP nucleotide.*>*¢ Eukaryotic FMNATs possess no such equivalent motifs
serving comparable functions. Furthermore, analysis of product inhibition unveiled marked
distinctions where the yeast Candida glabrata FMNAT exhibited robust Inhibition by FAD (a

reaction product), while its D181A mutant experienced reduced product-based inhibition.*’

The FMNAT found in M. jannaschii also possesses the HxGH motif.*® The flavin
binding site of MjFMNAT is distinct and differs from the flavin binding site found in non-

archaeal counterparts. While the gene responsible for encoding MjFMNAT is conserved among
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archaea, the absence of the crystal structure for the archacal FMNAT enzyme has hindered a

thorough investigation of their mechanism of substrate-binding and catalysis.

The C. ammoniagenes FAD synthetase (CaFADS) has undergone extensive research as
a representative of the prokaryotic FADS family. The CaFADS and its various mutants have
crystal structures available within the PDB database and have been thoroughly
investigated.'#**-52 This enzyme comprises the RibK (C-terminal) and FMNAT (N-terminal)
modules. The structural analysis indicates an arrangement of a dimer of trimers, where each
trimer demonstrates a head-to-tail configuration of protomers. This arrangement places the
catalytic sites of RibK and FMNAT from adjacent protomers in close proximity.'**->! This
spatial arrangement, in accordance with active site residues, leads to the interdependency of
one module's activity on the other.’>>* The independently expressed C-terminal module can
drive the phosphorylation process, while the N-terminal module alone does not display any
adenylation reaction.*® The activity of the truncated RibK module closely resembles that of the
complete enzyme. Additionally, the RibK module displays inhibition by an excess of its
substrate RF and by the excess of FMN production, operating independently of the FMNAT
module.>* The steady-state kinetic analysis of CaFADS proposed that even though FMN serves
as a bridge in the synthesis of FAD from riboflavin, it must be unbound first from the RibK
module, followed by incorporation in the FMNAT module for the adenylation.>> Moreover, the
FMNAT module's adenylation process was found to be reversible, forming FMN and ATP from
FAD and pyrophosphate. Besides this, CaFADS has also been used as a catalyst for green
chemistry applications, facilitating the synthesis of numerous isoalloxazine-based FAD
analogous.’®>’ However, due to its high specificity for ATP, it has not succeeded in generating

any FAD nucleobase analogous.'!

2.5 Our choice of Escherichia coli FAD synthetase (EcFADS) to probe the biosynthesis of
FAD analogues

GTP and ribulose-5-phosphate are the precursor of riboflavin biosynthesis which is
further converted to FMN and FAD. In prokaryotes, riboflavin transportation and biosynthesis
is regulated by FMN riboswitch which directly binds to FMN.>® The overproduction of
riboflavin, FMN, and FAD in E. coli has already been demonstrated by overexpressing RF
biosynthesis genes in low copy number plasmid and 7ibF gene in high copy number plasmid.>

We opted to work with EcFADS, a homolog of CaFADS, which is mechanistically and
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structurally well-explored in the literature. A technique patented in 1992 facilitated flavin
nucleotide production using EcFADS.® In this method, the G23 residue was modified with
arginine, alanine, or aspartic acid, effectively terminating the FMNAT module activity within
the recombinant DNA. Consequently, microorganism cultures containing this modified DNA
yielded FMN exclusively. Another investigation involving EcFADS exhibited its compatibility
with the antibiotic roseoflavin, which is a riboflavin analogue.’! This interaction led to the
generation of roseoflavin versions of FMN and FAD, called roFMN and roFAD. Nevertheless,
the EcFADS enzyme has not been much explored except in some of these instances. Yet, these
factors made us choose E. coli as this thesis involves the genomic substitution of FAD
synthetase with its engineered mutant for the biosynthesis of FAD nucleobase analogues to
study their impact on cell physiology and potential applications; the comprehensively studied

genetic manipulation and metabolomics of E. coli genetics make the research easy.

We initiated an exploration of the molecular factors governing nucleotide base
specificity within the FMNAT module of EcFADS by synthesising nucleobase analogues of the
FAD cofactor using chemical and enzymatic methods. The enzyme engineering approach was
employed to introduce the FAD analogue in the cell by utilizing other NTPs. For this, the earlier
approaches were considered, such as introducing charged residues based on the computational

studies, tuning the size of the active site, and structural homology discussed in Chapter 1.

The forthcoming overview outlines the sections of this thesis that delve into our
inquiries regarding the in vivo synthesis of FAD nucleobase analogues and the utilisation of

these analogues in cell physiology.

2.5.1 Exploring the FAD nucleobase analogues synthesis via chemical and
enzymatic approach and their potential as enzyme cofactors - Chapter 3: We demonstrated
the successful synthesis of FAD nucleobases analogous by employing two distinct
methodologies — a chemical synthesis pathway as well as the enzymatic approach. These
approaches involve not more than three steps, yielding in the range from 10% to 57%.
Subsequently, we evaluated the E. coli glutathione reductase for its binding capability and
performance in conjunction with these analogous. Our findings indicated that all analogous
exhibit binding capacity and can function as reducing agents similar to FAD. Lastly,
considering that NTPs and riboflavin are inherent substrates within cellular systems, we
undertook the heterologous expression of the versatile MjFMNAT, demonstrating the potential

for the intracellular synthesis of FAD nucleoside analogous.
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2.5.2 An enzyme engineering approach to the biosynthesis of FAD nucleobase
analogues in Escherichia coli- Chapter 4: This investigation has demonstrated that the RKF
module within EcFADS predominantly exhibits specificity towards ATP, whereas the FMNAT
module displays versatility for various NTPs, excluding GTP. Leveraging computational
analysis and structural homology, we engaged in enzyme engineering of the FMNAT module
within EcFADS. Through a strategic swap of the loop neighbouring the adenine base of ATP
in the FMNAT module with a corresponding loop from a cytidylyl transferase, we augmented
its capacity for accommodating multiple NTPs, including GTP. Notably, upon heterologous
expression of this LoopSwap mutant, the production of FAD analogous was achieved within
the cellular environment. Additionally, through loop shortening, we established the role of this

loop in conferring ATP specificity within the cell.

2.5.3 Biosynthesis of FAD analogues and their role in cell physiology- Chapter S:
This chapter presents the genomic substitution of the essential EcFADS-expressing gene, ribF,
with the LoopSwap mutant expressing 7ibF25 mutant gene, resulting in the creation of the
ribF25 mutant strain. Remarkably, this 7ibF25 mutant strain exhibits comparable survival and
growth rates to the wild-type strain and synthesizes FAD analogous (FGD, FCD, and FUD).
Intriguingly, the mutant strain showcases tolerance against aminoglycoside and beta-lactam
antibiotic stress. Under anaerobic growth conditions, the mutant strain experiences slower
growth, attributed to the reduced concentration of FAD compared to the wild-type strain.
Nevertheless, the mutant strain continues to display heightened responsiveness to antibiotic

stress.

2.5.4 Findings, implications, and future directions- Chapter 6: This chapter has
focused on providing a comprehensive overview of adenine recognition, considering the
adenine moieties present in ATP, FAD, NAD, CoA, and SAM. Based on prior literature and our
research, we propose that adenine binding likely emerged independently on multiple occasions

during the course of evolution, indicative of convergent evolution processes.
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Chapter 3

Exploring the FAD nucleobase analogues synthesis via chemical and enzymatic

approach and their potential as enzyme cofactors

3.1 Introduction

The coenzyme Flavin adenine dinucleotide (FAD) is crucial for cell metabolism, aiding
various flavoenzymes in facilitating the redox chemistry of the cell. FAD is essential for various
organisms, including humans, and is synthesized from riboflavin (vitamin B:) through an
enzymatic two-step process that requires an adenosine triphosphate (ATP) molecule in each
step. Initially, the enzyme riboflavin kinase employs ATP to phosphorylate riboflavin, forming
flavin mononucleotide (FMN). Subsequently, the succeeding enzyme, FMN adenylyl
transferase (FMNAT), employs an additional ATP molecule to convert FMN into FAD (Figure
3.1A).13 The isoalloxazine moiety is responsible for FAD's redox potential, while the two
linked phosphate groups, the ribityl chain, and the adenosine moiety, are involved in enzyme
binding and molecular recognition.*” Particularly, the adenosine group recurs in other cofactors

like coenzyme A, SAM, and NAD, suggesting a parallel role in recognition and binding.’

Due to the essential significance of FAD in the cell, various analogues were developed
to explore its functional and structural characteristics and serve as investigative tools for
understanding flavoenzyme functionality. These FAD analogues primarily fall into three major
categories: those with alterations in the isoalloxazine moiety, ribityl side chain, and the
adenosine component (Figure 3.1A). Variants of FAD containing fluorine, thiol, or other
modifications in the isoalloxazine ring were employed to investigate the active site
environment of proteins that bind flavins.®® Additionally, two antibacterial agents, roseoflavin
and 5-FDQD, exhibit noteworthy pharmacological impacts by interacting with FMN
riboswitches.!®!! Moreover, various halogenated isoalloxazine ring derivatives demonstrate
antimalarial effects by inhibiting glutathione reductase.!? The ribityl chain analogues, such as
2'-deoxy-FAD, arabino-FAD, and 2'-F-arabino-FAD, exhibit modified catalytic activities when
they are engaged within the enzyme's binding site, such as mercuric reductase, glutathione
reductase, and lipoamide dehydrogenase.'* Conversely, nucleoside analogues of FAD have not
received much comprehensive investigation. A particular photophysical study delves into the

nucleoside's impact on FAD's structural and spectroscopic characteristics. This study employs
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analogues of FAD involving  substituted with  purine or  pyrimidine
ribonucleosides/deoxyribonucleosides, and it suggests that purine analogues demonstrate a
more pronounced intramolecular complex formation between the isoalloxazine and
nucleobase.!* Very few additional investigations have focused on evaluating the in vitro
activity of diverse analogues that have undergone adenine modifications in conjunction with
D-amino acid oxidase.” ' Nonetheless, the impact of FAD's nucleoside substitutions,
particularly concerning their involvement in use or biosynthesis within the enzyme or cells,

remains relatively underexplored.
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Figure 3.1: The biosynthesis of FAD and its nucleoside analogues in the cell followed by conformational
analysis of FAD in flavoproteins. (A) flavin mononucleotide (FMN) is synthesized initially from Riboflavin
(RF) by the enzyme riboflavin kinase (RibK). Subsequently, FMN is adenylated to create flavin adenine
dinucleotide (FAD) through the action of FMN adenylyl transferase (FMNAT). Both of these enzymatic steps
involve the utilization of adenosine triphosphate (ATP) as the secondary substrate. Modifications to the
isoalloxazine ring, ribityl chain, or adenosine component can lead to the synthesis of various FAD analogues. (B)
Structures of FAD nucleoside analogues based on the adenine/adenosine substitution by guanine, cytosine, uracil,
and deoxyadenosine, resulting in FGD, FCD, FUD, and dFAD, respectively. These FAD analogues do not
naturally exist within cellular systems, while the FMN and NTP substrates are already present in cells. Therefore,
it is theoretically possible to generate this array of FAD nucleobase/nucleoside analogues within cells by utilizing
appropriate RibK/FMNAT mutant enzymes. (C) A comprehensive analysis to understand the structural
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conformation of FAD within FAD-bound proteins. 24 FAD-bound crystal structures from various flavoenzymes
were taken randomly, and Root Mean Square Deviation (RMSD) was computed for each bounded FAD, using
3R9U as an arbitrarily chosen standard with an RMSD of 0.0 A where 3R9U correspond to Campylobacter jejuni
thioredoxin-disulfide reductase (as indicated in Table 3.2). Despite the distinct RMSD values observed in the
FAD-bound conformations within different enzymes, they all share an elongated arrangement, with the
isoalloxazine and adenine rings being primarily separated by around 11-16 A. The representation showcases the
RMSD values of 8 select structures using black-filled circles, highlighting the separation of the two rings, while
the blue circles depict the RMSD values of the remaining 16 structures that were chosen for the analysis. Figure
adapted from ChemBioChem (2023), Shah et al.

The literature contains various inventive methodologies for synthesizing FAD
analogues, yet these approaches have certain constraints, including multistep processes, low
yields, and/or challenges in obtaining initial materials. The initial synthesis of FAD was
performed by coupling diverse metal salts of FMN with an adenosine-5’-benzyl
phosphorochloridate derivative, followed by subsequent deprotection of the protective
groups.?’ The original approach suffered from a slow process involving multiple steps,
resulting in a notably lower product yield (approximately 6%). Using trifluoroacetic acid
anhydride (TFAA) as the coupling agent, a more efficient method was developed as a
refinement, involving a one-step coupling of FMN salts with adenosine monophosphate
(AMP).?! This approach, employed for thFAD nucleobase analogue synthesis, suffers from
remarkably low yields, typically ranging between 0.5% to 1%, due to self-condensation
involving the substrates.!*> However, despite its limited yield, this one-step method has been
employed to generate nucleobase FAD and NAD analogues for some instances.?>? In a similar
approach, carbodiimide was employed as a coupling agent to synthesize FAD from AMP and
FMN. Nonetheless, this modification did not significantly improve the yields, which continued
to be low.'® An attempt to enhance the yield entailed activating the phosphate group of one
substrate to a phosphoramidate or phosphoromorpholidate and then its coupling with the
second nucleotide substrate.'*!"-**?* This method resulted in an improved yield within the range
of 25% to 40%. However, due to the limited reactivity of the phosphoromorpholidate or
phosphoramidate, the duration of the reaction is extended from 4 to 7 days. When diphenyl
phosphorochloridate was used as an activator of monophosphate to synthesize the FAD, it
significantly increased the product to 70-80% yield, accomplishing the reaction in a few
hours.?® Nonetheless, when this method was applied to synthesize FAD and NAD analogues,
the yield decreased to 25-30%.!%1%27 An alternate approach involves employing riboflavin
phosphorothioate along with the silver salt of AMP, leading to a yield of 51% achieved within

a 5-hour timeframe.”® However, the drawback of this method is to obtain the starting material,
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which is unavailable commercially. Interestingly, a method for synthesizing NAD nucleobase
analogues has been achieved by activating nicotinamide mononucleotide phosphate using the
redox pair triphenylphosphine/2,2'-dipyridyl disulfide (Ph3P/(PyS)2) with the assistance of a
nucleophilic catalyst, 1-methylimidazole, within a solvent mixture of DMSO/DMF, followed
by subsequent reaction with the other mononucleotide.?’ However, this approach cannot be
directly adapted for FAD synthesis due to the insolubility of FMN in DMSO/DMF. Each of
these chemical methods for synthesizing FAD nucleobase analogues is restricted by various
factors, including the number of steps, the product yield, synthesis duration, or the availability
of starting substrates (as summarized in Table 3.1). Corynebacterium ammoniagenes FAD
synthetase enzyme (CaFADS) has undergone comprehensive optimization for the production
of the isoalloxazine ring and the ribityl chain-based FAD analogues; nevertheless, this approach
is not applicable for synthesizing nucleobase analogues of FAD due to its high selectivity for

ATP.I,SO,SI

This chapter presents an effective way of synthesizing the nucleobase analogues of FAD
using two distinct approaches: the chemical synthesis approach and the enzymatic approach.
Both approaches involve a maximum of three steps, resulting in moderate product yields
ranging from 10% to 57%. We propose that altering the nucleobase is not going to impact the
redox capability of the isoalloxazine ring of analogues, as the isoalloxazine and adenine rings
typically adopt an extended conformation, positioned around 11-16 A apart (measured between
terminal backbone atoms) when bound to flavoenzymes (depicted in Figure 3.1C).%
Consequently, we conducted experiments to evaluate the redox capability of these analogues
with Escherichia coli glutathione reductase (EcGR) in the presence. Our findings demonstrated
that all these analogues can bind and serve as reducing enzyme cofactors with distinct
efficiencies. Subsequently, by capitalizing on the fact that substrates NTP and riboflavin are
naturally present in cells, we utilized the versatile FMN adenylyltransferase from
Methanocaldococcus jannaschii (MjFMNAT) to demonstrate the synthesis of FAD nucleoside
analogues within a living cell by heterologous expression (structures shown Figure 3.1B). Our
analysis implies that nucleobase analogues of FAD can be utilized potentially to investigate the
intricate function of FAD and the corresponding flavoenzymes in the cell. Similar to the
applications formulated with nucleobase analogue (NCD) of the redox cofactor NAD, The FAD
nucleobase analogues can have potential applications in the field of biotechnology and

synthetic biology.?%33-34
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3.2 Materials and Methods
3.2.1 Materials

Jena Biosciences supplied the order of 2’-deoxy adenosine triphosphate (dATP) and all
nucleoside triphosphates (NTPs). Reagents and chemicals for synthesis and enzymatic assays
were purchased from RANKEM Chemicals, TCI Chemicals, and Merck. All reagents and
components of media used in bacterial cultures were ordered from TCI Chemicals, HiMedia,
and SRL Chemicals. DSS Takara Bio USA supplied Taq polymerase, Dpnl, and the
PrimeSTAR GXL DNA polymerase. Purification kits for DNA and plasmid were obtained from
Agilent and Qiagen. We considered Merck, SD Fine Chemicals, and RANKEM for all solvents
ordering to use in LC-MS and HPLC analysis. Methanocaldococcus jannaschii DSM 2661
genomic DNA was kindly provided by Biswarup Mukhopadhyay, Virginia State University.
The National BioResource Project of ASKA collection was the source for the EcGR-pCA24N
plasmid transformed E. coli K-12 AG1 strain.

3.2.2 Synthesis of FMNAc (2', 3', 4' -triacetyl-riboflavin §' -monophosphate)

In a round-bottomed flask (RB), vacuum drying of FMN (0.63 mmol, 300 mg) was
performed for 30 minutes to remove residual moisture. Subsequently, 100-150 pL of 55%
perchloric acid (3-5 drops) of acetic anhydride (21 mmol, 2 mL) was introduced. At room
temperature, the solution was kept stirring for an hour, and the FMN dissolved completely. The
reaction mixture was then made to precipitate by the addition of diethyl ether. After filtration,
5 mL of water was used to redissolve the precipitate. Initially, 10 mL of chloroform was
employed three times to eliminate the acetylated riboflavin byproduct, followed by the
purification of the product through Cl18-reversed-phase chromatography. The purification
process employed solvent A as water and solvent B as MeOH for a 60-minute method at a 10
mL/min solvent flow. The gradient method used: 10 min with 5% B; 30 min linear gradient to
50% B; 50 min linear gradient to 100% B; 60 min at 100% B. 280 and 365 nm wavelengths
were employed to record the chromatograms. The high vacuum drying of the final product was
done. Characterization was achieved through NMR and LC-MS analysis, with a yield of 33%.
The NMR spectra and literature reports were the same (NMR Figure 3.9-3.10).%

FMNAc. 'H NMR (400 MHz, D;0) § 7.59 (s, 1H), 7.57 (s, 1H), 5.52 (m, 2H), 5.40
(m, 1H), 3.98 - 4.23 (m, 2H), 2.51 (s, 3H), 2.34 (s, 3H), 2.26 (s, 3H), 2.23 (s, 3H), 1.69 (s, 3H).
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31P NMR (162 MHz, D;0) § 0.59 (s). LC-MS (ESI-TOF) m/z: calculated for C23Ha7N4O 1P
[M-H] 581.1285, found 581.1286.

3.2.3 FNDAc Synthesis

The procedure began by drying 0.15 mmol NMP with a high vacuum for 30 minutes in
a flask. The dry condition using nitrogen was used for all reactions; all reagents and solvents
were anhydrous. Next, the NMP was mixed with acetonitrile (400 pL), triethylamine (1.25
mmol, 175 pL) and N,N-dimethylaniline (0.5 mmol, 60 pL), followed by stirring the solution
for 10 minutes in an ice-water bath. To this NMP mixture, a cooled trifluoroacetic anhydride
(TFAA, 1.25 mmol, 175 pL) and acetonitrile (160 pL) mixture was subsequently introduced
and kept stirring for 15 minutes at RT. After the disappearance of the NMP, the unreacted
TFAA was cautiously removed through a high vacuum, followed by cooling and redissolving
the resulted pale-yellow syrup in acetonitrile (100 pL). A cooled solution of N-
methylimidazole (0.4 mmol, 30 pL) in acetonitrile (40 pL) was introduced to the
trifluoroacetylated NMP solution, followed by stirring for 15 minutes in an ice-water bath. This
resulting N-methylimidazole-activated NMP solution was introduced to another solution of
FMNACc (0.2 mmol, 115 mg) in acetonitrile (1 mL) and tributylamine (0.2 mmol, 48 pL) in the
presence of 3A molecular sieves. The solution was stirred, and thin-layer chromatography
(TLC) was employed to monitor the reaction progress. After 2 hours, 250 mM ammonium
acetate (10 mL) was used to quench the reaction. First, dichloromethane (10 mL) was used two
times to extract the aqueous phase, followed by purification through C18-reversed-phase
chromatography. This purification process employed solvent A as 0.1% triethylammonium
acetate and solvent B as MeOH with a 10 mL/min flow rate. The gradient method used: 10 min
with 5% B; 50 min linear gradient to 30% B; 60 min linear gradient to 100% B; 70 min at 100%
B. 280 and 365 nm wavelengths were employed to record the chromatograms. The high
vacuum drying of the final product was done. Characterization was achieved through NMR
(NMR Figure 3.14-3.16) and LC-MS analysis, with a yield of 31%.

FCDAc. '"H NMR (400 MHz, D;0) 6 7.96 (d, J = 7.7 Hz, 1H), 7.78 (s, 1H), 7.70 (s,
1H), 6.06 (d, J = 7.7, 1H), 5.84 (d, J = 3.7 Hz, 1H), 5.55 — 5.57 (m, 2H), 5.45 (br, 1H), 5.16
(br, 1H), 4.97 (br, 1H), 4.32 — 4.14 (m, 7H), 2.58 (s, 3H), 2.43 (s, 3H), 2.27 (s, 3H), 2.25 (s,
3H), 1.72 (s, 3H). 3C NMR (100 MHz, D,0) § 172.85, 172.53, 165.08, 160.87, 157.25,
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157.22,156.29, 150.58, 149.94, 141.59, 139.26, 134.25, 134.09, 130.91, 130.77, 116.21, 96.14,
89.16, 82.56 (d, Jcp = 33.4 Hz), 74.30, 70.75 (d, Jcp = 21.8 Hz), 70.44, 69.84, 69.05, 64.42 (d,
Jep = 17.4 Hz), 63.78 (d, Jep = 17.5), 45.05, 20.81, 20.63, 20.25, 19.70, 18.56. 3'P NMR (162
MHz, D;0) 6 -10.94 (s). LC-MS (ESI-TOF) m/z: calculated for C32H39N7019P> [M-HJ
886.1698, found 886.1699.

3.2.4 FNDACc deacetylation reaction

The entire procedure was conducted within a nitrogen atmosphere; all reagents and
solvents were anhydrous. The methanol (1 mL) was added to FNDAc (~10 mg) in a round-
bottom flask, followed by initiation of the reaction by adding 0.5 M sodium methoxide (100
pL). In about 5 minutes, precipitation of the product was observed due to the insolubility of
FND in methanol. The HCI (0.5 M, 100 puL) was introduced to the reaction to quench further
product degradation. The resultant product was subjected to purification through C18-reversed-
phase chromatography. This purification process employed solvent A as 0.1%
triethylammonium acetate and solvent B as methanol with a 10 mL/min flow rate. The gradient
method used: 10 min with 5% B; 50 min linear gradient to 20% B; 70 min linear gradient to
100% B; 80 min at 100% B. 280 and 365 nm wavelengths were employed to record the
chromatograms. The high vacuum drying of the final product was done. Characterization was
achieved through NMR (NMR Figure 3.17-3.19) and LC-MS analysis, with a yield of 17%
concerning CMP as the starting material.

FCD. 'H NMR (400 MHz, D20) 6 7.98 (d, J = 7.7 Hz, 1H), 7.79 (s, 1H), 7.63 (s, 1H),
6.07 (d, J = 7.7 Hz, 1H), 5.79 (d, J = 4.0 Hz, 1H), 5.05 (dd, J = 12.8, 10.4 Hz, 1H), 4.68 (dd, J
=12.8, 1.2 Hz, 1H), 4.44 — 4.37 (m, 1H), 4.31 — 4.08 (m, 8H), 4.00 (dd, J = 7.2, 4.9 Hz, 1H),
2.50 (s, 3H), 2.38 (s, 3H).*C NMR (150 MHz, D20) 6 160.70, 159.19, 156.09, 151.20, 149.10,
148.24, 140.86, 137.82, 132.65, 132.20, 129.99, 128.65, 115.38, 94.05, 87.67, 81.16 (d, Jcp =
37.1 Hz), 72.76, 70.86, 69.54 (d, Jcp = 31.0 Hz), 67.52, 67.32, 65.56 (d, Jcp = 22.0 Hz), 62.70
(d, Jep = 20.7 Hz), 45.91, 19.15, 17.02.31P NMR (162 MHz, D20) & -10.62 (d, Jep = 49.5 Hz,),
-11.39 (d, Jep = 49.5 Hz). LC-MS (ESI-TOF) m/z: calculated for C2sH33sN7016P2 [M-H]
760.1381, found 760.1376.

3.2.5 Alternate approach to synthesize FCD
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A nitrogen atmosphere was used to execute all the reactions with anhydrous reagents
and solvents. The FMN (0.63 mmol, 300 mg) was acetylated with acetic anhydride (21 mmol,
2 mL) in the presence of ~100 pL perchloric acid (55%, 3-5 drops), followed by stirring this
solution for 1 hour at RT. Diethyl ether was employed to precipitate the product, which
facilitated the removal of acetic acid and anhydride, followed by filtering and redissolving the
precipitate in 5 mL of water. Three rounds of 10 mL chloroform were used to extract the
aqueous phase for the elimination of acetylated riboflavin. This yielded a mixture of acetylated

FMN, which was directly employed in the subsequent coupling reaction.

CMP (free acid, 50 mg, 0.15 mmol) underwent vacuum drying for 30 minutes within
an RB flask. The dry condition using nitrogen was used for all reactions; all reagents and
solvents were anhydrous. Next, the CMP was mixed with acetonitrile (400 uL), triethylamine
(2.25 mmol, 175 pL) and N,N-dimethylaniline (0.5 mmol, 60 pL), followed by stirring the
solution for 10 minutes in an ice-water bath. To this CMP mixture, a cooled trifluoroacetic
anhydride (TFAA, 1.25 mmol, 175 pL) and acetonitrile (160 pL) mixture was subsequently
introduced and kept stirring for 15 minutes at RT. After the disappearance of the CMP, the
unreacted TFAA was cautiously removed through a high vacuum, followed by cooling and
redissolving the resulted pale-yellow syrup in acetonitrile (100 pL). A cooled solution of N-
methylimidazole (0.4 mmol, 30 pL) in acetonitrile (40 pL) was introduced to the
trifluoroacetylated CMP solution, followed by stirring for 15 minutes in an ice-water bath. This
resulting N-methylimidazole-activated CMP solution was introduced to another solution of
acetylated FMN mixture in acetonitrile (1 mL) and tributylamine (0.2 mmol, 48 pL), where
acetylated FMN mixture and CMP were taken in the 3:1 ratio in the presence of 3A molecular
sieves. After 2 hours, 250 mM ammonium acetate (10 mL) was used to quench the reaction.
First, dichloromethane (10 mL) was used two times to extract the aqueous phase, followed by
drying the reaction mixture under a high vacuum. The dried material was deacetylated using
50 mM sodium methoxide in methanol for 3-5 minutes. This led to the precipitation of FCD
and FMN in methanol. However, under these conditions, some of the FCD converted to cyclic
FMN and CMP, a phenomenon similar to that observed for FAD.3 The FCD was then purified
through C18-reversed-phase chromatography by following the same method mentioned earlier.
This method resulted in a yield of 13%.

3.2.6 FUD Synthesis
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UMP (free acid, 50 mg, 0.15 mmol) was vacuum-dried for 30 minutes within a round-
bottom (RB) flask. The dry condition using nitrogen was used for all reactions; all reagents and
solvents were anhydrous. Next, the UMP was mixed with acetonitrile (400 pL), triethylamine
(2.5 mmol, 350 pL) and N,N-dimethylaniline (0.5 mmol, 60 pL), followed by stirring the
solution for 10 minutes in an ice-water bath. To this UMP mixture, a cooled TFAA (1.25 mmol,
175 L) and acetonitrile (160 pL) mixture was subsequently introduced and kept stirring for
15 minutes at RT. After the disappearance of the UMP, the unreacted TFAA was cautiously
removed through a high vacuum, followed by cooling and redissolving the resulted pale-yellow
syrup in acetonitrile (100 pL). A cooled solution of N-methylimidazole (0.4 mmol, 30 L) in
acetonitrile (40 uL) was introduced to the trifluoroacetylated NMP solution, followed by
stirring for 15 minutes in an ice-water bath. This resulting N-methylimidazole-activated UMP
solution was introduced to another solution of FMNACc (0.2 mmol, 115 mg) in acetonitrile (1
mL) and tributylamine (2 mmol, 500 pL) with 3A molecular sieves. The solution was stirred,
and TLC was used to monitor the reaction progress. After 2 hours, 250 mM ammonium acetate
(10 mL) was used to quench the reaction. First, dichloromethane (10 mL) was used two times
to extract the aqueous phase, followed by purification through C18-reversed-phase
chromatography. This purification process employed solvent A as 0.1% triethylammonium
acetate and solvent B as MeOH with a 10 mL/min flow rate. The gradient method used: 10 min
with 5% B; 50 min linear gradient to 30% B; 60 min linear gradient to 100% B; 70 min at 100%
B. 280 and 365 nm wavelengths were employed to record the chromatograms. The high
vacuum drying of the final product was done. Characterization was achieved through NMR
(NMR Figure 3.20-3.22) and LC-MS analysis, with a yield of 11%.

TH NMR (600 MHz, D;0O) & 7.84 (s, 1H), 7.82 (s, 1H), 7.72 (s, 1H), 5.85 — 5.78 (m,
2H), 5.11 — 5.02 (m, 1H), 4.44 — 4.37 (m, 1H), 4.32 — 4.08 (m, 8H), 4.04 — 3.96 (m, 1H), 2.52
(s, 3H), 2.40 (s, 3H). 3C NMR (150 MHz, D,0) 8 164.02, 159.57, 156.10, 149.61, 148.84,
148.28, 139.50, 137.56, 132.85, 132.41, 130.03, 128.62, 115.11, 100.57, 86.48, 81.27, 72.02,
70.75, 69.27, 67.69, 65.39, 65.38, 63.02, 45.81, 18.97, 16.81.3'P NMR (243 MHz, D,0) § -
8.07 (br), -8.75 (br). LC-MS (negative mode ESI-TOF) m/z: calculated for C26H32NO17P2 [M-
H] 761.1226, found 761.1228.

3.2.7 Restriction-free cloning of MjFMNAT
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The FMN adenylyl transferase gene (MJ1179) from the genomic DNA of the archaea
Methanocaldococcus jannaschii was introduced into the pET28a vector by restriction-free
cloning.’” This insertion was done between the vector's Ndel and BamHI restriction sites. The
MIJ1179 gene was amplified through polymerase chain reaction (PCR) using the following
primers: Forward 5’ -ATGAAAAAGAGGGTAGTTACCGC-3' and Reverse 5°-
TTAGATTTTAATCTCTTTATTGCAG-3'. Subsequently, a second round of PCR was carried
out to incorporate complementary sequences for the Ndel and BamHI sites at the ends of the
PCR-amplified gene, which was done with the forward primer 5’-
GTGCCGCGCGGCAGCCATATGAAAAAGAGGGTAGTTACCGC-3' and reverse primer
5’-CGACGGAGCTCGAATTCGGATCCTTAGATTTTAATCTCTTTATTGCAG-3".

This gene, possessing the terminal flanking regions complementary to the plasmid, is
called a megaprimer. The megaprimer was then employed to perform a third round of PCR,
resulting in the amplification of the pET28a vector with the gene incorporated. Subsequently,
the original plasmid was treated with Dpnl (NEB), and the vector containing MJ1179 was

introduced into E. coli DH5a chemically competent cells, allowing the plasmid's isolation.

3.2.8 Purification of MjFMNAT

The isolated plasmid containing the MJ1179 gene encoding the MjFMNAT enzyme
was introduced into chemically competent E. coli BL21(DES3) cells. The culture was grown in
Luria-Bertani (LB) broth at 37 °C and 180 rpm. Once ODeoo reached the range from 0.6 to 0.8,
IPTG (1 mM) was added to induce the culture at 30 °C. The culture was then allowed to shake
for 8 hours. After this period, the cells were harvested and subjected to lysis using a lysis buffer
consisting of Tris-HCI (100 mM, pH 8.0), PMSF (0.1 mM), beta-mercaptoethanol (0.025%),
and NaCl (300 mM). Following lysis, the lysate underwent centrifugation (18000 rpm x 30
minutes). The resulting supernatant was loaded onto a Ni-NTA column pre-equilibrated with a
buffer consisting of Tris-HCI (100 mM, pH 8.0), beta-mercaptoethanol (0.025%), and NaCl
(300 mM). The elution of protein was done using a buffer including Tris-HCI (100 mM, pH
8.0), imidazole (250 mM), beta-mercaptoethanol (0.025%), and NaCl (300 mM). This protein
concentration measurement was employed at Azgo, considering the predicted molar extinction

coefficient of the protein to be 5960 M cm™.

3.2.9 Optimization of MjJFMNAT activity and synthesis of FAD analogues
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The enzymatic activity of MjFMNAT was done using various nucleotide substrates,
including all NTPs and dATP. The reaction conditions involved mixing Tris-HCI (100 mM,
pH 8.0), FMN (200 uM), MgClI2 (7 mM), NTP (5 mM), and DTT (14 mM) with 25 uM enzyme
and making the volume to 200 pL. The mixture was then performed at 70 °C, and the progress
of the reaction was analyzed by quenching this reaction at different time points (0.5, 1, 3, and
12 hours) with acetic acid (60 mM). The resulting FAD and its analogues were analyzed using
fluorescence TLC, HPLC, and LC-ESI-MS. The m/z values of the synthesized analogues were
consistent with what was reported previously for the organic synthesis: FGD (C27H33NgO16P2)
m/z [M-H] calculated 800.1442, found 800.1425; dFAD (C27H33N9O14P2) m/z [M-H]
calculated 768.1544, found 768.1545; dFCD (C26H33N7015P2) m/z [M-H] calculated
744.1437, found 744.1438.

To conduct the FAD analogue synthesis using MjFMNAT, a 1 mL reaction was set up
with FMN (400 uM) and each NTP (5 mM), along with Tris-HCI1 (100 mM, pH 8.0), DTT (14
mM), MgCl (7 mM) and 25 uM enzyme. The resulting FAD analogues were purified using
the same HPLC method and collected. After purification, the analogues were concentrated to
dryness using the Centrivap DNA concentrator, followed by storing at -20 °C. Each analogue
was dissolved in 500 uL of water, followed by concentration determination using HPLC with
a standard curve of FAD at 440 nm, assuming that all analogues have the same molar coefficient
as FAD. Based on the substrate's initial concentration used in the reaction, the percentage yield

of the analogue was calculated.

3.2.10 Purification of glutathione reductase of E. coli (ECGR)

The E. coli K12 AG1 cells transformed with pCA24n-EcGR were cultivated in LB
broth at a temperature of 37°C. When the ODeoo reached the 0.6 to 0.8 range, IPTG (0.5 mM)
was introduced to induce the protein overexpression at a lower temperature of 28°C. This
induced culture was then kept shaking for 8 hours. Subsequently, the cells were collected and
subjected to lysis using a buffer consisting of Tris-HCI (100 mM, pH 8.0), PMSF (0.1 mM),
beta-mercaptoethanol (0.025%), and NaCl (300 mM). Following lysis, the lysate underwent
centrifugation (18000 rpm x 30 minutes). The resulting supernatant was loaded onto a Ni-NTA
resin pre-equilibrated with a buffer consisting of Tris-HCI (100 mM, pH 8.0), beta-
mercaptoethanol (0.025%), and NaCl (300 mM). The elution of protein was done using a buffer
including Tris-HCI (100 mM, pH 8.0), imidazole (250 mM), beta-mercaptoethanol (0.025%),
and NaCl (300 mM).
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To obtain the apoprotein, a saturated solution of ammonium sulfate was employed.
To 1 mL of protein solution, an ice-cold KBr (1 mL, 3 M) solution was introduced in a
centrifuge tube. This mixture was then subjected to precipitation by adding saturated
ammonium sulfate solution (1 mL, pH 2.2) and gentle swirling. After allowing the mixture to
sit for 1 minute, additional saturated ammonium sulfate (4 mL) was added. The resulting
solution was centrifuged at 18000 rpm for 30 minutes, forming a precipitate. This precipitate
was re-dissolved in 0.1 M phosphate buffer (1 mL, pH 7), yielding the apoprotein, followed by
further centrifugation to remove any remaining denatured protein.

For the reconstitution of the apoprotein, the enzyme was combined with an excessive
amount (3 times the enzyme quantity) of FAD or FAD analogues. This mixture was incubated
at 25 °C for 15 minutes. Subsequently, the surplus cofactor was eliminated by passing the
protein through a desalting column equilibrated with 0.1 M phosphate buffer at pH 7, and the
reconstituted protein was used to find its binding efficiency with the analogues. When
performing an assay with the enzyme, the apoenzyme was reconstituted by incubating it with
three times the amount of the cofactor (FAD or FAD analogues) at 25 °C. The enzyme could
then be directly used in assays without removing any excess cofactor.

3.2.11 Glutathione reductase (EcGR) activity

To assess the functionality of the FAD nucleoside analogues, the EcGR enzyme was
employed. In a concise description, this procedure encompasses the conversion of FAD to
FADH: through the utilization of NADPH, causing NADPH to be oxidized to NADP.
Subsequently, the FADH: participates in reducing the enzyme's disulfide bridge, which
facilitates the reduction of GSSG to GSH (Figure 3.7A).> NADPH exhibits absorbance at 340
nm, while NADP" does not exhibit absorbance at this particular wavelength. Therefore, we
tracked the advancement of the EcGR reaction by observing the decline in NADPH's
absorbance at 340 nm in a 96-well plate. This decrease signifies the oxidation of NADPH into
NADP" as facilitated by GSSG reduction.*’ The reaction mixture consisted of a 200 uL final
volume containing potassium phosphate buffer (0.1 M, pH 7), along with 0.1 mM NADPH, 1
mM GSSG, and | mM EDTA. The reaction was initiated by adding 0.1 uM of the reconstituted
enzyme(final concentration), and the entire process occurred at 30 °C. Over a duration of 20
minutes, the reduction in absorbance at 340 nm was continually observed. This observation
allowed us to evaluate the activity of EcGR in the presence of each analogue.*’ For each curve,
a logistic fit function in Origin was employed for fitting purposes. The slope was then

determined by the best-fitting line at the inflexion point 'x0'. This process yielded values
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indicating the rate of reduction of GSSG by 1 uM enzyme, expressed in micromoles per minute
(umol/min), utilizing FAD and its analogues as cofactors. The activity values were measured
in micromoles per minute per micromole (umol min™! pM™) and are as follows: FAD bound
purified-EcGR= 0.59, apoprotein= 0.12, apoproteintFAD= 0.72, apoprotein+tFCD= 0.62,
apoproteintFUD= 0.60, apoprotein+tFGD= 0.52, apoprotein+dFAD= 0.60. To determine the
relative activities compared to FAD, the activity of Apoprotein+FAD was taken as the reference

value and set to 1.

3.2.12 Synthesizing FAD nucleobase analogues within the E. coli cells by MjFMNAT

In LB broth, a 50 mL secondary culture was started by adding 1% of an overnight grown
E. coli BL21 (DE3) strain harboring either pET28a, EcFADS-pET28a, or MjFMNAT-pET28a
constructs with kanamycin resistance, followed by the growth at 37 °C and 180rpm. Only the
BL21(DE3) cell culture was grown without Kanamycin. Instead of inducing with IPTG, we
relied on the naturally occurring low-level expression from the pET28a plasmid to avoid
significant disruption of cellular metabolism. Following an incubation period of 18 hours, a 50
mL portion of the culture was subjected to centrifugation for 15 minutes at 4 °C and 5500 rpm.
The resulting pellet was suspended in 90% methanol (2 mL) and subjected to sonication for 3
minutes using alternating 1-second pulses on and off at 100% amplitude. The final supernatant
was obtained by centrifuging the lysate for 15 minutes at 4°C and 5500 rpm), followed by
filtration through 0.22-micron filters. For LC-MS analysis, the supernatant was concentrated

under high-vacuum conditions.

3.2.13 TLC, HPLC, and LC-MS

Silica gel TLC was employed to analyze all reactions, and the outcomes were detected
under ultraviolet light with a wavelength of 365 nm. The mixture of water, acetic acid, and n-

butanol in a ratio of 5:3:12 was employed as the mobile phase.

HPLC (Agilent 1260 Infinity-II series) linked with a UV-Vis diode array detector was
utilized to assess enzymatic reactions. The analysis used a Phenomenex Gemini reversed-phase
column of 250 x 4.6 mm dimensions with a particle size of 5 um NX-C18. The solvent-A was
ammonium acetate buffer (10 mM, pH 6.0), and methanol was used as solvent-B). A method

spanning 60 minutes was applied, starting with 5% of solvent B at 0 minutes, maintaining this
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ratio until 15 minutes, followed by a gradient increase to 80% of solvent B until 40 minutes,
then a return to 5% solvent B until 55 minutes, and finally, maintaining at 5% solvent B until
60 minutes. Another method spanning 30 minutes was used, starting with 5% of solvent B at 0
minutes, maintaining this ratio until 2.5 minutes, followed by a gradient increase to 80% of
solvent B until 20 minutes, then a return to 5% solvent B until 27 minutes, and finally,

maintaining at 5% solvent B until 30 minutes.

A Mass spectrometer (ScieX XS00R-QTOF) was employed for LC-MS analyses, where
a UHPLC (Exion-LC series) was used to separate the flavins. The flavins were detected in
negative mode at a temperature of 400 °C. The parameters are as follows: ion spray voltage
was -4500 V, the de-clustering potential was -80V and collision energy was 5V. The ScieX-OS
Explorer software facilitated data acquisition, processing, and the generation of metrics such
as extracted ion chromatogram (EIC), total ion chromatogram (TIC), and the m/z values of

targeted molecules. The same column and method as used in HPLC were utilized.

3.2.14 RMSD of FAD molecules in FAD-binding proteins

To quantitatively compare the different conformations of FAD within FAD-binding
enzymes, we employed the Root Mean Square Deviation (RMSD) approach, where RMSD is
calculated as: RMSD= [(Y(xe-X0)?)/n]°° (where x.= expected value, xo= observed value and n=
total number of values).*! RMSD of atomic positions is a quantitative measure of the average
distance between the corresponding atoms of two superimposed molecules (FAD in this
context). For this analysis, a total of 24 FAD-binding protein structures available in the PDB
(Protein Data Bank) were utilized, where the PDB can be accessed at https://www.rcsh.org.*?
The "match command” in UCSF Chimera was employed to execute optimal alignment
(superposition) of designated atoms. This process involved aligning the atoms of one FAD
molecule onto those of another FAD molecule, followed by the computation of RMSD values
to quantify the structural disparities between the aligned molecules.*® In these calculations, a
total of 53 atoms within an FAD molecule (excluding hydrogen atoms) were considered. The
process involved pairwise RMSD calculations for 24 FAD molecules of this kind. Among
them, the FAD molecule associated with thioredoxin disulfide reductase in Campylobacter
jejuni (PDB ID: 3R9U) was chosen arbitrarily as the reference molecule, assigned a reference

RMSD value of 0.0 A. Subsequently, RMSD values for each of the remaining 23 enzyme-
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bound FAD molecules related to the reference molecule were calculated and depicted in a plot
(Figure 3.1C).

3.3 Results and Discussion

3.3.1 An effective synthesis approach for FAD and its analogues

In order to establish a reliable method for synthesizing nucleobase analogues of FAD,
we focused on investigating the direct condensation pathway of nucleoside monophosphates
(NMP) with FMN as a means to generate flavin nucleoside dinucleotides (FND) by utilizing
alternate activating agents. Except for yielding low quantities, the direct condensation routes
offered several advantages, including a reduced number of reaction steps, shorter reaction
duration, and easy accessibility to initial materials. To enhance the condensation efficiency of
the reaction, we opted for the activating agent N-methylimidazole, which was influenced by a
previously reported deoxynucleoside 5'-triphosphate (ANTP) synthesis.** In this described
reaction, the hydroxyl groups on the phosphate of deoxynucleoside monophosphates (AINMP)
were subjected to acylation using TFAA (trifluoroacetic anhydride). This was succeeded by the
formation of the corresponding dNMP-N-methylimidazolide using N-methylimidazole.
Ultimately, coupling with inorganic pyrophosphate resulted in the generation of
deoxynucleoside triphosphates (ANTP) with a notable yield range of 89-92%. This approach
has subsequently been employed to synthesize compounds such as various sugar nucleotides,
UDP-a-D-galactofuranose, and metabolites containing di/triphosphate groups.*** In this
investigation, we successfully applied the aforementioned approach to synthesize nucleobase
analogues of FAD. Our adaptation allowed for a three-step reaction, resulting in an approximate
yield of around 20%. Additionally, a two-step reaction was also developed, yielding roughly
10%. Importantly, both of these reactions were accomplished within a remarkably short and

less than 5-hour timeframe.

3.3.2 Synthesis of FMNAc (acetylated FMN)

The initial compounds used for synthesizing nucleobase analogues of FAD through this
approach are FMN 2 and NMP 9. Due to the insolubility of FMN 2 in organic solvents, we

introduced acetylation to FMN 2 using acetic acid anhydride and perchloric acid. This
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procedure led to the creation of tri-acetylated FMN, designated as FMNAc 8 (as depicted in
Figure 3.2).2° The reaction resulted in a mixture of acetylated FMN products where FMN 2
was acetylated at one, two, or all three hydroxy positions. Additionally, acetylated riboflavin
was also formed due to the presence of riboflavin impurity in the starting material, FMN 2 (as
shown in Figure 3.3D). Following the removal of acetylated riboflavin using chloroform, the
FMNAc 8 compound was purified using C18-reversed-phase chromatography, yielding a 33%
overall product. Its identity was confirmed through various characterization techniques,

including TLC, HPLC, NMR, and LC-MS (Figures 3.3 and 3.4).
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Figure 3.2 Synthesis scheme for FAD analogues (FCD and FUD). The process initiates with the activation of
the nucleotide monophosphate (NMP), CMP/UMP. This activation is achieved through trifluoroacetic anhydride
(TFAA) treatment, followed by N-methylimidazole. Subsequently, the acetyl-protected FMN (FMNAC) is coupled
with the activated NMP, creating the corresponding acetylated flavin nucleoside diphosphate (FNDAc). Following
this, FNDAc undergoes deacetylation using sodium methoxide to form FND. As an alternative approach, an excess
of tributylamine can be introduced to bypass the FNDAc formation step. This adjustment streamlines the process
by reducing the deacetylation stage, albeit with a trade-off of yielding lower quantities, as depicted for FUD
synthesis. Figure adapted from ChemBioChem (2023), Shah et al.

Efforts were made to enhance the yield by performing the reaction at an elevated

temperature of 80 °C for a duration of 24 hours, which was adapted from published literature.*
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Unfortunately, despite the prolonged reaction time and increased temperature, the outcome
remained consistent with forming a mixture of acetylated FMN compounds. Regrettably, this
approach did not lead to an increase in the quantity of FMNAc 8. Another approach to increase
the yield we explored was neutralizing the acid derivative of acetylated FMN using sodium
bicarbonate. This was aimed at reducing losses during the subsequent workup with chloroform.
However, this attempt presented unexpected challenges when we generated the acetylated
FMN salt; sodium salts of both perchloric acid and acetic acid were also formed in the process.
These additional products complicated the purification process, posing difficulties in obtaining

a pure sample of the desired acetylated FMN compound, FMNACc 8.

3.3.3 Synthesis of FND by Coupling of FMNAc¢ with NMP

To effectively couple FMNAc with CMP 9a, the phosphate group activation in 9a was
initiated using TFAA, followed by a secondary activation as the N-methylimidazolyl
compound 10a using N-methylimidazole (as illustrated in Figure 3.2). Subsequently, in the
presence of tributylamine, 10a and FMNAc 8 coupled, followed by purification by C18-
reversed phase column chromatography, yielding approximately 31% pure FCDAc 11 (as
shown in Figures 3.3 and 3.4). The conversion of FCDAc 11 to FCD 5 was pursued through
acid or base catalyzed deacetylation reaction. However, due to the instability of FCD § in acidic
or basic conditions, an alternative approach for the deacetylation of FCDAc 11 was performed
using a solution of sodium methoxide (50 uM) in methanol for short durations (3-5 minutes),
followed by quenching with an equimolar HCI solution. Given the insolubility of FCD § in
methanol, the precipitation of FCD, along with other FMN derivatives, was observed. The
subsequent purification of FCD 5 was achieved through reverse-phase chromatography. The
identity of FCD S was verified using fluorescence TLC and HPLC (as depicted in Figure 3.4A,
B). Additionally, the confirmation of FCDAc 11 and FCD S5 was done through NMR and LC-
MS, resulting in a 17% final yield (illustrated in Figures 3.3-3.4 and NMR Figures 3.17-3.19).
This method represents an advancement over previous techniques as reaction and purification
steps are reduced, and the starting materials are commercially accessible while the yield is still
modest. Furthermore, this approach can be extended to synthesizing various nucleobase

analogues of FAD by altering the mononucleotides.
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Figure 3.3 Characterization of FCD and FUD and their synthesis intermediates. (A) For FCD synthesis:
Fluorescence thin-layer chromatography (TLC) Lane 1-FMN, Lane 2-RF, Lane 3-FMNAc (upper spot) and
FCDACc (lower spot), Lane 4-FCD, Lane 5- standard FAD. The adjacent C18 - reversed-phase high-performance
liquid chromatogram (HPLC) shows the reagent FMN, intermediate, and FCD. (B) For FUD synthesis:
Fluorescence TLC Lane 1-FMN, Lane 6-FMN and FUD, Lane 7-FUD). The adjacent C18 reversed-phase HPLC
trace shows the reagent and purified product of FUD synthesis. (C) Negative mode LC-MS extracted ion
chromatograms (EIC) of purified intermediates and products FCD and FUD and their m/z spectra in the inset. (D)
A direct approach to synthesizing FCD from FMN via multiple versions of acetylated FMN and FCD on various
hydroxy groups. Each intermediate in the FCD synthesis process is depicted on a fluorescence TLC as follows:
Lane 1 shows the bands for flavin mononucleotide (FMN, lower band) and riboflavin (RF, upper band) as an
impurity of FMN, lane 2 illustrates the reaction mixture for acetylated flavin mononucleotides, Lane 3 presents
the reaction mixture for multiple acetylated flavin cytidine dinucleotide versions, lane 4 displays the reaction
mixture for the deacetylation of FCDAc, lane 5 depicts purified FCD, and lane 6 represents the standard FCD for
reference. A stepwise HPLC chromatogram shows a progressive view of the reaction intermediates: The FMNAc
reaction mixture showcases numerous peaks corresponding to a mixture of acetylated FMN. Similarly, FCDAc
also exhibits peaks reflecting acetylation at distinct stages. On subsequent deacetylation, these stages lead to the
final FCD product, along with cyclic FMN (a degradation product) and FMN. This analytical representation
provides an insightful visualization of the synthesis progression and the distinct stages of intermediates in the
synthesis of FCD. Figure adapted from ChemBioChem (2023), Shah et al.

Curiously, when applying this method to synthesize FAD 3 via the intermediate FADAc
(verified by NMR Figures 3.11-3.13), a reduction in FADAc yield was observed compared to
FCDACc (20% versus 31%). FAD was also obtained within the 3-5% range during deacetylation.

In the case of FGDACc synthesis, the product formed was notably minimal and challenging to
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quantify. Consequently, this synthesis of FGD was not pursued. The underlying cause for the

poor yields of the acetylated purinyl analogues within this approach remains unclear.

S1 : Acetone (CH3) D.O S3 Sqa  S3
S7 : Methanol (CH3)
S3 : Tricthylamine i ¥ .

(CH? and CH3) E r 4+
54 : Acctate (CH3)

} Jc]d 1l a2 FAD

_ T | JJ\IUJ__U&FCD

_MA___‘J@ __M_LL,LJL». TCDAc

k
c,d
f!h 1 "
l g ii
v FMNAc
ab
T b
c d
I ' L"f\'Z/ ¥
e 5 | P
80 70 60 S0 40 30 20

Chemical shift (ppm)

Figure 3.4 Comparison by 'H-NMR of starting material FMN, intermediate FCDAc, and product FCD
spectra. The FMNACc spectrum exhibits acetyl peaks (designated as j, k, and 1), and compared to FMN, the
corresponding proton peaks CH in the ribityl chain (marked as f, g, and h) manifest a downfield shift. The FCDAc¢
spectrum portrays extra peaks originating from the adenosine component, with two aromatic peaks (represented
as m and n). Notably, in the FCD spectrum, the trio of acetyl peaks j, k, and 1 is absent, and the peaks of CH proton
f, g, and h revert to the upfield, akin to FMN. The peaks labelled S1 to S4 correspond to solvent residuals: acetone
(CH3), methanol (CH3), triethylamine (CH2 and CH3), and acetate (CH3). Additionally, the 'and" symbol applied
to protons in identical positions indicates different shielding due to adjacent chiral carbons. Figure adapted from
ChemBioChem (2023), Shah et al.

In an effort to reduce the number of steps, an alternative approach was explored. Instead
of isolating and subsequently deacetylating FNDACc, an attempt was made to perform the direct
deacetylation during the coupling step by employing an excess of tributylamine and
triethylamine (as illustrated in Figure 3.2). To synthesize FUD 6, a similar method as that of
FCD S up was employed, where N-methylimidazole was used to activate the UMP 9b.
However, triethylamine and tributylamine were used in excess during the coupling reaction.

This simultaneous action resulted in the deacetylation of FMNAc 8 and FUDAc, converting
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them into FMN 2 and FUD 6. Then, the purification of FUD 6 was similar to FCD 5 and was
validated through LC-MS and NMR analyses (Figures 3.3 and NMR Figures 3.20-3.22). This
approach needs one step less than the earlier method, which requires three. The reduction in
steps represents an enhancement in terms of time and resource efficiency for synthesis and
purification. Nonetheless, the yield experienced a decline to 11%. Due to this yield reduction,

this method was not pursued with other nucleotides.
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Figure 3.5 The enzymatic synthesis of FAD nucleoside analogues using MjFMNAT. (A) MjFMNAT is
characterized as a stable and versatile enzyme capable of interacting with various NTPs. It efficiently catalyzes
the synthesis of nucleoside analogues of FAD by utilizing FMN and NTP/dNTP substrates. (B) Reaction time
optimization for MjFMNAT with all NTPs and dATP. Fluorescence thin-layer chromatography (TLC) was
conducted over a time course using the MjFMNAT enzyme to establish a standardized conversion of FMN into
various flavin nucleobase dinucleotides (FND) and dFAD using different NTPs and dATP, respectively. The TLC
results at different time intervals are for 0.5 hours, 1 hour, 3 hours, and 12 hours. Each lane of the TLC plate is
attributed as follows: Lane 1: FMN standard, Lane 2: FMN + ATP reaction, Lane 3: FMN + GTP reaction, Lane
4: FMN + CTP reaction, Lane 5: FMN + UTP reaction, Lane 6: FMN + dATP reaction, Lane 7: FAD standard,
and Lane 8: No NTP control. In lanes 2 to 6, the spot located below the standard FMN spot corresponds to FND,
while the spot located above the FMN spot represents cyclic FMN, recognized as the degradation product of FND.
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This analysis provides a visual depiction of the conversion progress of FMN into various flavin nucleobase
dinucleotides and dFAD under different conditions and over varying time intervals. (C) The HPLC data shows
the formation of various FNDs resulting from the FMN and the corresponding nucleotide, which include ATP,
GTP, CTP, UTP, and dATP. We see a decrease in the FMN peak (28 min) and the appearance of the corresponding
FND peak (between 24-27.5 min) in all NTP reactions. (D) The EICs of the FNDs with m/z are shown in the inset.
The fragmentation of FAD and FCD matches with previous reports.?? The m/z peaks 180.99, 437.08 (cFMN), and
517.05 represent the common peaks fragmenting from the FMN moiety of FND. The specific characteristic peaks
are as follows: For FAD: Peaks at m/z 346.06 (AMP), 408.01 (ADP with H>O removed), 784.15 (FAD). For FGD:
Peaks at m/z 362.05 (GMP), 424.01 (GDP with H,O removed), 800.14 (FGD). For FCD: Peaks at m/z 322.04
(CMP), 384.00 (CDP with H,O removed), 760.13 (FCD). For FUD: Peaks at m/z 323.02 (UMP), 384.98 (UDP
with H,O removed), 761.12 (FUD). For dFAD: Peaks at 330.06 (dAMP), 392.02 (dADP with H,O removed),
768.15 (dFAD).

Since the coupling occurs among the phosphates of activated NMP and FMNAc, all
variants of acetylated FMN (acetylated at one, two, or all three hydroxy positions) should
theoretically generate a mixture of acetylated FNDs. Consequently, subjecting the mixture of
acetylated FMNss to a reaction and deacetylating the reaction mixture should result in both the
byproduct FMN and FND (as depicted in Figure 3.3D). Nonetheless, our observations revealed
a significant reduction in yield during the deacetylation step of the acetylated FND mixture by
sodium methoxide. This decline in yield can be attributed to FND degradation and the
formation of a resembling riboflavin cyclic-4',5’-phosphate, commonly referred to as cyclic
FMN or ¢cFMN.*® Hence, based on our findings, we can draw the conclusion that the
purification of the tri-acetylated FMN (FMNAc 8) holds a crucial role in achieving enhanced
yields of the ultimate product.

3.3.4 The enzymatic approach for synthesizing FAD nucleobase analogues

An alternative and efficient method for producing FAD nucleobase analogues involves
leveraging enzymes within the FAD biosynthesis pathway. Specifically, in vitro studies have
demonstrated that FMN adenylyl transferase from Methanocaldococcus jannaschii
(MjFMNAT) exhibits a notable level of promiscuity when interacting with CTP, leading to the
FCD S formation, confirmed through LC-MS analysis and chemically synthesized FCD §
serving as a reference (Figure 3.5A).2> Our investigation assessed MjFMNAT's reactions with
nucleotides ATP, GTP, CTP, UTP, and dATP. Notably, our findings unveiled that beyond CTP,
MjFMNAT displays promiscuity towards several other nucleotides, including dATP (as
demonstrated in Figure 3.5). Subsequently, we standardized the reaction conditions and timing

to establish an effective enzymatic approach catalyzed by MjFMNAT for synthesizing FAD
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analogues and yields were reported (Figure 3.5B). A pure MjJFMNAT enzyme was procured via
heterologous expression in E. coli, followed by the reaction of FMN with NTPs/dATP.
Remarkably, we observed a more than 90% conversion rate to the corresponding FAD
analogues for all nucleotides except UTP (Figure 3.5C). Upon successfully isolating FAD 3,
FGD 4, FCD 5, FUD 6, and dFAD 7 through semi-preparative C18-reversed-phase HPLC
purification, the subsequent yields were as follows: 54% for FAD 3, 51% for FGD 4, 57% for
FCD 5, 48% for FUD 6, and 45% for dFAD 7.

Until this point, enzymatic syntheses of FAD analogues had exclusively employed C.
ammoniagenes FAD synthetase. However, due to the enzyme's strict selectivity for ATP, the
enzymatic synthesis of nucleobase analogues remained unexplored. This study marks a
significant analysis by presenting the initial enzymatic synthesis as well as a comprehensive
characterization of a diverse range of nucleobase analogues of FAD. Notably, the MjFMNAT
enzyme facilitated this achievement, resulting in moderate yields, and this accomplishment
expands the possibilities for synthesizing FAD nucleobase analogues enzymatically and brings

forth a new avenue for research in this field.
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Figure 3.6 UV-visible and fluorescence study of FAD analogues. (A) The ultraviolet-visible spectra of
riboflavin (RF), flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), and the synthesized analogues
of FAD were examined. Interestingly, the ratios of Ay70: A370 and Az70: Auso for these molecules exhibit variation
based on the type of nucleobase present. The calculated values for these ratios are presented in the provided table
of the figure. Notably, the ratios for RF and FMN are the same, as are those for FCD and FUD, which contain
pyrimidine nucleobases. Conversely, FAD and dFAD display significant spectral overlap. Of particular interest is
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FGD, which incorporates guanine as the nucleobase, showing the highest ratio among the tested molecules. In
addition, a comparative analysis of the fluorescence spectra (excitation and emission) of FAD and its nucleobase
analogues is presented alongside those of RF and FMN. Figure adapted from ChemBioChem (2023), Shah et al.

3.3.5 UV-visible and fluorescence spectroscopy of FAD nucleobase analogues

The nucleobase analogues FAD exhibit peaks at similar wavelengths in their UV-visible
spectra. However, we have observed that the ratios of intensities at A270:A370 and Ax70:A4s0 offer
distinctiveness associated with the nucleobase (Figure 3.6A). Interestingly, FAD and dFAD
showcase identical spectra, and the similarity of the spectra can also be observed in pyrimidine
nucleobase-containing FCD and FUD. Notably, FGD, which incorporates guanine as its
nucleobase, stands out by displaying the highest ratio. The specific values for these ratios are
presented in Figure 3.6A's accompanying table. These distinctive ratios can potentially be used
for identifying the nucleobase analogues of FAD. The fluorescence spectra of the FAD
analogues closely resemble that of FAD. However, minor shifts are evident at the excitation

(Aex) and emission (Aem) wavelengths (Figure 3.6B).

3.3.6 FAD nucleobase analogues as active cofactors

Our subsequent objective involved the evaluation of the potential applicability of these
analogues of FAD as redox cofactors within enzymatic reactions. There are 94 FAD-binding
flavoproteins in E. coli which may potentially bind to these FAD nucleobase analogues (Table
3.3). We opted to focus on glutathione reductase from E. coli (EcGR) as our selected enzyme
(Figure 3.7A). The enzyme employs FADH: as a means to catalyze the reduction of oxidized
glutathione to its monomeric state, simultaneously generating FAD as a product. In the
conducted assay, the enzyme-facilitated conversion of FAD to FADH: takes place through the
participation of NADPH, resulting in the formation of NADP" (Figure 3.7A). This enzymatic
transformation leads to a decline in absorbance at 340 nm, attributed to the conversion of
NADPH to NADP", a change that is effectively used to track the progress of this reaction which
make us choose this enzyme as our protein of interest to evaluate the applicability of these
analogues as redox cofactors.*® We employed this approach to ascertain the enzymatic
capability of EcGR to utilize the synthesized nucleobase analogues of FAD to facilitate its

catalytic reaction.
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Figure 3.7 The glutathione reductase (EcGR) activity with FAD and its nucleobase analogues. (A) The
enzyme EcGR converts oxidized glutathione (GSSG) into its reduced form (GSH), utilizing FADH; as a cofactor
responsible for the reduction process. Concurrently, the oxidized variant of FAD, tightly bound to EcGR, is
reduced to form FADH,, with NADPH serving as the electron donor and being transformed into NADP™. Notably,
NADPH exhibits absorbance at 340 nm, whereas NADP™ lacks absorbance at this specific wavelength.
Consequently, the advancement of the EcGR catalytic reaction is tracked and observed through the decline of the
NADPH absorbance at 340 nm. (B) This SDS-PAGE gel displays the isolated protein with a mass of 51 kDa,
corresponding to EcGR. (C) When FND is associated with apo-EcGR, its absorbance peak at 450 nm experiences
a redshift. This shift signifies the tightly binding of FAD and its analogues with the apo-enzyme. (D) The tight
binding facilitates the catalytic reduction of GSSG into GSH. NADPH subsequently conducts the reduction of
FND, and the observed decline in absorbance at 340 nm is due to NADP" formation. The enzymatic activity of
EcGR, when each analogue is employed, was quantitatively determined as the reduction rate of GSSG in
pumol/min per 1 uM of EcGR enzyme.*’ Activity values in pmol min™! uM! are as follows: FAD bound purified-
EcGR: 0.59, apoenzyme: 0.12, apoenzyme+FAD: 0.72, apoenzyme+FCD: 0.62, apoenzyme+FUD: 0.60,
apoenzyme+FGD: 0.52, apoenzyme+dFAD: 0.60. Figure adapted from ChemBioChem (2023), Shah et al.
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Due to the strong attachment of FAD as a prosthetic group, EcGR retains FAD during the
elution process. To remove the FAD from EcGR, the enzyme was precipitated by saturated
ammonium sulfate, subsequently reconstituting the enzyme with different FAD nucleobase
analogues. The difference in the absorbance spectra of FAD analogues with enzyme compared
to those of the unbound analogues confirms their binding with the enzyme.**** When the
enzyme is bound with either FAD or the FAD analogue, a noticeable shift towards longer
wavelengths, known as a redshift, is observed in comparison to the absorbance spectra of the
unbound analogues, particularly evident at the 440 nm peak (Figure 3.7C). Subsequently, upon
reconstitution of EcGR with FAD and various nucleobase analogues, it was determined that all
the analogues have the capacity to reduce the oxidized glutathione. However, their efficiencies
in this regard vary, with relative activity compared to FAD being as follows: 0.86 for FCD,
0.83 for FUD, 0.72 for FGD, and 0.83 for dFAD. Notably, this was observed despite the enzyme
being reconstituted with the cofactor to a range of 80-90% efticiency (Figure 3.7D and Table
3.4).

3.3.7 Engineering glutathione reductase to create a FAD analogue specific mutant

Since, EcGR can accommodate and use each FAD analogue as cofactor, these FAD
analogues with engineered flavoprotein can be used to create a bio-orthogonal system for
applications in synthetic biology and biotechnology similar to cytosine-based NAD analogue,
NCD.?-%+* Zhao group used saturation mutagenesis for residue (L310, Q401, L404) of maleic
enzyme surrounding adenine base of NAD and got NCD specific mutants.?” Many L310R or
L310K based mutants with Q401 variations were able to use NCD better than NAD. Sequence
alignment of maleic enzyme with various NAD utilizing enzyme resulted a common adenine
binding motif, zGxGxxG where z is L/V/I belonging to L310 position. Substitution of z residue
with R residue in two other enzymes resulted NCD specific mutants. To verify similar system
for EcGR with FCD, we tried to mutate EcGR and found similar adenine base surrounding
residues 110 and 1270 where 110 belongs to zGxGxxG motif (Figure 3.8 A). However, the EcGR
I10R was found to be insoluble. The 1270 residue is just above the amine group of adenine base
and creates enough space to accommodate a two membered ring easily (Figure 3.8A).
Substitution of 1270 with larger residue can fill up the space not allowing the adenine ring fit
into cavity while pyrimidine-based FAD analogue, FCD and FUD, can be accommodated.
However, 1170L, 1270K, and I270H based EcGR mutant were found to be active with FAD
and its FAD nucleobase analogues similar to the wild-type EcGR (Figure 3.8).
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Figure 3.8 mutational analysis in the attempt to create FAD analogue specific E. coli glutathione reductase
(EcGR). (A) Crystal structure of EcGR showing the surrounding residue to accommodate adenine nucleobase of
FAD. The adenine base binds to enzyme through backbone interactions. (B) activity assay of £cGR 1270L mutant.
(C) activity assay of EcGR 1270H mutant. (D) activity assay of EcGR 1270K mutant.

3.3.8 Synthesis of FAD analogues within E. coli cells

In pursuit of employing these FAD analogues as cofactors within cellular systems, we
aimed to ascertain their synthesis within the cell. We conducted heterologous expression of
MjFMNAT from pET28a plasmid in E. coli. Notably, E. coli already possesses the ribF gene
responsible for encoding FAD synthetase (EcFADS), a pivotal gene that cannot be knocked
out. In order to ensure comprehensive evaluation, we incorporated control setups involving an
empty plasmid as well as the plasmid containing the ribF gene. We suggested that upon the
expression of the MjFMNAT-plasmid in the cell and successful synthesis of the FAD analogues,

56



Chapter 3

cellular growth should be comparably hindered in relation to the counterpart ribF-plasmid

expressing EcFADS.
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Figure 3.9 FAD nucleobase analogue synthesis in the E. coli cells and their impact on the growth of the cell.
(A) The growth of E. coli that has undergone heterologous expression of MjFMNAT using a plasmid exhibits
reduced growth compared to that of unmodified E. coli or heterologously expressing EcFADS E. coli cells. (B)
LC-MS analysis of the E. coli strain expressing MjFMNAT, showing the extracted ion chromatograms (EICs),
unveils the synthesis of FAD nucleoside analogues inside the cell. Notably, strains heterologously expressing
EcFADS expression and those with empty plasmid did not exhibit the synthesis of these FAD analogues as
indicated by the analysis. (C) Confirmation of the FAD nucleobase analogues produced in an E. coli strain using
negative mode LC-ESI-MS analysis. The EIC and MS/MS spectra confirm the identity of FAD nucleobase
analogues FGD, FCD, and FUD. The fragmentation of FNDs is a match with the fragmentation of the synthesized
standards (Figure 3.5D), where the peak of mass 180.99, 437.08 (¢cFMN), and 517.05 (riboflavin 5'-pyrophosphate
with water removed) are common peaks sourced from FMN moiety of FNDs. For the individual molecules, the
characteristic peaks are as follows: FGD: 362.05 (GMP ), 424.01 (GDP with H,O removed), and 800.14 (FGD).
FCD: 322.04 (CMP ), 384.00 (CDP with H>O removed), and 760.13 (FCD). FUD: 323.02 (UMP), 384.98 (UDP
with H,O removed), and 761.12 (FUD). Figure adapted from ChemBioChem (2023), Shah et al.

Indeed, we observed lower growth that could arise due to the competition for riboflavin
as well as for NTPs within the shared cellular pool. When E. coli goes to stationary phase from

log phase, the concentration of NTPs (except for UTP) and riboflavin lowers in the cellular
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pool which makes the competition higher for these molecules and that may be the reason the
growth is affected more in the stationary phase.’! These FAD analogues might not effectively
engage with the cell's FAD-dependent enzymes, leading to metabolic burden or potentially
acting as FAD mimics that hinder cellular processes. A growth comparison was conducted
among three cultures: the empty vector, the EcFADS-vector, and the MjFMNAT-vector
harbouring E. coli BL21(DE3) cells. The MjFMNAT-strain demonstrated approximately 0.8
times the growth compared to the growth of the empty vector as well as the EcFADS-vector
control (Figure 3.8A). Subsequently, the lysis of the aforementioned cultures and LC-MS
analysis of supernatant resulted in interesting observations. MjFMNAT-containing cells show
the FAD nucleobase analogue synthesis (FUD, FCD, and FGD), in contrast to the empty-vector
and EcFADS-vector strains (Figure 3.8B). At the same time, FAD concentration in cells
expressing the EcFADS and MjFMNAT enzymes was relatively higher than in the empty vector
cell, as both enzymes contribute to FAD production (Figure 3.8B). Since, MjJFMNAT is a
thermophilic enzyme, the low concentration of FAD analogues can be attributed to the low
activity of the enzyme at 37 °C. However, the MjFMNAT containing strain is producing higher
amount of FAD compared to control strain. There can be three more factors for low FAD
analogue in the strain. cellular concentration of nucleotides varies in the cell following the
order ATP>GTP>UTP>CTP where K of the nucleotides can affect the analogue formation.>!
The other factor can be the utilisation of FAD over its analogues by flavoproteins as prosthetic
group where FAD is tightly bound to flavoprotein which provides extra stability to FAD while
its analogues cannot get this stability via to the flavoproteins. As ATP is native substrate and
highest in concentration, enzyme prefers ATP over other nucleotides synthesizing FAD the

most.

A comparison of the retention time and fragmentation patterns of the extracted
analogues from E. coli against the synthesized FAD analogues validates the activity of
MjFMNAT in the cell (Figure 3.8C). As a result, we conclude that an appropriate enzyme has

the capability to effectively synthesize FAD nucleobase analogues within cellular systems.

3.4 Conclusion

This study shows the successful synthesis of FAD nucleobase analogues while
simultaneously investigating their potential to act as catalysts for redox reactions and their

capability to be synthesized within cellular systems. Previous routes to synthesize FAD
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analogues show challenges such as the availability of starting materials, multistep processes,
and low yields. In contrast, our study employed both chemical and enzymatic methodologies
to synthesize nucleobase analogues of FAD (FGD, FUD, FCD, and dFAD) within a manageable
not more than three steps, resulting in varying yields of 10-51% over a span of 3-5 hours.
Moreover, the enzymatic approaches offer advantages over chemical alternatives due to their
precision in product formation, the need for small catalytic enzyme amounts, and environment-
friendly purification procedures. Furthermore, we successfully demonstrated the practicality of
these FAD nucleobase analogues as catalysts within a flavoprotein, glutathione reductase.
Lastly, by exploiting the in vitro MjEFMNAT promiscuity for NTPs, we showed its capability of
utilizing the naturally present NTPs and FMN in the cell, leading to the synthesis of FAD

nucleobase analogues in the cellular milieu.

The synthesis methodologies detailed in this study serve as foundational approaches for
generating artificial fluorescent and unconventional variants of FAD. Much like analogous
applications and studies involving SAM and NAD" analogues documented in existing
literature, these synthesized FAD analogues hold the potential for similar applications within
drug development, cellular imaging, and various biotechnological contexts, as well as
bioremediation.’**> As an illustration, various SAM nucleobase analogues were synthesized
and subsequently assessed for their compatibility as cofactors of methyltransferase enzymes
that play crucial roles in the methylation of small molecules, and RNA.> NCD, the cytosine
analogue of NAD was employed as biorthogonal redox systems where in one case, metabolic
systems were integrated with engineered NCD-specific enzymes, namely formate
dehydrogenase and malic enzyme, to facilitate carbon dioxide (CO) fixation within F.
coli.?*3%3* Similarly, we anticipate the utilization of FAD nucleobase analogues as a tool to
investigate cellular metabolism. Additionally, these analogues hold potential as biorthogonal
catalysts, enabling the examination of specific metabolic pathways through enzyme

engineering that enables the utilization of an FAD nucleobase analogue in lieu of natural FAD.
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Figure 3.9 'H NMR (400 MHz, D20) of FMNACc (8). The peak with an 'X' is from acetic acid.
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Figure 3.15 1*C NMR (100 MHz, D20) of FCDAc (11)
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Figure 3.16 3'P NMR (162 MHz, D:0) of FCDAc (11)
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Figure 3.18 1*C NMR (150 MHz, D20) of FCD (5)
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Figure 3.22 3'P NMR (243 MHz, D:0) of FUD (6)
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Table 3.1: Other reported methods for synthesis of FAD and its nucleoside analogues.

S. Method description Molecule Ref. yield | time Steps
No.
1 Chemical Condensation of 2': 3°-O- FAD Christie, 6.6% 10h 4
synthesis isoPropylideneadenosine-5' Benzyl Kenner, and
Phosphorochloridate and monothallous Tod. J. Chem.
riboflavin-5' phosphate in phenol Soc. (1954)
followed by removal of thallous
chloride with dry ether. Deprotection in
acid
2 Chemical Coupling of FMN and AMP using di-p- FAD Huennekens <4% | 24h 1
synthesis tolyl carbodiimide in pyridine FID and
Kilgour. JACS
(1955)
3 | Large-scale | Direct condensation of FMN and NMP FAD DeLuca and | <1% 16 h 1
chemical in the presence of trifluoroacetic acid FGD Kaplan. JBC
synthesis anhydride FCD (1956)
FUD
FCD Not 18h 1
Mashhadi et report
al. d
Biochemistry
(2010)
4 Chemical Coupling of adenosine-5' FAD Moffatt and 40% 4d 2
synthesis phosphoramidate or Khorana.
phosphoromorpholidate and riboflavin-5' JACS (1958)
phosphate in a mixture of pyridine and FdeAD McCormick, - - 2
o-chlorophenol FGD, FdeGD Chassy and
FCD, FdeCD Tsibris.
FTD Biochimica et
FHD, FdeHD | Biophysica
FXD, FdeXD | Acta (1964)
FdeAD Tsibris, - - 2
FGD, FdeGD McCormick,
FCD, FdeCD and  Wright.
FTD Biochemistry
FHD, FdeHD | (1965)
FXD, FdeXD
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Flavin-8-
bromoadenine

dinucleotide

McCormick
and Opar.
Journal of
Medicinal
Chemistry

(1969)

28%

7d

Chemical

synthesis

Mono (tri-n-octylammonium) salt of
Adenosine-5' phosphate coupled with
Diphenyl phosphochloridate DMF and

dioxan followed by attack of mono (tri-
n-octylammonium) flavin

mononucleotide in DMF and pyridine.

FAD

Michelson.
Biochimica et
Biophysica
Acta (1964)

70-
80%

5h

5-deazaflavin
adenine

dinucleotide

Smit. Recueil

des  Travaux
Chimiques des
Pays-Bas

(1984)

12-15

Azido-FAD

Koberstein.
European
Journal of
Biochemistry
(1976)

25%

5h

NS-(6-
Carboxyhexyl)-
FAD

Stocker,

Hecht,

And
Buckmann.
European
Journal of
Biochemistry
(1996)

30%

12-17

Chemical

synthesis

Coupling of nucleoside S'-
phosphorothioate with the ammonium

salt of FMN in dry pyridine

FAD

Hata and
Nakagawa.

JACS (1970)

51%

5h

Enzymatic

synthesis

Coupling of FMN and NTP using
CaFADS

Spencer,
Fisher, and
Walsh.
Biochemistry
(1976)

4-18
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Table 3.2: List of 24 FAD-binding enzymes and their RMSD values.

Chapter 3

S. PDB Name of Enzyme Organism Name RMSD (wrt PDB: Distance (A)
No. ID 3R9U) (A) between terminal
backbone atoms
(N9A-N10)
1 1EGC Medium Chain Acyl CoA Human 2.974 13.807
dehydrogenase
2 2G37 L-Proline dehydrogenase Thermus thermophilus 3.401 12.171
3 3R9U Thioredoxin disulfide Campylobacter jejuni 0 15.222
reductase
4 6BZ0 Dihydrolipoyl Acinetobacter baumannii 0.801 15.156
dehydrogenase
5 2VFR Alditol Oxidase Streptomyces coelicolor 3.267 12.845
6 4158 Cyclohexylamine Oxidase Microbacterium oxydans 0.388 15.557
7 ITZL Pyranose-2-oxidase Peniophora sp 0.77 15.137
8 1FOX D-lactate dehydrogenase E. coli 3.036 12.942
9 10JD Monoamine Oxidase B Human 0.488 15.334
10 | 2BVH 6-hydroxy-D-nicotine Paenarthrobacter nicotinovorans 3.584 12.127
oxidase
11 | 7PBG 4-ethyl phenol oxidase Gulosibacter chungangensis 3.08 13.735
12 | 6PXS iminodiacetate oxidase Chelativorans sp. BNC1 0.927 16.225
13 | 3PQB GilR Streptomyces griseoflavus 3.342 12.487
14 | 1E8G Vanillyl Alcohol Oxidase Penicillium simplicissimum 3.056 13.491
15 | TWI1O | Cytokinin Dehydrogenase Zea mays 3.477 12.312
16 | 4EOH Sulthydryl oxidase ervl Saccharomyces cerevisiae S288C 3.505 11.508
17 | 4DQK Cytochrome P450 BM3 Priestia megaterium 3.019 12.532
18 6ECI MSMEG 5243 Mpycolicibacterium smegmatis 4.295 8.786
MC2 155
19 | SEZ7 oxidoreductase PA4991 Pseudomonas aeruginosa PAO1 0.816 15.982
20 210Z FAD utilizing Bacillus cereus 0.368 15.416
dehydrogenase
21 | 1TVC methane monooxygenase Methylococcus capsulatus 3.907 13.32
reductase
22 1JR8 Sulthydryl oxidase Erv2p Saccharomyces cerevisiae 3.515 11.422
23 | 2WSI FAD Synthetase Saccharomyces cerevisiae 4.31 8.163
24 | 20AL Tryptophan halogenase- Lentzea aerocolonigenes 1.324 16.159
RebH
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Table 3.3: List of all E. coli FAD-binding flavoprotein obtained from UniProt database.®
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UniProt UniProt Entry Protein names Gene Names Length
Entry Name
P00363 FRDA_ECOLI Fumarate reductase flavoprotein subunit (EC frdA b4154 JW4115 602
1.3.5.1) (Quinol-fumarate reductase flavoprotein
subunit) (QFR flavoprotein subunit)
P00393 NDH_ECOLI Type Il NADH:quinone oxidoreductase (EC ndh b1109 JW1095 434
1.6.5.9) (Cupric reductase) (EC 1.16.1.-)
(NADH dehydrogenase-2) (NADH dh I1)
(NDH-2)
P00893 ILVI_ECOLI Acetolactate synthase isozyme 3 large subunit ilvl b0077 JW0076 574
(EC 2.2.1.6) (AHAS-III) (ALS-111)
(Acetohydroxy-acid synthase I11 large subunit)
P00914 PHR_ECOLI Deoxyribodipyrimidine photo-lyase (EC phrB phr b0708 JW0698 472
4.1.99.3) (DNA photolyase) (Photoreactivating
enzyme)
P06149 DLD_ECOLI Quinone-dependent D-lactate dehydrogenase did b2133 JW2121 571
(EC 1.1.5.12) ((R)-lactate:quinone 2-
oxidoreductase)
P06715 GSHR_ECOLI Glutathione reductase (GR) (GRase) (EC gor b3500 JW3467 450
1.8.1.7)
P07003 POXB_ECOLI Pyruvate dehydrogenase [ubiquinone] (EC poxB b0871 JW0855 572
1.2.5.1) (Pyruvate oxidase) (POX)
(Pyruvate:ubiquinone-8 oxidoreductase)
P08142 ILVB_ECOLI Acetolactate synthase isozyme 1 large subunit ilvB b3671 JW3646 562
(AHAS-I) (EC 2.2.1.6) (Acetohydroxy-acid
synthase | large subunit) (ALS-I)
P08201 NIRB_ECOLI Nitrite reductase (NADH) large subunit (EC nirB b3365 JW3328 847
1.7.1.15)
P08373 MURB_ECOLI UDP-N-acetylenolpyruvoylglucosamine murB yijB b3972 JW3940 342
reductase (EC 1.3.1.98) (UDP-N-
acetylmuramate dehydrogenase)
P09546 PUTA _ECOLI Bifunctional protein PutA [Includes: Proline putA poaA b1014 JW0999 1320
dehydrogenase (EC 1.5.5.2)
P09831 GLTB_ECOLI Glutamate synthase [NADPH] large chain (EC gltB aspB b3212 JW3179 1486
1.4.1.13) (Glutamate synthase subunit alpha)
(GLTS alpha chain) (NADPH-GOGAT)
POAGJ5 DADA _ECOLI D-amino acid dehydrogenase (EC 1.4.99.-) (D- | dadA dadR b1189 JW1178 432
alanine dehydrogenase)
POAGU3 | MNMG_ECOLI tRNA uridine 5-carboxymethylaminomethyl mnmG gidA trmF b3741 629
modification enzyme MnmG (Glucose-inhibited JW3719
division protein A)
POA9CO GLPA_ECOLI Anaerobic glycerol-3-phosphate dehydrogenase glpA b2241 JW2235 542
subunit A (G-3-P dehydrogenase) (EC 1.1.5.3)
POA9PO DLDH_ECOLI Dihydrolipoyl dehydrogenase (EC 1.8.1.4) IpdA Ipd b0116 JW0112 474
POA9P4 TRXB_ECOLI Thioredoxin reductase (TRXR) (EC 1.8.1.9) trxB b0888 JW0871 321
POAC41 SDHA _ECOLI Succinate dehydrogenase flavoprotein subunit sdhA b0723 JW0713 588
(EC1.35.1)
POAEN1 FRE_ECOLI NAD(P)H-flavin reductase (EC 1.5.1.41) (FMN fre fadl flrD fsrC ubiB 233
reductase) (Ferrisiderophore reductase C) b3844 JW3820
(NAD(P)H:flavin oxidoreductase)
POAEP9 GLCD_ECOLI Glycolate oxidase subunit GlcD (EC 1.1.99.14) glcD gox yghM b2979 499
(Glycolate dehydrogenase subunit GlcD) JW2946
POAEY5 | MDAB_ECOLI NADPH:quinone oxidoreductase MdaB (EC mdaB mda66 b3028 193
1.6.5.10) (Modulator of drug activity B) JW2996
POAEZ1 METF_ECOLI 5,10-methylenetetrahydrofolate reductase metF b3941 JW3913 296

(MTHFR) (EC 1.5.1.54) (NADH-dependent
5,10-methylenetetrahydrofolate reductase)
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PODP90 ILVG_ECOLI Acetolactate synthase isozyme 2 large subunit ilvG 548
(AHAS-II) (EC 2.2.1.6) (ALS-II)
(Acetohydroxy-acid synthase 1l large subunit)
P10902 NADB_ECOLI L-aspartate oxidase (LASPO) (EC 1.4.3.16) (L- | nadB nicB b2574 JW2558 540
aspartate:fumarate oxidoreductase) (EC 1.5.99.-)
(Quinolinate synthetase B)
P12008 AROC_ECOLI Chorismate synthase (CS) (EC 4.2.3.5) (5- aroC b2329 JW2326 361
enolpyruvylshikimate-3-phosphate
phospholyase) (EPSP phospholyase)
P13035 GLPD_ECOLI Aerobic glycerol-3-phosphate dehydrogenase glpD glyD b3426 JW3389 501
(EC1.15.3)
P17444 BETA_ECOLI Oxygen-dependent choline dehydrogenase betA b0311 JW0303 556
(CDH) (CHD) (EC 1.1.99.1) (Betaine aldehyde
dehydrogenase) (BADH) (EC 1.2.1.8)
P24232 HMP_ECOLI Flavohemoprotein (Flavohemoglobin) (HMP) hmp fsrB hmpA b2552 396
(Hemoglobin-like protein) (Nitric oxide JW2536
dioxygenase) (NOD) (EC 1.14.12.17)
P25534 UBIH_ECOLI 2-octaprenyl-6-methoxyphenol hydroxylase (EC | ubiH visB b2907 JW2875 392
1.14.13.-)
P25535 UBII_ECOLI 2-octaprenylphenol hydroxylase (EC ubil visC b2906 JW2874 400
1.14.13.240) (2-polyprenylphenol 6-
hydroxylase)
P27306 STHA _ECOLI Soluble pyridine nucleotide transhydrogenase sthA sth udhA b3962 466
(STH) (EC 1.6.1.1) (NAD(P)(+) JW5551
transhydrogenase [B-specific])
P28861 FENR_ECOLI Flavodoxin/ferredoxin--NADP reductase (EC fpr mvrA b3924 JW3895 248
1.18.1.2) (EC 1.19.1.1)
P33224 AIDB_ECOLI Putative acyl-CoA dehydrogenase AidB (EC aidB b4187 JW5867 541
1.3.99.-)
P35340 AHPF_ECOLI Alkyl hydroperoxide reductase subunit F (EC ahpF b0606 JW0599 521
1.8.1.-) (Alkyl hydroperoxide reductase F52A
protein)
P37339 LHGD_ECOLI L-2-hydroxyglutarate dehydrogenase (L2HG IhgD IhgO ygaF b2660 422
dehydrogenase) (EC 1.1.5.13) (L2HG:quinone JW2635
oxidoreductase)
P37747 GLF_ECOLI UDP-galactopyranose mutase (UGM) (EC glf yefE b2036 JW2021 367
5.4.99.9) (UDP-GALP mutase) (Uridine 5-
diphosphate galactopyranose mutase)
P38038 CYSJ_ECOLI Sulfite reductase [NADPH] flavoprotein alpha- cysJ b2764 JW2734 599
component (SiR-FP) (EC 1.8.1.2)
P40874 MTOX_ECOLI N-methyl-L-tryptophan oxidase (MTOX) (EC solA b1059 JW1046 372
1.5.3.-)
P42593 FADH_ECOLI 2,4-dienoyl-CoA reductase [(2E)-enoyl-CoA- fadH ygjL b3081 JW3052 672
producing] (DCR) (EC 1.3.1.34) (2,4-dienoyl-
coenzyme A reductase [NADPH])
P52073 GLCE_ECOLI Glycolate oxidase subunit GIcE (EC 1.1.99.14) glcE gox yghL b4468 350
(Glycolate dehydrogenase subunit GICE) JW5487
P75990 BLUF_ECOLI Blue light- and temperature-regulated bluF blrp ycgF b1163 403
antirepressor BIuF (Blrp) JW1150
P76081 PAAE_ECOLI 1,2-phenylacetyl-CoA epoxidase, subunit E paak ydbR b1392 JW1387 356
P77182 MNMC_ECOLI tRNA 5-methylaminomethyl-2-thiouridine mnmC yfcK b2324 668
biosynthesis bifunctional protein MnmC JW5380
P77212 RCLA_ECOLI Probable pyridine nucleotide-disulfide rclA ykgC b0304 JW5040 441
oxidoreductase RclA (Reactive chlorine
resistance protein A)
P77324 PAOB_ECOLI Aldehyde oxidoreductase FAD-binding subunit | paoB yagS b0285 JW0279 318
PaoB (EC 1.2.99.6)
P77748 | D2HDH_ECOLI D-2-hydroxyglutarate dehydrogenase ydiJ b1687 JW1677 1018

(D2HGDH) (EC 1.1.99.39)
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Q46871 YQJH_ECOLI NADPH-dependent ferric-chelate reductase (EC yqjH b3070 JW3041 254
1.16.1.9) (Ferric siderophore reductase)
Q47146 FADE_ECOLI Acyl-coenzyme A dehydrogenase (ACDH) fadE yafH b0221 JW5020 814
(Acyl-CoA dehydrogenase) (EC 1.3.8.7) (EC
1.3.8.8)
POAB85 APBE_ECOLI FAD:protein FMN transferase (EC 2.7.1.180) apbE yojK yojL b2214 351
(Flavin transferase) JW5368
POAG40 RIBF_ECOLI Bifunctional riboflavin kinase/FMN ribF yaaC b0025 JW0023 313
adenylyltransferase [Includes: Riboflavin kinase
(EC 2.7.1.26)
P33940 MQO_ECOLI Malate:quinone oxidoreductase (EC 1.1.5.4) mqo yojH b2210 JW2198 548
(MQOQ) (Malate dehydrogenase [quinone])
P37596 NORW _ECOLI Nitric oxide reductase FIRd-NAD(+) reductase norW fIrR yghD b2711 377
(EC 1.18.1.-) (Flavorubredoxin reductase) JW2681
(FIRd-reductase) (FlavoRb reductase)
P50466 AER_ECOLI Aerotaxis receptor aer air yqjJ b3072 JW3043 506
P60584 CAIA_ECOLI Crotonobetainyl-CoA reductase (EC 1.3.8.13) caiA yaaO b0039 JW0038 380
(Crotobetaine reductase) (Crotonobetainyl-CoA
dehydrogenase)
P75728 UBIF_ECOLI 3-demethoxyubiquinol 3-hydroxylase (EC ubiF yleB b0662 JW0659 391
1.14.99.60) (2-octaprenyl-3-methyl-6-methoxy-
1,4-benzoquinol hydroxylase)
P75824 HCR_ECOLI NADH oxidoreductase HCR (EC 1.-.-.-) her ybjV b0872 JW5117 322
P76352 YEEO_ECOLI Probable FMN/FAD exporter YeeO yeeO b1985 JW1965 547
P77397 MHPA_ECOLI 3-(3-hydroxy-phenyl)propionate/3- mhpA b0347 JW0338 554
hydroxycinnamic acid hydroxylase (3-HCI
hydroxylase) (3-HPP hydroxylase) (EC
1.14.13.127)
P77650 HCAD_ECOLI 3-phenylpropionate/cinnamic acid dioxygenase hcaD hcaA4 phdA yfhY 400
ferredoxin--NAD(+) reductase component (EC b2542 JW2526
1.18.1.3)
Q46800 XDHB_ECOLI Putative xanthine dehydrogenase FAD-binding | xdhB ygeT b2867 JW2835 292
subunit XdhB (EC 1.17.1.4)
B1X935 | MNMC_ECODH tRNA 5-methylaminomethyl-2-thiouridine mnmC ECDH10B_2486 668
biosynthesis bifunctional protein MnmC
B1X9K2 | AROC_ECODH Chorismate synthase (CS) (EC 4.2.3.5) (5- aroC ECDH10B_2491 361
enolpyruvylshikimate-3-phosphate
phospholyase)
B1XCN8 | NORW_ECODH | Nitric oxide reductase FIRd-NAD(+) reductase norW flrR 377
(EC 1.18.1.-) (Flavorubredoxin reductase) ECDH10B_2879
(FIRd-reductase) (FlavoRb reductase)
B1XE52 | BETA_ECODH Oxygen-dependent choline dehydrogenase betA ECDH10B_0298 556
(CDH) (CHD) (EC 1.1.99.1) (Betaine aldehyde
dehydrogenase) (BADH) (EC 1.2.1.8)
C4zvM2 | AROC_ECOBW Chorismate synthase (CS) (EC 4.2.3.5) (5- aroC BWG_2103 361
enolpyruvylshikimate-3-phosphate
phospholyase)
PODP89 ILVGP_ECOLI Putative acetolactate synthase isozyme 2 large ilvG b4488 b3767 327
subunit (AHAS-I1) (ALS-11) (Acetohydroxy-
acid synthase 11 large subunit)
P31574 FIXB_ECOLI Protein FixB fixB yaaR b0042 JW0041 313
Q46908 YGCR_ECOLI Putative electron transfer flavoprotein subunit ygcR b2770 JW5441 259
YgcR
Q46911 YGCU_ECOLI Uncharacterized FAD-linked oxidoreductase ygcU ygceT ygeV b4463 484
YgcU (EC 1.-.-.9) JW5442
B1X8A6 | MQO_ECODH Probable malate:quinone oxidoreductase (EC mgo ECDH10B_2367 548

1.1.5.4) (MQO) (Malate dehydrogenase
[quinone])
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B1X9H2 | MTOX_ECODH N-methyl-L-tryptophan oxidase (MTOX) (EC solA ECDH10B_1130 372

1.5.3.0)

B1X9W9 | MNMG_ECODH tRNA uridine 5-carboxymethylaminomethyl mnmG gidA 629

modification enzyme MnmG (Glucose-inhibited ECDH10B_3928
division protein A)
B1XA76 | DADA_ECODH D-amino acid dehydrogenase (EC 1.4.99.-) dadA ECDH10B_1242 432
B1XB17 | HCAD_ECODH | 3-phenylpropionate/cinnamic acid dioxygenase hcaD ECDH10B_2709 400
ferredoxin--NAD(+) reductase component (EC
1.18.1.3)
B1XBG4 | CAIA _ECODH Crotonobetainyl-CoA reductase (EC 1.3.8.13) caiA ECDH10B_0040 380
(Crotonobetainyl-CoA dehydrogenase)
B1XBG7 | FIXB_ECODH Protein FixB fixB ECDH10B_0043 313
B1XBJ4 | MHPA_ECODH 3-(3-hydroxy-phenyl)propionate/3- mhpA ECDH10B_1359 554
hydroxycinnamic acid hydroxylase (3-HCI
hydroxylase) (3-HPP hydroxylase) (EC
1.14.13.127)

B1XBX3 | STHA_ECODH Soluble pyridine nucleotide transhydrogenase sthA udhA 466
(STH) (EC 1.6.1.1) (NAD(P)(+) ECDH10B_4151
transhydrogenase [B-specific])

C4ZPW5 | CAIA_ECOBW Crotonobetainyl-CoA reductase (EC 1.3.8.13) caiA BWG_0037 380

(Crotonobetainyl-CoA dehydrogenase)
C4ZPW8 FIXB_ECOBW Protein FixB fixB BWG_0040 313
C4ZRZ9 | MTOX_ECOBW | N-methyl-L-tryptophan oxidase (MTOX) (EC solA BWG_0907 372
1.5.3.-)
C4ZTNO | DADA_ECOBW D-amino acid dehydrogenase (EC 1.4.99.-) dadA BWG_1014 432
C4zU53 | MQO_ECOBW Probable malate:quinone oxidoreductase (EC mgo BWG_1984 548
1.1.5.4) (MQO) (Malate dehydrogenase
[quinone])
C4zXB7 | HCAD_ECOBW | 3-phenylpropionate/cinnamic acid dioxygenase hcaD BWG_2306 400
ferredoxin--NAD(+) reductase component (EC
1.18.1.3)
C4ZYV6 | NORW_ECOBW | Nitric oxide reductase FIRd-NAD(+) reductase norW fIrR BWG_2447 377
(EC 1.18.1.-) (Flavorubredoxin reductase)
(FIRd-reductase) (FlavoRb reductase)
C4zz19 | MNMG_ECOBW tRNA uridine 5-carboxymethylaminomethyl mnmG gidA BWG_3432 629
modification enzyme MnmG (Glucose-inhibited
division protein A)

C5A0R1 | STHA _ECOBW Soluble pyridine nucleotide transhydrogenase sthA udhA BWG_3630 466
(STH) (EC 1.6.1.1) (NAD(P)(+)
transhydrogenase [B-specific])

POA9U8 YDIO_ECOLI Probable acyl-CoA dehydrogenase YdiO (EC ydiO b1695 JW5275 383

1.3.-.-)
P68644 FIXC_ECOLI Protein FixC fixC yaaS b0043 JW0042 428
P76201 YDIQ _ECOLI Putative electron transfer flavoprotein subunit ydiQ b1697 JW5276 254
YdiQ
P77337 YDIS_ECOLI Probable electron transfer flavoprotein-quinone ydiS b1699 JW1689 429
oxidoreductase YdiS (EC 1.5.5.-)
P77378 YDIR_ECOLI Putative electron transfer flavoprotein subunit ydiR b1698 JW1688 312
YdiR
Q46904 YGCN_ECOLI Probable electron transfer flavoprotein-quinone ygcN b2766 JW2736 423
oxidoreductase YgcN (EC 1.5.5.-)
Q46907 YGCQ _ECOLI Putative electron transfer flavoprotein subunit ygcQ b2769 JW5440 286

YgcQ

Table 3.4: Cofactor binding of purified, apo, and reconstituted E. coli glutathione reductase
(EcGR).
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Enzyme concentration Cofactor concentration Cofactor binding (%)
(uM) (uM)
Purified EcGR 199.7 195.96 98.13
apo EcGR 86.97 5.34 6.14
EcGR + FAD 93.25 83.44 89.47
EcGR + FCD 98.23 83.91 85.43
EcGR + FUD 82.72 74.9 90.55
EcGR + FGD Not calculated
EcGR + dFAD Not calculated
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Chapter 4

An enzyme engineering approach to the synthesis of FAD nucleobase analogues inside

Escherichia coli

4.1 Introduction

Adenosine triphosphate (ATP) has been an energy currency for all cells and plays
various roles in cell metabolism besides being a constituent of RNAs. Other than these roles,
ATP provides an adenosine recognition handle to essential cofactors like coenzyme A, NAD,
FAD, and SAM.! This adenosine handle takes no part in the catalytic activity except anchoring
and binding to the enzyme when incorporated with the cofactors. Much research has been done
on creating and using the analogues of these cofactors modified on or near the catalytic centre.
However, recently, researchers have started focusing on the adenine moiety to create effective
analogues of these cofactors, which can be utilized as chemical biology tools, structural probes,
antimicrobials, enzymatic inhibitors, and fluorescence imaging. For example, enzymatically
synthesized stereospecific SAM fluorescent nucleobase analogues (DAPSAM, 2-AP-SAM,
formycinylmethionine, and 8-aza-SAM) were found to be biologically active with EcoRI
methyl transferase and fluorescence properties of DAPSAM were utilized to determine its Kq
for binding with the SAM-III riboswitch RNA.> A series of adenosine-modified NAD
analogues like 2'-deoxy-2'-fluoroarabinosyl-f-nicotinamide adenine dinucleotide (ara-F NAD)
were found to be potent inhibitors of NADase activity of a signalling enzyme CD38, and the
ara-F NGD was found to be the most potent than others.?

The adenylyl transferase enzymes for the biosynthesis of these adenosine-based
cofactors are ATP-specific that no other NTPs (like GTP, CTP, or UTP) dependent FAD
nucleobase analogue has been known to be present in nature in our knowledge, while the
substrates to synthesize them are already available in the cell. However, recently, the marine
bacterium Desulfobacula toluolica Tol2" has shown the natural presence of adenosino-CoA
analogue, inosino-CoA, along with the hypoxanthine-based coenzyme analogues (NHD and
FHD) of NAD and FAD.* Besides this, Inosino-CoA was found to be incorporated with many
acyl groups as inosino-CoA thioesters, suggesting that the nucleobase analogues can not only
be produced in the cell but also can be utilized by the cell. Hence, the in vivo synthesis of FAD
nucleobase analogues should be possible by utilizing the existing nucleoside triphosphate

(NTP) and FMN as a substrate. The biosynthesis of these cofactor nucleobase analogues opens
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the field to use them to create biorthogonal systems in the cell for chemical and synthetic
biology applications.® The nicotinamide cytosine dinucleotide (NCD), an NAD analogue, was
synthesized to be used specifically by engineered malic enzyme mutants for L-malate to
pyruvate conversion by oxidative decarboxylation.® Later, several NAD-utilising enzymes,
such as formate (FDH), phosphite, and D-lactate dehydrogenases, were engineered to use NCD

over NAD selectively.”!°

NCD was used to create a biorthogonal system for an atom-
economic strategy of CO» fixation where nucleotide transporters NDT2 and NTT4 from
Arabidopsis thaliana and Protochlamydia amoebophila UWE25 are used to transport NCD
within the cell.*!!. In E. coli cells, NCD/NCDH cycles keep going as the FDH mutant converts
formate to CO> using NCD, converted to NCDH, and The ME mutant uses this liberated CO>
and NCDH as a substrate for the carboxylation of pyruvate to malate further generating NCD.
However, nucleotide transporter caused a reduction in cell growth, and NCD transportation is
expensive to grow cell cultures. Hence, NadD, the NAD synthetase, was engineered to get a
mutant with strong CTP preference over ATP, and the mutant also directly incorporates
nicotinamide mononucleotide (NMN) in the active site instead of its native substrate.!>!3
Overexpression of this mutant alone resulted in the production of NCD up to the concentration
of 5 mM, which can directly be used by the NCD-based enzymatic cascades for bioorthogonal
applications.'® Similarly, FAD nucleobase analogues (FGD, FCD, FUD, dFAD) have been

found to be active with glutathione reductase, and these analogues can be potential bio-

orthogonal cofactors, just like NCD.'*

FAD is produced from the riboflavin via an enzymatic two-step reaction consuming one
ATP molecule in each reaction (Figure 3.1A). First, the phosphorylation of riboflavin takes
place by riboflavin kinase (RFK), resulting in flavin mononucleotide (FMN) using ATP, which
is adenylated to FAD by another enzyme FMN adenylyl transferase (FMNAT) using another
ATP molecule (Scheme 1).!"'7 Generally, in prokaryotes, a bifunctional FAD synthetase
enzyme does both these steps; for example, Corynebacterium ammoniagenes FAD synthetase
(CaFADS)."> The FAD is an essential molecule contributing to various important cellular
activities and neither single gene knock-out nor a mutant of FAD biosynthesis genes has been
reported. The Keio collection study of E. coli single gene knockouts reported the ribF gene as
an essential gene which expresses a bifunctional FAD synthetase responsible for FMN and
FAD biosynthesis.'® Generally, Riboflavin either synthesised or transported in the cell which
is converted to FMN and FAD.!*?® However, no transporter has been reported for FAD. The

only approach to synthesize FAD analogues in the cell is to engineer a FAD synthetase enzyme
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and either doing heterologous expression of the mutant in the cell through a plasmid or
homologous expression by substituting the native chromosomal ribF' gene with the mutant

gene.

CaFADS is an extensively explored enzyme representing the prokaryotes' bifunctional
FADS family. The crystal structure of CaFADS and its mutants are also available in the PDB
database and are well-studied.?! 2 It possesses two modules, RFK (C-terminal) and FMNAT
(N-terminal). CaFADS has also been used as a green chemistry catalyst to synthesize many
isoalloxazine-based FAD analogues.?”?® However, being very specific for ATP, it failed to
produce any FAD nucleobase analogue.!> A FAD synthetase from a thermophilic methanogen
Methanocaldococcus jannaschii (MjJFMNAT) can synthesize these analogues in vitro and
within the cell.'*?° However, its heterologous expression slows the growth of the cell. Being a
thermophilic enzyme, it cannot replace the native gene in the bacterial genome for producing
these nucleobase analogues of FAD. Hence, for biosynthesis of FAD nucleobase analogues,
modifying a native bifunctional FAD synthetase to exhibit promiscuity towards different NTPs
is a more reliable choice. Inside a cell, these analogues could potentially explore the role of
FAD in important cellular processes and as bio-orthogonal cofactors for synthetic biology use
similar to NCD.%%1° For this purpose, we chose to work with E. coli FAD synthetase (EcFADS)
as it is a homolog of CaFADS, and E. coli genetics are well-studied to manipulate it genetically
and study its metabolism. However, EcFADS has been studied in very few instances. For
example, a method was patented in 1996 for producing flavin nucleotides using EcFADS,
where G23 residue was mutated with arginine, alanine, or aspartic acid to terminate the
FMNAT domain activity in the recombinant DNA, and then only FMN was produced by
microorganism cultures containing the recombinant DNA.*® Another study of EcFADS has
been done where it is active with the antibiotic roseoflavin (an analogue of riboflavin.!' It
produces a roseoflavin version of FMN and FAD, known as roFMN and roFAD, in the cell by
feeding roseoflavin exogenously. These cofactors were found to bind with 37 out of 38
overexpressed flavoproteins in the E. coli strain.’! These studies suggest that the enzyme
engineering of EcFADS is possible for the biosynthesis of these FAD nucleobase analogues

inside the cell.

This Chapter shows the optimization of EcFADS activity, where we found that the RKF
module of EcFADS is mainly specific for ATP, while the FMNAT module is promiscuous for
other NTPs except for GTP. Using computational study and structure homology, we have

engineered the FMNAT module of EcFADS to make it more promiscuous towards other NTPs.
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We swapped the EcFADS loop surrounding the adenine base in the FMNAT domain with a
cytidylyl transferase loop, making it promiscuous for GTP. Heterologous expression of this
LoopSwap mutant produces FAD analogues inside the cell. Other than this, by shortening the

loop, we have shown that this loop is mainly the reason for ATP specificity inside the cell.

4.2 Materials and Methods
4.2.1 Materials

Jena Biosciences supplied the order of 2’-deoxy adenosine triphosphate (dATP) and all
nucleoside triphosphates (NTPs). Reagents and chemicals for the enzymatic assays were
purchased from RANKEM Chemicals, TCI Chemicals, and Merck. All reagents and
components of media used in bacterial cultures were ordered from TCI Chemicals, HiMedia,
and SRL Chemicals. DSS Takara Bio USA supplied Taq polymerase, Dpnl, and the
PrimeSTAR GXL DNA polymerase. Purification kits for DNA and plasmid were obtained from
Agilent and Qiagen. We considered Merck, SD Fine Chemicals, and RANKEM for all solvents
ordering to use in LC-MS and HPLC analysis.

4.2.2 Cloning and purification of EcFADS and mutants of the FMNAT module

The cloning of the ribF gene for the Escherichia coli FAD synthetase (EcFADS) was
done in a pET28a(+) plasmid between BamHI and Ndel restriction sites using restriction-free
cloning.>? The first round of PCR was done for amplification of the 7ibF gene from E. coli
genomic DNA using the first set of primers (ECFADS F1 and EcCFADS R1; Table 4.1). The
second round of PCR adds flanking sequences at terminals of the gene that are complementary
to the insertion sites of the pET28a vector. This step was done using the second set of primers
(EcFADS F2 and EcFADS R2; Table 4.1). The gene obtained in the second round of PCR is
called megaprimer, which was used to amplify the whole plasmid vector with the gene inserted
between the restriction sites mentioned above. The parent plasmid was digested using Dpnl,
and chemical-competent E. coli DHS5a cells were transformed with the amplified nicked
plasmid, followed by the isolation of the cloned vector. For the cloning of mutants, the wild-
type ribF-plasmid vector was employed as a template, and the list of the corresponding primers
is given in Table 4.1. These primers contain the altered codon at the site of mutation. The

mutants were cloned by PCR in two rounds. The first round of PCR was done with the

86



Chapter 4

corresponding forward primer of the mutant and the T7 terminator universal primer (Table 4.1).
It amplified the fragment of plasmids from the T7 terminator site to the mutation site. This
fragment, called megaprimer, was utilized in the other round of PCR to amplify the whole
plasmid introduced with mutation, which was transformed into DH5a chemical competent cells

followed by plasmid isolation.

Table 4.1: The primer List used for the cloning

# | Primer name Sequence

1 EcFADS Fl1 5'-ATGAAGCTGATACGCGGCATAC-3'

2 | EcFADS R1 5'-TTAAGCCGGTTTTGTTAGCCC-3'

3 | EcFADS F2 5'-GTGCCGCGCGGCAGCCATATGAAGCTGATACGCGGCATAC-3'

4 | EcCFADS R2 5'-CGACGGAGCTCGAATTCGGATCCTTAAGCCGGTTTTGTTAGCCC-3'
5 | G23K F 5'-GCTGACTATTAAAAATTTCGACG-3'

6 | SI65K F 5'-GCGCATCAAAAGCACCGC-3'

7 | G23S_F 5'-GCTGACTATTAGCAATTTCGACG-3'

8 | AGVR F 5'-ACGCAAACTTTTTGCGAAGGTATCAGCAGCACCGCC-3'

9 | AEGVR_F 5'-CCAGTACGCAAACTTTTTGCGGTATCAGCAGCACCGCC-3'

10 | AFEGVR F 5'-TCACCAGTACGCAAACTTGCGGCATCAGCAGCACCG-3'

11 | AFCEGGVR _F 5'-GATATCACCAGTACGCAAACTATCAGCAGCACCGCCGTGC-3'

12 | LoopSwap F 5'-GGCTTCGATATCACCAGTACGCCGCGCACCGAAGGCATCAGCAGCAC-3'
14 | T7 Terminator R 5'-GCTAGTTATTGCTCAGCGG-3'

The ribF or the mutant gene containing isolated plasmids were introduced to the
BL21(DE3) competent cells. Overnight grown primary culture was utilized to grow the
secondary culture in autoclaved Luria Bertani (LB) broth with kanamycin (35 pg/mL),
followed by the growth at 37 °C and 180 rpm. Protein overexpression was initiated at 28 °C by
adding 0.1 M isopropyl-p-D-1-thiogalactopyranoside (IPTG) once the culture’s ODgoo reached
a range of 0.6 to 0.8. The culture was then grown for 8 hours, following which the cellular
components were separated into pellets through centrifugation and subsequently stored at a
temperature of -80 °C. The Ni-NTA affinity chromatography was used to purify the N-
terminally hexa-histidine-tagged protein. This method utilized the Akta pure FPLC system
from GE Healthcare. The initial buffer used for equilibration contained Tris-HCI1 (50 mM) at
pH 8.0, B-mercaptoethanol (0.025%), imidazole (20 mM), and NaCl (300 mM). Elution of the
protein was accomplished using a buffer consisting of Tris-HCI (50 mM) at pH 8.0, -
mercaptoethanol (0.025%), imidazole (500 mM), and NaCl (300 mM). To determine protein
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concentration, the Bradford assay was performed with standard Bovine serum albumin (BSA).
An identical procedure was used for all EcFADS variants. 12% SDS-PAGE gel electrophoresis

was used to assess the enzymes' molecular weight and purity.

4.2.3 Activity assay of EcFADS and its mutants

The activity of EcFADS was optimized using Tris-HCI (100 mM, pH 8.0) buffer,
riboflavin (200 uM), ATP (3.5 mM), and enzyme (5 uM) in final concentration with or without
20 mM DTT (dithiothreitol) and varying concentrations of MgCl, (0-10 mM). For different
divalent metal ions, 3 mM concentration of M>" ion was used instead of MgCl, in the presence
of 20 mM DTT while keeping all other components the same. The time optimization was done

with 3 mM MgCl, for several time points in the presence of DTT.

The final assay for the activity of EcFADS and the mutants was as follows: Tris-HCl
(100 mM, pH 8.0), riboflavin or FMN (200 uM), ATP (3.5 mM), DTT (20 mM), MgCl, (3 mM)
and 5 uM of the enzyme in final concentration. The activity with other NTPs (UTP, CTP, and
GTP) and deoxy nucleotides (dATP) was checked similarly at 3.5 mM concentration. All the
reactions were performed for 6 h at 37 °C. TLC was used to visualize the fluorescent flavins
excited at 365 nm. The mixture of water, acetic acid, and n-butanol was used in the ratio 5:3:12

as a solvent system.

For EcFADS activity at the cellular concentration of NTPs, 1.5 mM GTP, 0.8 mM UTP,
0.5 mM CTP, or 0.2 mM dATP was used, keeping the other components the same. Aliquots at

various time points were taken and observed on TLC.

4.2.4 Fluorescent analysis of flavins with DTT

The fluorescence of flavins was observed on FluoroMax-4 with excitation at 450 nm
followed by emission at 525 nm. The fluorescence of 40 uM RF, FMN, and FAD was recorded
first, and then varying concentrations of DTT (50, 100, and 200 mM) were added, followed by
immediate fluorescence recording. 200 mM B-mercaptoethanol and 20 mM sodium dithionite

were used as a negative and positive control, respectively.

4.2.5 Heterologous expression and lysate study by LC-MS
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50 mL LB broth was inoculated with the 1% overnight grown BL21(DE3) strain
transformed with empty pET28a, EcFADS-pET28a, or mutant-pET28a constructs and the
culture was grown with kanamycin (35 pg/mL) at 37 °C followed by continuous shaking on
180 rpm. Only the E. coli BL21(DE3) culture was grown without Kan. We did not induce the
culture with IPTG and instead relied on the leaky expression of the pET28a plasmid to
minimally perturb the cellular metabolism. After 14-16 h, the culture was centrifuged at 5500
rpm for 15 min at 4 °C resulting in a pellet. 2 mL of 90 % methanol was used for the
resuspension of the pellet followed by sonication at 100 % amplitude for 3 min with 1s pulse
on and 1s pulse off. The final supernatant was obtained by centrifuging the lysate at 4 °C with
5500 rpm for 15 min, followed by the filtration via 0.22-micron filters. The supernatant was

kept at a high vacuum to concentrate it directly for analysis on LC-MS.

4.2.6 Computational analysis

For sequence alignment, a web-based tool, T-Coffee, was used.* All structure visualization and
structure alignment were done with PyMOL. The homology modelling was done using a web-
based tool, Phyre2 and a software called Modeller.***> We used the DALI server to search the
structural homologs of CaFADS.*® PDB90 search was employed to eliminate redundant PDBs
with sequence similarity above 90%, and a list is provided shorted by z-score till 10 (Table

42).

Collaborating with Reman Singh and Arnab Mukherjee from IISER Pune, we
conducted docking and MD simulations for EcFADS and its predicted mutants. Utilizing
Modeller, we constructed models for both wild-type EcFADS and its mutants.>* The Autodock
4 software facilitated the docking of ligands such as FMN, ATP, GTP, and CTP.*”-® First, our
docking process involved ATP, GTP, and CTP with the EcFADS structure, followed by
subsequent molecular dynamics (MD) simulation. In this endeavour, the AMBER99SB force
field was applied to the protein.>® To generate the AMBER force field parameters for ATP, CTP,
GTP, and FMN, we employed the antechamber module of AmberTool. We began with a
quantum mechanical optimization of ATP, GTP, and CTP using the HF/6-31G* basis set in
GAUSSIANO3 software.** Subsequently, AmberTool was utilized to compute restricted
electrostatic potential (RESP) charges for the atoms within ATP, GTP, CTP, and FMN. The
resulting topology and coordinates, produced by AmberTool, underwent conversion into

GROMACS format using the amb2gmx.pl Perl program. Our molecular dynamics simulations
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were executed using the GROMACS package (version 4.5).*! We encapsulated the NTP-FMN
bound protein within a cubic box measuring 70 A in length. This system was then solvated
with TIP3P water molecules. We introduced a solution of 150 mM MgCIl2 ions and optimized
the system using the steepest descent method. The subsequent steps involved heating the
system to 300 K using the Berendsen thermostat with a coupling constant of 0.2 ps under NVT
conditions. After this, a 10 ns NPT simulation was performed at 300 K and 1 bar pressure,
adjusting the box size by employing the Berendsen thermostat and barostat with a coupling
constant of 0.4 ps. Finally, a production run lasting 100 ns at 300 K was conducted using the
Nose-Hoover thermostat. All subsequent analysis was carried out based on the trajectory from

the production run.

4.2.7 TLC, HPLC, and LC-MS

Silica gel TLC was employed to analyze all reactions, and the outcomes were detected
under ultraviolet light with a wavelength of 365 nm. The mixture of water, acetic acid, and n-

butanol in a ratio of 5:3:12 was employed as the mobile phase.

HPLC (Agilent 1260 Infinity-II series) linked with a UV-Vis diode array detector was
utilized to assess enzymatic reactions. The analysis used a Phenomenex Gemini reversed-phase
column of 250 x 4.6 mm dimensions with a 5 um particle size of NX-C18. The solvent-A was
ammonium acetate buffer (10 mM, pH 6.0), and methanol was used as solvent-B. A method
spanning 60 minutes was applied, starting with 5% of solvent B at 0 minutes, maintaining this
ratio until 15 minutes, followed by a gradient increase to 80% of solvent B until 40 minutes,
then a return to 5% solvent B until 55 minutes, and finally, maintaining at 5% solvent B until
60 minutes. Another method spanning 30 minutes was used, starting with 5% of solvent B at 0
minutes, maintaining this ratio until 2.5 minutes, followed by a gradient increase to 80% of
solvent B until 20 minutes, then a return to 5% solvent B until 27 minutes, and finally,

maintaining at 5% solvent B until 30 minutes.

A Mass spectrometer (ScieX X500R-QTOF) was employed for LC-MS analyses, where
a UHPLC (Exion-LC series) was used to separate the flavins. The flavins were detected in
negative mode at a temperature of 400 °C. The parameters are as follows: ion spray voltage
was -4500 V, the de-clustering potential was -80V and collision energy was 5V. The ScieX-OS

Explorer software facilitated data acquisition, processing, and the generation of metrics such
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as extracted ion chromatogram (EIC), total ion chromatogram (TIC), and the m/z values of

targeted molecules. The same column and method as used in HPLC were utilized.
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Figure 4.1 Homology modelling of EcFADS and its activity optimization. (A) Sequence alignment of EcFADS
with CaFADS shows 31 % sequence similarity and 50 % homology. Conserved residues are shown in black
rectangles. (B) The alignment of modelled EcFADS (grey) with the crystal structure of CaFADS (black) shows
complete overlap. (C) HPLC chromatogram of EcFADS activity with RF and ATP in the presence of various
MgCl; concentrations with DTT (black) and without DTT (red). Without DTT, only FMN is formed, while with
DTT, both FMN and FAD are produced. 3 mM MgCl, is sufficient to complete the reaction with DTT, while
without DTT till 3 mM MgCl,, FMN formation increases, and after that, the EcFADS activity decreases at higher
concentrations of MgCl,. (D) Fluorescence analysis of flavins to verify that DTT provides reduced flavins, the
active substrate for EcFADS. The decrease in fluorescence of flavins in the presence of DTT is due to the reduction
of flavins. B-mercaptoethanol was used as a negative control as it does not reduce flavins, and sodium dithionite
was used as a positive control, which makes the fluorescence of flavins vanish completely. (E) Area under the
curve (AUC) for FAD peak extracted from HPLC chromatograms of EcFADS activity with ATP, RF, and various
M?2" metal ions. Only Mg, Mn, Fe, and Co metal ions are accepted by the enzyme in which the Mg?" ion is the
best for the activity. (F) Area under the curve (AUC) for FAD peak extracted from HPLC chromatograms of
EcFADS activity with ATP and RF showing time optimization for the reaction assay.
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4.3 Results and Discussion
4.3.1 EcFADS is homologous to CaFADS

We did a sequence alignment of EcFADS with CaFADS using T-Coftee and found that
EcFADS has 31 % sequence similarity and 50 % homology to CaFADS. Also, the active sites
for RF, FMN, and both ATPs are well conserved, as marked in Figure 4.1A. Since no crystal
structure is available for EcFADS, we did homology modelling using the web-based tool
phyre2 and software modeller. On structural alignment, EcFADS completely overlaps with
CaFADS (Figure 4.1B). Like CaFADS, EcFADS possesses two modules for performing the
phosphorylation and adenylation separately. Unlike CaFADS, the FMNAT domain of EcFADS
needs reducing conditions for adenylation reaction.**** DTT was used to fulfil the reducing
conditions where, without DTT, the RFK domain produces a small amount of FMN (Figure
4.5C). The addition of the DTT increases FMN production, and FAD formation can also be
seen. In the same analysis, we observed that Mg?" ion also aids in RFK activity, and for FMNAT
activity, Mg?" ion is necessary along with DTT (Figure 4.1B). In the titration with various

concentrations of Mg?* ion, 3 mM was found suitable for both modules.
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Figure 4.2 EcFADS activity with nucleotides (NTPs) and dATP. (A) HPLC chromatogram showing EcFADS
activity with NTPs where RF is a starting substrate. EcFADS is not active with other NTPs except dATP. (B)
HPLC chromatogram showing EcFADS activity with NTPs where FMN is a starting substrate. The FMNAT
domain is active with all NTPs and dATP except GTP. (C) TLCs for EcFADS activity with RF and NTPs at cellular
concentrations. Lane 1- FMN and RF, 2- FAD, 3- reaction for 1 min, 4- reaction for 10 min, 5- reaction for 1 h,
6- reaction for 6 h, 7- reaction for 15 h, 8- no enzyme control reaction for 15 h. At a 3.5 mM concentration of
NTPs, EcFADS showed activity with ATP and dATP only, and activity with other NTPs was not detectable.
However, dATP was also found active at the cellular concentration of 0.2 mM, showing a small spot for dFAD
formation, while other NTPs still failed to give any activity.
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DTT and B-mercaptoethanol have been known to reduce the disulfide bond, while DTT
can also potentially reduce flavins and B-mercaptoethanol cannot.**#® On addition of DTT to
flavins (RF, FMN, and FAD), a decrease in fluorescence was observed with an increase in DTT
concentration (Figure 4.1D). This decrease was due to the reduction of flavins, as confirmed
by the disappearance of fluorescence on the addition of sodium dithionite, which ultimately

reduces the flavins.

FAD synthetase from M. jannaschii depends on divalent metals for its functioning.
However, it was found that the most effective performance was with Co?" which is 4-fold
higher compared to its performance with Mg?*.?’ We also found that EcFADS is not specific
only to Mg?" ions, and it also accepts Mn?", Fe**, and Co®" for its activity (Figure 4.1E).
However, Mg?* is still the best for its activity, following the order of activity Mg?"™> Fe?">

Mn?"> Co*". We also optimized the time for ECFADS activity to be ~6 h (Figure 4.1F).
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Figure 4.3. Mutations to alter the nucleotide selectivity of EcFADS. (A) This modelled structure of EcFADS
shows the closest residues to ATP where red residues are near the adenine base, green surrounding the phosphates,
and yellow are close to the ribose ring. (B) Interaction energy for the binding of EcFADS and its mutants with
ATP, CTP, and GTP where two residues (G23K and S165K) near the phosphates were mutated with lysine (K),
making the negative charge and position of phosphates stable. AEGVR mutant was created by shortening the loop
(red) around adenine, which shows lower interaction energy for each NTP. (C) glycine (G23) to serine (S) mutation
(G23S) for GTP specificity based on a point mutation G105S in FtsZ, a GTPase, in the loop surrounding the
phosphates. FtsZ is shown in green, bound to GDP, and the G105 residue is shown in red. EcFADS is in yellow,
bound to ATP and G23 residue in red. (D) Structure alignment of EcFADS with Bacillus subtilis glycerol 3-
phosphate cytidylyl (BsG3PCT) transferase. FMNAT domain of EcFADS has structural similarity with cytidylyl
transferases. (E) Close view of the Loops surrounding the nucleobase in EcFADS and BsG3PCT. Both enzymes
share the same structure near the nucleotide except for the Loop size.
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4.3.2 The activity of EcFADS with other NTPs and dNTPs

Since EcFADS has two modules (RFK and FMNAT), we tried its activity with both the
substrates, RF and FMN. On treating EcFADS with other NTPs and dATP in place of ATP, it
does not accept other nucleotides except dATP when RF is used as the substrate (Figure 4.2A).
However, with FMN, it is active with each nucleotide (ATP, CTP, UTP, and dATP) except GTP
and synthesizes FAD nucleobase analogues (FCD, FUD, and dFAD) (Figure 4.2B). The activity
with dATP is similar to ATP, which can be due to similar structural features except for the
hydroxy group. The activity with CTP and UTP was lesser than the native substrate ATP, which
can be credited to lower interaction energy for CTP with the FMNAT domain relative to ATP
(Figure 4.3B).

Since GTP has the lowest interaction energy, it does not give activity with EcFADS.
The other possible explanation is the difference in cellular concentration of each NTP, where
ATP is produced more significantly (~3.5 mM) than others (GTP ~1.5, CTP ~0.5, UTP ~0.8,
and dATP ~0.2 mM) in E. coli.*’* At cellular concentrations, only dATP actively participated
in the reaction forming dFAD, and other NTPs had no detectable activity with EcFADS (Figure
4.2C). However, dFAD can be produced at cellular concentration, and the FMNAT domain can
produce FCD, FUD, and dFAD; the LC-MS analysis of E. coli cell lysate could not detect the
presence of any FAD analogue (Figure 4.7C).

4.3.3 Potential residues for ATP specificity

The enzyme interacts with three moieties of ATP: the phosphate moiety (interacting
with green residues), the ribose ring (yellow residues), and the adenine base (red residues), as
shown in Figure 4.3A. Since most of the interactions of ATP are through the phosphate region,
we did a computation analysis to create mutations around it to make it GTP-specific. G23 and
S165 were mutated with lysine (K) as its positive charge can stabilize phosphate's negative
charge and shows higher mutant-GTP interaction energy than GTP with wild-type (Figure
4.3B). However, the in vitro activity was decreased with ATP and diminished with other NTPs,
making these mutants ATP-specific; however, they were less efficient than wild-type EcFADS
(Figure 4.4). The decline in activity can be mainly due to the tight binding of ATP, CTP and
GTP to the S165K mutant, as suggested by the energy profile of CTP and GTP binding to the
mutant in comparison to the wild-type enzyme (Figure 4.3B). In the case of the G23K mutant,

the binding should be very poor to succeed in the reaction, as suggested by the interaction

94



Chapter 4

energies of NTPs with this mutant (Figure 4.3B). A GTPase, FtsZ, was converted to an ATPase
with a point mutation G105S (Figure 4.3C, FtsZ in green and G105 in red).*’ Since, the G23
residue of EcFADS (Figure 4.3C, EcFADS in yellow and G23 residue in red) was also predicted
as a potential residue for GTP specificity computationally and lies at a similar position as in
FtsZ, we created EcFADS G23S mutant. However, we found it completely inactive (Figure
4.4C).
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e A AN A AN AL AL giandards
VO Y, N N WV N ¥ A Y
I U N AN | N N U P
Y SV N N N NV W
PV AN A\ Y AN U
VAN AN A AN N e

Retention time (min)

Figure 4.4. The activity of EcFADS and its FMNAT site mutants with FMN and various NTPs in optimized
conditions. (A) TLC for the activity of EcFADS with FMN and NTPs. Lane 1- FMN, 2- FAD, 3- reaction with
ATP, 4- reaction with GTP, 5- reaction with CTP, 6- reaction with UTP, 7- reaction with dATP, 8- control reaction
without NTP. (B) HPLC chromatogram showing activity assay of EcFADS and its mutants with NTPs. EcFADS
can form FCD, FUD, and dFAD besides FAD. The lysine mutation of G23 and S165 makes the FMNAT domain
of EcFADS specific for ATP. Deleting some residues in the loop region around adenine binding decreased activity
with each NTP in the case of AEGVR and AGVR, while activity completely vanished with CTP and UTP for
AFCEGGVR. However, the FEGVR shows almost no activity with any NTP except very little for ATP. (C) TLC
for the activity of G23S mutant with FMN and NTPs. The FMNAT domain of the G23S mutant is entirely inactive,
showing no activity with any NTP. The lanes are the same as in Figure 4.4A.

4.3.4 Loop of cytidylyl transferase in EcFADS makes it promiscuous to GTP

Since adenylyl transferase is from the nucleotidylyl transferase family, the DALI server
was used to find nucleotidylyl transferase structural homologs of CaFADS.*® The PDB90
feature of DALI eliminated the redundant protein structures by considering structure homologs
with less than 90% sequence identity. We found some cytidylyl transferases (such as Bacillus
subtilis  glycerol-3-phosphate cytidylyl transferase (pdb: 1COZ), Rattus norvegicus
phosphocholine cytidylyl transferase (pdb: 4MVC), and Homo sapiens phosphoethanolamine
cytidylyl transferase (pdb: 3ELB)) available in PDB database. FMNAT domain of the Bacterial
FAD synthetase is categorized within the HxGH motif-containing nucleotidylyl transferase

superfamily, and cytidylyl transferases also fall in this category. The cytidyltransferases do not
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show a similar sequence to EcFADS but structurally align well with the FMNAT domain of
EcFADS (Figure 4.3D, Table 4.2). The main difference between these cytidylyl transferase
enzymes and the FMNAT domain of EcFADS is the loop size near the nucleobase region
(Figure 4.3E). Hence, tuning the loop of EcFADS according to the cytidyl transferase may

result in a promiscuous or specific enzyme for other NTPs.

The glycerol-3-phosphate cytidylyl transferase (G3PCT) is specific to CTP or dCTP.*°
We swapped the whole loop (QTFCEGGVRIS) of the FMNAT domain with the loop
(PRTEGIS) of glycerol-3-phosphate cytidylyl transferase and looked for its activity with the
NTPs (Figure 4.5, 4.6A). Unlike EcFADS, This FMNAT domain of LoopSwap mutant can
utilize GTP along with ATP, CTP, UTP, and dATP and produces FAD and FAD analogues
(FGD, FCD, FUD, and dFAD). Compared to EcFADS, this LoopSwap mutant is more efficient
with each NTP (Figure 4.7B). In most the cofactors such as ATP, FAD, NAD, SAM, and CoA,
the adenine base binds to the enzyme through backbone interactions instead of side chain
interactions. the activity is dependent on the shape of the active site providing the specific
backbone interaction rather than on side chain interactions. Breaking these backbone
interactions by loop alteration in the FMNAT module of EcFADS did not change the shape of

the active site; However, the selectivity towards the ATP has broken down.
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Figure 4.5. Activity of LoopSwap mutant with NTPs and their LC-MS analysis. (A) EICs for the activity of
LoopSwap mutant with NTPs compared to EcFADS. FMN was used as the starting substrate; its EIC is black.
The EICs for produced FNDs from corresponding NTP have been shown in red. LoopSwap mutant accepts all the
NTPs and dATP as substrate and is more efficient than EcFADS. (B) Mass fragment analysis of all the FNDs
matches the reported fragment masses of synthesized FNDs (Chapter 3).
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The other interesting observation is that the mutant was also active with GTP with
similar efficiency as EcFADS with ATP (Figure 4.7B). Due to the in vitro activity of EcCFADS
and its mutant with other NTPs, we tried heterologous expression of EcFADS and its
LoopSwap mutant in E. coli BL21(DE3) for FAD nucleobase analogues formation. We used
lysate of completely grown cultures of these strains for LC-MS analysis, taking pET28a
transformed BL21(DE3) cells as our negative control (Figure 4.6B). Empty pET28a-containing
cells did not show any FAD analogue in the LS-MS analysis. EcFADS-expressing cells also
did not show any FAD analogue, but more FAD production was observed because of the extra
expression of EcCFADS from the plasmid. However, this LoopSwap mutant strain showed FAD
production and some FCD, FUD, and FGD, where FUD had a higher amount than others
(Figure 4.6B). These results indicate that this loop goes through conformational dynamics,

essential for nucleotide selectivity inside the cell.
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Figure 4.6. The LoopSwap mutant shows in vitro promiscuity for each NTP and produces FNDs inside the
cell. (A) HPLC data showing in vitro activity of LoopSwap mutant compared to wild-type. LoopSwap is not only
more efficient with the EcFADS, but it is also active with GTP. (B) EICs of FAD and its analogues in the strains
transformed with empty pET28a and pET28a-EcFADS or pET28a-LoopSwap. The LoopSwap mutant synthesizes
FAD nucleobase analogues inside the cell, while EcFADS is very specific for ATP, producing FAD only.

4.3.5 Changing the Loop dynamics by shortening the loop surrounding the nucleobase,
which makes EcFADS promiscuous for NTPs inside the cell

To further clarify the role of the adenine surrounding loop in nucleotide specificity, we
created various mutants by shortening the loop (QTFCEGGVRIS). For this, 3-7 amino acids
were deleted, creating four mutants — AGVR, AEGVR, AFEGVR, and AFCEGGVR by
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considering the loop (PRTEGIS) of the G3PCT (Figure 4.7A). The AGVR mutant was created
by deleting the three residues GVR from the top of the loop. However, a decrease in the activity
of this mutant with ATP, CTP, and dATP was observed, getting no activity with GTP and UTP
(Figure 4.4B, 4.7B), and this loop is one residue bigger than the loop of G3PCT (Figure 4.7A).
We further deleted four EGVR residues from the EGGVR fragment, generating a mutant
AEGVR with a loop of the same size as in G3PCT (Figure 4.7). One of the Gs residues was not
deleted from the EGGVR fragment to keep the GIS sequence (QTFCGIS) of the remaining
loop similar to the loop (PRTEGIS) of G3PCT. The AEGVR mutant also shows decreased
activity with the NTPs relative to EcFADS, while it is more efficient than the AGVR in the case
of CTP and UTP (Figure 4.4B, 4.7B). The homology-modelled structure of the AEGVR mutant
shows a bend in loop structure in comparison to G3PCT, where the residue F bends towards
the nucleobase, restricting the bigger adenine base more than pyrimidine bases in the active
site (Figure 4.7A). On further deleting residue F, the AFEGVR mutant shows diminished
activity for each nucleotide except very little with ATP (Figure 4.4B, 4.7B). We created the
AFCEGGVR mutant by shortening the loop to two residues, which was found to be specific
for adenine base, synthesizing FAD and dFAD only. The decrease in the activity of ShortLoop
mutants can be attributed to the low interaction energy of these mutants with NTPs, as depicted
for the AEGVR mutant with ATP, CTP, and GTP (Figure 4.3B).

B B EcFADS [ LoopSwap
100- AEGVR BB AGVR

% conversion to FAD

ATP GTP CTP UTP  dATP
Activity with

C E.coli E.coli+ pET28a+ pET28a+ pET28a+ pET28a+ pET28a+
pET28a EcFADS AGVR AEGVR AFEGVR AFCEGGVR

100
50
oA A _A _K _A. A —AFAD
w44
S A b A
.2 0 FCD
3 44
8 .1 A
E 0 - i "AFUD
4.
2—
0 ol =] L FGD

101214 101214 101214 101214 101214 101214 1012 14
Retention time (min)

98



Chapter 4

Figure 4.7. The ShortLoop mutants and their activity inside the cell, compared to wild-type EcFADS, talk
about the importance of loop in nucleotide specificity. (A) The loop structure comparison of ShortLoop mutants
relative to glycerol-3-phosphate cytidylyl transferase (G3PCT) bound to CTP (blue colour). The colour of these
mutants is as follows: EcFADS- cyan, G3PCT- yellow, AGVR- magenta, AEGVR- green, AFEGVR- red, and
AFCEGGVR-orange. (B) Quantitative analysis of FAD and its analogues formed by EcFADS and its mutants
from various nucleotides, respectively. LoopSwap is more active with other nucleotides compared to EcFADS. At
the same time, the short loop mutants show a decrease or complete demolition of activity with ATP and other
nucleotides (C) EICs of FAD and its analogues in the strains transformed with empty pET28a and pET28a-
EcFADS or pET28a-ShortLoop mutants compared to E. coli cells. AEGVR mutant can synthesize FAD
nucleobase analogs, while EcFADS fails to produce the same, which shows that the loop plays a primary role in
nucleotide specificity for the cell.

To understand the activity of the loop responsible for the ATP selectivity inside a cell,
we heterologously expressed these mutants in the BL21(DE3) cells and studied their lysate on
LC-MS (Figure 4.7C). Besides, these mutants have decreased or no in vitro activity for NTPs;
still, we observed FCD and FUD formation along with FAD in all these mutant strains;
however, FGD was not detected. These results further conclude that the loop dynamics is
essential for this nucleotide selectivity inside the cell, despite the deleted amino acids not

interacting directly with the nucleobase of NTPs.

4.4 Conclusion

In this study, we have shown that EcFADS can individually accept RF or FMN as
substrate and perform both reactions: phosphorylation of RF and adenylation of FMN. Besides,
the RFK domain is specific for ATP out of all NTPs, and the FMNAT domain is promiscuous
for CTP, UTP, and dATP and can synthesize corresponding FAD analogues while accepting
ATP as a primary substrate. Besides the in vitro promiscuity of the FMNAT domain, EcFADS
remains specific for ATP inside the cell. Mutations in the phosphate binding region suggest that
the surrounding residues are particular for the activity as the efficiency of the enzyme for each
NTP decreases compared to the native enzyme. However, the G23K and S165K mutations
make the FMNAT domain specific for ATP. This specificity can be reasoned as the tight
phosphate binding with lysine in the S165K mutant and very loose binding in the G23K as per
the interaction energy (Figure 4.3B). These mutations take away the flexibility of other ligands
to adopt the conformation necessary for the active site to make the reaction happen. The other
mutant, G23S, creates an entirely inactive FMNAT domain, which can be attributed to the loss
of flexibility of the corresponding loop. Predicting the residues corresponding to ATP

specificity is challenging as the adenine interaction with protein residues happens through the
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backbone. The structure alignment of the FMNAT domain with cytidylyl transferases suggests
that the loop size can be one of the reasons for ATP selectivity. The LoopSwap mutant supports
this fact, as the loop exchange broke the ATP selectivity, accepting other NTPs efficiently, and
FGD was obtained along with FAD, FCD, FUD, and dFAD with better efficiency. Besides this,
the EcFADS is very specific for ATP inside a cell, as no FAD analogue was observed in the
LC-MS analysis for EcFADS expressing cells. However, this specificity vanishes for the
LoopSwap mutant when heterologously expressed inside the cell. The role of the loop size in
ATP specificity was also confirmed by the ShortLoop mutants, where the in vitro activity
decreases with each NTP, while the heterologous expression of each short loop mutant shows
FAD analogues (FCD and FUD) inside the cell. These observations show that this loop goes
through some sort of loop dynamics for this ATP specificity in vivo.’! To further understand the
role of the loop in the adenine recognition, we looked for the presence of a similar loop in 80
PDB structures randomly taken from the already available published list of 985 crystal
structures bounded to ATP, ADP, AMP, CoA, FAD, NAD, SAM and their analogues (Table
4.3).> In this context, we have taken into consideration those loops that are intricately folded
around the nucleobase, involving at least four consecutive residues. Loops that are positioned
away from the nucleobase were not considered. Our findings revealed that 62 % of ATP and its
derivatives featured this distinct loop structure, showcasing varying sizes of folding.
Additionally, a subset of 4 out of 8 SAH (S-adenosyl-L-homocysteine) molecules also
displayed the loop surrounding the adenine base, with a length spanning 7 to 10 amino acids.
On the other hand, for molecules like CoA, FAD, NAD, and their derivatives, interactions with
the loop occurred either at a distant fold or involved loop sizes of less than 4 amino acids. Due
to the distinct folding observed around ATP and its derivatives compared to other cofactor

molecules, there is a possibility that this type of loop is common around ATP-binding proteins.

The wild type EcFADS and its mutant enzymes behave very differently in vitro and in
vivo. EcCFADS shows in vitro activity with CTP, UTP, and dATP while its expression in the cell
results only extra production of FAD and no FAD analogue. Similarly, ShortLoop mutants
show decreased or no activity with each nucleotide, still their expression in the cell shows FCD
and FUD. This phenomenon suggests that the Loop dynamics are important for the specificity
and disruption of that dynamics break this specificity. There can be three more factors for low
concentration FAD analogue in the strain. cellular concentration of nucleotides varies in the
cell following the order ATP>GTP>UTP>CTP where K of the nucleotides can affect the

analogue formation. The other factor can be the utilisation of FAD over its analogues by
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flavoproteins as prosthetic group. FAD is tightly bound to flavoprotein which provides extra
stability to FAD while the analogues cannot get this stability by the flavoproteins. As ATP is
native substrate and highest in concentration, enzyme prefers ATP over other nucleotides
synthesizing FAD the most. These can be the reason that the LoopSwap, being very efficient

enzyme, produces low amount of FAD analogues.

In summary, we have created a potential LoopSwap mutant with great promiscuity for
NTPs producing FAD analogues in vitro and inside the cell. We have also created in vitro ATP-
specific EcFADS mutants like S165K and G23K. Our study shows that some sort of loop
dynamics is vital for this ATP specificity inside the cell. In essence, this study proposes that
mimicking the behaviour of proteins by manipulating vital loop structures' conformational
changes is a potent strategy for fine-tuning enzyme activity, and this can be accomplished

without specifically targeting residues within the active site.

Table 4.2 List of structural homologs of CaFADS.

S. | PDBid- z- %
No. Chain | score | RMSD | identity | Structure Description

1 2x0k-A | 55.2 0 100 PDB RIBOFLAVIN BIOSYNTHESIS PROTEIN RIBF
2 30pl-B | 315 2.2 30 PDB MACROLIDE-EFFLUX PROTEIN

3 1sdm-A | 28.2 2.6 32 PDB RIBOFLAVIN KINASE/FMN ADENYLYLTRANSFERASE
4 30910-A | 144 5.1 16 PDB PANTOATE--BETA-ALANINE LIGASE
5 3uk2-A | 144 5.5 17 PDB PANTOTHENATE SYNTHETASE

6 1n06-B | 14.2 2.3 22 PDB PUTATIVE RIBOFLAVIN KINASE

7 3inn-C 14.2 5.3 12 PDB PANTOTHENATE SYNTHETASE

8 3ag6-A 14 5.1 14 PDB PANTOTHENATE SYNTHETASE

9 5ucr-A 13.9 6.4 18 PDB PANTOTHENATE SYNTHETASE
10 liho-A 13.7 4.3 15 PDB PANTOATE--BETA-ALANINE LIGASE
11 | 1g9s-A | 135 2.8 27 PDB HYPOTHETICAL PROTEIN FLJ11149
12 2ejc-A 134 5.5 14 PDB PANTOATE--BETA-ALANINE LIGASE
13 Ttot-A 134 3.8 14 PDB PANTOTHENATE SYNTHETASE
14 | 3mxt-A | 133 5.3 16 PDB PANTOTHENATE SYNTHETASE
15 | 3mue-A 13.3 3.8 15 PDB PANTOTHENATE SYNTHETASE
16 3n8h-A 13.2 8.2 14 PDB PANTOTHENATE SYNTHETASE
17 3q10-D 13 3 16 PDB PANTOATE--BETA-ALANINE LIGASE
18 1coz-A 12.7 2.5 16 PDB PROTEIN (GLYCEROL-3-PHOSPHATE
19 1ufv-A 125 3.7 16 PDB PANTOATE-BETA-ALANINE LIGASE
20 | 3bnw-A | 119 2.8 29 PDB RIBOFLAVIN KINASE, PUTATIVE
21 3ive-A 11.8 3.7 16 PDB PANTOTHENATE SYNTHETASE

GLYCEROL-3-PHOSPHATE
22 2b71-A 11.3 2.7 17 PDB CYTIDYLYLTRANSFERASE
23 | 1v47-A | 111 2.9 15 PDB ATP SULFURYLASE
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24 | 3k9w-A 11 3.5 18 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
25 | 7wgj-A 11 3.3 14 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
26 | 3otw-A | 10.9 3.3 19 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
27 3193-A 10.9 3.2 19 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
28 8i8j-B 10.8 3.1 15 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
29 lo6b-A | 10.7 3.7 13 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
30 5h7x-E 10.6 3.5 14 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
31 | 4mvd-B | 105 4.2 11 PDB CHOLINE-PHOSPHATE CYTIDYLYLTRANSFERASE
LIPOPOLYSACCHARIDE CORE BIOSYNTHESIS
32 3glv-A 10.5 3.3 15 PDB PROTEIN
33 | 3nbk-D 104 3.4 14 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
34 4nah-B 10.4 3.3 13 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
35 | 5008-A | 10.3 3.5 14 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
36 | 5x3d-A | 103 3.3 17 PDB PHOSPHOENOLPYRUVATE PHOSPHOMUTASE;,
37 | 3nd5-A | 102 3.2 16 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
38 4zcs-A 10.2 3.9 13 PDB CHOLINE-PHOSPHATE CYTIDYLYLTRANSFERASE
39 1vlh-B 10.2 3.6 16 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
40 5jbn-A 10.2 3.5 18 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
41 5ts2-A 10.2 3.5 18 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
42 lod6-A | 10.1 3.3 16 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
43 413r-B 10 3.1 16 PDB PHOSPHOPANTETHEINE ADENYLYLTRANSFERASE
44 1f9a-A 10 3.1 13 PDB HYPOTHETICAL PROTEIN MJ0541
45 3dlo-D 9.9 3.3 15 PDB UNIVERSAL STRESS PROTEIN

Table 4.3 The list of 80 PDB structures from the PDB database bound to ATP, ADP, AMP, CoA, FAD, NAD,
SAM, and their derivatives.

Loop sequence

N6 N6

PI%B Ligand around the H—k’)\loln ds H-l’)\logn ds Watson-Crick Hoogsteen H—t,J\lo7n ds
nucleobase H-bonds H-bonds

2FTO ACO HOH/O HOH/O HOH/O

3MQG ACO HOH/O

5KF9 ACO HOH/O

1M15 ADP S122/0 $282/0G

2C90 ADP V40/N V40/0 Y366/0H

2FNA ADP F15/N K8/Nz F15/0 HOH/O HOH/O
RYLEPPH

2PYW ADP L119/N HOH/O R117/0 HOH/O

2XZ0 ADP GLPDLN D470/0 Q475/NE2

3D36 ADP TGVGM HOH/O HOH/O D352/0D2 HOH/O HOH/O

3EHH ADP DGTFKG HOH/O K325/N D320/0D2 HOH/O HOH/O

3LL3 ADP HOH/O HOH/O HOH/O

3TTC ADP E296/0 HOH/O HOH/O
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3W00 | ADP RAQG A95/N HOH/O R93/0 HOH/O HOH/O
4NE2 ADP HOH/O HOH/O K303/NZ
4QPM | ADP ELYSYG Y869/N E867/0 HOH/O
5FBS ADP MISPE 1186/N Q184/0

5HE9 ADP HOH/O HOH/O HOH/O
5124 ADP ADVG V67/N HOH/O D66/0D1 HOH/O HOH/O
5LB3 ADP FGFDSFK HOH/O HOH/O $28/0 Q34/NE2
5LTJ ADP HOH/O
5LY3 ADP HOH/O HOH/O HOH/O/HOH/O HOH/O

RPDEDRLSPLHSV

12AS AMP S111N $111/0 E103/0E1

1CJA | AMP ELVR V165/N E163/0

1IKHT | AMP G104/0 T91/0G1

1568 AMP KIGH HOH/O E34/0 136/N
2GXQ | AMP GLTTP HOH/O T23/0 Q28/NE2
3LFR AMP 174/IN HOH/O 174/0 R96/0 HOH/O

RSQMIT

4HGO | AMP —~ / 180/N 180/0 R102/0

5DON AMP | SGIPRSSPSRNGRL
5GMD | AMP GLAS HOH/O HOH/O
5NC8 | AMP GDAA A457/N H437/N D456/0D1

1P3D ANP HOH/O HOH/O N295/0D1 N295/ND2
3A99 ANP RPEP HOH/O E121/0 HOH/O

VSGVYTTDP
3CIM | ANP \ Y236/N Y236/0 HOH/O
‘-V

3RC3 ANP HOH/O HOH/O

4D21 ANP 1460/0

5FLG ANP V146/N V146/0 E31/0E2 HOH/O
51X1 ANP NGNGM D67/0D1 HOH/O
1HP1 ATP PFGN N431/ND2 HOH/O
1QHH | ATP AHLN Q16/NE2

2A5Y ATP NVPKQMTCYI Y131/0 HOH/O

3FKQ ATP APRYEHA Y331/N N307/ND2 P329/0 N307/0D1 HOH/O
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4cYl ATP FHPYI H340/N D338/0 HOH/O HOH/O
4FFL ATP FDVIK V50/N N73/ND2 D49/0D1 K32/N
5118 ATP F70/N F70/0 T106/0 HOH/O
2EIS COA HOH/O

4LRT COA HOH/O HOH/O HOH/O HOH/O
4PSW | COA

4U89 COA HOH/O K78/0 HOH/O
2CUL FAD A9LN Q34/N A91/0 HOH/O HOH/O
2IPI FAD V203/N V203/0 S67/0G S67/0G
2QCU FAD AL72/N A34/N HOH/O

3DME FAD L173/N A35/N L173/0 HOH/O HOH/O
3EC6 FAD HOH/O

3EWK | FAD

3F8D FAD V92/N E46/N V92/0

3JQQ FAD HOH/O

3NKS FAD V257/N S35/N V257/0 HOH/O
4EQS FAD VB1/N K34/N V81/0 HOH/O HOH/O
4HAR FAD AB2/N D40/N A82/0 HOH/O HOH/O

4X9M FAD V177N K34/N V177/0

5JCl FAD 196/N K40/N 196/0 HOH/O HOH/O
5KF6 FAD T393/0

1KAE NAD HOH/O

4CPD NAD

5TT5 NAD K290/NZ HOH/O E113/0E2 L114/0 L116/N
2C0C NAP HOH/O HOH/O HOH/O HOH/O

2Y5D NAP HOH/O

3LZW NAP HOH/O HOH/O

4DPL NAP HOH/O HOH/O

4R3N NAP HOH/O

5DP2 NAP HOH/O HOH/O HOH/O/HOH/O HOH/O HOH/O

IPQQGIIRSL

2HA8 SAH 1149/N 1149/0 L158/N
233Q SAH D326/N S300/N D326/0D1 HOH/O

3H2B SAH 1150/N HOH/O HOH/O

3NDC SAH RASWPDQ A193/N A193/0 HOH/O/P10/0 | HOH/O/HOH/O
3TOS SAH TFTGFPDV V167/N T108/N D166/0D1 HOH/O

4IWJ SAH L232/N HOH/O R244/0 L246/N
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5CCB

SAH V164/N F136/N D163/0D1

5MGZ

SAH GDAQLLAG A97/N L71/N D96/0D1 E4/OE1

ACO: Acetyl coenzyme A; ADP: Adenosine diphosphate; AMP: Adenosine monophosphate; ATP: Adenosine triphosphate; CoA: Coenzyme
A; FAD: Flavin adenine dinucleotide; NAD: Nicotinamide adenine dinucleotide; NAP: Nicotinamide adenine dinucleotide phosphate; SAH:
S-adenosylhomocysteine
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Chapter 5

Biosynthesis of FAD analogues and their role in cell physiology

5.1 Introduction

Oxidative stress arises from an imbalance between oxidant and antioxidant levels,
arising from the persistent elevation in Reactive Oxygen Species (ROS) generation, which
induces chemical alterations in various macromolecules, including RNA, DNA, proteins, and
lipids through oxidation.! These ROS have the capability to degrade cell membranes, inhibit
the activity of crucial enzymes, slow down essential cellular processes, hinder regular cell
division, and disrupt energy production.” However, the cell employs enzymatic and non-
enzymatic antioxidants to fight back against the oxidative stress by ROS, as glutathione
peroxidase and catalase are enzymatic antioxidants, while vitamin E, vitamin C, and
glutathione (GSH) are non-enzymatic antioxidants.? in oxidative conditions, the oxidized
glutathione (GSSG) tends to increase intracellularly, and the GSH/GSSG ratio serves as a
reliable indicator of an organism's oxidative stress level. Glutathione plays a protective role
against oxidative stress through multiple mechanisms, where it acts as a substrate for various
detoxifying enzymes, aids in the transportation of amino acids, directly neutralizes singlet

oxygen and hydroxyl radicals, and facilitates the active state renewal of vitamins C and E.?

The efficacy of the glutathione-based defense system against oxidative stress markedly
relies upon the presence and function of flavins where the glutathione reductase employs FAD
as a cofactor for replenishing intracellular GSH levels through the GSSG reduction and the
NADPH acts as the electron donor.* Additionally, we have also established the FAD nucleobase
analogues (FCD, FUD, FGD, and dFAD) as active cofactor for Escherichia coli glutathione
reductase.’ Our study and the dependency of GSH on FAD for maintaining the redox state of
cells led us to explore the impact of these analogues on cellular physiology under oxidative

stress.

Chapters 3 and 4 show that the heterologous expression of MJFMNAT and the mutants
of EcFADS can synthesize the FAD analogues inside the cell. However, their effect on FAD
production and cell physiology cannot be studied directly without having the controls, as the

mutants also contribute directly to an increase in the FAD concentration of the cell.
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This chapter shows the genomic swapping of the EcFADS expressing essential gene,
ribF, with the LoopSwap mutant gene, ribF25. The ribF25 mutant strain survives and grows
like the wild-type strain, producing FAD analogues (FGD, FCD, and FUD). The oxidative
stress generated through H>O> did not create any difference between the mutant and wild-type
strain. Given that antibiotics are also recognized as contributors to oxidative stress, our
investigation involved analyzing the growth patterns of both strains under the influence of
diverse antibiotic-induced stressors.® We have shown that the mutant strain can survive better
under the antibiotic stress of aminoglycosides and -lactams than the wild-type strain. When
grown anaerobically, the mutant strain has slow growth because of the low concentration of
FAD produced compared to the wild-type strain. However, the mutant strain can still respond
better under the stress of the streptomycin antibiotic. Other findings also show that an elevated
presence of some other internal metabolites, aiding in oxidative stress, such as hydrogen
sulfide, indole, nitric oxide, and gaseous ammonia, is linked to bacterial resistance against

antibiotics.” !

5.2 Materials and Methods
5.2.1 Materials

Jena Biosciences supplied the order of 2’-deoxy adenosine triphosphate (dATP) and all
nucleoside triphosphates (NTPs). Reagents and chemicals for the enzymatic assays were
purchased from RANKEM Chemicals, TCI Chemicals, and Merck. All reagents and
components of media used in bacterial cultures were ordered from TCI Chemicals, HiMedia,
and SRL Chemicals. DSS Takara Bio USA supplied Taq polymerase, Dpnl, and the
PrimeSTAR GXL DNA polymerase. Purification kits for DNA and plasmid were obtained from
Agilent and Qiagen. We considered Merck, SD Fine Chemicals, and RANKEM for all solvents
ordering to use in LC-MS and HPLC analysis.

5.2.2 Homologous recombination of EcFADS-kan and its LoopSwap-kan mutant

Both E. coli K-12 MG1655 ribF-kan and ribF25-kan mutant strains were generated
using recombination by the A Red recombineering system.!> EcCFADS or LoopSwap mutant
expressing genes (ribF and ribF2)5, respectively) were amplified from pET28a(+) plasmid

using following primers (forward primer 5’-
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GACCGCTGTACAAGGTATACTCGGACGATTTTCACTGTTTTGAGCCAGACATGAAG
CTGATACGCGGCATACATA-3’ and reverse primer 5’-
ACTTCGAAGCAGCTCCAGCCTACACTTAAGCCGGTTTTGTTAGCCCAAAA-3’),
where forward primer has 50 extra complementary bases for E. coli genome downstream to
ribF gene and the reverse primer has 25 extra complimentary bases for pKD4 vector. Further,
the gene was directly stitched to kan gene (having FRT sites) from pKD4 by taking the
amplified 7ibF or ribF25 gene as forward primer and the other primer (5°-
TCACTCATCAGATTCTCGGTTCCGTATTTCGGTTTGATTACATAACAGGCATATGAA
TATCCTCCTTAGTTCCTA-3’) which has 50 complementary bases to the E. coli genome

upstream to the ribF’ gene.

5 mL of E. coli K-12 MG1655 transformed with pKD46 (which expresses A red
recombinase and is temperature sensitive) was grown overnight at 28 °C with ampicillin (100
pg/mL) in Luria Bertani (LB) media. 30 mL of secondary culture was grown with 1% overnight
grown primary culture, 100 pg/mL Ampicillin, and 0.2 % arabinose in LB media for 3 h at 28
°C (till ODgoo reached 0.3-0.5). The cells were pelleted down by centrifugation (4000 rpm for
10 minutes) followed by resuspension in 10 mL of autoclaved milli-Q water already kept on
ice. Then, the cells were again centrifuged, followed by resuspension in 600 pL of autoclaved
chilled milli-Q water. Then, the resuspended cells were transformed with the stitched fragment
gene (ribF-kan or ribF25-kan gene) by electroporation. The electroporated cells were grown
at 37 °C for 5 h in 1 mL LB media, followed by growth on an LB agar plate with 35 pg/mL
kanamycin antibiotic. The obtained colonies were screened by colony PCR using the following
primers (forward primer 5’-CTCAATCGCCGGTTAACCTT-3" and reverse primer 5’-
CGGCAAATTCAGGGTTGATTTATAG-3’), and the amplified fragment was confirmed by

sequencing.

5.2.3 LC-MS analysis for FAD analogues in the lysate of ribF-kan and its ribF25-kan

mutant strain

Inoculation of 50 mL LB broth was done with overnight grown primary culture of both
the strains, and the culture was grown with kanamycin (35 pg/mL) at 37 °C and 180 rpm. After
14-16 h, the culture was centrifuged at 5500 rpm for 15 minutes at 4 °C resulting in a pellet. 2
mL of 90 % methanol was used for the resuspension of the pellet followed by sonication at 100

% amplitude for 3 minutes with 1s pulse on and 1s pulse off. The final supernatant was obtained
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by centrifuging the lysate at 4 °C at 5500 rpm for 15 minutes, followed by the filtration via
0.22-micron filters. The supernatant was kept at a high vacuum to concentrate it directly for

analysis on LC-MS.

5.2.4 Aerobic growth of ribF-kan and its ribFF25-kan mutant strain under antibiotic stress

The primary culture for each strain was grown overnight from glycerol stock in the
presence of the 35 pg/mL kanamycin in LB media at 37 °C, 180 rpm. Then, in LB media, 200
uL secondary culture was grown under the stress of various antibiotics with varying antibiotic
concentrations at a starting ODgoo of 0.1 in a 96-well plate equipped with a lid, and the plate
was incubated aerobically at 37 °C, with ~300 rpm orbital shaking, for 24 to 48 h. ODsoo
readings were taken after every shaking cycle of 1 hour inside a BMG Labtech CLARIOstar®

Plus microplate reader.

5.2.5 Flipping out of kan cassette from ribF-kan and its ribF25-kan mutant strain

The kan cassette was removed by transforming the mutant strain with PCP20, which
has yeast Flp recombinase known to detect the FRT sites. Both the strains were grown in 5 mL
LB media till ODsoo reached 0.4 - 0.5. The cultures were centrifuged (4000 rpm for 10 minutes)
at 4 °C, followed by discarding the supernatant. The pellet was again resuspended in 0.1 M
calcium chloride (3 mL) and kept at 4 °C for 10 minutes. The culture was again centrifuged at
4 °C, and the supernatant was discarded, followed by resuspending it in 0.1 M calcium chloride
(1 mL). This time, the resuspended cells were kept at 4 °C in calcium chloride for 30 minutes
to make the cells chemically competent. These competent cells were transformed with PCP20
plasmid by heat sock at 42 °C for 1 minute, and then the addition of 0.3 mL LB media was
done. The transformed cells were kept shaking at 30 °C for 4 hours, and the grown cells were
spread on LB agar with ampicillin antibiotic (100 pg/mL) and kept at 30 °C till colonies were
observed on the plate. To remove the temperature-sensitive PCP20 vector from the strains, the
obtained colony was grown in LB media at 42 °C for 5-6 hours. The culture was diluted 10
times, and around 100 uL was spread on LB agar, incubating overnight at 37 °C. Four colonies
were picked up and streaked on four different LB agar plates as follows: (i) only LB agar plate
at 37 °C, (i1) LB agar plate with ampicillin (100 pg/mL) at 30 °C, (iii) LB agar plate with
kanamycin (35 pg/mL) at 37 °C, and (iv) LB agar plate with ampicillin (100 g/mL) and
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kanamycin (35 pg/mL) at 30 °C. Only the LB agar plate without antibiotics had the grown

colonies, confirming the removal of the kan cassette and PCP20 vector.

5.2.6 Aerobic growth of MG1655 and its rib 25 mutant strain under antibiotic stress

Primary culture was grown overnight from glycerol stock in LB media at 37 °C, 180
rpm. Then, in LB media, 200 pL secondary culture was grown under various antibiotic stresses
of varying antibiotic concentration at a starting ODgoo of 0.1 in a 96-well plate equipped with
a lid, and the plate was incubated aerobically at 37 °C, with ~300 rpm orbital shaking, for 24
to 48 h. ODgoo readings were taken after every shaking cycle of 1 hour inside a BMG Labtech
CLARIOstar® Plus microplate reader.

5.2.7 Anaerobic growth of MG1655 and its ribFF25 mutant strain under antibiotic stress

The primary culture of each strain was grown overnight from glycerol stocks in LB
media at 37 °C, 180 rpm. The anaerobic secondary culture was done inside an anaerobic glove
bag chamber (~ 170 ppm oxygen level), where 2 mL secondary culture was grown in LB media
at 37 °C with 1 % primary culture added under streptomycin antibiotic stress of varying
concentrations. 200 pL of the same culture was aliquoted in a 96-well plate with a lid, and the
plate was incubated for aerobic growth at 37 °C, with ~200 rpm shaking as for comparison.
The ODgoo of aerobic and anaerobic cultures was recorded after each 12-hour using a BMG

Labtech CLARIOstar® Plus microplate reader.

5.2.8 LC-MS

A Mass spectrometer (ScieX X500R-QTOF) was employed for LC-MS analyses, where
a UHPLC (Exion-LC series) was used to separate the flavins. The flavins were detected in
negative mode at a temperature of 400 °C. The parameters are as follows: ion spray voltage
was -4500 V, the de-clustering potential was -80V and collision energy was 5V. The ScieX-OS
Explorer software facilitated data acquisition, processing, and the generation of metrics such
as extracted ion chromatogram (EIC), total ion chromatogram (TIC), and the m/z values of
targeted molecules. The analysis used a Phenomenex Gemini reversed-phase column of 250 x

4.6 mm dimensions with a 5 um particle size of NX-C18. The solvent-A was ammonium
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acetate buffer (10 mM, pH 6.0), and methanol was used as solvent-B. A method spanning 30
minutes was used, starting with 5% of solvent B at 0 minutes, maintaining this ratio until 2.5
minutes, followed by a gradient increase to 80% of solvent B until 20 minutes, then a return to

5% solvent B until 27 minutes, and finally, maintaining at 5% solvent B until 30 minutes.
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Figure 5.1 Biosynthesis of FAD analogues by ribF25-kan mutant strain and the growth assay. (A) EICs of
FAD and its analogues in the ribF-Kan and ribF25-kan mutant strain grown in minimal media. The ribF-Kan
mutant strain is efficient in the biosynthesis of FAD analogues: FUD, FCD, and FGD. (B) The area under the
curve (AUC) was extracted for FNDs in both the strains, and these AUCs were extracted from EICs where each
peak was normalized to ODsgo = 1 and volume of culture = 1 mL. The mutant strain produces lesser FAD than the
wild-type strain. (C) Aerobic growth of ribF-kan and ribF25-kan mutant strain. Swapping the ribF’ gene with the
ribF25 mutant gene does not affect the growth, where the lower FAD production and biosynthesis of FAD
analogues make no difference in the growth. (D) Yet, the growth difference between wild-type ribF (E. coli K-12
MG1655) and mutant 7ibF25 strain can be observed due to the lower concentration of FAD in the mutant strain.

5.3 Results and Discussion

5.3.1 LoopSwap gene mutant is responsible for FAD nucleobase analogues and grows as

wild type.

As shown in Chapter 4, the LoopSwap mutant has the potential to produce the FAD
analogues inside the cell along with FAD; the EcFADS expressing essential gene 7ibF in the
genome can be swapped by this LoopSwap expressing gene ribF25. Hence, the homologous
recombination was done to replace ribF with the ribF25 mutant gene linked with the kan
cassette, resulting in 7ibF25-kan strain. The kan cassette was also inserted upstream to the ribF
gene in the wild-type strain, similar to the mutant strain, resulting in the ribF-kan strain being

used as a control.

118



Chapter 5

154 89 T -
P &
'T'/l -
12 129 = 4 _ O
" g f{\m v
0.5 I M il+E
5 091 g A &= —@—E+C1
8 3 —mE+C2
—A—E+C3
0.6 0.6 L
L+C1
L+C2
N 12 ___J’V./i’.'ﬂ_-’i L+C3
= T
0.04 DO e e A O A D O A
[} 0 é 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5
C D Time (h)
15+ 154
< e
N V"\
+ E
- 091 _ —Q—E+5P1 —°—E+§;
g — —mE+
o ‘/I" g _ I —m—E+SP2 a E483
- T——j —h—E+SP3 /“/ —A—
0.6 - - L L
s p L+SP1 L+81
A #\A\‘Lﬁ L+SP2 L+82
/&-JWJ ' R L+s3
i //"ﬁ- | = —E R e A EEE X R 0 I B It
004" e A A
Q0 é 1‘0 1I5 2‘0 2‘5 15 20 25
E Time (h) Time (h)
184 18+
154 154 //v = WA
‘
124 124 L
= —4—E+K
& —@—E+Gi It £
g or / —@—E+Am1
0.9 —&-E 8 0.9 { —&— E+Am2
A E:g?’ / " —A— E+Am3
061 L+G1 { t+ A
L+Am2
L+Am3
H Time (h)
1.8 T [ [
sallall {
15+ A A r-«LMA«
RN AN
g 124 bl 1 —4&—E
o s —@—E+P1
o —m—E+P2
091 —A—E+P3
L
0.6 L+P1
L+P2
L+P3
T sl T T T T T
15 20 25 30 35 40
Time (h) Time (h)

Figure 5.2 Growth of ribF25-kan mutant strain under stress of various antibiotics. Where, E= ribF-kan
control strain, L= ribF25-kan mutant strain, (A) H= H,O, (H1=2 uM, H2=5 uM) (B) C= chloramphenicol (C1=
1, C2=2, C3= 6 pg/mL), (C) SP= spectinomycin (SP1= 2, SP2= 4, SP3= 10 pg/mL), (D) S= Streptomycin (S1=
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5, S2=10, S3= 15 pg/mL), (E) G= gentamycin (G1= 0.5, G2= 2, G3= 5 pg/mL), (F) Am= amikacin (Aml1= 5,
Am2= 10, Am3= 15 pg/mL), (G) A= Ampicillin (A1=5, A2=10, A3= 20 ug/mL), and (H) P= piperacillin (P1=
10, P2= 15, P3= 20 pg/mL). The ribF25-kan mutant strain has antibiotic tolerance to aminoglycosides (such as
streptomycin, gentamycin, and amikacin) and B-lactams (such as ampicillin and piperacillin) compared to the
ribF-kan strain. However, the mutant strain is ineffective in some aminoglycosides, such as chloramphenicol and
spectinomycin.

Interestingly, in LB media, this mutant strain survives and grows similarly to the
original control strain, as it can produce enough FAD to grow (Figure 5.1). Moreover, when
the lysate of the mutant and the control strain was studied by LC-MS, FAD analogues (FGD,
FCD, and FUD) were observed, suggesting that this mutant strain could also do the
biosynthesis of these analogues along with FAD and does not lose its viability (Figure 5.1A).
We completely grew both strains in minimal media and studied their lysate on LC-MS to
quantify the FAD and its analogues in the mutant strain. The EICs of each FND from both
strains were normalized to ODgoo= 1 and volume= 1 mL (Figure 5.1B). When the area under
the curve (AUC) was extracted for each FND, FAD formed by the ribF25-kan mutant strain
was lesser than FAD in the ribF-kan control strain (Figure 5.1B). This lower amount of FAD
in the mutant strain does not affect its growth aerobically compared to the wild-type strain,
while in the anaerobic conditions, the mutant strain has slower growth than the wild-type

(Figure 5.1).

5.3.2 FAD nucleobase analogues aid the cell in antibiotic tolerance

After confirming the presence of these FAD nucleobase analogues in the rib25-kan
mutant strain, we focused on the effect of these analogues in the cells under oxidative stress,
as FAD is important for maintaining the redox chemistry of the cell. We created oxidative stress
by treating both the strains with H.O», and we observed that the mutant strain did not show any
difference in growth compared to the wild type in the presence of H2O»; however, both strains
struggled to survive under this stress (Figure 5.2A). As antibiotics are also known to cause
oxidative stress, we studied the growth of both strains under the stress of various antibiotics.®
Both strains have similar growth in the presence of chloramphenicol and spectinomycin (Figure
5.2B and C). However, the other aminoglycoside antibiotics (streptomycin, gentamycin,
amikacin) are more effective for the ribF-kan control strain, while the mutant strain grows
better and can survive at higher concentrations of the same antibiotic(Figure 5.2D-F). The same

phenomenon was observed for the -lactam class of antibiotics (ampicillin and piperacillin),
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where the control strain survives at a low concentration of antibiotic while the mutant strain
still survives at a higher concentration of antibiotic for which the control strain dies (Figure
5.2G-H). In the case of the beta-lactam antibiotic, a considerable lag of 20-25 h is observed,

and then the strain starts growing.
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Figure 5.3 Growth of ribF25 mutant strain under stress of various antibiotics. Where E= wild-type MG1655,
L= ribF25 mutant strain, (A) K= 35 ug/mL kanamycin, (B) S= Streptomycin (S1= 5, S2= 10, S3= 15 pg/mL),
(C) G= gentamycin (G1= 1, G2= 2.5, G3= 5 mg/L), (D) Am= amikacin (Am1= 2.5, Am2= 5, Am3= 15 mg/L).
ribF25 mutant strain also has antibiotic tolerance to aminoglycosides such as streptomycin, gentamycin, and

amikacin compared to the ribF-kan strain.

5.3.3 Flipping out the kan cassette, followed by the aerobic growth of wild-type MG1655

and rib25 mutant strain under antibiotic stress

The kan gene from PKD4 plasmid expresses the o-phosphotransferase to phosphorylate
the kanamycin for antibiotic resistance.'® To cancel out the possibility that the FAD analogues
and the kan gene are cumulatively responsible for the antibiotic tolerance against the antibiotic

stress by aminoglycoside such as streptomycin, we knocked out the kanamycin gene from ribF-
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kan and ribF25-kan mutant strain by using Flp recombinase. Both the kan-knocked-out strains,
MG1655 and ribF25 mutant, do not grow in the presence of an optimal kanamycin
concentration, confirming the flipp out of the kan cassette (Figure 5.3A). Moreover, the ribF25
mutant strain still grows better under the stress of aminoglycoside antibiotics such as
streptomycin, gentamycin, and amikacin than the wild-type MG1655 strain (Figure 5.3B-D).
These results indicate that the kan gene has no role in the antibiotic tolerance of the ribF25

mutant strain for aminoglycosides.

5.3.4 Anaerobic growth of MG1655 and rib25 mutant strain under antibiotic stress

As in anaerobic conditions, FAD is used excessively; the 7ibF25 mutant strain has slow
growth anaerobically as it produces lesser FAD than the wild-type strain (Figure 5.4A). The
low concentration of streptomycin (2 pg/mL) does not affect the growth of the mutant strain,
and the growth decreases on increasing the streptomycin (7.5 pg/mL) in the culture (Figure
5.4A). However, the decrease in growth of the wild-type strain is higher than the mutant strain.
When the same strain from the anaerobic culture was grown aerobically, the growth of the
mutant and wild-type was the same, and the growth of the mutant strain was better in the
presence of streptomycin (Figure 5.4B). These results confirm that the mutant strain also has
antibiotic tolerance in aerobic and anaerobic conditions and suggest that oxygen has no role in

the tolerance to aminoglycoside antibiotics such as streptomycin.
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Figure 5.4 Comparison of aerobic and anaerobic growth of ribF25 mutant strain under stress of
streptomycin antibiotic. Where, E= wild-type MG1655, L= ribF25 mutant strain, S= Streptomycin (S1=2, S2=
7.5, S3= 20 pg/mL. (A) Anaerobic growth of 7ibF25 mutant strain. The mutant strain has slow growth in

comparison to the wild-type strain. However, the streptomycin does not affect the mutant strain as much as it
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affects the wild-type strain. (B) Aerobic growth of ribF25 mutant strain. The mutant strain grows similarly to the
wild-type strain when grown aerobically. However, streptomycin still sustains its effects on the wild-type strain

more than the mutant strain.

5.4 Conclusion

To understand the true potential of this LoopSwap mutant compared to the wild type
inside a cell, we incorporated this mutant gene into the genome of K-12 MG1655 in place of
the wild-type gene ribF. This ribF is an essential gene, and its knockout is not achievable.
However, mutations in this gene are achievable as the ribF25 mutant strain survived due to its
capability to synthesize FAD. Interestingly, the mutant strain also has the potential to produce
the FAD analogues, which can have potential applications in synthetic biology. The other
interesting observation is that the FAD produced by the ribF25 mutant strain was observed to
be lesser than the FAD in the wild-type strain, and aerobically, the mutant strain still grows
similarly to the wild-type strain. One of the possibilities for this similar growth can be attributed
to the utilization of FAD analogues by the cell to aid FAD. However, the mutant strain could
not compete with the wild-type strain in anaerobic conditions due to lesser FAD production.
We envision employing nucleobase analogues of FAD as tools to investigate cell metabolism
and as distinct catalysts to explore particular metabolic processes related to FAD. This involves
modifying flavoenzymes to preferentially use a FAD nucleobase analogue instead of the regular
FAD, allowing us to scrutinize specific metabolic stages, which has been shown in the case of

NCD analogue for NAD-utilizing enzymes. '+ '8

This study also explored whether this LoopSwap mutant can benefit the cell in oxidative stress
as FAD and its analogues possess redox properties. No difference was observed in the growth
of the mutant strain relative to the wild-type strain in the presence of oxidative stress by H>O».
However, antibiotics are also known to create oxidative stress. When grown under antibiotic
stress, we observed that the mutant strain grows better under the stress of some aminoglycoside
antibiotics like streptomycin, gentamycin, and amikacin compared to wild-type strain. This
mutant strain also has better growth than the wild-type strain in the presence of B-lactams like
ampicillin and piperacillin. However, a 20-25 h lag in growth can be seen in the case of -
lactam antibiotic stress. The rise and dissemination of bacteria that are resistant to antibiotics
pose a significant danger to human well-being and may also profoundly affect the welfare and
continuation of other organisms.!?° Conventional methods for creating antibacterial agents

rely on blocking crucial mechanisms associated with antibiotic resistance, which makes it
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important to understand how unnatural molecules, such as FAD nucleobase analogues, aid

antibiotic resistance, which can help increase antibiotics' efficacy.

The bacteria can show various types of defences towards antibiotic presence, such as

ribosomal mutation, ribosome modification by methyltransferases, aminoglycoside modifying

enzymes, and the active transport of aminoglycoside out of cells through efflux pumps.?!

However, the mechanism of antibiotic tolerance through the FAD nucleobase analogues

remains an open question. There are many ways by which these aminoglycoside modifying

enzymes can change the structure of aminoglycosides, like o-phosphorylation, adenylation, or

acetylation.’> We have listed some of the direct and indirect possibilities by which FAD

analogues might be aiding to the antibiotic tolerance.

W)

)

(111

av)

V)

since the kan gene translates an o-phosphotransferase, which utilizes ATP as
phosphor transfer to phosphorylate kanamycin. The possibility that o-
phosphotransferase may also modify the other aminoglycoside with the aid of these
FAD analogues was ruled out by flipping the kan gene out from the genome. The
antibiotic tolerance of the mutant strain persisted after knocking out the kan gene,
and the growth of the mutant strain remained the same as the wild-type strain.

The other possibility is that the FAD analogues may take part in some type of
aminoglycoside modification, such as N-formimidoylation/-iminoacetylation of
aminoglycosides carried with the help of the FAD cofactor similar to the N-
formimidoylation of glycinothricin by FAD.?® However, this reaction requires
molecular oxygen, which terminates the possibility of N-formimidoylation of
aminoglycosides by FAD analogues, as the mutant strain had a lesser effect on its
growth of the presence of streptomycin as compared to the MG1655 strain.
LoopSwap mutant might directly interact with the aminoglycoside to nullify the
antibiotic effect aiding in antibiotic tolerance.

Since, aminoglycosides cause the antibiotic stress by binding to ribosome units and
interrupting protein synthesis, these FAD analogues might be interacting with
protein, or a regulator involved in protein synthesis machinery to aid in antibiotic
tolerance against aminoglycosides.

The FAD analogues might be triggering the regulation of the effector molecules
such as guanosine-3', 5'-bis(diphosphate) (ppGpp) and guanosine-5'-triphosphate
3'-diphosphate (pppGpp) which have been known to regulate several bacterial

processes such as antimicrobial resistance, persistence, and virulence.?*
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There are various ways by which a bacteria attain antibiotic resistance or tolerance.
There is no direct relation of FAD known to any mechanism by which antibiotic resistance can
be attained. We are collaborating with Dr. Nishad Matange, IISER Pune who is working in the
field of antibiotic resistance, and we are also collaborating with Dr. Arnab Mukherjee, IISER
Pune who works in bioinformatics. Here we are looking for the docking of FAD and its
analogues with all proteins present in E. coli which will provide the potential targets by which
these FAD analogues aiding the cell in antibiotic tolerance. We are also working on RNA
sequencing of both the strains to map the gene regulation in both strain and figuring out the
possible genes responsible for the antibiotic tolerance. The other study we planned to work on
is to look at the metabolite difference in both the strains and looking at the potential molecules
related to the antibiotic tolerance. To rule out the possibility of LoopSwap mutant directly
interacting with the antibiotic, we planned to do activity assays for ECFADS and LoopSwap
mutant in presence of various concentrations of antibiotic and seeing if the reaction is hindered

or not.

In summary, we have created a new MG1655 mutant strain that can do biosynthesis of
FAD analogues and grow similarly to the wild-type strain in aerobic conditions. However, the
difference in growth can be seen anaerobically. Besides this, the new mutant strain is tolerant

towards the antibiotic stress of various aminoglycosides and p-lactams.
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Chapter 6

Findings, implications, and future directions

6.1 Understanding the adenine recognition

Ligand binding is one of the important and most common functions for protein
evolution to recognise the substrate.! To understand the process of protein evolution of
recognizing and binding the substrate is a fundamental goal in the field of evolution. One of
the ways it can be approached is by focusing on ancient substrates or a specific fragment of
such substrate. Understanding various proteins of a common evolutionary origin and their
interaction patterns with these substrates can provide insights into the evolutionary
development of these interactions. For this instance, Nucleotides (NTPs: ATP, GTP, CTP, UTP)
are a common type of ligands in living organisms and differ only based on the nucleobases.
NTPs as enzyme cofactors are particularly widespread, taking part in important metabolic
reactions. The NTP binding is an example of protein-ligand interactions, which are one of the
most conserved and the oldest, possibly due to the prevalence of catalytic RNA molecules in
the early stages of life on Earth.>® Adenine moiety from ATP is a fragment of most enzyme
cofactors, such as FAD, NAD, SAM, and coenzyme A, which plays a crucial role in protein-
nucleotide interactions.* Adenine possesses various groups that enable different types of

interactions, including electrostatic, hydrogen bonding, aromatic, and nonpolar interactions.
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Figure 6.1 The trend of backbone interaction of adenine moiety of ATP and enzyme cofactors to enzyme

residues.

Due to the planer triangle-like structure of adenine, it has three edges to participate in
hydrogen bonding with its surrounding residues and molecules. These edges are the Watson—

Crick edge, the Hoogsteen edge, and the sugar edge (Figure 6.1). Subsequent studies confirmed
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that adenine-binding predominantly involves interactions with adenine's Watson—Crick edge.>
8 The adenine of ATP, SAM, NAD, and FAD was found to be interacting with the protein via
three variants of a motif: the "direct motif," the "reverse motif," and the "Asp motif" (Figure
6.1).* In the first two variants, the backbone of the protein loop interacts with adenine, implying
that these modes may be ancient and driven by structural constraints. A negatively charged
amino acid side chain interacts with adenine's N6 in the "Asp motif", which was often observed
in NAD-binding proteins (Figure 6.1). Later, another study, based on a larger dataset, also
confirmed these patterns, revealing interactions with adenine’s all three edges.’ For this study,
985 protein-nucleotide complexes were used in this large and comprehensive dataset from the
Protein Data Bank (PDB) (Table 6.1). ATP preferably binds to the “direct” and “reverse” motif,
while SAM and NAD prefer the “Asp” motif, and FAD has a preference for the “reverse” motif.
The study concentrated on two primary perspectives of protein-adenine interactions. First, it
explored the physicochemical nature of the ligand-binding, focusing on interactions such as the
hydrogen bonding of proteins with its ligands as well as the structural motifs supporting the
ligand-binding. Secondly, it investigates evolutionary traces remained in the ligand-binding by
examining recurring sequences called "themes" in adenine-binding proteins. The study
connected the understanding of hydrogen-bonding interactions observed in adenine-binding
proteins with evolutionary trends, particularly in terms of their theme composition. Differences
in structural geometries, as well as ligand-binding patterns across many proteins, suggested
that adenine binding mainly emerged independently at various times in the evolution process.
The study also directs towards future research efforts to uncover an evolutionary path that
explains how an initial set of short themes resulted in larger "themes" and corresponding

binding sites.

Table 6.1 Quantitative measure of occurrence for the “direct,” “reverse,” and “Asp” variations of the

adenine-binding motif. This table is taken from Narunsky ef al’s work.’

Cofactor | The “direct” motif | The “reverse” motif | The “Asp” motif Other Total
ATP 77 (19 %) 74 (18 %) 10 (2.5 %) 245 (60 %) 406
FAD 0 128 (63 %) 6 (3 %) 69 (34 %) 203
SAM 1 (0.5 %) 29 (17 %) 107 (61.5 %) 37 (21 %) 174
NAD 0 3(2.5%) 42 (34 %) 78 (63.5 %) 123
CoA 2 (2.5 %) 0 0 77 (97.5 %) 79
Total 80 234 165 506 985
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6.2 The structural fold of adenine binding loop and nucleobase selectivity

In Chapter 4, We established the role of a specific loop (Figure 6.2) in the FMNAT
domain of the enzyme EcFADS (Escherichia coli FAD synthetase) in relation to its ATP
selectivity where LoopSwap mutant broke this selectivity and produced FGD along with FAD,
FCD, FUD, and dFAD with better efficiency. The EcFADS is very specific for ATP inside a
cell, and when the large loop around the adenine was shortened or swapped with a short loop
from another enzyme (glycerol-3-phosphate cytidylyl transferase), the specificity of EcFADS
for ATP was lost. The observations suggest that the loop's conformational dynamics might be
integral to its role in ATP binding. The loop might undergo changes in its structure or flexibility
to accommodate the ATP molecule, and altering the loop's properties could lead to changes in

the enzyme's substrate selectivity.!?

Figure 6.2 The loop structure of the FMNAT domain in EcFADS. It shows the closest residues to ATP, where

red residues are near the adenine base, green surround the phosphates, and yellow are close to the ribose ring.

To further understand the role of the loop in the adenine recognition, we looked for the
presence of a similar loop in 80 PDB structures randomly taken from the already available
published list of 985 crystal structures bounded to ATP, ADP, AMP, CoA, FAD, NAD, SAM
and their analogues (Table 4.3).° Our findings revealed that 62 % of ATP and its derivatives
featured this distinct loop structure, showcasing varying sizes of folding. Additionally, a subset

of 4 out of 8 SAH (S-adenosyl-L-homocysteine) molecules also displayed the loop surrounding
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the adenine base, with a length spanning 7 to 10 amino acids. On the other hand, for molecules
like CoA, FAD, NAD, and their derivatives, interactions with the loop occurred either at a
distant fold or involved loop sizes of less than 4 amino acids. Due to the distinct folding
observed around ATP and its derivatives compared to other cofactor molecules, there is a
possibility that the ligand-binding pattern could have emerged independently on various

occasions.

The question of why enzyme cofactors such as FAD, NAD and others possess only

adenosine moiety over nucleoside moieties coming from other NTPs is yet to be answered.

6.3 FAD nucleobase analogues in cell physiology

In Chapter 3, we demonstrated the synthesis of FAD nucleobase analogous—FGD,
FCD, and FUD. These analogous exhibited comparable activity to that of native cofactors FAD
in the enzymatic assay of glutathione reductase. Furthermore, these analogous displayed the
capability to be synthesized intracellularly. This study highlights the functional efficacy of

these analogous within cellular physiology.

In Chapter 5, we successfully developed a novel MG1655 mutant strain capable of
biosynthesizing the FAD analogous while maintaining similar growth rates to the wild-type
strain under aerobic conditions. However, distinct growth behaviour between the mutant and
wild-type strains can be seen under anaerobic conditions due to the low production of FAD in
the mutant strain. Additionally, the new mutant strain exhibits resistance to antibiotic stress
induced by various aminoglycosides and B-lactams when grown aerobically and anaerobically.
Other findings also show that an elevated presence of some other internal metabolites like
hydrogen sulfide, indole, nitric oxide, and gaseous ammonia is linked to a greater occurrence

of bacterial resistance to antibiotics.''™!3

However, the direct or indirect mechanism by which these FAD analogues aid the cell
under antibiotic stress is yet to be explored. Can these analogues replace the native substrate

FAD and fulfil its place, or are there other roles that these analogues can play in cell
physiology?
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Figure 6.3 Modulating ATP-specificity of RFK module in EcFADS. (A) sequence alignment of SpRFK with
EcFADS and CaFADS. RFK module and SpRFK share common ATP binding motifs, while two key differences
can be seen in the adenine binding site marked in black boxes. The RFK modules have a large phenylalanine (F)
residue, and SpRFK has a small isoleucine (I) residue. Secondly, SpRFK possesses an aspartate (E) residue while
absent in others. (B) The structural alignment of SpRFK with CaFADS as apoenzyme and ADP-bound enzyme.
The ADP-bound CaFDAS possesses a helix near the adenine ring, while the apoenzyme has a flexible loop
consisting of the same residues. (C) HPLC chromatograms of activity of mutants with NTPs in comparison to

EcFADS.

6.4 Engineering RFK module of EcFADS

The RFK module of EcFADS is ATP-specific, which can be a limiting factor for the
low production of FAD nucleobase analogues in the 7ibF25 mutant strain. Therefore, we
decided to modify the RFK module based on sequence and structural similarities with the
Schizosaccharomyces pombe riboflavin kinase (SpRFK), which has demonstrated promiscuity
in accommodating various NTPs in our lab (Yashwant’s thesis). It is worth noting that
eukaryotes and prokaryotes share structurally similar RFKs. Upon conducting a sequence

alignment, we identified two key amino acid differences in the ATP binding site, particularly
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around the nucleobase (Figure 6.3A). Firstly, in the conserved domain GXFTAN, the X residue
is phenylalanine in EcFADS and CaFADS, while a smaller residue, isoleucine, is present in
SpRFK (Figure 6.3A, B). Secondly, the glutamate residue found in SpRFK is absent in the
structures of the other two enzymes (Figure 6.3A, B). As mentioned in Chapter 1, these two
residues are likely acting as gatekeeper residues. The smaller size of isoleucine in SpRFK
allows other NTPs to enter its active site, and the electrostatic interaction of the aspartate
residue with the nucleobase groups of NTPs directs the substrate inside the active site. When
we generated mutants with these two changes, namely F2071 and 266E, we observed that FAD
and FMN were not produced using other NTPs (Figure 6.3C). Additionally, the activity of the
266E mutant was lower compared to the other two mutants. It suggests that these two residues

are not responsible for the nucleotide specificity.

However, one more difference we observed is that the CaFADS bound to ADP shows a
helix formation near the adenine base while the helix is absent in the apoenzyme (Figure 6.3B).
We postulate that the helix disruption can lead to the break of nucleotide specificity of the RFK
module in EcFADS. This postulate is supported by two studies in our lab where Yashwant’s
thesis reports similar helix formation in Methanocaldococcus jannaschii RFK, which was
disrupted by introducing proline residues in the helix and found the mutant promiscuous.
Similarly, Aditya’s thesis in our lab also reported a similar helix formation phenomenon in E.

coli methionine adenylyl transferase (EcMAT).

In future, we would tune the nucleotide specificity of the RFK module in EcFADS by
disrupting the adenine binding helix based on SpRFK, followed by a similar mutation in the
genome of the ribF25 mutant strain (LoopSwap mutant strain) to enhance the FAD nucleobase

analogue in vivo production.
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