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ABSTRACT

In this dissertation we discuss function identification and detailed mechanistic
studies of the enzymes involved in the bacterial xenobiotic, amino acid, and vitamin
catabolic pathways. The studies are mainly focused on 1) Identification of flavin-N5-oxide
intermediates in bacterial dibenzothiophene, uracil and hexachlorobenzene catabolic
pathway; 2) ldentification of bacterial folate and lumichrome catabolic pathways; 3)
Mechanistic studies on the flavoenzyme (lifA) involved in the bacterial tetramethyl
pyrazine catabolic pathway; 4) Mechanistic studies on the cofactor independent oxygenase
in the bacterial indole catabolic pathway.

Our mechanistic studies on the DszA catalyzed reaction in the bacterial
dibenzothiophene catabolic pathway revealed that the reaction proceeds via the flavin-N5-
oxide intermediate, a newly discovered flavin oxidation state. DszA is the second enzyme
which has been characterized as flavin-N5-oxide utilizing enzyme. Guided by the similar
mechanistic hypothesis that we had on the DszA catalyzed reaction, we were able to
discover flavin-N5-oxide in the RutA-catalyzed oxidative amide bond cleavage reaction
in the uracil catabolic pathway reaction and in the HcbAl-catalyzed dehalogenation
reaction in the hexachlorobenzene catabolic pathway.

Unlike the vitamin biosynthesis, the vitamin catabolism is an unwritten chapter in
fundamental biochemistry. In an effort to broaden our knowledge on vitamin catabolism
we have identified bacterial folate and lumichrome catabolic pathways. Detailed

biochemical studies on the folate catabolic pathway in Mesorhizobium loti revealed a



unique flavoenzyme mediated Baeyer-Villiger type rearrangement. We have identified a
similar Baeyer-villiger type rearrangement in the bacterial tetramethyl pyrazine catabolic
pathway. We have also identified a lumichrome catabolic pathway in Pimelobacter
simplex and the initial three enzyme catalyzed reactions have been reconstituted in vitro.

We have studied the mechanism of a cofactor-independent oxygenase (1ifA) involved
in the bacterial indole catabolic pathway. IifA catalyzes the transformation of 3-hydroxy-
oxindole to anthranilic acid. Our mechanistic studies on the lifA catalyzed reaction
support a Baeyer-Villiger type rearrangement, first of its kind, in a cofactor-independent
enzyme. We have shown that the reaction goes via the isatoic anhydride intermediate,
identified bicarbonate as the reaction product, labeling experiments with O-18 labeled
water and molecular oxygen showed that the oxygen atom from water molecule
incorporated into anthranilic acid product while oxygen atom from molecular oxygen

incorporated into carbon dioxide.
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CHAPTER I

INTRODUCTION

1.1 Flavoenzymes

Flavoenzymes are ubiquitous in all forms of life and extensive studies in this area
demonstrate that the isoalloxazine heterocycle is the most chemically versatile heterocycle
in biology.!? Flavin can undergo 1 and 2- electron reversible redox chemistry to form the
flavin semiquinone and dihydroflavin respectively (Figure 1.1). The ability of flavins to
undergo single electron transfer chemistry underlies much of the catalytic versatility of
this cofactor. Flavin is one of the few cofactors (Heme, Non-heme iron, copper, and pterin
being the rest) used by living systems to activate molecular oxygen. Extensive mechanistic
studies on the flavin dependent oxygenases over the last several decades have provided
the basis of our current understanding of how these enzymes work. During the reaction
with molecular oxygen N5-C4a locus of the isoalloxazine ring plays the key role in

stabilizing the flavin semiquinone species before it recombines with superoxide radical to

R
\ + electron + electron
yeoe b se et o
N;E,(NH | . :E”/NH :E'(NH
o ] Efc ron - elfctron
Oxidized Flavin Flavin Sem|qu|none -H D|hydrofIaV|n
1 2

Figure 1.1: Known oxidation states of flavin.



form the flavin-C4a-hydroperoxide.* It is the flavin-C4a-hydroperoxide which is the key
oxygenating species during flavoenzyme catalyzed hydroxylation, epoxidation,
sulfoxidation, Baeyer-Villiger oxidation reaction etc.® (Figure 1.2) and thus, can be
considered as biological equivalent of m-chloroperbenzoic acid. After years of extensive
studies, the field of flavoenzymology was considered to be a saturated field. However, the
last decade has seen a radical shift in flavoenzymology with the identification of two new
catalytic motifs: prenylated flavin and flavin-N5-oxide (Figure 1.3). Prenylated flavin was

first discovered in ubiquinone biosynthesis and since then has been implicated in

CO,H CO,H
PHBH
—_—
OH
OH
5 6
Hydroxylation

Epoxidation

O
Styrene

9 monooxygenase 10

Figure 1.2 Diverse reactions mediated by Flavin hydroperoxide.



decarboxylation reactions in many enzymatic systems.®® Flavin-N5-oxide was first
identified in the EncM catalyzed reaction in the enterocin biosynthesis by Bradley
Moore’s group.® 1° We have been able to identify Flavin-N5-oxide species in three more
enzymatic systems: DszA-catalyzed oxidative C-S bond cleavage reaction in
dibenzothiophene catabolic pathway, RutA-catalyzed amide bond cleavage reaction in
uracil catabolic pathway, and HcbAl-catalyzed dehalogenation reaction in the

hexachlorobenzene degradation pathway. Details are outlined in Chapter 1, 2 and 3.

R R

l{l H 0] l{l N.__O
Y “Y

+| NH :©:+/ NH

X )

! o O O

13 14

prFMN Flavin-N5-oxide

Figure 1.3: Newly discovered flavin intermediates: prenylated flavin and flavin-N5-
oxide.

1.2 Cofactor catabolism

In contrast to our understanding of the biosynthesis of cofactors, there is a dearth of
information about their degradation pathways. Although there are reports of bacterial
strains which can degrade cofactors, very little is known about the genes involved in the
degradation pathway. As of now the best studied catabolic pathways are that of PLP and
NAD. Landmark studies by Snell using selective culture technique resulted in the

identification of several bacterial strains which are able to grow on PLP as a sole source
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Figure 1.4: PLP catabolic pathway in Mesorhizobium loti MAFF303099.

of carbon and nitrogen.!**3 Based on the work from the same group several catabolic
intermediates were characterized from the growth medium. Later, Yagi and Begley groups
identified pyridoxin catabolic genes in Mesorhizobium loti MAFF303099. Detailed
biochemical studies by the Begley group on the enzymes involved in the PLP catabolic

pathway further advanced our understanding (Figure 1.4).1* NAD
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Figure 1.5: Aerobic NAD catabolic pathway.



catabolic pathway has been reported in bacteria, plants and animals. The catabolic
pathway proceeds via the intermediate nicotinic acid 23 (Figure 1.5). The catabolic
pathways of the rest of the cofactors are largely unexplored. Thiamin, folate, riboflavin,
and biotin-degrading bacteria were once isolated, but samples have not been preserved. In
an effort to broaden our knowledge on cofactor catabolism, we have successfully

identified the folate and lumichrome catabolic pathways as detailed out in Chapter V and

Chapter VIII.
(@] CO,H
H
(0] N
N /©)LH)\I\ N\ N\fo
HNJ\\N N/ " N
? 30 31 ©
Folic acid Lumichrome

Figure 1.6: The structures of folic acid and lumichrome. Catabolic pathways of these two
molecules will be discussed in Chapter V and Chapter VIII.

1.3 Baeyer-Villiger rearrangement

Baeyer-Villiger rearrangement is the transformation of ketones to esters or of cyclic
ketones into lactones by peracids. The first example of Baeyer-Villiger rearrangement is
the lactonization of menthone with potassium monopersulfate reported by Adolf von
Baeyer and Victor Villiger in 1899.% According to the current mechanistic understanding,
the reaction proceeds via nucleophilic addition of peracid to the electrophilic carbonyl

center to form tetrahedral intermediate which is also known as Criegee intermediate®
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(Figure 1.7). This is followed by the concerted migration of one of the adjacent carbons
to the oxygen to yield the rearranged product. Enzyme catalyzed Baeyer-Villiger
rearrangements are widely distributed in nature.!” The first biological example of Baeyer-
Villiger reaction was discovered in the microbial degradation of steroids in 1948.18
Majority of biological Baeyer-Villiger rearrangements are catalyzed by flavoenzymes.
The prototype of flavin-dependent Baeyer-Villiger oxygenase is cyclohexanone

monooxygenase (CHMO) which was first purified to homogeneity from Acinetobacter sp.

o RCOOH O 9 Q
— > RJJ R® 1J\ _R?, J
Rl” “R2 (\O_(O R O HO R
R

Criegee intermediate

Figure 1.7: Baeyer-Villiger reaction proceeds via Criegee intermediate.

strain NCIB 9871.1° CHMO catalyzed reaction has been proposed to proceed via Criegee
intermediate in the same manner as that of non-enzymatic Baeyer-Villiger reaction; the
only difference being flavin hydroperoxide acts as a nucleophile instead of a peracid.
Apart from CHMO, several other flavin dependent Baeyer-Villiger monooxygenases
(BVMO) have been identified in the biosynthetic pathways of polyketides,
aminoglycosides, cofactors and many other secondary natural products. Example of P450
dependent Baeyer-Villiger oxidation is the AfIN catalyzed reaction during Aflatoxin
biosynthesis.?% 2! Toxoflavin lyase (TfIA) utilizes manganese to carry out Baeyer-Villiger

reaction during the degradation of toxoflavin,? a plant toxin (Figure 1.8). We have
6



identified a new catalytic motif in flavin dependent Baeyer-Villiger oxygenases where
flavin hydroperoxide adds to an imine instead of a carbonyl center and involved in the
degradation of a pyrazine ring. The studies of these unique enzymes are reported in
Chapter V and Chapter VI. We have also characterized a cofactor independent Baeyer-
Villiger oxygenases, first of its kind, in a bacterial indole catabolic pathway. Details are

described in Chapter VII.
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Figure 1.8: Examples of enzymatic Baeyer-Villiger reactions which use either flavin,
heme or manganese as cofactor.



CHAPTER II
MECHANISTIC STUDIES ON DSZA CATALYZED REACTION IN BACTERIAL

DIBENZOTHIOPHENE CATABOLIC PATHWAY

2.1 Introduction

Acid rain is formed from sulfur dioxide generated during fossil fuel combustion and the
removal of sulfur from these fuels is an important step in pollution control. The widely
used metal-catalyzed hydrodesulfurization is only partially successful because it is
inefficient with sulfur-containing heterocyclic compounds. Dibenzothiophene is the major
sulfur-containing heterocycle in crude petroleum? and the possibility of removing this
compound by microbial degradation has led to the discovery of its catabolic pathway in
Rhodococcus erythropolis (Figure 2.1).24 The first two steps of this pathway involve well-
precedented flavin-hydroperoxide mediated thioether oxidation?® to sulfone 38 via
sulfoxide 37, and the last step most?® likely involves bisulfite loss in an ipso substitution
reaction. The mechanism of the third step, involving conversion of sulfone 38 to sulfinic
acid 39, is not obvious and does not conform to any of the well-established motifs in

flavoenzymology.

Reprinted in parts with permission from “Dibenzothiophene Catabolism Proceeds via a
Flavin-N5-oxide Intermediate” by Adak, S & Begley, T. P. J. Am. Chem. Soc. 2016, 138,
6424-6426. Copyright 2016 American Chemical Society. Reprinted from “Flavin-N5-
oxide: A new catalytic motif in flavoenzymology” by Adak, S & Begley, T. P. Arch.
Biochem. Biophys. 2017, 632, 4-10. Copyright 2017 Elsevier. Reprinted from “Flavin-
N5-oxide intermediates in dibenzothiophene, uracil and hexachlorobenzene catabolism”
by Adak, S & Begley, T. P. Methods Enzymol 2019, 620, 455-468. Copyright 2019
Elsevier.
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Figure 2.1: Four-step dibenzothiophene catabolic pathway in Rhodococcus erythropolis.

The two flavoenzymes which are known to cleave C-S bond are SsuD and YtnJ and
both the enzymes act on aliphatic substrates (Figure 2.2). SsuD acts on alkanesulfonates
41 and converts it to corresponding aldehyde 42 and sulfite.?” The enzyme allows
Escherichia coli to use a wide range of alkanesulfonates as sulfur sources for growth under
sulfate or cysteine deprived condition. YtnJ involves in cysteine salvage pathway in
Bacillus subtilis where it converts sulfoxide 43 to sulfenic acid 44. In this Chapter, we

describe studies to elucidate the mechanism of DszA catalyzed reaction.

0]
- SsuD
AN
R™ "SO; —_ RJJ\H + SO5”
41 42
O. OH _ O OH
I e 2 I
\ SR —> N ~oy * RCHO
H H
43 44

Figure 2.2: Flavoenzyme catalyzed C-S bond cleavage reactions.



2.2 Results and Discussion
2.2.1 Overexpression and purification of DszA

DszA and DszB were overexpressed in E. coli BL21(DE3) and purified by Ni-affinity

chromatography.
Ladder Ladder
A) : B)
; 75 kD
+ 75kD
- . 50 kD 50 kD
B 37 kD - 37kD

Figure 2.3: SDS-PAGE of purified DszA (A) and DszB (B). Molecular weights of DszA

2.2.2 Reconstitution of DszA activity
The DszA-catalyzed reaction was reconstituted by incubating sulfone (38), DszA, E. coli
flavin reductase (to replace DszD), NADH, and FMN at 25 °C. The formation of sulfinic

acid 39 was monitored by HPLC analysis (Figure 2.4).
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Figure 2.4: Analysis of the DszA enzymatic reaction with the native substrate
dibenzothiophene sulfone (38). HPLC analysis of the reaction mixture @ 254 nm revealed
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formation of sulfinic acid product (39) only when all the components were present. In this
HPLC condition, dibenzothiophene elutes at 20.5 min.

2.2.3 Mechanistic proposal for DszA catalyzed reaction.

The previously reported Srn1 reaction of dibenzothiophene sulfone 38 with alkoxides to
form the corresponding alkylated biphenyl 45 served as our first model for the enzymatic
reaction®® 2° (Figure 2.5), and the corresponding Srn1 proposal for DszA is shown in
Figure 2.6. In this proposal, electron transfer from FIH™ to the electron-deficient sulfone
38 gives the sulfone radical anion 46. Fragmentation of the C—S bond gives 47. Ring
closure and electron transfer to the flavin semiquinone gives 49. Hydrolysis of 49
completes the reaction. While the initial electron transfer to form 46 is likely to be

unfavorable, rapid rearrangement of 46 to 48 could drive the reaction.

H3CO
A
1D+ oo e (OO
S
7\ —
(o}Ne) ,S—OK
38 45

Figure 2.5: Literature reported model reaction on dibenzothiophene sulfone.
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Figure 2.6: Srn1 mechanistic proposal of DszA catalyzed reaction.

2.2.4 DszA catalyzed reaction under anaerobic condition

According the proposed mechanism discussed above there is no requirement of molecular
oxygen in the DszA catalyzed reaction. To test this hypothesis, DszA catalyzed reaction
was carried out in anaerobic environment. Under this condition no product formation was
observed.

2.2.5 DszA reaction in the presence of H2'®0 and 20,

The DszA reaction was also run in [180]-H.0/*®0; buffer to look for the oxygen
incorporation expected for the hydrolysis of 49 to 39. No oxygen incorporation was

detected (Figure 2.7A). In contrast, when the enzymatic assay was carried out in the

12



presence of $80,, a 2 Da increase in the mass of the product was observed consistent with

the incorporation of a single oxygen atom from molecular oxygen (Figure 2.7B).

A)

2 ] 16,
H160
180000 1 235.04
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120000 1 ,S~OH
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80000 1
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Figure 2.7: LC-MS analysis of the DszA reaction run in [180]-H.0/*°0; buffer or
H20/*80,. Panel A shows that oxygen from the buffer is not incorporated into the
reaction product 39. Panel B shows the incorporation of a single oxygen atom from
molecular oxygen. m/z for 39 and [1801]-39 are 235 Da and 237 Da respectively.
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2.2.6 Determination of oxygen incorporation site

There are two possible sites for oxygen incorporation in the final product: phenolic oxygen
or sulfinic oxygen. Oxygen incorporation into the phenol rather than the sulfinate was
established by demonstrating retention of label when [1801]-39 was converted to 40 using
DszB (Figure 2.8). These experiments eliminate the possibility that the DszA reaction

proceeds by an Srn1 mechanism.
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Figure 2.8: LC-MS analysis of the coupled assay (DszA+DszB) run in presence of 1°0;
or $80,. Panel A shows that mass of the coupled assay product (M-H) is 169.06 which is
consistent with the structure of 2-hydroxybiphenyl (40). Panel B shows the incorporation
of a single oxygen atom from molecular oxygen into the coupled assay product resulting
a 2 Da increase in mass (M-H= 171.06).

2.2.7 Revised mechanistic proposal for DszA catalyzed reaction.

We next considered the possibility of a nucleophilic addition of flavin hydroperoxide 4 to
38. The nucleophilicity of 4 is well established in the flavoenzyme-mediated
Baeyer—Villiger oxidation of ketones®® and the RutA-catalyzed uracil ring opening
reaction.* In this proposal (Figure 2.9), addition of the flavin hydroperoxide to
dibenzothiophene sulfone gives the sulfone-stabilized carbanion 50. Protonation, followed
by flavin elimination, gives hydroperoxide 51. NADH-mediated reduction of this
hydroperoxide, as previously observed for the RutA system, gives 52, which is converted
to product by a ring opening/tautomerization/bond rotation sequence (A Baeyer—Villiger-

like mechanism, involving flavin peroxide attack on the sulfone sulfur, results in the

formation of a sulfonic rather than a sulfinic acid and is therefore not possible). The normal
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mechanism of flavoenzyme-mediated peroxide cleavage® is also not possible because
DszA is cysteine free.
R
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Figure 2.9: Revised mechanistic proposal of DszA catalyzed reaction.

NADH

This mechanism predicts that it should be possible to trap hydroperoxide 51 if the DszA

reaction is run in the absence of excess reducing agent. These reaction conditions were
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achieved by initial photoreduction of the flavin using EDTA and by running the reaction
in phosphate buffer using stoichiometric amounts of photoreduced FMN, DszA, and
dibenzothiophene sulfone. The reaction mixture did not contain DTT, protein thiol, free
FMN, or NADH, and the photogenerated glyoxylic acid was not consumed. It was
prepared under anaerobic conditions in a glovebox and then exposed to air to allow
formation of the enzyme bound flavin hydroperoxide. Under these reaction conditions,
sulfinic acid 39 was the major reaction product, and peroxide 51 was not detected raising
the question as to how peroxide 51 is reduced.

In the absence of any obvious reducing agent in the reaction buffer, the possibility
of a flavin-N5-oxide was considered. This new flavin oxidation state was recently
identified in the EncM-catalyzed Favorskii rearrangement involved in enterocin
biosynthesis.® 1% 3% HPLC analysis of the DszA reaction mixture (containing
stoichiometric amounts of photoreduced FMN, DszA, and dibenzothiophene sulfone)
demonstrated the consumption of FMN and the formation of a new species eluting after
20.3 min (Figure 2.10A). This species comigrates with and has an identical UV—vis
spectrum to a synthetic sample of FMN-N5-oxide (Figure 2.10 B, C). MS analysis of 120.3
is also consistent with the FMN-N5-oxide structure (Figure 2.10 D, E), and running the
DszA reaction in the presence of 80 showed the expected 2 Da mass increase (Figure
2.10F). Finally, the ratio of FMN consumed to sulfinic acid formed in a reaction
containing stoichiometric amounts of photoreduced FMN, DszA, and dibenzothiophene
sulfone was 1:0.9 consistent with the stoichiometric conversion of FMN to FMN-N5-

oxide during the course of the DszA-catalyzed reaction
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Figure 2.10: Characterization of a new intermediate in the DszA-catalyzed reaction. (A)
Partial HPLC chromatogram of the DszA/photoreduced FMN reaction mixture showing the
new intermediate (120.3) eluting at 20.3 min. The peak eluting at 20.1 min corresponds to
an impurity present in commercial FMN. (B) Co-elution of 120.3 with synthesized FMN-
N5-oxide. (C) UV—vis spectra of FMN and FMN-N5-oxide. The 120.3 spectrum was
identical to that of FMN-N5-oxide. (D) Extracted ion chromatograms for [M + H] = 473.1
Da demonstrate that 120.3 is present only in the full reaction mixture. (E) Exact mass of
120.3 consistent with the mass expected for FMN-N5-oxide ([M + H] = 473.11 Da). (F)
Exact mass of 120.3 generated using 0, consistent with the mass expected for [1801]-
FMN-N5-oxide ([M + H] = 475.11 Da).
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Figure 2.11: Mechanistic rationale for the formation of flavin-N5-oxide.

2.3 Conclusion
Our studies on DszA suggest a mechanism involving initial formation of flavin
hydroperoxide from reduced flavin. This adds to 38 to form the sulfone-stabilized
carbanion 50. Protonation followed by flavin elimination gives 51 and 1. Flavin-mediated
peroxide cleavage®* 3 would form 52 and 14. The catalytic cycle is then completed by the
conversion of 52 to 39 and 14 to 1.

Decades ago, flavin-N5-oxide 14 was considered as an intermediate in flavin-

dependent oxygenase chemistry but was almost entirely replaced by the flavin
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hydroperoxide mecha- nistic paradigm. Since FMN-N5-oxide and organic peroxides are
easily reduced by widely used biochemical reducing agents, (DTT, TCEP, NADH etc.),%
it is easy to miss this intermediate, and a systematic search for other FMN-N5-oxide-
mediated reactions is merited.

2.4 Experimental Procedure

Materials

All chemicals were purchased from Sigma-Aldrich unless mentioned otherwise. A
dehydrated form of LB broth was purchased from EMB Millipore. Kanamycin and IPTG
were obtained from Lab Scientific Inc. H2®O was purchased from Cambridge Isotope
Laboratories Inc. Amicon Ultra centrifugal filter devices (10,000 MWCOQ) were obtained
from Millipore. Histrap column was obtained from GE Healthcare. Econo-Pack 10DG
desalting columns were purchased from Bio-Rad. 2.5 L baffled ultra yield flasks for
protein overexpression were obtained from Thomson Instrument Company. ZORBAX
Eclipse XDB-C18 column (15 cm x 4.6 mm, 5 um particles) was purchased from Agilent
Technologies. PFP column (150 x 4.6 mm, 2.6 um particles) was purchased from
phenomenex.

Over-expression and purification of DszA and DszB

The DszA gene cloned in pTHT vector (derivative of pET28b vector with TEV protease
cleavage site after the N-terminal His-tag) was purchased from GenScript. The plasmid
was transformed into Escherichia coli BL21 (DE3). A starter culture was grown overnight
in 90 ml of LB media containing 40 pg/ml of Kanamycin at 37 °C with overnight agitation.

9 liters of LB medium (20 g/L) in 6x1.5 L flasks, containing 40 pug/ml of Kanamycin, was

20



inoculated with this starter culture. The cells were grown at 37 °C with shaking (220 rpm)
until the culture reached an ODeoo Of 0.6. The flasks were then incubated at 4°C for ~1h
without shaking. Then the cultures were induced by adding IPTG to a final concentration
of 0.4 mM, the temperature was lowered to 15 °C and the cells were allowed to grow with
shaking (180 rpm) for a further 15 hours. The cells were then harvested by centrifugation
at 10,0009 for 10 min at 4 °C. Typical yields were 20-25 g cell pellet (wet weight) from 9
L culture.

Cells from 9 liters of culture were re-suspended in 30 ml of binding buffer (50 mM
KH2PO4, 150 mM NaCl, 10 mM imidazole, pH 8.0) and approximately 5 mg of lysozyme
was added. The cells were then lysed by sonication (Misonix Sonicator 3000, pulse ‘on’
time 1.0 sec, pulse “off’ time 1.0 sec, output level 0.8, 30x6 cycles) on ice. The cell debris
was removed by centrifugation at 39,0009 for 40 minutes at 4 °C. The clarified supernatant
was loaded onto a 5 mL Ni-NTA-affinity column pre-equilibrated with binding buffer kept
at 4°C. The Ni-NTA-affinity column was then washed with 50 ml wash buffer (50 mM
KH2PO4, 150 mM NaCl, 20 mM imidazole, pH 8.0). The protein was eluted from the
column with elution buffer (50 mM KH2POs, 150 mM NaCl, 200 mM imidazole, pH 8.0)
at 4°C. The fractions containing protein were pooled and concentrated using YM-10
Amicon ultracentrifugal filters at 5000g to a final volume of 3 mL. The concentrated
sample was buffer exchanged into 100 mM phosphate buffer at pH 7.5 containing 100
mM NaCl and glycerol to a final concentration of 15% using an Econo-Pac 10DG

desalting column. Protein concentration was determined from the absorbance at 280 nm
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(A280) with an Extinction coefficient calculated using the ProtParam tool of the EXPASy
proteomics Server. A typical yield was 6 mg/liter.

The DszB gene was cloned in pTHT vector. The plasmid was transformed into
Escherichia coli BL21(DE3). The overexpression and purification procedure were the
same as that for DszA. For DszB, a typical yield was 5 mg/liter.

HPLC parameters

An Agilent 1260 HPLC equipped with a quaternary pump was used. The system included
a diode array UV-Vis detector and products were detected using absorbance at 254 nm,
and 450 nm. Analysis was performed either on a ZORBAX Eclipse XDB-C18 column (15
cm x 4.6 mm, 5 pm particles, Agilent Technologies) or PFP column (150 x 4.6 mm, 2.6
um particles, Kinetex).

HPLC conditions (for C18 column):

A-Water

B-10mM ammonium acetate buffer, pH 6.6

C-Methanol

HPLC method:

0 min-90% A 10% B, 2 min- 90% A 10% B, 22 min-20%A 10%B 70% C, 27 min-20%A
10%B 70% C, 28 min-90% A 10% B, 36 min-90% A 10% B

HPLC conditions (for PFP column):

A-Water

B-100 mM potassium phosphate buffer, pH 6.6

C-Methanol
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HPLC method:

0 min-90% A 10% B, 2 min- 90% A 10% B, 22 min-20%A 10%B 70% C, 27 min-20%A
10%B 70% C, 28 min-90% A 10% B, 36 min-90% A 10% B

LC-MS parameters

LC-ESI-TOF-MS was performed using an Agilent 1260 HPLC system which is equipped
with a binary pump and a 1200 series diode array detector followed by a MicroToF-Q 11
mass spectrometer (Bruker Daltonics) using an ESI source either in negative mode or
positive mode. Analysis was performed on an LC-18-T column (15 cm x 3 mm, 3 um
particles, Supelco).

LC conditions:

A-5 mM Ammonium acetate buffer, pH 6.6

B-75% Methanol and 25 % Water.

LC method: (for positive and negative mode on MS) 0 min-100% A, 2 min-100% A, 12
min-30% A 70% B, 17 min-30% A 70% B, 18 min-100% A, 30 min-100%A

Enzymatic assay conditions for DszA using FRE-NADH as reducing system

The DszA assay was performed in 100 mM phosphate buffer, pH 7.5 containing DszA (50
uM), dibenzothiophene sulfone (38, 500 uM), FMN (20 uM), E. coli flavin reductase (200
nM) and NADH (1 mM). The enzymatic reaction mixture was incubated at RT for 2 hr.
The protein was heat-denatured and the remaining solution was filtered (10kda cut-off).
Finally, the samples were analyzed by HPLC (C-18 column)

DszA reaction in the presence of H2*0 and *#0;
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Two identical solutions were made; each 200 pL solution contained 500 pM
dibenzothiophene sulfone 38, 50 uM DszA, 20 uM FMN, 200 nM Fre and 1mM NADH.
One of the samples had a final concentration of 90% H'®0. The other sample was used
as a “‘control’ and contained 100% H'®0. The caps of the eppendorf tubes were left open
for atmospheric oxygen to dissolve. The reaction mixture was incubated at room
temperature for 1 hour after which both the samples were analyzed by LC-MS.

Two identical assay mixtures were made in a glove box; each 200 pL solution contains
500 uM dibenzothiophene sulfone 38, 50 uM DszA, 20 uM FMN, 200 nM Fre and 1mM
NADH. One of the assay mixtures was exposed to 80, while the other assay mixture was
used as a ‘control’ and exposed to %0,. Samples were analyzed by LC-MS.

Coupled (DszA+DszB) assay to identify the oxygen incorporation site

The DszA assay was carried out using 500 uM dibenzothiophene sulfone 38, 50 uM DszA,
20 uM FMN, 200 nM FRE and 1mM NADH under an ‘80, atmosphere. After 2 hr, the
protein was heat-denatured and the solution was passed through alOkda cut-off filter. To
the resulting solution DszB (final concentration 50 uM) was added and incubated at RT
under atmospheric oxygen for 1 hr. The DszB protein was heat-denatured and the
remaining solution was filtered (10kda cut-off). Finally, the samples were analyzed by
LC-MS.

Enzymatic assay condition for DszA using photoreduced FMN

A solution containing FMN (500 uM) and EDTA (10 mM) was irradiated with a A21 LED
light bulb (100-W, white light) for 5 min under anaerobic conditions in a glove box. Once

FMN was photo-reduced, dibenzothiophene sulfone 38 and DszA were added. Final
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concentrations of reduced FMN, dibenzothiophene sulfone and DszA were 50 uM. The
resulting mixture was incubated in a glove-box for 0.5 hr. and then exposed to oxygen and
incubated for an additional 0.5 hr at 25 °C. The protein was heat-denatured and the
remaining solution was filtered (10kda cut-off). Finally, the samples were analyzed by
HPLC (PFP column) and LC-MS.

DszA reaction in the presence of 80, using photoreduced FMN

FMN was photo-reduced in a glove-box using EDTA as discussed above. Substrate and
enzyme were added. Final concentrations of reduced FMN, dibenzothiophene sulfone and
DszA were 50 uM. The resulting mixture was incubated in a glove-box for 0.5 hr and
exposed to 0, and incubated for an additional 0.5 hr at 25 °C. The protein was heat-
denatured and the remaining solution was filtered (10kda cut-off). Finally, the samples
were analyzed by LC-MS.

Quantification of FMN-N5-oxide formed in DszA catalysed reaction

DszA assay using photoreduced FMN was carried out using the above-mentioned
protocol. Final concentrations of reduced FMN, dibenzothiophene sulfone and DszA were
50 uM. Based on the calculation of the area under the peak it was determined that 34 uM
FMN is consumed in the full reaction. Amount of sulfinic acid product 39 formed was 30
uM. (Calculated using reference compound 39). Thus, the ratio of FMN consumed to
sulfinic acid formed was 1:0.9 consistent with the stoichiometric conversion of FMN to

FMN-N5-oxide during the course of the DszA catalyzed reaction.
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Figure 2.12: Quantification of FMN-N5-oxide by calculating the amount of FMN
consumed and the amount of sulfinic acid product 39 formed. Panel A shows the
consumption of FMN in the full reaction (34 uM FMN is consumed). Panel B shows
formation of sulfinic acid product 39 in the full reaction (30 uM sulfinic acid product 39
is formed).

Derivatization of glyoxylic acid formed during photoreduction of FMN using EDTA
DszA assay was carried out (using photoreduced FMN) following the procedure described
above. Final concentrations of reduced FMN, dibenzothiophene sulfone and DszA were
50 uM. Once the assay was over, the assay solution was made acidic (pH=1) by adding
HCI. Then, o-phenylenediamine was added (final concentration was 1mM). The assay

mixture was kept at room temperature for 2hr. Finally, the samples were analyzed by

HPLC (C-18 column).

NH, N
O pH=1 S
+ H — _
NH, N~ “OH
56
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Figure 2.13: HPLC analysis of the derivatization of glyoxylic acid using o-
phenylenediamine. Amount of o-phenylenediamine glyoxylic acid adduct formed is the
same in full reaction, in the no DszA control and in the no dibenzothiophene control. This
demonstrates that the glyoxylic acid produced during the flavin reduction is not used to
reduce hydroperoxide 51.

Synthesis of 2-(2-hydroxyphenyl)-benzenesulfinic acid (39)

HO
eoovay, ({7 e
—_—
2AICI3 pH=7.5
/S_O S—-OH
/ /
51 O 39

Figure 2.14: Synthetic scheme for 2-(2-hydroxyphenyl)-benzenesulfinic acid (39)

Synthesis of 51 was carried out following the known literature protocol. A solution of 2-
hydroxybiphenyl (0.5 g, 2.94 mmol) in dichloromethane (2.5 mL) was added to thionyl
chloride (0.23 mL, 3.23 mmol) in dichloromethane (2.5 mL) at 0 °C under inert
atmosphere (dry argon). Then, triethylamine (0.41 mL, 2.94 mmol) was added to that
solution dropwise over a period of 5 min. This mixture was stirred at 0 °C for 15 min and

at 25 °C for an additional 15 min before filtering by suction and subsequent dropwise
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addition over a 15-min period to a vigorously stirred suspension of aluminum chloride
(0.8 g, 6 mmol) in dichloromethane (25 mL at 0 °C under dry argon). The resulting dark
green solution was stirred at 0 °C for 1 h and at 25 °C for 12 h. Addition of water (25 mL),
filtration, acid wash (15 mL, 3 N), collection of organic layer, drying (Na;SOas), and
solvent evaporation led to a red-orange oil which was purified using silica gel column
chromatography (hexane:ethyl acetate = 9:1) to yield compound 51 in 40% yield.

1H NMR (400 MHz, CDCls): & 7.96 (d, 1H), 7.93 (d, 1H), 7.67-7.60 (m, 2H), 7.47(dt,
1H), 7.42 (dt, 1H), 7.35-7.27 (m, 2H)

13C NMR (100 MHz, CDCls): 6 144.7, 136.9, 132.8, 130.5, 128.3, 126.3, 125.5, 125.3,
124.4,124.3, 121.2,120.3

When the compound 51 was dissolved in KPi buffer (pH=7.5), it was converted to 39 as

reported in literature.
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Synthesis of FMN-N5-Oxide (14)
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Figure 2.15: Synthetic scheme for FMN-N5-oxide (14)

Compound 57 (1g, 8.24 mmol), NaCNBH3 (1g, 16.48 mmol) and D-ribose (3.7g, 24.73
mmol) were dissolved in anhydrous MeOH (50 mL). The resulting mixture was stirred
under reflux (80 °C) for 48 hr. Then the solvent was removed under reduced pressure, and
the remaining material was diluted in 1M HCI (20 mL) to quench any residual NaCNBHs.
The resulting acidic solution was neutralized using a saturated NaHCOs3 solution, and
extracted into EtOAc (3 x 20mL), dried over Na2SO4, and concentrated. Silica gel column

chromatography was carried out to purify compound 58 as a white solid, eluting with

DCM — MeOH (90:5 — 90:10). The yield was 80%.

1H NMR (400 MHz, CDsOD): & 6.86 (d, 1H), 6.54 (d, 1H), 6.46 (dd, 1H), 3.93-3.87 (m,

1H), 3.80-3.71 (m, 2H), 3.66-3.59 (m, 2H), 3.42 (dd, 1H), 3.09 (dd, 1H), 2.16 (s, 3H), 2.11

(s, 3H)

29



13C NMR (100 MHz, CDs:OD): 6 148.1, 137.9, 131.1, 126.7, 116.7, 112.5, 74.9, 74.4,
72.2,64.7,48.1, 20.0, 18.7

Ribosylated aniline 58 (250mg, 0.97 mmol), 6-chlorouracil (171 mg, 1.17 mmol), and
malononitrile (58mg, 0.87 mmol) were suspended in anhydrous methanol (25 mL) and
stirred at reflux (80 °C) for 3 days. Then, solvent was removed under reduced pressure.
Crude product was dissolved in pyridine (4.0 mL). To that solution, acetic anhydride (1.0
mL) was added, and the resulting mixture was stirred at RT overnight. The solvent was
removed under reduced pressure, and the resulting residue was dissolved in DCM (60 mL)
and washed with water (3 x 20 mL) and brine (20 mL). The organic extracts were dried
with MgSQsa, filtered, and the solvent was removed under reduced pressure. Column
chromatography on silica gel, eluting with DCM —-MeOH (5%) produced 59 (yield was 40
% after two steps).

1H NMR (400 MHz, CDCl3): § 7.22 (d, 1H), 6.95-6.85 (m, 2H), 5.36-5.24 (m, 2H), 5.14-
5.09 (M, 1H), 4.91 (s, 1H), 4.27 (dd, 1H), 4.10-4.00 (m, 2H), 3.73 (dd, 1H), 2.29 (s, 3H),
2.27 (s, 3H), 2.10 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 1.90 (s, 3H)

13C NMR (100 MHz, CDCls): 6 170.4, 169.8, 169.5, 169.4, 164.7, 153.5, 150.4, 139.6,
138.3, 136.9, 131.7, 128.9, 125.2, 77.1, 70.1, 69.3, 69.2, 61.6, 51.7, 20.8, 20.6, 20.5, 20.4,
19.7,19.3

To a solution of 59 (60mg, 0.11mmol) in acetic acid (1mL) in the dark, NaNO2 (39mg,
0.56mmol) was added. The resulting mixture was stirred for 3h. After that, water (1mL)
was added and the resulting solution was stirred for additional 3h. Then, the solvents were

removed under reduced pressure to get a crude orange solid. Silica gel column
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chromatography (MeOH:DCM=0.5:9.5) was carried out to get pure compound 60 in 80%
yield.

1H NMR (400 MHz, CDCl3): § 8.21 (s, 1H), 7.81 (s, 1H), 5.68-5.62 (m, 1H), 5.53-5.49
(m, 1H), 5.44-5.38 (M, 1H), 5.15-4.93 (m, 2H), 4.49 (dd, 1H), 4.24 (dd, 1H), 2.56 (s, 3H),
2.45 (s, 3H), 2.18 (s, 3H), 2.17 (s, 3H), 2.01 (s, 3H), 1.97 (s, 3H)

13C NMR (100 MHz, CDCls): 6 172.3, 171.8, 171.5, 171.3, 158.9, 157.3, 155.0, 149.1,
138.6, 131.7,125.9, 121.7, 118.7, 71.7, 71.4, 70.7, 63.0, 45.9, 20.9, 20.8, 20.7, 20.6, 20.4,
19.5

Compound 60 was converted to compound 61 using NHz in MeOH. Compound 61 was
phosphorylated by treating compound 61 with Cytidine triphosphate (CTP) and
Ribokinase (RibK) @ 60 °C for 30 min. Due to the scale of the reactions the identity of

compound 61 and 14 was established by UV-visible spectra and LC-MS analysis.
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Figure 2.16: 1H NMR and 13C NMR spectrum of compound 51.
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Figure 2.17: 1H NMR and 13C NMR spectrum of compound 58.
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Figure 2.18: 1H NMR and 13C NMR spectrum of compound 59.
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Figure 2.19: 1H NMR and 13C NMR spectrum of compound 60.
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CHAPTER III
IDENTIFICATION OF FLAVIN-N5-OXIDE IN THE RUTA-CATALYZED

OXIDATIVE CLEAVAGE OF URACIL AMIDE

3.1 Introduction
There are two major degradation pathways of uracil: one is reductive pathway?’ while the
other is oxidative pathway®® (Figure 3.1). The reductive pathway is more widespread:
present in bacteria, archaea and human. Less studied oxidative pathway has been found
only in a variety of bacteria. In the reductive pathway, uracil is at first reduced to
dihydrouracil which then undergoes two successive hydrolysis reactions to give ammonia,
carbon dioxide and PB-alanine as end products. While in the oxidative pathway, uracil
undergoes oxidation to give barbituric acid which upon hydrolysis reactions produce urea
and malonic acid.

Recently, Sydney Kustu group discovered the third uracil catabolic pathway in
Escherichia coli K-12, which is known as Rut pathway.*® In the Rut pathway, uracil 62 is
converted to 3- hydroxypropionate 70, ammonia, and carbon dioxide (Figure 3.2). RutA

catalyzes the first step of this pathway in which uracil is converted to 3-ureidoacrylic acid

Reprinted in parts with permission from “: RutA-Catalyzed Oxidative Cleavage of the
Uracil Amide Involves Formation of a Flavin-N5-oxide” by Adak, S & Begley, T. P.
Biochemistry 2017, 56, 3708-3709. Copyright 2017 American Chemical Society.
Reprinted from “Flavin-N5-oxide: A new catalytic motif in flavoenzymology” by Adak,
S & Begley, T. P. Arch. Biochem. Biophys. 2017, 632, 4-10. Copyright 2017 Elsevier.
Reprinted from “Flavin-N5-oxide intermediates in dibenzothiophene, uracil and
hexachlorobenzene catabolism” by Adak, S & Begley, T. P. Methods Enzymol 2019, 620,
455-468. Copyright 2019 Elsevier.
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Figure 3.1: Two well-known uracil catabolic pathways.

69. Although this reaction seems like a simple amide hydrolysis, a labeling experiment
showed that molecular oxygen is the source of one of the carboxylate oxygens of 69; thus,
RutA catalyzes an oxidative amide bond cleavage reaction® instead of an amide
hydrolysis. Previous mechanistic studies of this reaction identified RutA as the first
example of a flavin hydroperoxide-mediated amide cleavage reaction (conversion of 62
to 69 in Figure 3.3). The mechanism of hydroperoxide reduction (73 to 69) remained
unclear. The observation that chemically synthesized peracid 69 was readily reduced by
NADH or DTT initially suggested that this reduction was not enzyme-catalyzed. This was
further supported by the absence of a suitable cysteine residue at the active site of RutA
that can participate in peroxide reduction by the well-characterized peroxiredoxin

mechanism.%?
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Figure 3.2: RutA catalyzes the first step in uracil catabolism.

Flavin-N5-oxide 14 has recently been identified as a new flavin oxidation state in the
EncM- and DszA-catalyzed reactions® 1% 4% (Figure 3.4). EncM catalyzes 1,3-diketone
oxidation during the biosynthesis of polyketide antibiotic enterocin. Detailed mechanistic
studies of this system revealed the formation of flavin-N5-oxide upon reaction of reduced

flavin with molecular oxygen. Flavin-N5-oxide, thus formed, acts as an oxidizing agent
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Figure 3.3: Mechanistic proposal for the RutA catalyzed reaction.
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to convert 1,3-diketone 74 to 1,2,3- triketone product 75. DszA catalyzes a novel oxidative
C—S bond cleavage reaction in the dibenzothiophene catabolic pathway. In this reaction,
flavin-N5-oxide is formed by the transfer of oxygen from the substrate hydroperoxide to
oxidized flavin. This suggested the possibility that acyl hydroperoxide 73 might also
undergo a similar reduction (Figure 3.3). In this chapter, we describe the experimental

validation of this hypothesis.

HO
—_—
/S\
O/ \O S\OH
0]

38 39
& o o EncM Q Q
R MR" R')j\ﬂ/lLR"
74 75 ©

Figure 3.4: Two newly discovered flavin-N5-oxide utilizing enzymes.

3.2 Results and discussion

3.2.1 Reconstitution of RutA activity

RutA was overexpressed in Escherichia coli BL21(DE3) and purified by Ni-affinity
chromatography. The normal RutA activity was confirmed by incubating uracil in the
presence of RutA, FMN, NADH, and E. coli flavin reductase (Fre)*! (to substitute for the

RutF flavin reductase).
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Figure 3.5: HPLC chromatogram of RutA catalyzed reaction using NADH-Fre.

3.2.2 RutA catalyzed reaction using photoreduced FMN

To test for the formation of the FMN-N5-oxide, the RutA assay had to be performed in
the absence of NADH. The flavin reductase/ NADH was therefore replaced by the
photochemical reduction of the flavin by EDTA.*? In this reaction mixture, FMN was
photoreduced using EDTA under anaerobic conditions; stoichiometric amounts of uracil
and RutA were added, and the resulting mixture was incubated in a glovebox for 30 min.
The mixture was then exposed to air to initiate formation of the flavin hydroperoxide.
After 1 h, the reaction was heat-quenched. High-performance liquid chromatography
(HPLC) analysis demonstrated the consumption of FMN and uracil in a 1:1 ratio and the

formation of a new FMN derivative at 20.3 min (Figure 3.6).

42



3 FMN

\

E |
[ 2 ‘ .
Q = Full reaction
q
2 15 New Compound == No RutA
Y ‘
C .
g \u No uracil
2
B8 05
<
J\ A
0 — - —
19 19.5 20 20.5 21 215 22

Time(min)
Figure 3.6: HPLC chromatogram of RutA catalyzed reaction using photoreduced FMN.

3.2.3 Characterization of flavin-N5-oxide

The new compound co-eluted with an authentic standard of chemically synthesized FMN-
N5-oxide, and its ultraviolet—visible (UV—vis) spectrum was identical to that of the
standard (Figure 3.7A, B). Liquid chromatography—mass spectrometry (LC—MS) analysis
revealed that the mass corresponding to FMN-N5-oxide is present only in the full reaction
(Figure 3.7C, D). When the reaction was performed in the presence of 20,, the expected
2 Da mass increase was observed (Figure 3.7E). These data unequivocally establish

formation of FMN-N5-oxide in the RutA-catalyzed reaction.
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consistent with the mass expected for the FMN-N5-oxide ([M + H]" = 473.1 Da). (F) Exact
mass of the new compound formed when the reaction is performed in the presence of 120,.
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3.3 Conclusion

Flavin-N5-oxide was proposed as a possible oxidizing intermediate in the early days of
flavoenzymology but was then dismissed in favor of the flavin hydroperoxide. The
unequivocal identification of this new flavin oxidation state in the EncM-catalyzed
(enolate oxidation), DszA-catalyzed (sulfone monooxygenase), and RutA-catalyzed
(amide monooxygenase) reactions suggests that the use of this new flavin oxidation state
may be more prevalent than previously thought. EncM may have evolved the use of flavin-
N5-oxide because the Baeyer—Villiger oxidation using flavin hydroperoxide is likely to
compete with ketone Ca hydroxylation. We would therefore expect to find other examples
of the EncM motif in flavoenzymes involved in hydroxylation of sites adjacent to
electrophilic centers. This expectation is further supported by the versatility of
oxoammonium ions as oxidants in organic synthesis.****®> Our studies of DszA and RutA
suggest that the reduction of substrate-derived hydroperoxide by oxidized flavin, is

another catalytic motif likely to involve the formation of a flavin-N5-oxide.
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3.4 Experimental Procedure

Materials

All chemicals were purchased from Sigma-Aldrich unless mentioned otherwise. LB broth
(Lennox) was purchased from EMB Millipore. Chloramphenicol and IPTG were obtained
from Lab Scientific Inc. Amicon Ultra centrifugal filter devices (10,000 MWCQO) were
obtained from Millipore. Histrap column was obtained from GE Healthcare. Econo-Pack
10DG desalting columns were purchased from Bio-Rad. 2.5 L baffled ultra yield flasks
for protein overexpression were obtained from Thomson Instrument Company. HPLC and
LC-MS solvents were purchased from EMD and were used without further purification.
ZORBAX Eclipse XDB-C18 column (15 cm x 4.6 mm, 5 um particles) was purchased
from Agilent Technologies. PFP column (150 x 4.6 mm, 2.6 um particles) was purchased
from phenomenex.

Over-expression and purification of RutA and Fre

The RutA gene containing overexpression plasmid (pCA24N)1 was transformed into
Escherichia coli BL21 (DE3). For the overexpression of the protein, a starter culture was
grown overnight in 15 ml of LB medium containing 20 pg/ml of chloramphenicol at 37
°C. 1.5 liter of LB medium (20 g/L) containing 20 pg/ml of chloramphenicol, was
inoculated with this starter culture. The cells were grown at 37 °C with shaking (220 rpm)
until the culture reached an ODegoo of 0.6. The culture was then incubated at 4°C for
~45min without shaking. Then the culture was induced by adding IPTG to a final

concentration of 0.4 mM, the temperature was lowered to 15 °C and the cells were grown
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with shaking (180 rpm) for a further 15 hours. The cells were then harvested by
centrifugation at 10,000g for 10 min at 4 °C and store at -80 °C.

The cell pellet was re-suspended in 30 ml of lysis buffer (50 mM KH2PO4, 150 mM
NaCl, 10 mM imidazole, pH 8.0). Lysozyme (5 mg) was added and the cells were lysed
by sonication on ice (Misonix Sonicator 3000, six cycles of 30 s duration during which
1.5 s sonicator pulses at output level 0.8 were followed by 1.5 s pauses). The resulting
suspension was centrifuged (18,000 rpm, 30 min) and the supernatant was filtered through
a sterile syringe filter (pore size 0.45 um). The clarified supernatant was loaded onto a 5
mL Ni-NTA-affinity column pre-equilibrated with lysis buffer kept at 4°C. The Ni-NTA-
affinity column was then washed with 50 ml wash buffer (50 MM KH2PQO4, 150 mM NacCl,
20 mM imidazole, pH 8.0). The protein was eluted from the column with elution buffer
(50 mM KH2POs4, 150 mM NaCl, 200 mM imidazole, pH 8.0) at 4°C. The fractions
containing protein were pooled and concentrated using YM-10 Amicon ultracentrifugal
filters at 50009 to a final volume of 3 mL. The concentrated sample was buffer exchanged,
using an Econo-Pac 10DG desalting column, into 100 mM phosphate buffer at pH 7.5
containing 100 mM NaCl and glycerol to a final concentration of 15%. Protein
concentration was determined from the absorbance at 280 nm (A280) with an Extinction
coefficient calculated using the ProtParam tool of the EXPASy proteomics Server (€280 =
56380). A typical yield was 20 mg/liter.

The E. coli Fre gene was cloned into pTHT vector (derivative of pET28b vector with
TEV protease cleavage site after the N-terminal His-tag). The plasmid was transformed

into Escherichia coli BL21 (DE3). A starter culture was grown overnight in 15 ml of LB
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medium containing 40 pg/ml of Kanamycin at 37 °C. Next, 1.5 L of LB medium
containing 40 pg/ml of Kanamycin was inoculated with this starting culture. The cells
were grown at 37 °C till the ODeoo reached a value of 0.6. The culture was then incubated
at 4 °C for 45 min without shaking and induced with 0.5 mM IPTG followed by incubation
at 15 °C for 15 hr with shaking (180 rpm). The cells were then harvested by centrifugation
and stored at -80 °C until further use. The purification procedure was same as that for
RutA.

HPLC parameters

An Agilent 1260 HPLC equipped with a quaternary pump was used. The system included
a diode array UV-Vis detector and products were detected using absorbance at 280 nm,
and 450 nm. Analysis was performed either on a ZORBAX Eclipse XDB-C18 column (15
cm X 4.6 mm, 5 pm particles, Agilent Technologies) or PFP column (150 x 4.6 mm, 2.6
um particles, Kinetex).

HPLC conditions (for C18 column):

A-Water

B-100 mM potassium phosphate buffer, pH 6.6

C-Methanol

HPLC method:

0 min-100% B, 5 min- 10% A 90% B, 12 min-48%A 40%B 12% C, 14 min-50%A 30%B
20% C, 18 min-30% A 10% B 60% C, 20 min-100% B, 25 min-100% B

HPLC conditions (for PFP column):

A-Water
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B-100 mM potassium phosphate buffer, pH 6.6

C-Methanol

HPLC method:

0 min-90% A 10% B, 2 min- 90% A 10% B, 22 min-20%A 10%B 70% C, 27 min-20%A
10%B 70% C, 28 min-90% A 10% B, 36 min-90% A 10% B

LC-MS parameters

LC-ESI-TOF-MS was performed using an Agilent 1260 HPLC system which is equipped
with a binary pump and a 1200 series diode array detector followed by a MicroToF-Q 11
mass spectrometer (Bruker Daltonics) using an ESI source either in negative mode or
positive mode. Analysis was performed on an LC-18-T column (15 cm x 3 mm, 3 um
particles, Supelco).

LC conditions:

A-5 mM Ammonium acetate buffer, pH 6.6

B-75% Methanol and 25 % Water.

LC method: (for positive and negative mode on MS) 0 min-100% A, 2 min-100% A, 12
min-30% A 70% B, 17 min-30% A 70% B, 18 min-100% A, 30 min-100%A

RutA catalyzed reaction using Fre-NADH as reducing system

The RutA catalyzed reaction was performed in 100 mM phosphate buffer, pH 7.5. A 200
uL aliquot of the reaction mixture containing RutA (50 uM), uracil (500 uM), FMN (20
uM), E. coli Fre (400 nM) and NADH (1 mM) was incubated at RT for 3 hr. The protein

was heat-denatured and the resulting solution was filtered using an Amicon Ultra
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centrifugal filter (10kda cut-off). The samples were analyzed by HPLC (using a C-18
column).

RutA catalyzed reaction using photoreduced FMN

In order to photoreduce FMN, a solution containing FMN (500 uM) and EDTA (10 mM)
was irradiated, under anaerobic conditions, for 5 min in a glove box with an A21 LED
light bulb (100-W, white light). Uracil (100 uM) and RutA (100 uM) were added to a
solution containing photo-reduced FMN (100 uM). The resulting mixture was incubated
in the glove-box for 0.5 hr. and then exposed to oxygen for an additional 1 hr at 25 °C.
The protein was heat-denatured and the resulting solution was filtered using an Amicon
Ultra centrifugal filter (10kda cut-off). The samples were analyzed by HPLC (using a PFP
column) and LC-MS.

RutA reaction in the presence of 8O, using photoreduced FMN

FMN was photo-reduced in a glove-box using EDTA as described above. Substrate and
enzyme were added. Final concentrations of reduced FMN, uracil and RutA were 100 uM
each. The resulting mixture was incubated in a glove-box for 0.5 hr, exposed to 1802 and
incubated for an additional 1 hr at 25 °C. The protein was heat-denatured and the resulting
solution was filtered using an Amicon Ultra centrifugal filter (10kda cut-off). Finally, the
samples were analyzed by LC-MS.

Quantification of the FMN-N5-oxide formed in the RutA-catalysed reaction

The RutA-catalyzed reaction, using photoreduced FMN, was carried out as described
above. Final concentrations of reduced FMN, uracil and RutA were 100 uM. Based on

calculated peak areas, it was determined that 54 uM FMN was consumed in the full
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reaction. Consumption of uracil was 52 uM. Thus, the ratio of FMN consumed to uracil

consumed was 1:0.9 consistent with the stoichiometric conversion of FMN to FMN-N5-

oxide during the course of the RutA catalyzed reaction.
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Figure 3.8: Estimation of FMN-N5-oxide formed by calculating the amount of FMN and
uracil consumed in the RutA catalyzed reaction. Panel A shows the consumption of FMN
(54 uM) in the full reaction. Panel B shows consumption of uracil (52 puM) in the full

reaction.
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CHAPTER IV
RECONSTITUTION AND MECHANISTIC STUDIES ON THE HCBA1
CATALYZED DEHALOGENATION REACTION IN HEXACHLOROBENZENE

CATABOLIC PATHWAY

4.1 Introduction
Hexachlorobenzene (HCB, 76) was widely used as a fungicide in agriculture until it was
banned in 2001 under the Stockholm convention on persistent organic pollutants.® During
the development of a bioremediation strategy for this compound, an HCB catabolizing
strain of Nocardioides (strain PD653) was isolated and the catabolic operon involved in
the conversion of HCB to pentachlorophenol (PCP, 80) was cloned and sequenced.*’ 8
This gene cluster encoded three genes - a flavin monooxygenase (HcbA1l), and two flavin
reductases (HcbA2 and HcbA3). Cell lysate containing HcbAl and HcbA3 catalyzed the
conversion of HCB to PCP.

We have previously characterized the mechanism of dibenzothiophene sulfone mono-
oxygenase (DszA).*° For this enzyme, flavin hydroperoxide (4) adds to a substrate

electrophilic carbon. This is followed by flavin elimination to give the substrate

Reprinted in parts with permission from “Hexachlorobenzene Catabolism Involves a
Nucleophilic Aromatic Substitution and a flavin-N5-oxide Formation” by Adak, S &
Begley, T. P. Biochemistry 2019, 58, 1181-1183. Copyright 2019 American Chemical
Society. Reprinted from “Flavin-N5-oxide: A new catalytic motif in flavoenzymology”
by Adak, S & Begley, T. P. Arch. Biochem. Biophys. 2017, 632, 4-10. Copyright 2017
Elsevier. Reprinted from “Flavin-N5-oxide intermediates in dibenzothiophene, uracil and
hexachlorobenzene catabolism” by Adak, S & Begley, T. P. Methods Enzymol 2019, 620,
455-468. Copyright 2019 Elsevier.
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Figure 4.1: (A) A general model for the prediction of enzymes that generate flavin-N5-
oxide as an intermediate. (B) Mechanistic proposal for the conversion of HCB 76 to PCP
80.

hydroperoxide which then reacts with the eliminated flavin to give a flavin-N5-oxide (14)
and the product. This mechanism represents a general reaction motif that can be used to
predict flavin-N5-oxide utilizing enzymes (Figure 4.1A). Guided by this hypothesis, we
have recently reported a second example of a flavin-N5-oxide-utilizing enzyme — uracil
mono-oxygenase (RutA)*®- % involved in an oxidative amide cleavage in uracil catabolism.
We, therefore, considered the mechanism shown in Figure 4.1B for hexachlorobenzene
mono-oxygenase (HcbALl) as a possibility. In this proposal, flavin hydroperoxide adds to
the highly electron depleted benzene ring to give the Meisenheimer intermediate 77. Loss
of chloride followed by flavin elimination gives the peroxide 79. Cleavage of this peroxide

by the eliminated flavin gives the final product 80 and flavin-N5-oxide. In this paper, a
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mechanistic study that supports this proposal for the HcbAl-catalyzed reaction is
described.

4.2 Results and discussion

4.2.1 Overexpression and purification of HcbAl

The HcbALl sequence was optimized for expression in E. coli and inserted into the pTHT
expression vector (derivative of pET28b vector with a TEV protease cleavage site after
the N-terminal His-tag). The resulting plasmid was transformed into E. coli BL21(DE3).

Overexpressed protein was purified using Ni-NTA-affinity chromatography.

Ladder

€« 58 kDa
SF . <« 46kDa

" €= 32kDa

Figure 4.2: SDS-PAGE of purified HcbA1.

4.2.2 Reconstitution of HcbA1 activity

The HcbAl-catalyzed reaction was reconstituted by incubating HCB, HcbAl, E. coli
flavin reductase (Fre), FMN (not FAD), and NADH at 25 °C for 3 h. Under these
conditions, HCB was converted to a new product, which was identified as PCP by MS

analysis and by HPLC comigration with an authentic sample (Figure 4.3).
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Figure 4.3: Reconstitution of HcbAL activity. (A) HPLC chromatogram of the reaction
mixture showing formation of a new peak eluting at 3.0 min. (B) MS data confirming PCP
as the reaction product. (C) Coelution of the HcbALl reaction product with an authentic
PCP standard
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4.2.3 Labeling experiments

The mechanistic proposal shown in Figure 4.1B predicts that the oxygen atom in PCP is
derived from molecular oxygen. This was confirmed by MS analysis of the product formed
when the reaction was run in the presence of 80, (Figure 4.4 A). In a control reaction run

in H2!80, 180 incorporation into PCP was not detected (Figure 4.4B).
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Figure 4.4: Labeling experiment of HcbAl catalyzed reaction. A) ESI/MS analysis (in
negative ion mode) of the PCP formed when the reaction was run in H,*20. (B) ESI/MS
analysis (in negative ion mode) of the PCP formed when the reaction was run in 80
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4.2.4 HcbALl reaction using photo reduced FMN

A similar strategy to that developed for the DszA and RutA systems was used to test for
flavin-N5-oxide formation in the HcbAl-catalyzed reaction. To avoid reduction of the
flavin- N5-oxide by excess NADH, the HcbhA1-catalyzed reaction was carried out using
photoreduced FMN. A typical reaction mixture containing stoichiometric amounts of
HCB, HcbAl, and FMNH: was incubated for 30 min under anaerobic conditions before
exposed to atmospheric oxygen for 1 h to allow the formation of the flavin-C4a-peroxide
and the subsequent oxidation reaction to take place. LC—MS analysis of the resulting
reaction mixture demonstrated the formation of a product with a mass corresponding to
flavin-N5-oxide (Figure 4.5 A, B). When the reaction was carried out in the presence of
180,, the predicted 2 Da increase in the mass of flavin-N5-oxide was observed (Figure

4.5C).
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Figure 4.5: Characterization of flavin-N5-oxide in the HcbhA1-catalyzed reaction. (A) EIC
at m/z = 473.1 corresponding to [M + H]* for FMN-N5-oxide. (B) Exact mass of the FMN-
N5-oxide formed when the reaction was carried out in the presence of *0,. (C) Exact
mass of the FMN-N5-oxide formed when the reaction was carried out in the presence of

180,
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4.3 Conclusion

Enzyme-mediated aryl ring dehalogenation reactions have been the focus of considerable
study over the past several decades.®® Two systems, relevant to the HCB
dehalogenation, are shown in Figure 4.6. In the 4-chlorobenzoyl-CoA dehalogenase-
catalyzed reaction®°® (panel A), an active site carboxylate adds to C4 of the substrate to
give the Meisenheimer complex 82. Loss of chloride followed by ester hydrolysis
completes the reaction. Flavin hydroperoxide functions as an electrophile mediating the
hydroxylation of the para position of 80 in the pentachlorophenol dehalogenase-catalyzed
reaction®**! (panel B). Loss of chloride completes the reaction. The HCB dehalogenase-
catalyzed reaction combines features of these two reactions in a novel way using flavin
hydroperoxide to form a Meisenheimer complex and forming flavin- N5-oxide as a new
intermediate in enzymatic dehalogenation reactions.

The identification of HcbA1 as a flavin-N5-oxide-utilizing enzyme further validates
the proposal that flavin-N5-oxides are likely intermediates in flavoenzymes that form
substrate hydroperoxides in the absence of an active site cysteine (Figure 4.1A). This
model is consistent with three of the four known flavin- N5-oxide-utilizing enzymes. It
does not include EncM, and the full scope of nature’s use of this new flavin oxidation state

has not yet been uncovered.
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Figure 4.6: Relevant halobenzene dehalogenation reactions. (A) The 4-chlorobenzoyl-
CoA dehalogenase-catalyzed reaction that proceeds via a Meisenheimer intermediate. (B)
The PcpB-catalyzed conversion of pentachlorophenol to tetrachlorobenzoquinone.
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4.4 Experimental Procedure

Materials

All chemicals were purchased from Sigma-Aldrich unless mentioned otherwise. LB broth
(Lennox) was purchased from EMD Millipore. Kanamycin and IPTG were obtained from
Lab Scientific Inc. Potassium phosphate salt was purchased from VWR. H2180 was
purchased from Cambridge Isotope Laboratories Inc. Ultra centrifugal filters (10,000
MWCO) were obtained from Millipore and Pall Life Sciences. Sterile syringe filters were
obtained from VWR. Histrap column was obtained from GE Healthcare. Econo-Pack
10DG desalting columns were purchased from Bio-Rad. HPLC and LC-MS solvents were
purchased from EMD and were used without further purification. ZORBAX Eclipse XDB-
C18 column (15 cm x 4.6 mm, 5 um particles) was purchased from Agilent Technologies.
LC-18-T column (15 cm x 3 mm, 3 um particles, Supelco) was obtained from Sigma.
Over-expression and purification of HcbAl

The HcbA1l gene containing overexpression plasmid (pTHT-HcbAL) was transformed
into Escherichia coli BL21 (DE3). For the overexpression of the protein, a starter culture
was grown overnight in 15 ml of LB medium containing 40 pg/ml of kanamycin at 37 °C.
1.5 liter of LB medium (20 g/L) containing 40 pg/ml of kanamycin, was inoculated with
this starter culture. The cells were grown at 37 °C with shaking (220 rpm) until the culture
reached an ODsoo Of 0.6 (3-3.5 hr). The culture was then incubated at 4°C for ~45min
without shaking. Then the culture was induced by adding IPTG to a final concentration of

0.5 mM and the cells were grown with shaking (180 rpm) for a further 15 hours at 15 °C.
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The cells were then harvested by centrifugation at 9000 rpm for 10 min at 4 °C and stored
at -80 °C until protein purification.

For all the steps during the protein purification, the temperature was maintained at 4
°C. At first, the cell pellet was re-suspended in 30 ml of lysis buffer (50 mM KH2PQO4, 150
mM NacCl, 10 mM imidazole, pH 8.0). Lysozyme (5 mg) was added and the cells were
lysed by sonication on ice (Misonix Sonicator 3000, each cycle takes 30 s, pulse ‘on’ time
1.0 s, pulse “off’ time 1.0 s, output level 0.8). The resulting suspension was centrifuged
(18,000 rpm, 30 min) and the supernatant was filtered through a sterile syringe filter (pore
size 0.45 um). The clarified supernatant was loaded onto a 5 mL Ni-NTA-affinity column
pre-equilibrated with lysis buffer at Iml/min flow rate. The Ni-NTA-affinity column was
then washed with 50 ml wash buffer (50 mM KH2PO4, 150 mM NaCl, 20 mM imidazole,
pH 8.0) at 2ml/min flow rate. The protein was eluted from the column with elution buffer
(50 mM KH2POs, 150 mM NaCl, 200 mM imidazole, pH 8.0) at 1ml/min flow rate. The
fractions containing protein were collected and concentrated using an Amicon
ultracentrifugal filter (10,000 MWCO) at 5000 rpm to a final volume of 3 mL. The
concentrated sample was buffer exchanged into 100 mM phosphate buffer at pH 7.5
containing 100 mM NacCl, ImM TCEP and glycerol to a final concentration of 15% (using

an Econo-Pac 10DG desalting column). A typical yield was 10 mg/liter.
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HPLC parameters

An Agilent 1260 HPLC equipped with a quaternary pump was used. The system included
a diode array UV-Vis detector and products were detected using absorbance at 220 nm.
Analysis was performed on a ZORBAX Eclipse XDB-C18 column (15 cm x 4.6 mm, 5
um particles, Agilent Technologies). Data were processed using Agilent ChemStation ver.
B.04.03.

HPLC conditions for the analysis of the HcbA1 reaction mixture

A-Water with 0.1% formic acid, pH 2.65

B-Acetonitrile

HPLC method (flow rate 1 mL/min):

0 min-10% A 90% B, 30 min- 10% A 90%

LC-MS parameters

LC-ESI-TOF-MS was performed using an Agilent 1260 HPLC system which is equipped
with a binary pump and a 1200 series diode array detector followed by a MicroToF-Q 11
mass spectrometer (Bruker Daltonics) using an ESI source either in negative mode or
positive mode. Analysis was performed either on a ZORBAX Eclipse XDB-C18 column
(15 cm x 4.6 mm, 5 um particles, Agilent Technologies) or LC-18-T column (15 cm x 3
mm, 3 um particles, Supelco). Data were processed with DataAnalysis ver. 4.0 (Bruker
Daltonics).

LC conditions for the detection of PCP

A-Water with 0.1% formic acid, pH 2.65
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B-Acetonitrile

LC method for the detection of PCP (negative mode on MS):

0 min-10% A 90% B, 30 min- 10% A 90%

LC conditions for the detection of flavin-N5-oxide:

A-5 mM Ammonium acetate buffer, pH 6.6

B-75% Methanol and 25 % Water.

LC method for the detection of flavin-N5-oxide (positive mode on MS):

0 min-100% A, 2 min-100% A, 12 min-30% A 70% B, 17 min-30% A 70% B, 18 min-
100% A, 30 min-100%A

The mass spectrometer parameters: Capillary, 4500 V; end plate offset, 500V; nebulizer
gas, 3.0 bar; Dry gas, 10.0 L/min; dry gas temperature, 200°C; funnel 1 RF, 200.0 Vpp;
funnel 2 RF, 200.0 Vpp; ISCID, 0.0 eV; hexapole RF, 100 Vpp; quadrupole, lon energy,
3.0 eV; low mass, 100 m/z; collision cell, collision energy, 8.0 eV; collision RF, 150.0
Vpp; transfer time, 80.0 pus; prepulse storage, 5.0 ps.

In vitro activity of HcbAl

Since HCB is insoluble in water, a 10mM stock solution of HCB in acetone was made.
When 10 pL of this solution was added to the reaction buffer (final volume 200 uL), no
visible precipitation was observed. We followed this solubilization procedure in all the
HcbAL catalyzed reactions discussed here.

The HcbALl catalyzed reaction was performed in 100 mM phosphate buffer, pH 7.5. The
final concentrations of all the reaction components were as follows: HcbA1 (50 uM), HCB

(500 uM), FMN (20 uM), E. coli Fre (400 nM) and NADH (1 mM). The volume of the
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reaction mixture was 200 pL and incubated at RT for 3 hr. The protein was heat-denatured
and removed by centrifugal ultrafiltration through a 10 kDa MWCO membrane (Pall Life
Sciences). The samples were analyzed by HPLC and LC-MS.

HcbAZl-catalyzed reaction in the presence of H2'%0O

Two identical reactions were set up; each 200 pL solution contained 500 uM HCB, 50 uM
HcbAl, 20 uM FMN, 400 nM Fre and 1mM NADH. One of the samples had a final
concentration of 80% H2*0. The other sample was used as a ‘control’ and contained 100%
H!%0. The reaction mixture was incubated at room temperature for 3 hours after which
both the samples were analyzed by LC-MS.

HcbAl-catalyzed reaction in the presence of 20,

Two identical reaction mixtures were made in a glove box; each 200 pL solution contained
500 uM HCB, 50 uM HcbA1l, 20 uM FMN, 400 nM Fre and ImM NADH. One of the
reaction mixtures was exposed to 80, while the other reaction mixture was used as a
‘control’ and exposed to 1°0,. The reaction mixture was incubated at room temperature
for 3 hours and then analyzed by LC-MS.

HcbA1l-catalyzed reaction using photoreduced FMN

FMN (500 puM) was reduced by irradiating (A21 LED white light bulb, 100-W) for 5 min
under anaerobic conditions in a glove box in the presence of EDTA (10 mM) as the
reducing agent. Photoreduction of FMN can be observed visually by monitoring the
change in color from intense yellow to pale yellow. Stoichiometric amounts of HCB (100
uM) and HcbA1 (100 uM) were added to a solution containing photo-reduced FMN (100

uM). The resulting mixture was incubated in the glove-box for 0.5 hr. and then exposed
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to oxygen for an additional 1 hr at 25 °C. The protein was heat-denatured and removed by
centrifugal ultrafiltration through a 10 kDa MWCO membrane (Pall Life Sciences). The
samples were analyzed by LC-MS.

HcbA1 reaction in the presence of 0, using photoreduced FMN

FMN was photo-reduced in a glove-box using EDTA as described above. Then
stoichiometric amounts of substrate and enzyme were added. Final concentrations of
reduced FMN, HCB and HcbA1 were 100 uM each. The resulting mixture was incubated
in a glove-box for 0.5 hr, exposed to 80, and incubated for an additional 1 hr at 25 °C.
The protein was heat-denatured and the resulting solution was filtered using an ultra-

centrifugal filter (10kda cut-off). Finally, the samples were analyzed by LC-MS.
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CHAPTER V
RECONSTITUTION AND MECHANISTIC STUDIES ON THE BACTERIAL

FOLATE CATABOLIC PATHWAY

5.1 Introduction
In contrary to our understanding of cofactor biosynthesis, little is known about their
catabolic pathways. So far, the best-studied cofactor catabolic pathways are that of
pyridoxal'* and NAD®2, Although there are several reports of catabolism of the rest of the
cofactors, detailed understanding at the molecular level is still in its infancy. Since there
are many diseases associated with cofactor depletion, elucidating the mechanism of
cofactor catabolism is critical for understanding the relationship between cofactor
metabolism and cofactor deficient diseases.

Folic acid (30) is an important cofactor which plays a key role in nucleic acid
biosynthesis. It is made of 2-amino-4-hydroxypteridine moiety linked through a

methylene carbon to p-amino-benzoylglutamate. It is the reduced tetrahydrofolates (THF)

O COH

o) N
N H
HN B N CO,H
~

H

Figure 5.1: Structure of folic acid; consisting of pterin moiety and p-
aminobenzoylglutamate
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that actually serve as the cofactor. THF cofactors carry one-carbon units at three different
oxidation states; from formate to methanol.

Unlike most bacteria and yeast, mammals cannot synthesize folates de novo, therefore,
folic acid has to be supplied through the diet to meet their daily requirements. Folate
deficiency can result in many health problems. Pregnant women with folate deficiency are
more likely to give birth to premature infants, and infants with neural tube defects.®*
Therefore, it is important to study folate catabolism at the molecular level. There are
several literature reports describing the cleavage of amide bond by carboxypeptidases®®
to give pteroic acid and glutamate. However, not much is known about how the pterin ring
is further cleaved. While going through the literature, we came across a deaminase in
Agrobacterium radiobacter identified by the Raushel group that can deaminate several 6-
substituted pterins.®” Analysis of the genomic context of the deaminase (Figure 5.2 and
5.3) revealed that there are putative flavin oxygenase, flavin reductase, and
amidohydrolase encoding genes conserved across several organisms. We envisaged that
along with deaminase, the rest the protein encoding genes in the operon will constitute a

pterin catabolic pathway.

Figure 5.2: Genome neighborhood of the deaminase in Agrobacterium radiobacter
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Arad_3523 Amidohydrolase
Arad_3524 Transcriptional regulator
Arad_3525 ABC transporter
Arad_3527 ABC transporter
Arad_3528 ABC transporter
Arad_3529 Pterin deaminase
Arad_3530 Flavin oxygenase
Arad_3531 Flavin reductase

Figure 5.3: Proposed function of the gene products present in the cluster.

Initially, we came up with two proposals (Figure 4). According to the first proposal
(Path A), flavin oxygenase catalyzes the oxidative cleavage of the amide bond of
pyrimidine moiety of lumazine to give compound 89 which will be hydrolyzed by
amidohydrolase to give compound 90. There is a literature precedence of flavoenzyme
mediated oxidative amide bond cleavage in RutA catalyzed reaction during the
degradation of uracil.3! Second proposal (Path B) involves the addition of flavin-C4a-
peroxide at C4 followed by a Baeyer-Villiger type rearrangement to give 91 which upon
amide hydrolysis will give compound 92. Baeyer-Villiger rearrangement on pyrimidine
moiety was previously observed in TfIA catalyzed toxoflavin degradation reaction.?
Although TfIA does not contain flavin (instead contains Mn); flavoenzyme mediated

Baeyer-Villiger rearrangement is well documented in the literature.
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Figure 5.4: Initial working hypothesis for the bacterial pterin catabolic pathway

5.2: Results and discussion

5.2.1 Overexpression and purification of putative flavin oxygenase and
amidohydrolase

In order to validate their roles, the putative flavin oxygenase and amidohydrolase from
Mesorhizobium loti were heterologously expressed in E. coli BL21(DE3) and the N-
terminally His6-tagged proteins were purified using a Ni-NTA column (Figure 5.5A).
Purified putative flavin oxygenase protein was yellow and the UV-visible spectrum of the
protein had maxima at 457 nm, 380 nm, and 280 nm, thereby, giving hints for enzyme
bound flavin cofactor (Figure 5.5 B). This was confirmed by HPLC analysis of the heat-

denatured protein and the flavin identified as the FAD (Figure 5.5C).
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Figure 5.5: A) SDS-PAGE of the purified flavin oxygenase and amidohydrolase. The
molecular weights are 51 kDa and 30 kDa respectively. B) UV-Visible spectrum of the
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flavin oxygenase. C) HPLC chromatogram shows the flavin oxygenase contains a FAD
cofactor.

5.2.2 Enzymatic activity of the putative flavin oxygenase

Having the purified flavin oxygenase in hand, we investigated its catalytic activity towards
lumazine (93). Treatment of lumazine with the flavin oxygenase in the presence of NADH,
E. coli Flavin reductase (Fre) and FAD resulted in the consumption of lumazine and
formation of a new peak on the HPLC chromatogram (Figure 5.6A and 5.6B). However,

characterization of this new product turned out to be difficult due to its instability.
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Figure 5.6: HPLC analysis of the flavin oxygenase catalyzed reaction A) HPLC
chromatogram showing consumption of Lumazine in the full reaction. B) HPLC
chromatogram showing formation of new peak at 2 min.

5.2.3 Enzymatic activity of the putative amidohydrolase

To check the activity of the putative amidohydrolase we carried out a sequential assay
where we added the putative amidohydrolase after the flavin oxygenase catalyzed

reaction. Under this condition we observed complete consumption of the product of the

flavin oxygenase catalyzed reaction; suggesting that it is a substrate for the
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amidohydrolase. The product of the amidohydrolase catalyzed reaction was characterized

as xanthine based on LC-MS analysis and coelution experiment (Figure 5.7).
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Figure 5.7: Characterization of amidohydrolase catalyzed reaction product A)
Consumption of flavin oxygenase reaction product and formation of a new peak in the
coupled reaction. B) Mass of the new product C) Coelution of coupled reaction product
with xanthine stan
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5.2.4 Mechanistic proposal for pyrazine ring contraction

Xanthine being identified as the final product; we came up with a mechanistic proposal
for the formation of xanthine (Figure 5.8). According to this proposal, reduced flavin, at
first, reacts with molecular oxygen to form flavin-C4a-peroxide which then attacks at C7
of lumazine to give intermediate 94. Then a Baeyer-Villiger type rearrangement will lead
to the oxadiazepine intermediate 95. Addition of water followed by C-O bond cleavage
gives compound 97. Then the amidohydrolase cleaves the amide bond to give 98 with the
release of formate. Cyclization followed the loss of water will give rise to xanthine 100 as

the final product.
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Figure 5.8: Mechanistic proposal for the flavin oxygenase and the amidohydrolase
catalyzed reaction.
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5.2.5 LC-MS analysis of the flavin oxygenase catalyzed reaction

According to our mechanistic proposal, compound 97 is the product of the flavin
oxygenase catalyzed reaction. Indeed, LC-MS analysis of the flavin oxygenase catalyzed
reaction showed the presence of the mass corresponding to compound 97 only in the full

reaction and absent in other controls (Figure 5.9).
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Figure 5.9: LC-MS analysis of the flavin oxygenase catalyzed reaction A) Extracted ion
chromatogram at m/z = 197.0316, corresponding to [M-H]™ for compound 97 B) Exact
mass of the product of the flavin oxygenase catalyzed reaction matches with mass of
compound 97

5.2.6 Substrate scope of the flavin oxygenase catalyzed reaction

Several 6-substituted lumazines were tested as possible substrates for the flavin oxygenase
and the amidohydrolase catalyzed coupled reaction and in all the cases xanthine was
identified as the final product. However; none of the pterins tested are substrates for flavin
oxygenase, implying the probable role of the oxygen atom at C2 in the binding of the

substrate. Also, two substituents (methyl and hydroxy) at C-7 position tested are not

accepted by the flavin oxygenase probably due to steric effect (Figure 5.10).
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Figure 5.10: List of Substrates tested for flavin oxygenase catalyzed reaction.

5.2.7 Labeling experiment

Next, we carried out labeling experiments to provide evidence for our mechanistic
proposal. The flavin oxygenase catalyzed reaction was carried out both in the presence of
0O-18 labeled water and O-18 labeled molecular oxygen. No O-18 label was incorporated
into the product when the reaction was done in the presence of O-18 labeled water (Figure
5.11A). However, a 4 da increase in the mass of product was observed when the reaction
was carried out in the presence of O-18 labeled molecular oxygen (Figure 5.11B). To
account for the two oxygen atoms incorporation from the molecular oxygen we came up

with the following rationale. We propose that the water molecule which adds to the
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oxadiazepine intermediate 95 is derived from flavin hydroxide and is nonexchangeable. If
this is the case, then, the two oxygen atoms have to be from a single oxygen molecule. To
test this proposal, flavin oxygenase catalyzed reaction was carried out in the presence of
0-16 and O-18 labeled oxygen gas mixture. Under this condition we only observe the
masses corresponding to 197 and 201, implying that both the oxygen atoms are from a
single oxygen molecule (Figure 5.11C). To the best of our knowledge, this is the first

example of a flavin dependent oxygenase where both the oxygen atoms of molecular

oxygen incorporated into the single product.
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Figure 5.11: LC-MS analysis of the flavin oxygenase catalyzed reaction run in the
presence of [180]- H20 or 0, or 180,+1%0,. Panel A shows that oxygen from the buffer
IS not incorporated into the reaction product. Panel B shows the incorporation of two
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oxygen atoms from molecular oxygen into the reaction product. Panel C shows the masses
197 and 201 were obtained when the reaction was carried out in the presence of 20,+€0,.
5.2.8 Formate detection

According to our mechanistic proposal, formate is produced during the amidohydrolase
catalyzed reaction. To confirm that, formate was trapped using nitrophenyl hydrazine®

and mass of the corresponding adduct was observed after LC-MS analysis (Figure 5.12).
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Figure 5.12: Characterization of formate byproduct A) The reaction used to trap formate
using nitrophenylhydrazine 110 B) Extracted ion chromatogram at m/z = 180.0415,
corresponding to [M-H] for the adduct 111 C) Exact mass obtained for the adduct 111
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5.2.9 Non-enzymatic cyclization and dehydration steps

Next, we asked the question whether the late stage cyclization and dehydration steps are
non-enzymatic in nature. The easiest way to test this proposal would be to synthesize
compound 98 and check its stability in agueous buffer. However, synthesis of compound
98 turned out to be difficult. So, we took an indirect approach. We designed 6-hydroxy
lumazine 112 as a substrate analog to answer this question. If 6-hydroxy lumazine
undergoes a similar enzymatic transformation, it will form the carbamic acid 116 as a
product of the flavin oxygenase catalyzed reaction (Figure 5.13). The resulting carbamic
acid will readily decarboxylate to form compound 117. Thus, if the cyclization and
dehydration steps are non-enzymatic, we expect xanthine to be the final product from 6-
hydroxy lumazine. When flavin oxygenase catalyzed reaction was performed using 6-
hydroxy lumazine, we indeed observed xanthine formation, thereby, confirming the non-
enzymatic nature of the cyclization and dehydration steps. However, at this point, we

cannot rule out the possibility of rate enhancement in the enzyme catalyzed reaction.

o o)
N._ __OH flavin oxygenase, FAD H
HNJ?E \j/ Fre, NADH AN N>
)\ Z > )\ /
07 NN o"~N" N
H H
112 100

79



A £ 3500 -
) & 3000 6'hYd':OXV | —Full reaction
N eo0 lumazine ]
] ——No protein
® 00 - N Xanthine P
Q
o No substrate
€ 1500 1
<€ 1000 4
2
0 500 4
< j\ LL\ A
0 - i A VAN NV A S
0 2 6 8

Time (mln)

+
FAD NAD flavin
FADH , ADH reductase

0 l . 5
OH Y OH
T HN”I Y — G —
~, —
flavin ~/
H N \ Vi N ﬁ H /<‘\

o) h
O oOxygenase

it O\FI 14 /<
112 g -0 113 H 115

o 4 0 0 o)
HN)K/[N_(OH spontaneous HNJXNHZ )t
H —  HN

07N N
H AN HCO,H N N © HZO

O
116 117 118 100

Figure 5.13: Flavin oxygenase catalyzed reaction with 6-hydroxy lumazine. A) HPLC
analysis of the reaction mixture B) Mechanistic rationale for the production of xanthine
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5.2.10 Amidohydrolase catalyzed reaction is metal dependent

ICP-MS analysis revealed zinc to be the bound metal in the amidohydrolase. Since the
purified enzyme contained sub stoichiometric amount of bound metal, addition of external
zinc increased the activity. Amongst the other first-row transition metals that have been
tested for activity, cobalt also turned out to be an active one (Figure 5.14A).
Amidohydrolase activity was inhibited in the presence of the chelating agent
hydroxyquinoline sulfonic acid; the activity can be restored by adding external zinc

(Figure 5.14B).
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Figure 5.14: Amidohydrolase is metal dependent. A) HPLC chromatogram showing
xanthine formation in the presence of different first row transition metals. B) HPLC
chromatogram showing Inhibition of amidohydrolase activity in the presence of chelating
agent hydroxyquinoline sulfonic acid.
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5.2.11 X-ray crystal structure of the flavin oxygenase

In order to get further insights into the flavin oxygenase catalyzed reaction, we set out to
obtain X-ray crystal structure of the flavin oxygenase. Despite the screening of large
number of crystallizations conditions, we could not get the crystal of flavin oxygenase
from Mesorhizobium loti. To get around of this problem we turned our attention to the
orthologs of flavin oxygenase. The criterion for the selection of the orthologs were high
sequence identity (>50%) and the presence of neighboring genes in the cluster. We
overexpressed and purified the orthologs of flavin oxygenase from three different strains;

1) Hoeflea phototrophica 2) Agrobacterium radiobacter 3) Dinoroseobacter shibae

(Figure 5.15). Activities of the three orthologs were confirmed by HPLC analysis.
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Figure 5.15: Purification of flavin oxygenase orthologs from Hoeflea phototrophica,
Agrobacterium radiobacter and Dinoroseobacter shibae. A) Sequence identity of the
orthologs compared with the Mesorhizobium loti. B) SDS-PAGE of the purified proteins.
After screening the three orthologs using commercially available crystallization solutions
we could only get crystal of Hoeflea phototrophica ortholog in single condition and the
corresponding diffraction data was collected (Figure 5.16). However, we could not solve
the phase using molecular replacement method because of the unavailability of known
structure of the protein with high sequence similarity to flavin oxygenase. To solve the

phase problem, we decided to get the crystal of selenomethionine labeled protein. Using

known procedure selenomethionine labeled protein was produced and verified by mass.

A) B)

Figure 5.16: A) Crystal of Flavin oxygenase from Hoeflea phototrophica A) Diffraction
data of the crystal
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Figure 5.17: Production of selenomethionine labeled flavin oxygenase A) SDS-PAGE of
the selenomethionine labeled protein B) Gel-filtration chromatogram of the purified
protein C) Mass of the native protein D) Mass of the selenomethionine labeled protein
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Figure 5.18: Data collection and refinement statistics for the flavin oxygenase.

Crystal of the selenomethionine labeled protein could be obtained using the same
crystallization condition as that for native protein. With the diffraction data of the
selenocysteine labelled protein we could solve the structure by SAD. The high-resolution

crystal structure of the flavin oxygenase (1.45 A) was obtained with FAD bound in it.
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Surprisingly, the three-dimensional structure of the flavin oxygenase does not resemble to
any known two component flavin oxygenase; instead, the structure shows similarity to D-
lactate dehydrogenase (rmsd 2.9 and Z score 26.4), Alkylhydroxy acetone phosphate
synthase (rmsd 3.6 and Z score 24.9), Cytokinin dehydrogenase 1 (rmsd 3.1 and Z score
25.6). To get the substrate bound structure flavin oxygenase was co-crystallized with
lumazine and the structure was solved with high resolution (1.7 A). Active site architecture
revealed that the substrate sits on the si face of FAD (Figure 5.19). There is a conserved
serine residue (Ser139) interacting with the N5 of the flavin; thereby stabilizing the flavin
peroxy species. C7 of the substrate is perfectly positioned for the nucleophilic attack of
flavin peroxy. There are extensive H-bonding interactions that hold the substrate in the
substrate binding pocket. Backbone amide groups interact with the oxygen atom at C2,
N3 and oxygen atom at C4; Asn82 takes part in H-bonding interaction with N1; GIn85
involves in H-bonding interaction with the oxygen atom at C2; Tyr 83 interacts with the
N1, N3, and oxygen atom attached to C4 via H bonding; Ser154 participates in H-bonding
interaction with the N5 and oxygen atom at C4; Asn 321 probably stabilizes the negative

charge on the N8 (after the addition of flavin peroxy at C7).
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C) Tyr83 Ser154

Figure 5.19: Crystal structure of the flavin oxygenase A) Ribbon diagram of the
homodimer flavin oxygenase B) Orientation of lumazine, FAD and the Ser139 residue in
the active site C) Interaction of the substrate with the active site residues.
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5.3 Conclusion

To summarize, for the first time, we have presented detailed biochemical and structural
studies on bacterial folate catabolic pathway. In the process, we have identified a novel
flavin dependent Baeyer-Villiger type rearrangement which has been utilized to cleave a
pyrazine ring. The enzyme is unique in so many ways: generally, Baeyer-Villiger
rearrangement occurs via the addition of flavin-C4a-peroxide to a carbonyl center,
however, in this case, flavin-C4a-peroxide adds to an imine. Also, as a rare example, the
enzyme behaves as a flavin dependent dioxygenase instead of a typical monooxygenase.
Structurally the enzyme is more similar to the flavin dependent oxidases while
functionally the enzyme belongs to the flavin dependent oxygenase family. Since the gene
cluster responsible for the folate catabolism is widespread amongst bacteria, it is important
to examine its presence in the human gut microbiome and its connection to diseases like

neural tube defects.
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5.4 Experimental Procedure

Materials

All chemicals were purchased from Sigma-Aldrich unless mentioned otherwise. LB broth
(Lennox) was purchased from EMD Millipore. Kanamycin and IPTG were obtained from
Lab Scientific Inc. Potassium phosphate salt was purchased from VWR. H2180 was
purchased from Cambridge Isotope Laboratories Inc. Pterin was obtained from Schircks
Laboratories. Ultra centrifugal filters (10,000 MWCO) were obtained from Millipore and
Pall Life Sciences. Sterile syringe filters were obtained from VWR. Histrap column was
obtained from GE Healthcare. Econo-Pack 10DG desalting columns were purchased from
Bio-Rad. HPLC and LC-MS solvents were purchased from EMD and were used without
further purification. ZORBAX Eclipse XDB-C18 column (15 cm x 4.6 mm, 5 pum
particles) was purchased from Agilent Technologies. LC-18-T column (15 cm x 3 mm, 3
um particles, Supelco) was obtained from Sigma.

Over-expression and purification of flavin oxygenase

The flavin oxygenase gene containing overexpression plasmid (flavin oxygenase gene in
pTHT Vector ) was transformed into Escherichia coli BL21 (DE3). For the overexpression
of the protein, a starter culture was grown overnight in 15 ml of LB medium containing
40 pg/ml of kanamycin at 37 °C. 1.5 liter of LB medium (20 g/L) containing 40 ug/ml of
kanamycin, was inoculated with this starter culture. The cells were grown at 37 °C with
shaking (220 rpm) until the culture reached an ODgoo of 0.6 (3-3.5 hr). The culture was
then incubated at 4°C for ~45min without shaking. Then the culture was induced by adding

IPTG to a final concentration of 0.5 mM and the cells were grown with shaking (180 rpm)
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for a further 15 hours at 15 °C. The cells were then harvested by centrifugation at 9000
rpm for 10 min at 4 °C and stored at -80 °C until protein purification.

For all the steps during the protein purification, the temperature was maintained at 4
°C. At first, the cell pellet was re-suspended in 30 ml of lysis buffer (50 mM KH2PO4, 150
mM NaCl, 10 mM imidazole, pH 8.0). Lysozyme (5 mg) was added and the cells were
lysed by sonication on ice (Misonix Sonicator 3000, each cycle takes 30 s, pulse ‘on’ time
1.0 s, pulse “off’ time 1.0 s, output level 0.8). The resulting suspension was centrifuged
(18,000 rpm, 30 min) and the supernatant was filtered through a sterile syringe filter (pore
size 0.45 um). The clarified supernatant was loaded onto a 5 mL Ni-NTA-affinity column
pre-equilibrated with lysis buffer at Iml/min flow rate. The Ni-NTA-affinity column was
then washed with 50 ml wash buffer (50 mM KH2POj4, 150 mM NaCl, 20 mM imidazole,
pH 8.0) at 2ml/min flow rate. The protein was eluted from the column with elution buffer
(50 mM KH2PO4, 150 mM NacCl, 200 mM imidazole, pH 8.0) at 1ml/min flow rate. The
fractions containing protein were collected and concentrated using an Amicon
ultracentrifugal filter (10,000 MWCO) at 5000 rpm to a final volume of 3 mL. The
concentrated sample was buffer exchanged into 100 mM phosphate buffer at pH 7.5
containing 100 mM NaCl, ImM TCEP and glycerol to a final concentration of 15% (using
an Econo-Pac 10DG desalting column). Flavin Oxygenase orthologs were overexpressed
and purified using the same procedure as discussed above.
Over-expression and purification of amidohydrolase
The amidohydrolase encoding gene was cloned into pTHT vector (derivative of pET28b

vector with TEV protease cleavage site after the N-terminal His-tag). The plasmid was
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transformed into Escherichia coli BL21(DE3). Overexpression and purification of the
amidohydrolase was same as that of flavin oxygenase.

HPLC parameters

An Agilent 1260 HPLC equipped with a quaternary pump was used. The system included
a diode array UV-Vis detector and products were detected using absorbance at 280 nm,
and 450 nm. Analysis was performed either on a ZORBAX Eclipse XDB-C18 column (15
cm x 4.6 mm, 5 pm particles, Agilent Technologies) or PFP column (150 x 4.6 mm, 2.6
um particles, Kinetex).

HPLC conditions (for C18 column):

A-Water

B-100 mM potassium phosphate buffer, pH 6.6

C-Methanol

HPLC method:

0 min-100% B, 5 min- 10% A 90% B, 12 min-48%A 40%B 12% C, 14 min-50%A 30%B
20% C, 18 min-30% A 10% B 60% C, 20 min-100% B, 25 min-100% B

LC-MS parameters

LC-ESI-TOF-MS was performed using an Agilent 1260 HPLC system which is equipped
with a binary pump and a 1200 series diode array detector followed by a MicroToF-Q 11
mass spectrometer (Bruker Daltonics) using an ESI source either in negative mode or
positive mode. Analysis was performed on an LC-18-T column (15 cm x 3 mm, 3 um
particles, Supelco).

LC conditions:
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A-5 mM Ammonium acetate buffer, pH 6.6

B-75% Methanol and 25 % Water.

LC method: (for positive and negative mode on MS) 0 min-100% A, 2 min-100% A, 12
min-30% A 70% B, 17 min-30% A 70% B, 18 min-100% A, 30 min-100%A

Activity assay of flavin oxygenase catalyzed reaction

The flavin catalyzed reaction was performed in 100 mM phosphate buffer, pH 7.5. The
final concentrations of all the reaction components were as follows: flavin oxygenase (50
uM), lumazine (500 uM), FAD (20 uM), E. coli Fre (400 nM) and NADH (1 mM). The
volume of the reaction mixture was 200 pL and incubated at RT for 3 hr. The protein was
heat-denatured and removed by centrifugal ultrafiltration through a 10 kba MWCO
membrane (Pall Life Sciences). The samples were analyzed by HPLC and LC-MS.
Activity assay of amidohydrolase catalyzed reaction

To check the activity of the amidohydrolase catalyzed reaction we carried out a sequential
assay. At first, flavin oxygenase catalyzed reaction was run following the protocol
mentioned above. Once flavin oxygen catalyzed reaction is over, amidohydrolase was
added and incubated for 3 hr. The samples were analyzed by HPLC and LC-MS.

Flavin oxygenase catalyzed reaction in the presence of H,*2O

Two identical reactions were set up; each 200 pL solution contained 500 uM lumazine,
50 uM flavin oxygenase, 20 uM FAD, 400 nM Fre and 1mM NADH. One of the samples
had a final concentration of 80% H,!20. The other sample was used as a ‘control’ and
contained 100% H'®0. The reaction mixture was incubated at room temperature for 4

hours after which both the samples were analyzed by LC-MS.
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Flavin oxygenase catalyzed reaction in the presence of 0,

Two identical reaction mixtures were made in a glove box; each 200 pL solution contained
500 uM lumazine, 50 uM flavin oxygenase, 20 uM FAD, 400 nM Fre and 1ImM NADH.
One of the reaction mixtures was exposed to 0, while the other reaction mixture was
used as a ‘control’ and exposed to %0,. The reaction mixture was incubated at room
temperature for 3 hours and then analyzed by LC-MS.

Protocol for formate detection

Formate was detected following the literature reported procedure. To a 100 L of enzymatic
reaction mixture 10 pL of 1:1 solution of pyridine: HCI. EDC (10 pL of a 0.29 M solution)
was added. This was followed by addition of NPH (10 pL of a 0.12 mM solution in 250
mM HCI) and the resulting mixture was incubated at 60 C for 15 min. Precipitated protein
was pelleted by centrifugation and the clear supernatant was analyzed by LC-MS.
Overexpression and purification of flavin oxygenase orthologs

Flavin oxygenase orthologs from Hoeflea phototrophica, Agrobacterium radiobacter and
Dinoroseobacter shibae were overexpressed and purified following the same protocol as
that of the flavin oxygenase from Mesorhizobium loti.

Crystallization condition

Crystallization trials were setup using commercially available Hampton research
crystallization solution and hanging drop diffusion method. Protein concentration was in
the range of 12-13 mg/mL in 10 mM Tris, 20 mM NacCl, pH 7.5. Since sub-stoichiometric
amount of FAD copurify with the protein 1 mM of FAD was added to the protein before

setting up the crystallization trials. Good quality yellow crystal was obtained within two
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days at RT using the following condition: 0.1M TRIS hydrochloride pH 8.5, 2.0M
ammonium sulfate. To get the lumazine bound crystal co-crystallization was setup using
1mM lumazine.

Collection of X-ray diffraction data

Crystals were harvested and cryoprotected by removing most of the liquor surrounding
the crystal and gradually increasing the glycerol concentration in 5% (vol/vol) increments
(30-s soaks) until the final con-centration reached 25% (vol/vol). Crystals were then
removed from the mother liquor/cryoprotection mixture using 0.3-0.4-mm loops
(Hampton Research) and plunged into liquid nitrogen. All data sets for SeMet was
collected at SSRL at 100 K using a wavelength of 0.9776 A. The selenium peak for the
SeMet containing crystals was determined by an X-ray fluorescence scan. Diffraction data
were integrated, scaled, and merged using HKL2000. All data sets for the native protein
was collected in In-house facility in ILSB, Texas A&M University.

Incorporation of selenomethionine in the flavin oxygenase from Hoeflea
phototrophica

Following protocol was used to get selenomethionine labeled protein.

-A 125 mL sterilized flask with 50 mL sterile LB was prepared. Kanamycin was added.
-Single colony of E. coli BL21(DE3) which harbor the flavin oxygenase encoding gene
was transferred to the media.

-The cell culture was grown at 37 °C with shaking at 220 rpm for 16-20 hrs.

-50 mL culture was pelleted by centrifugation at 4000g for 10 min at RT.

-The cell pellet was resuspended in 20 mL M9-kanamycin media, then spin down the cells.
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-The above step was repeated to remove residual LB.

-The pellet was resuspended in 1L M9-kanamycin media.

-Cells were grown at 37 °C with shaking until the OD600 0.6-1.0. decrease the temperature
to 15 °C and let equilibrate for 30 min.

-5 mL of Leu/lle/VVal 10mg/mL stock solution and 4 mL of Phe/Lys/Thr 25mg/mL stock
solution were added to 1 litre culture.

-Incubation was continued for 30 min at 15 °C and 220 rpm.

-4 mL of selenomethionine (15mg.mL stock solution) was added.

-400 pL of 1M IPTG solution was added.

-The induced culture was incubated at 15 °C (220 rpm) for 20hrs.

-Cells were harvested and protein was purified using regular protocol.
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CHAPTER VI
RECONSTITUTION AND MECHANISTIC STUDIES ON THE TPDA CATALYZED

REACTION IN TETRAMETHYLPYRAZINE DEGRADATION

6.1 Introduction

Tetramethyl pyrazine (TTMP) 119 is a heterocyclic compound which is produced both
chemically and biologically. It is the active ingredient in several Chinese medicinal herbs
(Ligusticum wallichii Franch, Ephedrae herba etc)®® which have traditionally been used
to treat cardiovascular diseases in China. TTMP production has also been reported by the
bacterium Bacillus natto’® which ferments soybean to produce ‘natto’, a favorite food
among Japanese people. While several bacteria strains, capable of using various alkyl-
substituted pyrazines as a carbon and nitrogen source, have been isolated,’* the genetics
and biochemical details of the degradation pathways remained limited.

In 2013, Rolandas Meskys group identified the TTMP catabolic gene cluster in
Rhodococcus jostii TMP172 (Figure 6.1). Based on experiments with cell-free extracts, it
has been suggested that the initial aromatic ring opening of TTMP is catalyzed by TpdA
and TpdB in the presence of a flavin reductase. Blast search predicted TpdA to be a flavin-
dependent monooxygenase and TpdB to be a protein belonging to NTF2 superfamily.
Flavoenzyme mediated pyridine ring cleavage reaction has been reported in MHPCO"3"
catalyzed reaction during PLP catabolism. In MHPCO catalyzed reaction hydroxy moiety
has been proposed to play key role by activating the ring for electrophilic aromatic

substitution reaction. However, tetramethyl pyrazine molecule has no such activating
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Figure 6.1: TTMP degradation by Rhodococcus jostii TMP1 A) TTMP catabolic gene
cluster B) Putative function of the gene products C) Proposed TTMP catabolic pathway
based on experiments using cell-free extracts.
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group, thereby, requires different mechanism for the ring cleavage. In this chapter, we
reconstituted the TpdA catalyzed reaction in tetramethylpyrazine catabolism and carried
out detailed mechanistic studies to provide insights into the flavoenzyme mediated
pyrazine ring cleavage reaction.

6.2 Results and discussion

6.2.1 Overexpression and purification of TpdA and TpdB

TpdA and TpdB genes were heterologously expressed in E. Coli BL21(DE3) and the N-

terminally His6-tagged proteins were purified using Ni affinity chromatography

-
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20kDa — . .
15 kDa —>»

<«— 37kDa

Figure 6.2: A) SDS-PAGE of the purified TpdA and TpdB. Molecular weights of TpdA
and TpdB are 43 kDa and 16 kDa.

6.2.2 Reconstitution of TpdA activity

To check the catalytic activity, a reaction mixture containing TTMP, TpdA, E. coli Fre,
FMN and NADH was incubated at room temperature for 4hr. HPLC analysis of the
reaction mixture revealed consumption of TTMP and formation of a new peak (Figure 6.3
A). Initial LC-MS analysis suggested oxidative degradation of the pyrazine ring. Further

NMR characterization confirmed the structure of the product as compound 120. Thus, our
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in vitro experiments suggest TpdA alone can cleave the pyrazine ring in the presence of

reduced flavin and molecular oxygen.
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Figure 6.3: Reconstitution of TpdA activity. A) HPLC chromatogram shows formation
of a new peak only in full reaction. B) Extracted ion chromatogram at m/z = 169.0983,
corresponding to [M-H]" for the compound 120 C) Exact mass of the TpdA catalyzed
reaction product
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6.2.3 Mechanistic proposal for the TpdA catalyzed reaction

According to our proposal, reduced flavin (produced by E. coli flavin reductase) reacts
with molecular oxygen to form flavin-C4a-peroxide which then adds the TTMP to give
intermediate 123. Then a Baeyer-Villiger type rearrangement will lead to oxadiazepine
intermediate 124. Water addition followed by C-O bond cleavage will give the final

product 120.

119 0-0. ~FI
Fl 123 124 H

H

Nz N\n/
NH

N

O-H o
125 120

Figure 6.5: Mechanistic proposal for the TpdA catalyzed reaction.

6.2.4 Labeling experiments for the TpdA catalyzed reaction

According to this proposal, there is incorporation of one oxygen atom from water molecule
and one from molecular oxygen in the final product. Labeling experiments were carried
out to provide evidence to our mechanistic proposal. LC-MS analysis (Figure 6.6) of the

reaction mixture using H2'®O revealed incorporation of one oxygen atom in the final
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product. Similar analysis using 0, resulted in the incorporation of one oxygen atom in

the final product which is consistent with our mechanistic proposal.
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Figure 6.6: LC-MS analysis of the TpdA catalyzed reaction run in the presence of [180]-
H20 or 0. Panel A shows that one oxygen atom from the buffer is incorporated into the
reaction product. Panel B shows the incorporation of one oxygen atom from molecular
oxygen

6.2.5 Substrate analog studies

Substrate analog studies revealed that TpdA showed broad substrate specificity. All the di
and tri methyl substituted pyrazines were substrates for TpdA. Several substituted

pyridines were also turned out to be the substrates for TpdA. Interestingly, while 2,4,6-

collidine was used as a substrate, apart from the native ring opened product 127; a new
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peak was observed in the HPLC chromatogram (Figure 3A). UV-visible spectrum of the
new peak had a red shift in the Amax. LC-MS analysis and NMR characterization identified
the peak to be 3-hydroxy-2,4,6-collidine 128. A formal C-H hydroxylation of an
inactivated C-H bond is unprecedented in flavoenzymology (LadA’® is the only known
flavoenzyme to hydroxylate an inactivated C-H bond; however, detailed mechanistic

studies yet to be done). Generally, such transformation is carried out by metalloenzymes.
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Figure 6.7: HPLC analysis of the TpdA catalyzed reaction in the presence of 2,4,6-
collidine.
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6.2.6 Mechanistic hypothesis for the unusual hydroxylation reaction

To rationalize the formation of this unusual hydroxylated product, we came up with the
following proposal. According to this proposal, at first, flavin-C4a-peroxide adds to the
C2 of 2,4,6-collidine to give intermediate 129 which upon a Baeyer-Villiger type
rearrangement form oxazapine intermediate 130. Now, there are two possible fates of this
oxazapine intermediate: if water adds then it will lead to the native product 127. However,
if it undergoes a cyclization reaction then it will lead to epoxy compound 132 which will
readily aromatize to give the final hydroxylated product 128. There is literature

precedence of such cyclization reactions in synthetic organic chemistry.’’
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Figure 6.9: Mechanistic proposal for the TpdA catalyzed reaction in the presence of 2,4,6-
collidine.
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To provide evidence in favor of the proposal, we designed experiments using O-18
labeled H20, O-18 labeled O and deuterated substrates. Reaction in the presence of O-18
labeled H20 did not result in incorporation while reaction using O-18 labeled O resulted
in incorporation of one oxygen atom (Figure 6.10). These observations are in well
agreement with our mechanistic proposal.
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Figure 6.10: LC-MS analysis of the TpdA catalyzed reaction with 2,4,6-collidine run in
the presence of [180]- H20 or *80,. Panel A shows that no oxygen atom from the buffer
is incorporated into the reaction product. Panel B shows the incorporation of one oxygen
atom from molecular oxygen.
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In order to provide further evidence to our proposal, two deuterium labeled substrates
were synthesized: D5-2,4,6-collidine 133 (ideally one would like to synthesize D2-2,4,6-
collidine but because of the difficulties associated with the synthesis of D2-2,4,6-collidine
we decided to synthesize D5-2,4,6-collidine which will serve our purpose equally well)
and D9-2,4,6-collidine 135. When the enzymatic reaction was carried out in the presence
of D5-2,4,6-collidine, four deuteriums were retained in the final product and one is lost
(Figure 6.11); While with D9-2,4,6-collidine, all the deuterium was retained, however,
there was partial exchange of three protons (Figure 6.11). Observed exchange
phenomenon can be rationalized based on the proposed cationic intermediate 132. Now,
if this is true, one should also observe similar exchange pattern when the reaction is carried
out in the presence of unlabeled substrate in deuterated buffer. Indeed, when the reaction
was carried out in the presence of D20, three protons were exchanged, thereby, validating

our mechanistic proposal (Figure 6.11).
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Figure 6.11: LC-MS analysis of the TpdA catalyzed reaction product in the presence of
deuterium labeled 2,4,6-collidine. A) Mass of the reaction product when D5-2,4,6-
collidine 133 was the substrate. B) Mass of the reaction product when D9-2,4,6-collidine
135 was the substrate. C) Mass of the reaction product when the reaction was carried out
with unlabeled substrate in D20 buffer

109



6.3 Conclusion

To summarize, we have reconstituted TpdA catalyzed oxidative ring opening of TTMP in
vitro. Labeling experiments and substrate analog studies suggest a Baeyer-Villiger type
rearrangement during the enzymatic conversion of TTMP 119 to 123. Since, TpdB does
not involve in the first step of the TTMP catabolism, we propose it might have a role in
the downstream transformation. Generally, flavoenzyme catalyzed Baeyer-Villiger
reactions proceed via the addition of flavin-C4a-peroxide to a carbonyl center. However,
in this case, flavin-C4a-peroxide adds to the imine center which is unprecedented.
Although, there were reports of oxepine during homogentisate formation’® and
phenylacetate catabolism’®, to the best of our knowledge, this is the first instance where
we provide evidence of an oxadiazapine intermediate in an enzymatic reaction. Our

studies on TpdA, once again, underscore the versatility of flavin cofactors in enzymology.
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6.4 Experimental Procedure

Materials

All chemicals were purchased from Sigma-Aldrich unless mentioned otherwise. LB broth
(Lennox) was purchased from EMB Millipore. kanamycin and IPTG were obtained from
Lab Scientific Inc. Amicon Ultra centrifugal filter devices (10,000 MWCO) were obtained
from Millipore. Histrap column was obtained from GE Healthcare. Econo-Pack 10DG
desalting columns were purchased from Bio-Rad. 2.5 L baffled ultra yield flasks for
protein overexpression were obtained from Thomson Instrument Company. HPLC and
LC-MS solvents were purchased from EMD and were used without further purification.
ZORBAX Eclipse XDB-C18 column (15 cm x 4.6 mm, 5 pm particles) was purchased
from Agilent Technologies.

Over-expression and purification of TpdA and TpdB

The TpdA gene containing overexpression plasmid (pTHT-TpdA) was transformed into
Escherichia coli BL21 (DE3). For the overexpression of the protein, a starter culture was
grown overnight in 15 ml of LB medium containing 40 pg/ml of kanamycin at 37 °C. 1.5
liter of LB medium (20 g/L) containing 40 pug/ml of kanamycin, was inoculated with this
starter culture. The cells were grown at 37 °C with shaking (220 rpm) until the culture
reached an ODeoo Of 0.6. The culture was then incubated at 4°C for ~45min without
shaking. Then the culture was induced by adding IPTG to a final concentration of 0.5 mM,
the temperature was lowered to 15 °C and the cells were grown with shaking (180 rpm)
for a further 15 hours. The cells were then harvested by centrifugation at 10,0009 for 10

min at 4 °C and store at -80 °C.
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The cell pellet was re-suspended in 30 ml of lysis buffer (50 mM KH2PQOa, 150 mM
NaCl, 10 mM imidazole, pH 8.0). Lysozyme (5 mg) was added and the cells were lysed
by sonication on ice (Misonix Sonicator 3000, six cycles of 30 s duration during which
1.5 s sonicator pulses at output level 0.8 were followed by 1.5 s pauses). The resulting
suspension was centrifuged (18,000 rpm, 30 min) and the supernatant was filtered through
a sterile syringe filter (pore size 0.45 um). The clarified supernatant was loaded onto a 5
mL Ni-NTA-affinity column pre-equilibrated with lysis buffer kept at 4°C. The Ni-NTA-
affinity column was then washed with 50 ml wash buffer (50 mM KH2PQO4, 150 mM NacCl,
20 mM imidazole, pH 8.0). The protein was eluted from the column with elution buffer
(50 mM KH2POs4, 150 mM NaCl, 200 mM imidazole, pH 8.0) at 4°C. The fractions
containing protein were pooled and concentrated using YM-10 Amicon ultracentrifugal
filters at 50009 to a final volume of 3 mL. The concentrated sample was buffer exchanged,
using an Econo-Pac 10DG desalting column, into 100 mM phosphate buffer at pH 7.5
containing 100 mM NaCl and glycerol to a final concentration of 15%. Protein
concentration was determined from the absorbance at 280 nm (A280) with an Extinction
coefficient calculated using the ProtParam tool of the EXPASy proteomics Server (€280 =
56380). A typical yield was 20 mg/liter.

The TpdB encoding gene was cloned into pTHT vector (derivative of pET28b vector
with TEV protease cleavage site after the N-terminal His-tag). The plasmid was
transformed into Escherichia coli BL21 (DE3). A starter culture was grown overnight in

15 ml of LB medium containing 40 pg/ml of Kanamycin at 37 °C. Next, 1.5 L of LB
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medium containing 40 pg/ml of Kanamycin was inoculated with this starting culture. The
cells were grown at 37 °C till the ODegoo reached a value of 0.6. The culture was then
incubated at 4 °C for 45 min without shaking and induced with 0.5 mM IPTG followed by
incubation at 15 °C for 15 hr with shaking (180 rpm). The cells were then harvested by
centrifugation and stored at -80 °C until further use. The purification procedure was same
as that for TpdA.

HPLC parameters and LC-MS parameters

Same as mentioned in Chapter V.

Activity assay of TpdA catalyzed reaction

The TpdA catalyzed reaction was performed in 100 mM phosphate buffer, pH 7.5. The
final concentrations of all the reaction components were as follows: TpdA (50 uM), TTMP
(500 uM), FMN (50 uM), E. coli Fre (400 nM) and NADH (1 mM). The volume of the
reaction mixture was 200 pL and incubated at RT for 3 hr. The protein was heat-denatured
and removed by centrifugal ultrafiltration through a 10 kDa MWCO membrane (Pall Life
Sciences). The samples were analyzed by HPLC and LC-MS. To check the effect of TpdB,
it was added to the reaction mixture such that the final concentration was 50 puM.

TpdA catalyzed reaction in the presence of H,'%O

Two identical reactions were set up; each 200 pL solution contained 500 uM TTMP, 50
uM TpdA, 50 uM FMN, 400 nM Fre and ImM NADH. One of the samples had a final
concentration of 80% H2*0. The other sample was used as a ‘control’ and contained 100%
H'®0. The reaction mixture was incubated at room temperature for 4 hours after which

both the samples were analyzed by LC-MS.

113



TpdA catalyzed reaction in the presence of 20,

Two identical reaction mixtures were made in a glove box; each 200 pL solution contained
500 uM TTMP, 50 uM TpdA, 50 uM FMN, 400 nM Fre and 1ImM NADH. One of the
reaction mixtures was exposed to 80, while the other reaction mixture was used as a
‘control’ and exposed to 1°0,. The reaction mixture was incubated at room temperature
for 4 hours and then analyzed by LC-MS.

Synthesis of D5-2,4,6-collidine 133

D5-2,4,6-collidine 133 was synthesized following a literature reported protocol. A mixture
of acetyl chloride (9.5 mL, 135 mmol) and A1C1s (5.3 g, 40.5 mmol) is treated with
deuterated t-butanol (1 g, 13.5 mmol) for 0.5 h. at 35 °C., and the crude reaction mixture
poured into 100 mL of aqueous ammonia (34 %) with cooling. Solvent was evaporated

under reduced pressure and the product was purified using HPLC.
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Figure 6.12: 1-H NMR of D5-2,4,6-collidine 133.
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Figure 6.13: Mass of D5-2,4,6-collidine 133.

Synthesis of D9-2,4,6-collidine 135

2,4,6-Trimethylpyrylium salt (5 g) was heated on the steam bath with deuterium oxide
(ten fold) with a reflux condenser protected from atmospheric moisture. After two hours,
the solution was cooled, the crystals were filtered off, dried, and the procedure was
repeated thrice with fresh portions of deuterium oxide. Deuterated trimethylpyrylium thus
produced was added into an excess (20 ml) of cold agueous ammonia containing 20 mL
of ether. After a few minutes' stirring, the two layers are separated, the ethereal layer is
extracted with 20 ml of 10 % hydrochloric acid. The aqueous phase is extracted once more
with ether, then it is made alkaline with sodium hydroxide solution, and the separated D9-
2,4,6-collidine 135 is extracted with ether. The solvent was evaporated under reduced

pressure to give the D9-2,4,6-collidine 135 (80% yield).
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Figure 6.14: 1-H NMR of D9-2,4,6-collidine 135.
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CHAPTER VII
MECHANISTIC STUDIES OF A COFACTOR INDEPENDENT OXYGENASE

INVOLVED IN BACTERIAL INDOLE CATABOLIC PATHWAY

7.1 Introduction
Molecular oxygen is a strong oxidant with a reduction potential of the O2/H20 couple of
+0.82 V (at pH 7). However, it has a significant activation barrier to react with organic
molecules. This kinetic inertness is the result of its electronic configuration. In ground
state molecular oxygen has two unpaired electrons in a degenerate pair of «* orbital, thus,
having a total spin S=1, whereas most organic molecules in their ground state are spin-
paired (S=0). To overcome this spin barrier nature employs cofactors (either metal or
organic) in order to activate molecular oxygen.®% 8! Iron and copper are the most widely
used metal cofactors to activate molecular oxygen while flavin and pterin are known
organic cofactors for the activation of dioxygen. Recently PLP has also been implicated
in oxygen activation reaction.®

In contrast to these ubiquitous cofactor dependent oxygenases there are only a handful
of enzymes which are known to activate molecular oxygen without employing any
cofactors. These include ActVa-Orf6 catalyzed® oxidation of 6-deoxydihydrokalafungin
137 (6-DDHK) to dihydrokalafungin 138 (DHK), DpgC catalyzed® oxidation of 3,5-
dihydroxyphenylacetyl coenzyme A 139 (DPA-CoA) to 3,5 dihydroxyphenylglyoxylate

140 (DPGX), RLuc-catalyzed® oxidation of coelenterazine 141, an imidazolopyrazinone-
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type luciferin, QDO®® catalyzed ring cleavage of (2-alkyl)-3-hydroxy-4(1H)-quinolone

143 (Figure 7.1).
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Figure 7.1: Representative examples of cofactor-independent oxygenases A) ActVa-Orf6
catalyzed reaction involved in actinorhodin biosynthesis B) DpgC catalyzed reaction
during Vancomycin Biosynthesis C) The reaction catalyzed by Renilla luciferase
monooxygenase (RLuc) D) QDO catalyzed degradation of quinolones



Recently a new cofactor-independent oxygenase (lifA) has been identified in the
bacterial indole catabolic pathway.®” Indole is a N-heterocyclic aromatic compound which
is mainly produced by trytophanse activities.®® Although indole is toxic in higher
concentration®, it has important functions as well: acts as cell-to-cell signaling molecule
that regulates the expression of several virulence genes,® promotes biofilm formation,®
and mediates complex predator-prey interactions.®? In 2017, Rolandas Meskys group
identified the indole catabolic gene cluster in Acinetobacter sp. strain 0153%" and
proposed a catabolic pathway based on initial results (Figure 7.2). According to the
proposal a flavin dependent oxygenase lifC carries out oxidation on indole to give indole-
2,3-dihydrodiol; in the presence of a flavin reductase lifD. Then the reductase IifB
converts the unstable intermediate indole-2,3-dihydrodiol to 3-hydroxyindolin-2-one;
Finally, the cofactor independent oxygenase IifA catalyzes the transformation of 3-
hydroxy- oxindole to anthranilic acid. In this section we have carried out detailed

mechanistic studies on the IifA catalyzed reaction.
A)

L, 4 4 4
iifA iifB ifC  jifD
B)

OH OH O
\\ lifC, lifD OH lifB o lifA OH
N — N — N —
H H H NH; \\\\ Tryptophan
145 146 147

148 biosynthesis

/ b-ketoadipate
r pathway

Figure 7.2: Indole catabolism by Acinetobacter sp. strain 0153 A) Indole catabolic gene
cluster B) Proposed pathway for indole degradation.
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7.2 Results and discussion

7.2.1 Overexpression and purification of lifA

IifA gene was obtained from GenScript and was cloned into pTHT vector. lifA was
overexpressed in E. coli BL21(DE3) and purified by Ni-affinity chromatography. The

protein overexpressed well and was purified to homogeneity.

75 kDa —

50kDa — P
37 kDa —

Figure 7.3: SDS-PAGE of purified IifA. Molecular weight of IifA is 48 kDa.

7.2.2 Reconstitution of lifA catalyzed reaction

With the purified protein in hand IifA was incubated with 3-hydroxyindolin-2-one 147 at
room temperature for 3hr and the reaction mixture was analyzed by HPLC and LC-MS.
Only in the full reaction a new peak was observed with the consumption of the starting
material. LC-MS data and coelution experiment confirmed the new compound as

anthranilic acid 148.
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Figure 7.4: Characterization of IifA catalyzed reaction product. A) LC chromatogram
showing consumption of the substrate and formation of a new peak only in full reaction.
B) Extracted ion chromatogram at m/z = 136.0404, corresponding to [M-H] for the
anthranilic acid C) Coelution with an authentic anthranilic acid.

122



7.2.3 Mechanistic hypothesis for the lifA catalyzed reaction
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Figure 7.5: Mechanistic proposal for the lifA catalyzed reaction

Having reconstituted the IifA catalyzed reaction in vitro we consider several possible
mechanisms for the conversion of 147 to 148. According to the Path A, amide hydrolysis
followed by reaction with molecular oxygen gives intermediate 150. Addition of H20-
yields compound 151 which readily loses water and carbon dioxide to give the final
product. According to Path B, substrate 147 reacts with molecular oxygen via a single
electron transfer to give 153 and superoxide radical which readily recombines to give
hydroperoxide intermediate 154. There are three possible pathways to convert 154 to

anthranilic acid 148: via amide hydrolyzed intermediate 151, isocyanate intermediate 155
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and oxetane intermediate 157. Although isocyanate is rare in biological systems there is a
recent report of methyl isocyanate during biosynthesis of fungal alkaloid viridicatin.®
Oxetane intermediates have been proposed in DpgC catalyzed reaction® during
Vancomycin Biosynthesis and QDO®® catalyzed degradation of quinolones.

7.2.4 180, labeling experiment for the IifA catalyzed reaction

According to all four mechanistic proposal there is a single oxygen incorporation from
molecular oxygen to the final product. To test this IifA catalyzed reaction was carried out
under 80, atmosphere. However, there was no incorporation of labeled oxygen in the
final product as the mass of the product remained same as it was when the reaction was

carried out under °O, atmosphere.
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Figure 7.6: LC-MS analysis of lifA catalyzed reaction run either in the presence of 1°0;
(panel A) or 0, (panel B)
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Since there was no incorporation of oxygen atom from molecular oxygen in the final
product, we considered whether water molecule is the source of oxygen atom. To test this
hypothesis IifA catalyzed reaction was performed in 80% H'®0 containing buffer and the
reaction mixture was analyzed by LC-MS. Under this condition there was 2 da increase in
the mass of anthranilic acid product implying one of the oxygen atoms is from water
molecule. The possibility of exchange of carboxy oxygen was ruled out since there was
no change in mass was observed when anthranilic acid standard was incubated in the

H,'®0 containing buffer.
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Figure 7.7: LC-MS analysis of lifA catalyzed reaction run either in the presence of
H2®0 (panel A) or 80 % H®0 (panel B)
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7.2.6 New mechanistic hypothesis for the lifA catalyzed reaction

The fact that the source of oxygen atom in the final product is water molecule made us to
come up with different mechanistic proposal. According to the new proposal the
hydroperoxide intermediate 154 undergoes a Baeyer-Villiger type rearrangement to give
isotoic anhydride 158. Hydrolysis of the isotoic anhydride followed by decarboxylation
yields the final product. Similar Baeyer-Villiger rearrangement has been reported during

the oxidation of guanosine by singlet oxygen® and TfIA catalyzed toxoflavin degradation

reaction.?
OH OH H(P (-3)—OH
o)
Ol — (o (T
N N N
H
H
147 152 154
0 Q 0
OH
H20 OH
— i — Pe ~ OH
N0 N O o=c=0 NH,
158 156 148

Figure 7.8: Mechanistic proposal for the IifA catalyzed reaction involving a Baeyer-
Villiger type rearrangement.

7.2.7 C2 of substrate is lost during the lifA catalyzed formation of anthranilic acid
According to our mechanistic proposal C-2 carbon atom of the substrate is lost during the
lifA catalyzed reaction. To test this proposal 13C labeled substrate at C-2 position was

made. When IifA assay was carried out with this labeled substrate the mass of the
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anthranilic acid product remained same implying that the labeled carbon is lost during the

reaction.
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Figure 7.9: LC-MS analysis of lifA catalyzed reaction product using unlabeled (panel A)
and 13-C2 labeled substrate (panel B).

7.2.8 Detection of bicarbonate in the lifA catalyzed reaction

To figure out the identity of the lost carbon atom 13-C NMR experiment was performed.
A clear change in the chemical shift value of the 13-C labeled carbon was observed in the
full reaction compared with no enzyme control. (chemical shift of the 13-C labeled carbon

atom is 162 ppm in the full reaction compared with the 182 ppm in the no enzyme control).
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Figure 7.10: 13-C NMR of lifA catalyzed reaction using 13C labeled substrate.
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Since the chemical shift value of the unknown carbon fragment is very similar to that of

reported chemical shift value of bicarbonate, we ran an NMR sample where IifA reaction

mixture is mixed with standard bicarbonate. Under this condition we could see only one

peak at 162 ppm thus confirming bicarbonate to be the product in the lifA catalyzed

reaction.
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Figure 7.11: 13-C NMR of lifA catalyzed reaction using 13C2 labeled substrate.
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7.2.9 Evidence for isatoic anhydride as the intermediate in the lifA catalyzed reaction
To test our proposal of isatoic anhydride being the intermediate in the lifA catalyzed
reaction isatoic anhydride was incubated with IifA and the reaction mixture was analyzed
by HPLC. As shown in figure 7.12, there was complete consumption of isatoic anhydride
in the full reaction and formation a new peak having similar retention time as that of

anthranilic acid. The identity of the new peak as anthranilic acid was confirmed by LC-

MS and coelution experiment.
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Figure 7.12: Isatoic anhydride as chemically competent intermediate of lifA catalyzed
reaction. A) LC chromatogram showing the conversion of isatoic anhydride to anthranilic
acid B) Mass of the reaction product matches with the mass of anthranilic acid C) coelution
with a standard anthranilic acid

7.2.10 Evidence for incorporation of oxygen atom from molecular oxygen to
bicarbonate

According to our mechanistic proposal, one oxygen atom from molecular oxygen gets
incorporated into bicarbonate. To test this proposal bicarbonate generated in the IifA
catalyzed reaction was derivatized with phosphoenolpyruvate in the presence
phosphoenolpyruvate carboxylase.®® Oxaloacetate 163 thus formed is further derivatized
by PFBHA to give oxime 164. Thus, by running the lifA catalyzed reaction using 13-C
labeled substrate under 80, atmosphere and monitoring the mass of the final PFBHA
adduct we can confirm whether oxygen atom from molecular oxygen gets incorporated to
bicarbonate. Indeed, the mass corresponding to single 180 label incorporation in the final

adduct was observed.

g
HO” YO A~ JL P\
j)\ _O—E—)o' N O
HO™ SO A - O((')\O Sl O_ ‘—T‘
159 160 161 P
F
F F
PFBHA
F
(.. )\/ J\/U\"/ O F
0 NI’
164
HOJj\/l\"/OH

Figure 7.13: PEP carboxylase catalyzed reaction was used to trap bicarbonate generated
in the lifA catalyzed reaction
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Figure 7.14: LC-MS analysis of oxaloacetate-PFBHA adduct. A) Mass of the
oxaloacetate-PFBHA adduct when the lifA catalyzed reaction was carried out using
unlabeled substrate in 1°0, atmosphere. B) Mass of the oxaloacetate-PEFHA adduct when
the 1ifA catalyzed reaction was carried out using 13-C substrate in %0, atmosphere C)
Mass of the oxaloacetate-PEFHA adduct when the lifA catalyzed reaction was carried out
using 13-C labeled substrate in 180, atmosphere.
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7.2.11 Evidence for no involvement of metals in the lifA catalyzed reaction.

Although the amino acid sequence predicts IifA to be a cofactor-independent oxygenase
to provide experimental evidence in support of the claim IlifA catalyzed reaction was
carried out in the presence of chelating agent EDTA and D-(-)-penicillamine. Indeed, no
inhibition of activity was observed when the chelating agents were present in the reaction
mixture, thus suggesting the absence of metal ions. This was further confirmed by ICP-

MS analysis.
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Figure 7.15: HPLC analysis of the IifA catalyzed reaction in the presence of chelating
agents: EDTA and D-(-)-penicillamine.
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7.3 Conclusion

Our mechanistic studies on the IlifA catalyzed reaction support a Baeyer-Villiger type
rearrangement, first of its kind, in a cofactor-independent enzyme. We have shown that
the reaction goes via the isatoic anhydride intermediate; identified bicarbonate as the
reaction product; labeling experiments with H2!80 and 80, showed that the oxygen atom
from water was incorporated into the anthranilic acid product while an oxygen atom from
molecular oxygen incorporated into carbon dioxide. Till now reported enzymatic Baeyer-
Villiger reactions are carried out either in the presence of flavin or metals ions.
Cyclohexane monooxygenase is the prototype of flavin dependent Baeyer-Villiger
oxygenases (BVMOs). Apart from Cyclohexane monooxygenase flavin dependent
Baeyer-Villiger rearrangements have also been reported in CcsB catalyzed®® carbonate
formation in the biosynthesis of cytochalasins; LgnC catalyzed®’ oxygen insertion reaction
during legonmycin biosynthesis. Amongst the metal dependent Baeyer-Villiger
oxygenases, TfIA%2 uses manganese during toxoflavin degradation while AfIN?* 2! and
brassinolide synthase®® use heme-Fe during aflatoxin and brassinolide biosynsthesis.
Characterization of lifA as a cofactor independent Baeyer-Villiger oxygenase expands the

repertoire of enzyme catalyzed Baeyer-Villiger reactions.
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7.4 Experimental Procedure

Materials

All chemicals were purchased from Sigma-Aldrich unless mentioned otherwise. LB broth
(Lennox) was purchased from EMB Millipore. kanamycin and IPTG were obtained from
Lab Scientific Inc. Amicon Ultra centrifugal filter devices (10,000 MWCO) were obtained
from Millipore. Histrap column was obtained from GE Healthcare. Econo-Pack 10DG
desalting columns were purchased from Bio-Rad. 2.5 L baffled ultra yield flasks for
protein overexpression were obtained from Thomson Instrument Company. HPLC and
LC-MS solvents were purchased from EMD and were used without further purification.
ZORBAX Eclipse XDB-C18 column (15 cm x 4.6 mm, 5 um particles) was purchased
from Agilent Technologies.

Over-expression and purification of lifA

The iifA gene containing overexpression plasmid (pTHT-1ifA) was transformed into
Escherichia coli BL21 (DE3). For the overexpression of the protein, a starter culture was
grown overnight in 15 ml of LB medium containing 40 pg/ml of kanamycin at 37 °C. 1.5
liter of LB medium (20 g/L) containing 40 pg/ml of kanamycin, was inoculated with this
starter culture. The cells were grown at 37 °C with shaking (220 rpm) until the culture
reached an ODeoo Of 0.6. The culture was then incubated at 4°C for ~45min without
shaking. Then the culture was induced by adding IPTG to a final concentration of 0.5 mM,

the temperature was lowered to 15 °C and the cells were grown with shaking (180 rpm)
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for a further 15 hours. The cells were then harvested by centrifugation at 10,0009 for 10
min at 4 °C and store at -80 °C.

The cell pellet was re-suspended in 30 ml of lysis buffer (50 mM KH2POs, 150 mM
NaCl, 10 mM imidazole, pH 8.0). Lysozyme (5 mg) was added and the cells were lysed
by sonication on ice (Misonix Sonicator 3000, six cycles of 30 s duration during which
1.5 s sonicator pulses at output level 0.8 were followed by 1.5 s pauses). The resulting
suspension was centrifuged (18,000 rpm, 30 min) and the supernatant was filtered through
a sterile syringe filter (pore size 0.45 um). The clarified supernatant was loaded onto a 5
mL Ni-NTA-affinity column pre-equilibrated with lysis buffer kept at 4°C. The Ni-NTA-
affinity column was then washed with 50 ml wash buffer (50 mM KH2PQO4, 150 mM NacCl,
20 mM imidazole, pH 8.0). The protein was eluted from the column with elution buffer
(50 mM KH2PO4, 150 mM NaCl, 200 mM imidazole, pH 8.0) at 4°C. The fractions
containing protein were pooled and concentrated using YM-10 Amicon ultracentrifugal
filters at 50009 to a final volume of 3 mL. The concentrated sample was buffer exchanged,
using an Econo-Pac 10DG desalting column, into 100 mM phosphate buffer at pH 7.5
containing 100 mM NacCl and glycerol to a final concentration of 15%.

HPLC parameters LC-MS parameters

Same as mentioned in Chapter V.

Activity assay of lifA catalyzed reaction

The lifA catalyzed reaction was performed in 100 mM phosphate buffer, pH 7.5. The final
concentrations of all the reaction components were as follows: lifA (50 uM), 3-

hydroxyindolin-2-one 147 (500 uM). The protein was heat-denatured and removed by
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centrifugal ultrafiltration through a 10 kDa MWCO membrane (Pall Life Sciences). The
samples were analyzed by HPLC and LC-MS.

lifA catalyzed reaction in the presence of H,*0 and 20

Two identical reactions were set up; each 200 pL solution contained 500 uM
hydroxyindolin-2-one 147, and IifA (50 uM). One of the samples had a final concentration
of 80% H,*0. The other sample was used as a ‘control’ and contained 100% H,*0. The
reaction mixture was incubated at room temperature for 4 hours after which both the
samples were analysed by LC-MS.

Two identical reaction mixtures were made in a glove box; each 200 puL solution contained
500 uM hydroxyindolin-2-one 147, and IifA (50 uM). One of the reaction mixtures was
exposed to 180, while the other reaction mixture was used as a ‘control’” and exposed to
80,. The reaction mixture was incubated at room temperature for 4 hours and then
analyzed by LC-MS.

Synthesis of 13-C2 labeled 147

Figure 7.16: Synthetic scheme for 13-C2 labeled 147.
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A solution of indole 145 (100 mg, 0.85 mmol, 1 eq) in 1,2-dichloroethane (DCE) (10 mL)
was added to a solution of pyridinium chlorochromate (PCC) (1.5 g, 6.8 mmol, 8 eq) in
DCE (10 mL) followed by aluminum chloride (34 mg, 0.25 mmol, 0.3 eq). The reaction
mixture was heated at 80 C for 2 h and was concentrated to dryness. Silica gel column
chromatography (EtOAc-hexane,1:1) yielded compound 165 as a yellow powder (50%
yield). The spectroscopic data were identical to those previously reported.

Sodium borohydride (8 mg, 0.22 mmol, 1.1 eq) was added portion wise to a solution of
isatin 165 (30 mg, 0.20 mmol, 1 eq) in EtOH (95%, 4 mL) at 0 °C and the reaction mixture
was stirred at 0 °C for 20 min. The resulting suspension was poured into cold water (10
mL), acidified (pH 5) using HCI and extracted with EtOAc. The combined extracts were
concentrated and the residue was subjected to silica gel column chromatography (EtOAc-
hexane, 1:1) to yield compound 147 as light yellow solid (60% yield). The spectroscopic

data matched with those previously reported.
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Figure 7.17: 1-H NMR of unlabeled and 13-C2 labeled isatin 165

138




13-C NMR of isatin commercial std in acetone-DE

184.7471

=2

159.8353

151.6058
139.1928
— 125.4325
—123,9032
—119.1054
113.1476

3.0 [rel]

180 160 140 120
13-C NMR of 13-C Iabeled isatin in acetone-D& r @
- T o -} Q= nm
~ o [i+] =} mnaw el =]
n m w © TOO nn ~
= ] 0 - TR ——
= a = -] flalfele] fulsl
(] wn n m NN ——
- - - - - -
el
-
0 S
13C:“3
/
N
H
iy
l l h .
T T T T T T T T T T T T T T T T T T T T r
180 160 140 120 100 [ppm]

Figure 7.18: 13-C NMR of unlabeled and 13-C2 labeled isatin 165

139



1-H MNMR of NalH4 reduction of isatin in DIMS0DE

%\&x_\
Iz %
(@)

1.0000
TLo636

[

1.1018

L

{1.0739

111779
[ 1.1779

[rel]

-
o
©
-]
]
@

T
5 Ippml

1-H MNMR of NalH4 reduction of 13-C labeled isatin in DMS0DE

OH

13C:0

|

[rél]

80

60

40

20

1.5982
11.5291

1.5518

[ 2228

1 1.3205
[ 1.3205

11.5617

4 1L.4794
{ 14794

-
=)
©
-
]
>
o

Figure 7.19: 1-H NMR of unlabeled and 13-C2 labeled 147
140

[ppm]



13-C NMR of MNalH4 reduction of isatin in DMSODS 7§
= [T} - wnom o
o~ [=] ~N© M~ @ M~ <
= © no M~y © ~N
~N = =" - O n ~N
=] o = = ©
© = me NN - (=]
Bl - - - - — M~
Le
m
OH
o =)
~
N
H
=
1
T T T T T T T T T T T T T T T T T T T T
180 160 140 120 100 80 [ppm]
13-C NMR of NalH4 reduction of 13-C labeled isatin in DMS0DE @
] or- WOT =T m [={i]
u Leila] owT o M~ [=l=] [2lie]
wnoy N N N me T
q —-o NN O SF =M s
i i BB FE o 00 me
n = NN NN N [=i=] on
L - e —— [=F<]
[m
OH
13C:0
/ e
N
H
-
\ | J‘ | \ | | -
T T T T T T T T T T T T T T T T T T T T T T T T
180 160 140 120 100 80 [ppm]

Figure 7.20: 13-C NMR of unlabeled and 13-C2 labeled 147

141



hers,
U]

120

1000

50 75 100
13-Clabeled oxandde pos 1-F.1 01 4340 d: UV Crronstagram 254 nm

250 Tire rin]

B)
hiers, 13{labeledoxindole_pos_1£,1 01 4340.4 445, 122-12 Smin#724783
xio o
: OH
20

13~ =

c=0

N
" H
. [M+H]*=151.0583
00

Figure 7.21: LC-MS analysis of synthesized 13-C2 labeled 147. A) Extracted ion
chromatogram (EIC) for [M+H]*= 151.0583 Da indicating formation of 147. B) Exact
mass is consistent with the expected mass of compound 147 ([M+H]*= 151.0583 Da).

142

—
540 m




CHAPTER VIII
IDENTIFICATION OF A LUMICHROME CATABOLIC PATHWAY IN

PIMELOBACTER SIMPLEX

8.1 Introduction
Riboflavin is an important vitamin which is converted to FMN and FAD cofactors which
carry out plethora of chemical reactions. Over the years there have been extensive studies
on the biosynthesis of riboflavin and at present we have an advanced understanding.
Unlike the biosynthesis, however, there is not much studies on the catabolic pathway of
riboflavin. Previously Foster group in 1944 identified a soil bacterium named
Pseudomonas riboflavina which degraded riboflavin to lumichrome and ribitol.®® In 1965,
the Stadtman group demonstrated that cell-free enzyme preparations from a Pseudomanas
RF strain could degrade the isoalloxaxine ring of riboflavin (166) to give compound 168
which is converted to compound 169 releasing ribose (170) (Figure 8.1).1%° Compound
169 was degraded further to the lactone (171) and urea, and CO2. Some intestinal bacteria
are reported to produce 172 from riboflavin under strictly anaerobic condition. Despite
these initial studies none of the enzymes responsible for the degradation of lumichrome
were characterized. Loss of bacterial strains which were reported to degrade riboflavin
hindered future studies.

In a recent breakthrough our lab has identified a bacterial strain (Microbacterium

maritypicum G10) which can grow on riboflavin using it as a carbon source. The catabolic
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Figure 8.1: Previously reported degradation pathways of riboflavin.

gene cluster was identified based on the screening of cosmid library in Streptomyces
Lividans and all the enzymes in the pathway were characterized (Figure 8.2).1°* RcaE
catalyzes the conversion of riboflavin to lumichrome and ribose and the reaction proceeds
via a hydrogen atom abstraction by superoxide radical, the first example of such chemistry
in flavoenzymolgy. However, Microbacterium maritypicum G10 could not degrade
lumichrome further. In this section we describe a) the identification of a bacterial strain
that catabolizes lumichrome, b) identification of the gene cluster responsible for the
catabolism and c) in vitro reconstitution of the initial three enzymes associated in the

pathway.
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Figure 8.2: Riboflavin catabolism in Microbacterium maritypicum G10. A) Riboflavin

catabolic gene cluster. B) Proposed degradation pathway.

8.2 Results and discussion

8.2.1 Identification of the lumichrome catabolic strain

In search for a lumichrome catabolic strain we obtained a soil sample from a vitamin
factory. Screening of the soil sample by culturing in a defined base metal media with
lumichrome as the sole carbon and nitrogen source led to the identification of a
lumichrome catabolic strain. The strain was later confirmed as Pimelobacter simplex
based on 16s rRNA sequencing. Pimelobacter simplex ATCC 6946 for which genome

sequence is available was also tested for its ability to grow on lumichrome. Indeed,
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Pimelobacter simplex ATCC 6946 could grow on lumichrome using it as a carbon and

nitrogen source (Figure 8.3).

No strain ATCC 6946

Figure 8.3: Lumichrome degradation by Pimelobacter simplex ATCC 6946.

8.2.2 Metabolite analysis and bioinformatics to figure out the catabolic gene cluster
To figure out the identity of degraded metabolites, we analyzed the small molecules from
the culture media when Pimelobacter simplex was grown in the presence of base metal
media and lumichrome. Identification of compound 174 as one of the degraded products
(Figure 8.4) gave us a hint that catabolism starts from the alloxan ring of the molecule and
probably a hydrolase plays a role in it. To search for the candidate hydrolase, we look for
homologous enzymes which carry out cyclic amide bond hydrolysis reactions. These
enzymes include dihydropyrimidinase and barbiturase catalyzed reaction during uracil
catabolism; HIU hydrolase catalyzed reaction during aerobic purine catabolic pathway;
cyanuric acid hydrolase catalyzed reaction in atrazine degradation pathway; hydrolase in
NAD catabolic pathway; TflA catalyzed reaction in toxoflavin degradation pathway
(Figure 8.5). Based on the exploration of homologous cyclic amidases with the relevant

genomic context in Pimelobacter simplex we shortlisted two candidate genes which could
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potentially catalyzed the initial step in the degradation of lumichrome. These are putative

barbiturase (UniProt ld: AOAOA1DH55) and putative hydantoinase (UniProt Id:

nens
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Figure 8.4: Characterization of compound 174 as one of the degradation products of
lumichrome by Pimelobacter simplex A) Extracted ion chromatogram (EIC) for [M-H] =
216.0779 Da indicating formation of 174 B) Exact mass is consistent with the expected
mass of compound 174 ([M-H]'= 216.079 Da) C) Coelution experiment with a
synthetically prepared 174.
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8.2.3 Overexpression and purification of the putative barbiturase and hydantoinase
To check the activity of the putative barbiturase and hydantoinase, codon optimized
barbiturase and hydantoinase genes were overexpressed in E. coli BL21(DE3) and purified
by Ni-affinity chromatography. In both the cases soluble protein could be obtained in high

yield.

W «——— 50kpa — |

+—— 37kba — -

Figure 8.6: SDS-PAGE of purified hydantoinase and barbiturase. The molecular weight
of hydantoinase and barbiturase are 50 kDa and 39 kDa.

8.2.4 Activity assay for the putative barbiturase and hydantoinase

Having the purified protein in hand lumichrome degrading activity was tested. When
barbiturase was incubated with lumichrome we did not observe any substrate
consumption. However, incubation of putative hydantoinase with lumichrome resulted in
the consumption of lumichrome and formation of a new peak at 19.5 min under the HPLC
condition (Figure 8.7). Riboflavin, FMN and FAD were tested as possible substrates for

hydantoianse, however, in none of the cases activity was observed.
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Figu re 8.7: HPLC analysis of barbiturase (panel A) and hydantoinase (panel B) catalyzed
reaction.

8.2.5 Characterization of the product formed in the hydantoinase catalyzed reaction.
There are two possible amide hydrolysis reaction in lumichrome as shown in figure 8.8.
To characterize the product formed in the hydantoinase catalyzed reaction, the reaction
mixture was subjected to LC-MS analysis. Mass of the new peak was 261 (in positive

mode) and matches with the amide hydrolysis product 184. The structure of the product
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was further validated by the coelution experiment with a chemically synthesized molecule

(Figure 8.9).
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Figure 8.8: Possible products of the hydantoinase catalyzed reaction.
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Figure 8.9: Characterization of hydantoinase catalyzed reaction product. A) Extracted ion
chromatogram (EIC) for [M+H]"= 261.0982 Da indicating formation of 184. B) Exact
mass is consistent with the expected mass of compound 184 ([M+H]"= 261.0982 Da). C)
Coelution experiment with a synthetically prepared 184.

8.2.6 H2'80 labeling experiment for the hydantoinase catalyzed reaction

Since hydantoianse catalyzes amide hydrolysis reaction, the origin of oxygen atom in the
product should be from water molecule. To test this, hydantoinse catalyzed reaction was
carried out H2!80 containing buffer and the reaction mixture was analyzed by LC-MS.
Indeed, the mass of the product shows 2 Da increase in mass. However, 4 Da increased
mass was also observed (Figure 8.10). This could be rationalized based on the exchange

of carbonyl oxygen in the substrate. Indeed, mass of the unreacted lumichrome showed 2

Da increase, implying exchange of one of the oxygen atoms (Figure 8.11).
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(panel A) and 80 % H.'20 (panel B) buffer.
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153



8.2.7 Overexpression and purification of the remaining hydrolase enzymes present
in the genome neighborhood of the hydantoinase

Encouraged by the activity shown in the hydantoinase catalyzed reaction, we went for the
overexpression and purification of the rest of the hydrolase enzymes present in the genome
neighborhood of the hydantoinase (Figure 8.12). Although putative nicotinamidase
(UniProt 1d AOAOA1DRK3) and deacetylase (UniProt Id AOAOA1DPBS8) could be
obtained in soluble form with less vyield; putative amidohydrolase (UniProt Id
AOAO0A1DP61) remains in inclusion body. To get the putative amidohydrolase in soluble
form it was coexpressed with chaperon protein GroEL-GroES. Under this condition,

soluble form of the amidohydrolase could be obtained in less yield (Figure 8.13).

Dioxygenase 1 Decarboxylase(TPP)
subunits Nicotinamidase

l Dioxygenase 2 I Amidohydrolase
oy N D
) l l [
1Ferredoxin

Ferredoxin-NADP
reductase Deacetylase v

Hydantoinase Decarboxylase(TPP)

l Xanthine oxidase 4
Transcriptional Aldehyde
regulator dehydrogenase

Figure 8.12: Genomic context of the hydantoinase in Pimelobacter simplex.
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Figure 8.13: SDS-PAGE of partially purified putative niconimadiase, deacetylase and
amidohydrolase. Molecular weights are 24 kDa, 43 kDa and 52 kDa respectively.

8.2.8 Activity assay of putative nicotinamidase

Having the three purified hydrolase enzymes in hand we went for testing their activity.
Compound 184 was incubated with putative nicotinamidase, putative amidohydrolase and
putative deacetylase separately and assay mixtures were analyzed by HPLC. Only
nicotinamidase could convert compound 184 to a new compound (no substrate
consumption was observed in amidohydrolase and deacetylase catalyzed reaction). The
new compound was characterized as compound 174 based on LC-MS data and coelution

experiment with a synthetically prepared standard (Figure 8.14).
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Figure 8.14: Characterization of the nicotinamidase catalyzed reaction product. A) HPLC
analysis of nicotinamidase catalyzed reaction mixture. B) Coelution experiment with a
synthetically prepared compound 174.
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8.2.9 Detection of ammonia in the nicotinamidase catalyzed reaction.

According to our proposal nicotinamidase catalyzes the conversion of 184 to 174 by
release of ammonia and carbon dioxide. To detect ammonia in the nicotinamidase
catalyzed reaction we used glutamate dehydrogenase assay. In the glutamate
dehydrogenase catalyzed reaction glutamate reacts with ammonia in the presence of
reduced nicotinamide to give glutamine and oxidized nicotinamide. Thus, one can monitor
the reaction by looking at the decrease of absorbance at 340 nm due to consumption of
reduced nicotinamide. Once the nicotinamidase catalyzed reaction was over we added
glutamate, glutamate dehydrogenase and NADPH in the reaction mixture and observed
the change in absorbance at 340 nm. Indeed, as time passes a decrease in absorbance at

340nm could be observed (Figure 8.15).
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Figure 8.15: Detection of ammonia in the nicotinamidase catalyzed reaction.
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8.2.10 Activity assay of putative amidohydrolase
Having identified amino carboxy quinoxaline 174 as the product of nicotinamidase

catalyzed reaction we asked the question whether putative amidohydrolase or putative
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Figure 8.16: Characterization of amidohydrolase catalyzed reaction product. A) HPLC
analysis of amidohydrolase catalyzed reaction mixture. B) Mass of the new product
formed in the amidohydrolase catalyzed reaction C) Coelution experiment with an
authentic compound 185
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deacetylase could convert it to a new compound. To test this proposal, we incubated
compound 174 with putative amidohydrolase or putative deacetylase separately and then
analyzed the reaction mixture using HPLC. Under this condition amidohydrolase could
convert amino carboxy quinoxaline to new compound however putative deacetylase did
not show any activity. The product produced in the amidohydrolase catalyzed reaction
was identified as hydroxy carboxy quinoxaline based on LC-MS data and a coelution

experiment with an authentic standard (Figure 8.16).

8.2.11 H2™0 labeling experiment for amidohydrolase catalyzed reaction
Since amidohydrolase catalyzed the deamination reaction of amino carboxy quinoxaline

to convert into hydroxy carboxy quinoxaline the source of oxygen the hydroxy moiety has
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Figure 8.17: LC-MS analysis of amidohydrolase catalyzed reaction run in H2®O (panel
A) and 80 % H,*0 (panel B) buffer.
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to be from water. To test the hypothesis, amidohydrolase catalyzed reaction was
performed in H2!80 containing buffer and the reaction mixture was analyzed by LC-MS.
Indeed, 2 Da increase in mass of the product was observed (Figure 8.17).

8.2.12 Detection of ammonia in the amidohydrolase catalyzed reaction

According to our mechanistic proposal ammonia is the other product in the
amidohydrolase catalyzed reaction. This was confirmed by glutamate dehydrogenase

assay.
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Figure 8.18: Detection of ammonia in the amidohydrolase catalyzed reaction.
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8.3 Conclusion

In this section we have identified a bacterial strain named Pimelobacter simplex which
can grow on lumichrome using it as carbon and nitrogen source. Based on the metabolite
analysis and bioinformatics we have identified the catabolic gene cluster. We have also
successfully reconstituted the activities of the three enzymes which catalyze the initial
steps in lumichorme catabolism.

It will be interesting to see how hydroxy carboxy quinoxaline 185 is further degraded.
Rest of the genes in the cluster encode aldehyde dehydrogenase, TPP dependent
decarboxylases, xanthine oxidase and dioxygenases. We propose two dioxygenases will
play a role in cleaving the benzene ring as dioxygenase mediated aromatic ring
degradation reactions are well precedented. However, the roles of xanthine oxidase and
TPP dependent decarboxylases are not obvious at this point. Future experiments will give

answers to these questions.
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8.4 Experimental Procedure

Materials

All chemicals were purchased from Sigma-Aldrich unless mentioned otherwise. LB broth
(Lennox) was purchased from EMB Millipore. kanamycin and IPTG were obtained from
Lab Scientific Inc. Amicon Ultra centrifugal filter devices (10,000 MWCO) were obtained
from Millipore. Histrap column was obtained from GE Healthcare. Econo-Pack 10DG
desalting columns were purchased from Bio-Rad. 2.5 L baffled ultra yield flasks for
protein overexpression were obtained from Thomson Instrument Company. HPLC and
LC-MS solvents were purchased from EMD and were used without further purification.
ZORBAX Eclipse XDB-C18 column (15 cm x 4.6 mm, 5 pm particles) was purchased
from Agilent Technologies.

General procedure of over-expression and purification of amidohydrolases.

The amidohydrolase gene containing overexpression plasmid (amidohydrolase-pTHT)
was transformed into E. coli BL21 (DE3). For the overexpression of the protein, a starter
culture was grown overnight in 15 ml of LB medium containing 40 pg/ml of kanamycin
at 37 °C. 1.5 liter of LB medium (20 g/L) containing 40 pg/ml of kanamycin, was
inoculated with this starter culture. The cells were grown at 37 °C with shaking (220 rpm)
until the culture reached an ODegoo of 0.6. The culture was then incubated at 4°C for
~45min without shaking. Then the culture was induced by adding IPTG to a final
concentration of 0.5 mM, the temperature was lowered to 15 °C and the cells were grown
with shaking (180 rpm) for a further 15 hours. The cells were then harvested by

centrifugation at 10,000g for 10 min at 4 °C and store at -80 °C.
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The cell pellet was re-suspended in 30 ml of lysis buffer (50 mM KH2PO4, 150 mM
NaCl, 10 mM imidazole, pH 8.0). Lysozyme (5 mg) was added and the cells were lysed
by sonication on ice (Misonix Sonicator 3000, six cycles of 30 s duration during which
1.5 s sonicator pulses at output level 0.8 were followed by 1.5 s pauses). The resulting
suspension was centrifuged (18,000 rpm, 30 min) and the supernatant was filtered through
a sterile syringe filter (pore size 0.45 pm). The clarified supernatant was loaded onto a 5
mL Ni-NTA-affinity column pre-equilibrated with lysis buffer kept at 4°C. The Ni-NTA-
affinity column was then washed with 50 ml wash buffer (50 mM KH2PQO4, 150 mM NacCl,
20 mM imidazole, pH 8.0). The protein was eluted from the column with elution buffer
(50 mM KH2PO4, 150 mM NaCl, 200 mM imidazole, pH 8.0) at 4°C. The fractions
containing protein were pooled and concentrated using YM-10 Amicon ultracentrifugal
filters at 50009 to a final volume of 3 ml. The concentrated sample was buffer exchanged,
using an Econo-Pac 10DG desalting column, into 100 mM phosphate buffer at pH 7.5
containing 100 mM NacCl and glycerol to a final concentration of 15%.

For the overexpression of the amidohydrolase (UniProt Id AOAOALDP61), pTHT
overexpression plasmid containing the amidohydrolase gene and pGro7 plasmid
containing GroEL-GroES encoding gene were transformed into E. coli BL21 (DE3). For
the overexpression of the protein, a starter culture was grown overnight in 15 ml of LB
medium containing 40 pg/ml of kanamycin and 30 pg/ml of chloramphenicol at 37 °C.
1.5 liter of LB medium (20 g/L) containing 40 pg/ml of kanamycin, 30 pg/ml of
chloramphenicol and 2 mg/ml L-arabinose, was inoculated with this starter culture. The

cells were grown at 37 °C with shaking (220 rpm) until the culture reached an ODegoo Of
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0.6. The culture was then incubated at 4°C for ~45min without shaking. Then the culture
was induced by adding IPTG to a final concentration of 0.5 mM. The rest of the
overexpression and purification protocol is the same as discussed above.

HPLC and LC-MS parameters

An Agilent 1260 HPLC equipped with a quaternary pump was used. The system included
a diode array UV-Vis detector and products were detected using absorbance at 254 nm,
and 450 nm. Analysis was performed either on a ZORBAX Eclipse XDB-C18 column (15
cm X 4.6 mm, 5 pm particles, Agilent Technologies) or PFP column (150 x 4.6 mm, 2.6
um particles, Kinetex).

HPLC conditions (for C18 column):

A-Water

B-10mM ammonium acetate buffer, pH 6.6

C-Methanol

HPLC method:

0 min-90% A 10% B, 2 min- 90% A 10% B, 22 min-20%A 10%B 70% C, 27 min-20%A
10%B 70% C, 28 min-90% A 10% B, 36 min-90% A 10% B

LC-MS parameters

LC-ESI-TOF-MS was performed using an Agilent 1260 HPLC system which is equipped
with a binary pump and a 1200 series diode array detector followed by a MicroToF-Q 11
mass spectrometer (Bruker Daltonics) using an ESI source either in negative mode or
positive mode. Analysis was performed on an LC-18-T column (15 cm x 3 mm, 3 um

particles, Supelco).
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LC conditions:

A-5 mM Ammonium acetate buffer, pH 6.6

B-75% Methanol and 25 % Water.

LC method: (for positive and negative mode on MS) 0 min-100% A, 2 min-100% A, 12
min-30% A 70% B, 17 min-30% A 70% B, 18 min-100% A, 30 min-100%A

General protocol of amidohydrolase catalyzed reaction

All the amidohydrolase catalyzed reaction was carried out in 100 mM phosphate buffer,
pH 7.5. The final concentrations of all the reaction components were as follows: enzyme
(50 uM), substrate (500 uM). The protein was heat-denatured and removed by centrifugal
ultrafiltration through a 10 kDa MWCO membrane (Pall Life Sciences). The samples were
analyzed by HPLC and LC-MS.

Synthesis of compound 184

H
N._N
:@: N \f 0.1 N NaOH :@:
NN TRt NH2
31 O
Figure 8.19: Synthetic scheme for compound 184.

120 mg of lumichrome was suspended in 50 mL aqueous 0.1 N NaOH and heated to 60
°C to complete dissolution. Then 50 mL water is added and stirred at room temperature
for 12 hr. After that the pH of the reaction mixture was set to 8.5 with 2 N HCI followed
by addition of 25 ml 0.2 N borate buffer of same pH. The solution was extracted with

chloroform to get rid of unreacted lumichrome. The aqueous portion was acidified with 2
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N HCI to pH 2 at 0 °C and the resulting precipitate was filtered. After washing the

precipitate with acetone and ether pure compound 184 was obtained.
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Figure 8.20: 1-H and 13-C NMR of compound 184

166

o [ppm]

—

[rel]

15

T
10

[rel]



Synthesis of compound 174

:@: 0.5 N NaOH :@:N\ NH;
100 °C, 201 N7 N OH

174 O

Figure 8.21: Synthetic scheme for compound 174.

Compound 174 was prepared by heating 150 mg of lumichrome in 100 ml of 0.5 N NaOH
for 20 hours at 100 °C. Upon cooling, the pale-yellow sodium salt of the quinoxaline
carboxylic acid separated. The precipitated solid was washed with cold dilute NaOH and
taken up in hot water. The acid was precipitated with dilute HCI, washed with water to

give pure compound 174 (Figure 8.22).

979

} T T
8 7 3 5 a 3 [ppm]

Figure 8.22: 1-H and 13-C NMR of compound 174
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CHAPTER IX

SUMMARY AND OUTLOOK

9.1 Flavin-N5-oxide
In the majority of flavin-dependent oxygenases, the reaction of dihydroflavin with
molecular oxygen leads to the formation of flavin-4a-OOH species which then acts as the
oxygenating agent and carries out a diverse range of
oxygen transfer chemistry. We have identified a new
oxidation state of flavin namely flavin-N5-oxide

while investigating the mechanism of DszA catalyzed

reaction in dibenzothiophene catabolic pathway. The

intermediacy of the flavin-N5-oxide was confirmed
Figure 9.1: Flavin-N5-oxide formation

by LC-MS analysis, a coelution experiment with in bacterial catabolic pathways.

chemically synthesized FMN-N5-oxide and %0

labeling studies. Guided by our mechanistic hypothesis, we were able to discover flavin-

N5-oxide in the RutA-catalyzed oxidative amide bond cleavage reaction in the uracil

catabolic pathway reaction and HcbAl-catalyzed dehalogenation reaction in the

hexachlorobenzene catabolic pathway (Figure 1).

9.1.1 General guidelines for the detection of flavin-N5-oxide intermediates

1. Flavin-N5-oxide is readily reduced to flavin. It is therefore essential to exclude reducing

agents such as DTT, TCEP and reduced nicotinamide from the reaction mixture. Reduced

169



flavin is prepared by photoreduction in the presence of EDTA rather than by enzymatic
reduction using NAD(P)H as the reducing agent.

2. Although the UV-Visible spectra of oxidized flavin and flavin-N5-oxide are similar,
there is a clear distinction between the two species in the 450 nm region (Amax Of flavin is
447 nm whereas Amax Of flavin-N5-oxide is 462 nm). This can be used as an initial indicator
of the formation of a flavin-N5-oxide intermediate.

3. Flavin-N5-oxide can be detected by HPLC analysis of the enzymatic reaction mixture
(single turnover) using synthesized FMN-N5-oxide as an authentic standard.

4. As of yet, protein amino acid sequence analysis has not generated a characteristic
sequence motif that enables the identification of flavin-N5-oxide-forming enzymes.
However, mechanistic analysis has proven useful in the identification of such enzymes.
The analysis of the DszA reaction mechanism suggested that flavin-N5-oxides are likely
intermediates in any flavoenzyme involving substrate hydroperoxide formation in the
absence of an active site cysteine. This model led to the identification of RutA and HcbAl
as possible FMN-N5-oxide generating enzymes, but does not include the catalytic motif
shown in the EncM-catalyzed reaction. It is highly likely that many additional examples
of flavin-N5-oxide-utilizing-flavoenzymes remain to be discovered.

9.2 Folate catabolism

We have identified a folate catabolic gene cluster in Mesorhizobium loti MAFF303099 by
bio-informatics analysis. Based on in vitro experiments we have identified the catabolic
pathway which consists of a deaminase, a flavin oxygenase, and an amidohydrolase.

Detailed biochemical and structural studies suggest a unique flavoenzyme mediated
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Baeyer-Villiger type rearrangement of an imine. We have discovered a similar Baeyer-
Villiger type rearrangement in the bacterial tetramethylpyrazine catabolic pathway. Blast
analysis revealed that the gene cluster responsible for the folate catabolism is widespread
amongst several bacteria. In future we will examine the presence of folate catabolic gene
cluster in the human gut microbiome and its connection to folate deficiency diseases like
neural tube defects.

9.3 Cofactor independent oxygenase

Oxygenases generally require cofactors (either metal or organic) to activate molecular
oxygen. Iron and copper are the most widely used metal cofactors to activate molecular
oxygen while flavin, pterin, and PLP are known organic cofactors for the activation of di
oxygen. In contrast to these ubiquitous cofactor dependent oxygenases there is only a
handful of enzymes which are known to activate molecular oxygen without employing
any cofactors and the mechanism by which these reactions are catalyzed are not well
understood. In an attempt to fill this gap, we have studied the mechanism of a cofactor-
independent oxygenase (lifA) involved in the bacterial indole catabolic pathway. IifA
catalyzes the transformation of 3-hydroxy-oxindole to anthranilic acid. Our mechanistic
studies on the lifA catalyzed reaction support a Baeyer-Villiger type rearrangement, first
of its kind, in a cofactor-independent enzyme. We have shown that the reaction goes via
the isatoic anhydride intermediate, identified bicarbonate as the reaction product, labeling
experiments with O-18 labeled water and molecular oxygen showed that the oxygen atom
from water molecule incorporated into anthranilic acid product while oxygen atom from

molecular oxygen incorporated into carbon dioxide.
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9.4 Lumichrome catabolism

We have successfully isolated a lumichrome catabolizing strain from a soil sample.16s
rRNA sequencing revealed the strain to be a relative of Pimelobacter simplex. The strain
grows in base metal medium with lumichrome serving as both carbon and nitrogen
sources. Based on metabolite analysis and bioinformatics we have identified the gene
cluster associated with lumichrome catabolism and the initial three steps of degradation
pathway have been established by in vitro studies. Future studies will be directed towards

the identification of the functions the rest of the proteins encoded by the gene cluster.
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