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Abstract

Leptospirosis is an infectious disease that is prevalent in many parts of rural
India. The definitive diagnosis of Leptospiral infections is limited by the very slow
growth of the bacterium in urine culture from infected patients. The availability of
PCR-based diagnosis is also limited. The work described in this thesis was undertaken
to improve the methods of in-vitro growth of Leptospiral cultures and to investigate
specific enzymes in Leptospira in order to provide a better understanding of the
biochemistry of the organism. The availability of the full genome sequence for both
pathogenic and non-pathogenic leptospira provides an opportunity to begin a
systematic exploration of the metabolic enzymes of this organism. The work
presented in this thesis will highlight studies to establish a new and better growth
medium and to present the biochemical characterization of two Leptospiral enzymes -
Triosephosphate isomerase and the putative L-amino acid oxidase. Before detailing
the experimental work carried out, a brief introduction to leptospirosis and the

causative organism is described in the first chapter.

Leptospira species are slow growers requiring a minimum of eight days for
growth and positive identification. Their average generation time is about 12-18
hours. The second chapter describes various media available in the literature and the
significance of the need for improved media for the growth of leptospira, before
describing the various experimental attempts made to improve the growth of

leptospires.

The third chapter describes the cloning, expression, purification, and
biochemical characterization of Leptospiral Triosephosphate Isomerase (TPI). A brief
account of Leptospiral metabolism precedes the presentation of the experiments. The
fourth chapter describes the attempt that was made to clone and express the full-
length L. interrogans LAO gene. The fifth chapter describes the biophysical and
crystallographic characterization of the recombinant LAO that lacks N-terminus

secretory sequences.
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1.1 Introduction

Leptospirosis is an infectious disease which is prevalent in many parts of rural
India. The definitive diagnosis of Leptospiral infections is limited by the very slow
growth of the bacterium in urine culture from infected patients. The availability of
PCR-based diagnosis is also limited. The work described in this thesis was undertaken
to improve the methods of in-vitro growth of Leptospiral cultures and to investigate
specific enzymes in Leptospira in order to provide a better understanding of the
biochemistry of the organism. The availability of the full genome sequence for both
pathogenic and non-pathogenic leptospira provides an opportunity to begin a
systematic exploration of the metabolic enzymes of this organism. The work
presented in this thesis will highlight studies to establish a new and better growth
medium and to present the biochemical characterization of two Leptospiral enzymes -
Triosephosphate isomerase and the putative L-amino acid oxidase. Before detailing
the experimental work carried out, a brief introduction to leptospirosis and the

causative organism is described in this chapter.

1.2 Leptospira

Weil described leptospirosis as severe jaundice in 1886; Weil’s disease was
characterised by renal failure and severe haemorrhage. Inada and Ido first identified
Leptospires as the causative agent of leptospirosis in 1914 (Kobayashi Y., 2001).
Leptospires are obligate aerobic motile tightly coiled spiral shape bacteria measuring
0.1 um diameter and 6 - 20 pm length, with a helical amplitude of 0.1 to 0.15 um, and
the wavelength is = 0.5 pm (Swain RHA. et al., 1957; Faine S. et al., 1999; Levett
PN. 2001). These organisms have a double membrane structure in which the
cytoplasmic membrane and peptidoglycan cell wall are closely associated and are
overlaid by an outer membrane (Haake DA. et al., 2001; Cullen PA. et al., 2004). The
ends of the bacteria are hooked. The bacterial mobility is by two flagella present in
the periplasmic space (Trueba GA. et al., 1992; Levett PN. 2001; Alder B. et al.,
2010). They grow in simple media enriched with vitamins B;, B, long-chain fatty
acids, and ammonium salts with an optimum temperature of 30 °C (Johnson RC. et
al., 1984).
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1.3 Classification

The genus Leptospira is classified along with other Spirochaetes namely
Borrelia burgdorferi, Treponema pallidum, and Brachyspira, Hyodysenteriae order
Spirochaetales under a separate family Leptospiraceae. The Leptospira genus was
divided into two species, L. interrogans, comprising all pathogenic strains, and L.
biflexa, containing the saprophytic strains. Both L. interrogans and L. biflexa are
divided into more than 230 serovars that are defined by agglutination after cross-
absorption with homologous antigen (Dikken H. et al., 1978; Kmety E. et al., 1993;
Levett PN., 2001).

In 1989 Leptospires were classified based on DNA-DNA hybridisation and the
two previously described species (L. interrogans and L. biflexa) into 22 distinct
genomospecies. The genus Leptospira is composed of 10 pathogenic species, 5
potentially pathogenic species (also called intermediate), and 7 saprophytic species.
Though the genomospecies classification is correct it is not useful for clinical
microbiologists; as both pathogenic and nonpathogenic serovars occur within the
same species. It is incompatible with the serogroups classification system which has
served clinicians and epidemiologists for many years (Levett PN., 2001; Alder B. et
al., 2010).

1.4 Genome of Leptospira

Leptospires are phylogenetically related to other spirochetes (Paster BJ. et al.,
1991). The genome of Leptospira is approximately 5,000 kb in size. The genome is
comprised of two chromosomes, a 4,400-kb chromosome and a smaller 350-kb
chromosome (Zuerner RL. et al., 1991). Other plasmids have not been reported
(Levett PN., 2001; Alder B. et al., 2010).

The Leptospira genome is characterized by a G + C content of 35—41mol%,
depending on species. The Leptospira Genome Project (2011) has generated
significant whole genome information of at least 17 Leptospira species representing 8
pathogenic, 4 intermediate, and 5 saprophytic serovars (Ghazaei C. et al., 2017).
Leptospira encodes approximately 3654-3723 proteins (Mehrotra P. et al., 2017), Out of
these 3000 and odd proteins approximately about 600 coding sequences (CDS) are
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unique to pathogenic Leptospira (Picardeau M. et al., 2008). After the availability of
genome sequences, many studies explored the cause of pathogenesis implicating
various pathways, and genes that are essential for pathogenesis (Fouts DE. et al.,
2016; Mehrotra P. et al., 2017; Ghazaei C. 2018).

1.5 Habitat and Epidemiology

Leptospirosis has a worldwide distribution. All mammals appear to be
susceptible to Leptospirosis. Wild and domestic animals are the primary hosts of the
organism. Rodents are the major reservoir of infection. Humans are accidental hosts.
The disease is transmitted via direct or indirect contact with urine containing virulent
Leptospira species. Leptospira species do not multiply outside the host. In the
environment, they can remain viable for a few too many weeks or months in
contaminated soil and several weeks in cattle slurry. They can remain viable in water
for several months. Farmers, veterinarians, sewer workers, septic tank cleaners, canal
workers, miners are the occupational risk group to Leptospirosis. The highest risk is
also associated with dairy farming as a major occupational risk factor throughout the
world. The incidence of human infection is higher in the tropics (warm and humid)
regions. Outbreaks have been related to heavy rainfall in various parts of the world.
Incidence rates are underestimated due to the lack of awareness of the disease (WHO
report 1999; Plank R. et al., 2000; Bharti J. et al., 2003).

Since the 1980s the disease has been reported from various states, during the
monsoon months in mini epidemic proportions. Cases have been reported from
Kerala, Tamil Nadu, Gujarat, Andamans, Karnataka, Maharashtra, Orissa, and Bihar.
The true incidence of human leptospirosis in India is not known; however, there have
been several studies examining rates. During periods of flooding, leptospirosis may
cause severe outbreaks among individuals exposed to Leptospiral-contaminated
waters. In addition, during harvest times, there can be outbreaks of leptospirosis due
to increased contact with infected rat populations (Vijayachari P. et al., 2008; Rao R.
et al., 2003).

1.6 Pathogenesis
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The entry of Leptospires into the body is through small cuts, abrasions, via
mucous membranes like conjunctiva, or wet skin. They circulate in the blood-stream,
with the bacteremic phase lasting for up to 7 days. The molecular basis for virulence
and mechanism by which Leptospira sp. cause the disease remain unknown, mainly
due to the absence of genetic tools for the manipulation of Leptospira (Adler B. et al.,
2010).

1.7 Pathology

The clinical presentation of leptospirosis is biphasic with the acute or
septicemic phase lasting about a week, followed by antibody production phase and
excretion of the organism in the urine. Localization of Leptospires within the tissues
during the immune phase represents the severe complications of leptospirosis (Levett
PN., 2001; Adler B. et al., 2010).

1.8 Anicteric Leptospirosis

The symptoms of leptospirosis are broad spectrum. The majority of infections
caused by leptospires are either subclinical or of mild severity. Most of the cases
present with a febrile illness of sudden onset. Other symptoms include chills,
headache, myalgia affecting the lower back, thighs, and calves (often intense),
abdominal pain, conjunctival suffusion, and less often a skin rash. The anicteric
syndrome generally lasts for a week. The primary lesion of Leptospirosis is damaged
endothelium of small blood vessels leading to localised ischemia in organs, resulting
in renal tubular necrosis, hepatocellular and pulmonary damage, meningitis, myositis,
and placentitis. Hemorrhages occur in severe cases as do jaundice, and frequently,
platelet deficiency. There is usually mild granulocytosis and splenomegaly. Once
circulating antibodies appear, leptospires are removed from the circulation and tissues
by opsonophagocytosis. Tissue damage, even though it is severe, may be reversible
and followed by complete repair. The headache is often severe, resembling that of
dengue, with retro-orbital pain and photophobia (Kelley PW. 1998; Levett PN. 2001;
Adler B. et al., 2010). In anicteric disease, the erythrocyte sedimentation rate is
elevated, and the white cell is also moderately elevated. Liver function tests of

leptospirosis patients were shown to have slight elevation in aminotransferases,

18



bilirubin, and alkaline phosphatase in the absence of jaundice. Urinalysis shows
proteinuria, pyuria, and often microscopic hematuria (Levett PN. 2001; Adler B. et
al., 2010).

1.9 Icteric Leptospirosis

Weil's disease represents the most severe presentation of Leptospirosis. The
severe form of leptospirosis is characterized by the involvement of multiple organs.
Leptospirosis is a common cause of acute renal failure (ARF). Conjunctival suffusion
in the presence of scleral icterus is said to be pathogenomonic of Weil's disease.
Serum amylase levels are raised significantly in association with ARF, but clinical
symptoms of pancreatitis not present. In severe leptospirosis, a peripheral
leukocytosis occurs with a shift to the left, whereas in dengue, atypical lymphocytes
are commonly observed. Thrombocytopenia (platelet count of <100 x 109/liter)
occurs in >50% of cases and is a significant predictor for the development of ARF.
However, thrombocytopenia in leptospirosis is transient and does not result from
disseminated intravascular coagulation. Renal function impairment is indicated by
raised plasma creatinine levels. The degree of azotemia varies with the severity of the
illness. In icteric leptospirosis, liver function tests generally show a significant rise in
bilirubin, with lesser increases in transaminases and marginal increases in alkaline
phosphatase levels. The increase in bilirubin and serum creatinine phosphokinase
levels are generally out of proportion to the other liver function test values, in patients
with ARF (Levett PN. 2001; Adler B. et al., 2010).

1.10 Disease Treatment and Re-emergence of Leptospirosis

The clinical manifestations of leptospirosis are too variable and nonspecific to
be diagnostically useful. Leptospirosis is diagnosed by using the Microscopic
Agglutination Test (MAT). It is then confirmed by the isolation of the organisms. The
disease can be treated efficiently with penicillin derivative antibiotics. Currently,
leptospirosis is recognized as a globally re-emerging disease with a markedly
increased number of cases and frequent outbreaks in South East Asia (Thailand, India,
Malaysia, and Indonesia) and Latin America (Levett PN. 2001; Adler B. et al., 2010).
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1.11 Leptospiral proteins

Only about 22 classes of proteins have been studied from Leptospira sp. despite

the clinical significance. These studies are listed in Table 1.1.

Table 1.1. Studies on Leptospiral proteins.

Protein Outcome Ref
ponA, pbpB Characterized penicillin-binding proteins Brenot A. et
al., 2001

ChiC Crystal structure of putative precorrin isomerase | Xue Y. et al.,
ChiC determined 2006

FNRs Crystal  structure of Ferredoxin-NADP(H) | Nascimento
reductases (FNRS) determined. Enzymatic | AS. et al,
activity was shown to be similar to that of the | 2007
plastidic enzymes and significantly different from
the bacterial flavoenzymes.

Homoserine Crystal  structure  of  Homoserine O-|Wang M. et

O- acetyltransferase determined at 2.2A resolution | al., 2007

acetyltransf using selenomethionyl single-wavelength

erase anomalous diffraction method.

SAM- Crystal structure of S-adenosylmethionine Hou X. et

dependent (SAM)-dependent O-methyltransferase in al., 2007

O-methyl complex with S-adenosylhomocysteine was

transferase solved.

LipL32 Demonstrated that fibronectin probably binds to | Hauk P. et al.,
LipL32 and postulates that Ca®* binding to | 2009
LipL32 might be important for Leptospira to
interact with the host cell. Evaluated the LipL32
mutants’ ability to interact with Ca®* and with
ECM glycoproteins.

Citramalate Demonstrated that the binding of isoleucine | Zhang P. et al.,

synthase affects the binding of the substrate and coenzyme | 2009
at the active site of citramalate synthase.

OmpA70 Demonstrated immunogenic and antigenic | Fraga TR. et
properties of that OmpA70, a putative outer | al., 2010
membrane protein.

LIC12922 Determined the crystal structure of a conserved | Giuseppe PO.
hypothetical protein L1C12922 and postulated | et al., 2011
that LIC12922 is a periplasmic chaperone
involved in OMPs biogenesis

GroEL Cloned and sequenced the gene encoding the | Natarajaseeniv
immunodominant protein GroEL asan K. et al.,

2011

Glucokinase Identified ROK family of glucokinase in Zhang Q.
Leptospira interrogans etal., 2011

LenA Demonstrated that leptospiral endostatin-like | Verma A. et
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protein A (LenA) binds human plasminogen in a | al., 2010
dose-dependent manner

PLA Hypothesized role of PLA in facilitating host | Vieira ML. et
tissue penetration and evading the immune | al., 2012
system.

Lsa30 Demonstrated that the role of Lsa30 in adhesion | Souza NM. et
to the host and overcoming tissue barriers of host | al., 2012
and escape the immune system.

Sph2 Demonstrate experimentally that Sph2 is an Mg | Narayanavari
(++)-dependent hemolysin with both | SA. et al,
sphingomyelinase and haemolytic activities 2012

Enolase Demonstrated L. interrogans enolase has evolved | Nogueira SV.
to play a role in pathogen interaction with host | et al., 2013
molecules, which may contribute to the
pathogenesis of leptospirosis.

LexA Demonstrated that Leptospira interrogans can | Fonseca LS. et

genes, recA, tackle DNA damage due to environmental | al., 2013

recN, dinP, assaults.

CadD Cloned CadD and demonstrated that it | Goble AM. et
deaminates Camp. al., 2013

LIC11360, Characterized  LIC11360, LIC11009, and | Siqueira GH.

LIC11009, LIC11975 and demonstrated that three proteins | et al., 2013

and interact with laminin in a dose-dependent and

LIC11975 saturable manner.

LruA Identified the LruA gene product as a surface- Zhang K.
exposed leptospiral virulence factor that etal., 2013
contributes to leptospiral pathogenesis.

Proteases Cloned and expressed 12 putative leptospiral Hashimoto
proteases and showed that the elastinolytic VL. et al,
activity may be important for leptospires-host 2013
interaction

CzCcA Identified czcA and its four subunit vaccine | Umamaheswar
peptides would be ideal T-cell driven efficacious | i et al., 2012

vaccine against leptospirosis

A Memoranda on “Research needs in leptospirosis” published by Leptospira

authoritarians in 1972 has suggested the following 16 different topics for research

(1) The ultrastructure of leptospires and the chemical nature of the various structural

components;

(2) The immunological characteristics of antigenic components of leptospires;

(3) The development of culture media;

(4) The cross-protection afforded by natural infections and by vaccines;
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(5) Immunoglobulin classes of leptospiral antibodies in man and various animals;
(6) The lysis of leptospires by factors in normal and immune sera;

(7) Metabolic processes, especially those of pathogenic strains;

(8) The lipolytic activities of strains;

(9) The genetics of leptospires;

(10) Improvements in immunofluorescence techniques and materials;

(11) The development and evaluation of serological tests, including screening tests for

use with sera from domestic livestock and other animals;

(12) The roles of leptospiral and host factors in the pathogenesis and manifestations of

leptospiral infection;

(13) The epidemiology of leptospirosis;

(14) The development of surveillance programmes;
(15) The preparation and assay of vaccines; and
(16) The effectiveness of new antibiotics.

Because of the organism’s unusual metabolism and slow growth, even after 4
decades of these proposals, studies on Leptospira need enormous attention. Keeping
the view of the above points, a modest attempt has been made to study Leptospira,

with the following objectives
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1)

2)

3)

4)

Obijectives of the study

To test the effect of substrates for known membrane transport systems on the

growth properties of Leptospira interrogans.

To clone, express, purify and analyze the kinetics of L. interrogans
Triosephosphate isomerase.

To clone, express, purify and analyze the kinetics and substrate specificity of L.

interrogans L-amino acid oxidase
To compare the kinetics and the substrate specificities of Triosephosphate

isomerase and L- amino acid oxidase of L. interrogans with the respective human

homologues.
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Chapter 2

Improved growth medium of Leptospira
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2.1 Introduction

Leptospira species are slow growers requiring a minimum of eight days for
growth and positive identification. Their average generation time is about 12-18 hours
(Staneck JL. et al., 1973; Levett PN. 2001; Alder B. et al., 2010). This chapter
describes various media available in the literature and the significance of the need for
improved media for the growth of leptospira, before describing the various

experimental attempts made to improve the growth of leptospires.

Studies on the nutritional requirement of leptospira date back to the early
1930s. Various media developed for the growth of leptospira in the early years are
listed in Table 2.1, 2.2, and 2.3. Leptospira show accelerated growth in the presence
of amino acids, aspartic acid, arginine, glycine, glutamic acid, lysine, and tryptophan
(Staneck JL. et al., 1973; Greene MR., 1945; Grehardt MR. et al., 1959). It shows
reduced growth by the addition of arginine, glycine, and methionine (Johnson RC. et
al., 1963). It can grow on a protein-free medium containing inorganic salts, fatty
acids, and vitamins (Fulton JD. et al., 1956; Shenberg E. 1967). Bovine serum
albumin, Tween 80, polysorbates, sodium acetate, beef extract, vitamin B, thiamine,
ammonium chloride, and sodium pyruvate promote the growth of the nutritionally
fastidious stereotypes of Leptospira (Stalheim OH. 1966; Johnson RC. et al., 1973;
Ellinghausen HC. et al., 1976; Gonzalez Rodriguez A. et al., 2006; Chideroli RT. et
al., 2017). The growth characteristics of the leptospira in various media are compared
by (Ellinghausen HC. Jr. 1960). Leptospira species can be cultivated in leptospira
Vanaporn Wauthiekanun (LVW) medium by using a Noble agar base supplemented
with 10% rabbit serum, and an initial incubation at 30°C in 5% CO, for 2 days prior
to continuous culture in the air at 30°C and it takes at least 5-8 days to confirm the
presence of the organism (Wuthiekanun V. et al., 2013).

The true incidence figures of human leptospirosis in India are not available.
The risk of leptospirosis is aggravated and widespread during rain in spring and
summer. During periods of flooding, Leptospirosis may cause severe outbreaks
among individuals exposed to leptospiral-contaminated water. In addition, during
harvest times, there can be outbreaks of leptospirosis due to increased contact with
infected rat populations and their urine.
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Table 2.1. Composition of Fletcher's Medium for growth of Leptospira

Fletcher's Media composition Gms / Litre
Sodium Chloride 0.5
Peptone 0.3

Beef Extract 0.2
Rabbit Serum 80.0ml
Agar 1.5

Final pH 7.9 +/- 0.1 at 25°C

Ingredients per litre of deionized water

920ml of base media 80 ml sterile Leptospira Enrichment

Table 2.2. Composition of Modified Korthof Medium for growth of Leptospira

Modified Korthof Media composition

Ingredients Gms / Litre
Peptic digest of animal tissue 0.800
Sodium chloride 1.400
Sodium bicarbonate 0.020
Potassium chloride 0.040
Calcium chloride 0.040
Monopotassium hydrogen phosphate 0.240
Disodium hydrogen phosphate 0.880

Final pH ( at 25°C) 7.2+0.2

100 ml sterile base, add sterile 8 ml inactivated blood serum 0.8 ml sterile
hemoglobin solution

Table 2.3. Composition of Stuart Leptospira Medium for growth of Leptospira

Stuart Leptospira Media Gms / Litre
Sodium Chloride 1.93
Disodium hydrogen orthophosphate 0.66
Ammonium chloride 0.34
MgCIZ. 6H20 0.19
Asparagine 0.13
KH2P04 0.08
Glycerol 5.0ml
Distilled water 1000ml

Final pH (at 25°C) 7.210.2

Autoclave and cool
0
To 900mI media, 100ml of rabbit serum (inactivated at 56 C for 30 minutes) is

added aseptically.

28




It is estimated that 20% of all rats carry leptospira that can infect humans; this
carrier rate may vary depending on the geographic area (Pappas G. et al., 2008;
Vijayachari P. et al., 2008; Fischer RSB. et al., 2017; Sambasiva RR. et al., 2003).
One of the important challenges in the diagnostics of leptospirosis disease is the
culturing of the organism takes at least 5-8 days to confirm the presence of the

organism.

Currently, the disease is diagnosed by Microscopic Agglutination Test
(MAT), which is unreliable and not recommended. It is therefore necessary often to
confirm the diagnosis by isolation of the organisms from blood and urine (Levett PN.
2001; Alder B. et al., 2010). Many studies that use various advanced methods to
detect leptospira like LigB-LAMP assay with pre-addition of dye, gRT-PCR,
detection of leptospira using tapered optical fiber sensor, by latex agglutination test
coated with recombinant LipL32 antigen, and real-time loop-mediated isothermal
amplification (RealAmp) (Ali SA. et al., 2017; Zainuddin NH. et al., 2018; Esteves
LM. et al., 2018; Thongsukkaeng K. et al., 2018; Monica NI. et al., 2019).

Recent genomic studies of Leptospira provide a comprehensive analysis of the
genes encoding regulatory system, signal transduction, and methyl-accepting
chemotaxis proteins, reflecting the organism’s ability to respond to diverse
environmental stimuli (Ren SX. et al., 2003; Jorge S. et al., 2018; Nascimento AL. et
al., 2004a, 2004b). Genomic sequence analysis also reveals the presence of a
competent transport system with 13 families of genes encoding for major transporters
which are necessary for the long-term survival of the organism (Nascimento AL. et
al., 2004b). The proteomics studies provide insights into the mode of pathogenesis,
host-pathogen interaction, and immune response by the host (Nally JE. et al., 2011).
In this study, various media were tested for the growth of Leptospira by incorporating
combinations of nutrients for which transporters are present in the organism and the
nutrients for which enzymes are differentially regulated in pathogen and the host
reservoir, based on the genomic and proteomic information, respectively (Caspi R. et

al., 2016; Nally JE. et al., 2011), mode of infection, and the host environment.
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APPROACH

Genomic Proteomic
information information

Combination

-

Figure 2.1 Approaches undertaken in the present studies.

As the outcome of this study is based on the wealth of information gained
from these genomic and proteomics studies; knowledge of the mode of infection and
the host environment (Fig. 2.1), we report M12 growth medium for the isolation and
culture of Leptospira that shows visible growth in 40 h.

2.2 Materials

Di-sodium hydrogen phosphate dihydrate, ammonium chloride, glycerol,
potassium dihydrogen phosphate, potassium chloride purchased from SDFCL,
magnesium chloride, sodium acetate purchased from AMERSCO. Aspartic acid,
sodium pyruvate, tryptone type-1, yeast extract, thiamine hydrochloride, ferrous
sulfate heptahydrate, zinc sulfate heptahydrate, sodium chloride, bovine serum
albumin, polysorbate-80, vitamin By, fetal calf serum, asparagine, leptospira Basal
medium, leptospira enrichment medium are purchased from Hi-Media Laboratories
Pvt. Ltd. Sodium bicarbonate was purchased from Sigma; glucose, and calcium
chloride dihydrate purchased from Merck. N-acetyl glutamine was purchased from

the National Biochemical Corporation.

30



2.3 Methods

2.3.1 Nutrient selection based on Genomic and Proteomics information

The presence of transporters in leptospira was analyzed from the Metacyc
database (Caspi R. et al., 2016) and the KEGG database. Accordingly, nutrients were
chosen if there is a transporter that can take up nutrients into the cell (Table 2.2).
From the proteomics studies available in the literature, the nutrients were chosen for
which the host metabolic enzymes are downregulated during host-pathogen

interaction.

2.3.2 Cultivation of Leptospira based on Genomic and Proteomic information

Stuart medium was prepared as per standard protocol; the modified Stuart
medium was prepared by substituting aspartate instead of asparagine and excluding
glycerol. The pH of both media was adjusted to 7.2 and autoclaved. To the cooled
media, filter-sterilized 10% fetal bovine serum was added, and 4 mL of each medium
was distributed in various 15-mL capped polypropylene tubes. The 100 mmol/L
stocks of each amino acid (ornithine, lysine, arginine, and histidine), carbon source
(100 mmol/L stock of sodium acetate and 100 mmol/L stock of fructose), and 100
mmol/L stock of N-acetyl aspartate were prepared separately, with the pH adjusted to
7.2, and filter-sterilized. Both the media were supplemented in various combinations,
as follows: 1) histidine, arginine, lysine, and ornithine (amino acids); 2) fructose and
acetate (carbon sources); 3) N-acetyl aspartate; 4) amino acids and N-acetyl aspartate;
5) carbon sources and N-acetyl aspartate; 6) amino acids and carbon sources; 7)
amino acids, carbon sources, and N-acetyl aspartate; and 8) without any
supplementation. Each combination amino acid consists of 100 pL of each amino acid
(ornithine, lysine, arginine, and histidine); the combination of carbon sources consists
of 100 puL of each of sodium acetate and fructose. Ellinghausen-McCullough-
Johnson-Harris (EMJH) medium was prepared as per the manufacturer’s instruction
and used as a standard control. Apart from standard control, the EMJH medium was
also supplemented with the individual nutrients and inoculated with pathogenic
serovar. All the tubes were inoculated with either an equal quantity (approximately
10 Leptospires/mL) of the pathogenic serovar (L. interrogans serovar Pomona) or

nonpathogenic serovar (L. biflexa serovar Patoc). Each of the media without inoculum
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was kept as contamination control. The inoculated tubes along with the controls were
incubated at 30 °C for 4 days. After the fourth day of inoculation, each of these tubes
was analyzed under a Darkfield microscope and quantified with the standard counting
(using a Petroff-Hausser counting chamber) protocol.

2.3.3 Secreted Proteins of Leptospira

Leptospira species were grown for the week in Modified Stuart Media
containing Fetal Calf Serum. Spin down at 14000 rpm for 25 minutes at 20°C. To the
pellet, Modified Stuart Media containing 100mM different of nutrients was added.
After incubating at 30°C for 4 hours, cells were taken in different time points and cell

lysate is made by adding Laemmle lysis buffer, and 10% SDS-PAGE was performed.

2.3.4 Growth Monitoring by Alamar Blue assay

In order to monitor the cell proliferation, the leptospires were grown in
different media with a combination of nutrients for three days and on the third day,
100puL of leptospires were incubated with the Alamar Blue reagent (1mg of resazurin
in ImL of phosphate-buffered saline). After incubating with Alamar blue at 30°C for
3 hours, the Alamar blue reduced by the cells was measured by absorbance readings
at 540nm (Page B. et al., 1993).

2.3.5 Growth of Leptospira based on Habitat

Considering the natural habitat, mode of infection, and organelle in which
Leptospira harbours, various media were prepared individually one after the other (not
using any basal medium) that consisted of varying concentrations of urea, oxalic acid,
succinic acid, and salt concentrations as shown in each column of Table 2.3. Each
medium (each column of Table 2.3) was prepared individually, pH adjusted,
autoclaved, and tested one after the other against the EMJH medium as a standard
control. The EMJH medium was prepared as per the manufacturer’s instruction and
used as a standard control for each medium that was tested. After cooling, 4 mL of
each medium was dispensed into the sterile 15-mL capped polypropylene tubes. To
each tube, 10 uL of 1 of the 9 different serovars of (4 days old, cultured in EMJH
medium) Leptospira—1) L. biflexa serovar Patoc, 2) L. interrogans serovar Hardjo, 3)
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L. interrogans serovar Lai, 4) L. interrogans serovar Canicola, 5) L. borgpetersenii
serovar Poi, 6) L. interrogans serovar Icterohaemorragiae, 7) L. interrogans serovar
Australis, 8) L. interrogans serovar Pomona, and 9) L. interrogans serovar
Autmanalis—was inoculated in duplicates and incubated at 30 °C. The medium
without inoculum was used as contamination control (in duplicates). After 4 days of
inoculation, each of incubated tubes was examined for visible growth of leptospires
and also analyzed under a Darkfield microscope in comparison with standard EMJH

medium qualitatively.

2.3.6 Holistic Approach to Growth of Leptospira

With an all-inclusive approach based on the mode of infection, transporters
present, and replenishing the anaplerotic gaps, various media components were used
for the growth of Leptospira (labeled M5-M12, M12Q, and M14; Table 2.4, Table
2.5). Each medium (as shown in each column of Table 2.4, Table 2.5) was prepared
individually, pH adjusted, autoclaved, and tested one after the other against the EMJH
medium as a standard control. The EMJH medium was prepared as per the
manufacturer’s instruction and used as a standard control. After bringing the media to
room temperature, in a laminar flow hood, 4 mL of each medium was distributed into
the various sterile 15-mL capped polypropylene tubes. To each tube, 10 uL of 1 of the
9 different serovars of (4 days old, cultured in EMJH medium) Leptospira—1) L.
biflexa serovar Patoc, 2) L. interrogans serovar Hardjo, 3) L. interrogans serovar Lai,
4) L. interrogans serovar Canicola, 5)L. borgpetersenii serovar Poi, 6) L.
interrogans serovar Icterohaemorragiae, 7) L. interrogans serovar Australis, 8) L.
interrogans serovar Pomona, 9) L. interrogans serovar Autmanalis—was inoculated
in duplicates and incubated at 30 °C. The medium without inoculum was used as
contamination control (in duplicates). After 4 days of inoculation, each of incubated
tubes was examined for visible growth of leptospires and also analyzed under a
Darkfield microscope in comparison with a standard EMJH medium qualitatively.
The M8 medium was further optimized for carbon source, nitrogen source, and salts
(M8-M12, Table 2. 4). In order to compare the growth of leptospires in M12, M12Q),
M14, and EMJH media, these media were prepared simultaneously on the same day

and examined, and the study was repeated several times (Table 2.5).

33



2.3.7 PCR based detection of Leptospira

After 40 hours of inoculation, 15uL of each of the active culture media was
taken separately and heat-inactivated at 95°C for 20 min. The growth of nine serovars
of leptospira was detected by PCR, using pathogenic serovars specific primers FP
5’GCAAGCATTACCGCTTGTGG3’, RP 5 TGTTGGGGAAATCATACGAAC3’
(Branger C. et al., 2005). Briefly, S5uL of the heat-inactivated sample was mixed with
15uL of PCR reaction reagent, carried out by cyclic incubation at 94°C for 15sec,
56°C for 35sec, and 72°C for 40 sec for 45 cycles, after initial denaturation of 94°C
for 5min. The PCR products were analyzed using a 1.2 % Agarose gel

electrophoresis.

2.3.8 Clinical mimetic experiment

In order to mimic the culturing of leptospires from clinical samples; 4mL of
M12 media were inoculated with 10uL of one of the nine serovars of leptospires in
the presence of 100uL of a freshly collected urine sample from a normal healthy male
volunteer and presence or absence of 100uL of 5-fluorouracil (500mg/10mL stock

concentration) for selection and visualized after 40 hours of incubation at 30°C.

2.4 Results

Initially, the Stuart medium was modified by various nutrients for which the

transporters are known from the genomic information (Table 2.2).

The proteomic studies on the protein expression pattern in both pathogen and
the carrier rat reservoirs of the organism indicate that the leptospira differentially
regulates some of the host-specific enzymes that are involved in various processes
(Nally JE. et al., 2011). From these considerations, a working hypothesis could be

developed that leptospira requires aspartate or N-acetyl aspartate (Fig. 2.2).

After the fourth day of inoculation, each of these tubes was analyzed under a
Darkfield microscope (Fig. 2.3) and observations were documented upon
supplementation of nutrients based on its genomic and proteomic data (Table 2.4).
The nonpathogenic (L. biflexa serovar Patoc) serovar inoculated in tubes containing
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various combinations of nutrients which are added to both Stuart medium and
modified Stuart medium, were analyzed under a Darkfield microscope (Fig. 2.3 panel
aand b).

Table 2.4. List of transporters, those take up the substrate inside the leptospira
(Metacyc Database).

Substrate uptake: Compounds | L. interrogans serovars Copenhageni
transported into the cytosol str. 2006007831

Compounds transported into the cytosol (RS)-Malate

Bile acid

Fatty acid

Heme

Sugar

Ammonia

Amino acid

Chloride

D-glucose

Glutamate

Proton (H")

Potassium ion (K")

L-alanine

Magnesium ion (Mg”")

Sodium ion (Na")

Phosphate

Sodium sulfate

Sucrose

Sulfate

Thiosulfate

N-Acetyl-L-aspartate amidohydrolase
3:5:1.15

CoA  Acetyl-CoA

Aspartate aminotransferase Malate dehydrogenase: MDHI
26.1.1 1.1.1.37
N-Acetyl-L-aspartate L-Aspartatemxaloacetate m (S)-Malate

H,O Acetate 2-Oxoglutarate L-Glutamate NADH +H* NAD*
Acetyl-CoA:L-aspartate N-acetyltransferase
23.1.17

Figure 2.2. Host enzymes down-regulated in rats infected with leptospira
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Likewise, the pathogenic (L. interrogans serovar Pomona) serovar containing

tubes were also analyzed under a Darkfield microscope (Fig. 2.3 panel ¢ and d). In

comparison, the modified Stuart medium has given a better count, which is equivalent
to that of the EMJH medium (Table 2.5). The EMJH medium was also modified to
check the effect of individual components added (Fig. 2.3 panel e).

Table 2.5. Quantification of Non-pathogenic serovar (L. biflexa serovar Patoc)
and Pathogenic serovar (L. interrogans or serovar Pomona) after the fourth day
of inoculation; leptospira grown in EMJH medium, Stuart’s medium, modified
Stuart medium (Stuart medium devoid of glycerol and consisting of aspartate
instead of asparagine); supplemented with a combination of nutrients.

Tube Name | Media Strain 39 [ 4™ day
inoculated day
count | observation
SINP Stuart Non- - 450
pathogenic
S2NP Stuart Non- - 500
pathogenic
S3NP Stuart Non- - 450
pathogenic
S4ANP Stuart Non- - 200
pathogenic
S5NP Stuart Non- - 450 Lengthy
pathogenic
S6NP Stuart Non- - 350 | Agglutination
pathogenic
STNP Stuart Non- - 615
pathogenic
S8NP Stuart Non- - 240
pathogenic
M1NP Modified Non- - 350
Stuart pathogenic
M2NP Modified Non- - 350 | Sluggish, uneven
Stuart pathogenic length
M3NP Modified Non- - 500 | Agglutination
Stuart pathogenic
M4NP Modified Non- - 400
Stuart pathogenic
M5NP Modified Non- - 550
Stuart pathogenic
M6NP Modified Non- - 400 | Agglutination
Stuart pathogenic
M7NP Modified Non- 400 | Agglutination
Stuart pathogenic
M8NP Modified Non- - 750
Stuart pathogenic
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S1P Stuart Pathogenic 80 80
S2P Stuart Pathogenic 100 | 100
S3P Stuart Pathogenic 110 | 100
S4P Stuart Pathogenic 60 60
S5P Stuart Pathogenic 160 | 180 | Sluggish
S6P Stuart Pathogenic 80 200 | Agglutination
S7P Stuart Pathogenic 90 100 | Sluggish
S8P Stuart Pathogenic 120 | 120
M1P Modified Pathogenic 80 80
Stuart
M2P Modified Pathogenic 200 | 200
Stuart
M3P Modified Pathogenic 180 | 200
Stuart
M4pP Modified Pathogenic 110 | 100
Stuart
M5P Modified Pathogenic 210 | 200 | Sluggish
Stuart
M6P Modified Pathogenic 70 90 Sluggish
Stuart
M7P Modified Pathogenic 180 | 100 | Sluggish
Stuart
M8P Modified Pathogenic 280 | 280
Stuart
EMJH His EMJH Pathogenic - 100
EMJH Ori EMJH Pathogenic - 400
EMJH Arg EMJH pathogenic - 300
EMJH Lys EMJH pathogenic 240 | - No growth
EMJH acetate | EMJH Pathogenic - 400
EMJH N- | EMJH Pathogenic 200 | 350
acetyl-Asp
EMJH fructose | EMJH pathogenic - 450
EMJH EMJH pathogenic 280 | 430
EMJH EMJH Non- - 800
pathogenic

In these experiments, we observed slight morphological changes, reduction in

motility, and aggregation or clumping (Table 2.3). The growth of leptospira upon

supplementation to Stuart media or modified Stuart media was not convincing.
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S3NP S4NP S5NP

S6NP S7NP S8NP

Figure 2.3a. Darkfield microscopy of fourth-day culture of L. biflexa serovar
Patoc, Non-pathogenic (NP) organism inoculated in Stuart’s (S) medium
supplemented with various combinations of nutrients.
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Figure 2.3b. Darkfield microscopy of fourth-day culture of L. biflexa serovar
Patoc, Non-pathogenic (NP) organism inoculated in Modified (M) Stuart
medium supplemented with various combinations of nutrients.

Figure 2.3c. Darkfield microscopy of fourth-day culture of L. interrogans serovar
Pomona, Pathogenic (P) organism inoculated in Stuart’s (S) medium
supplemented with various combinations of nutrients.
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Figure 2.3d. Darkfield microscopy of fourth-day culture of L. interrogans serovar
Pomona, Pathogenic (P) organism inoculated in Modified (M) Stuart medium
supplemented with various combinations of nutrient.

EMIJH EMIJH + Acetate EMJH + Arginine EMIJH + Fructose

EMJH + lysine EMJH + Histidine  EMJH + N-Acetyl Aspartate EMIJH + ornithine

Figure 2.3e. Darkfield microscopy of fourth-day culture of L. interrogans serovar
Pomona, a Pathogenic (P) organism inoculated in EMJH (E) medium
supplemented with individual nutrients.

In order to check any variation in the secretory components of leptospira,
after growing in the modified media the cells were incubated with various nutrients
and after 4 hours of incubation at 30°C, cells were taken in different time points, and
spent media was subjected to SDS-PAGE.
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N-Acetyl

Timeinhour 1 13 25 37 - 2 14 26 38 3 15 27 39 4 16 28 40 M

27

Pyruvate Fructose

Shr 17hr 29 hr 41 hr M 6hr 18 hr 30 hr 42hr

Figure 2.4. SDS PAGE of leptospira spent media monitored for a change in the
secretory components upon supplementation of various nutrients in Modified
Stuart Media.
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Glucose Tween 80
M 7hr 14hr 31 hr 43hr 8r ”

20hr 32hr 44hr

Pyruvate + Glycerol Asparate + Glycerol + Pyruvate

9h 21hr 33 hr 45hr 10hr M 22hr 34hr 46hr
= - . ‘

Figure 2.4. SDS PAGE of leptospira spent media monitored for a change in the
secretory components upon supplementation of various nutrients in Modified
Stuart Media.
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The presence of fetal serum in the modified media interfered with the secretary
component analysis experiment by SDS-PAGE. Most of the serum proteins were
interfering significantly. In order to avoid the serum protein interference, the cell
pellet was washed thoroughly several times with PBS. Washing of cell pellet with

PBS several times did not overcome the serum protein interference (Fig 2.4).

Growth measurement of Leptospira in various media by Alamar blue test
45 -

35.86486486
40 4
35.8108108:
35.13513514
35 - 34.45945%46 33.78378378
3214324324 32.4324324.
30.40540541
30 A 28.37837838

27.02702703

N
w

23.64864865

>0.94594595 2 1-62162162

Fluorescence
5

17.5675675

12.16216216

10 A

5.40540540

2.02702702

o
,;SQ é\,Q a,Q é\,Q '}Q éﬁq &Q 6\59 @Q é,,Q &Q ésﬁ ",\Q (C:\Q ‘S,Q &%Q agl

Various medium tested

Figure 2.5. Alamar blue assay to assess the growth of leptospires.

The cell proliferation of the leptospires was monitored by Alamar blue reagent
(resazurin dye, a water-soluble non-toxic dye, which yields a fluorescent signal and a
colorimetric change when incubated with metabolically active cells). These
experiments were not conclusive (Fig. 2.5). Additions of various components in

combination lead to varying redox environments.

We reorganized the media compositions based on habitat and mode of
pathogenesis, without depending on an already existing media as base media.
Accordingly, various media were prepared by incorporating urea, oxalic acid, and
succinic acid (Table 2.6). Nine serovars of leptospira were grown in each of these
media with EMJH medium as standard. The use of urea, oxalic acid, and succinic acid
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did not show any growth, but few organisms were detected compared to the standard

EMJH medium.

Table 2.6. Media components (in mg) used for the growth of Leptospira based
on host (Kidney) and natural environments habitat.

Components | MIA | M1B | M1C |MI1D | M3 M4A | M4B | M4C
NH,CI - 270 25 25 - - - 50
Urea - 255 - 100 50 50 50 50
Aspartic acid | 15 12 12 12 - - - 200
Sodium 15 - - - 200 150 200 60
acetate

Sodium 100 300 50 50 60 - 60 200
Pyruvate

Succinic acid | 150 - 65 50 200 250 200 200
Oxalicacid | 325 - 50 50 200 250 200 200
Glucose - 300 - 100 200 100 200 -
Fructose - - - - - 100 - -
Glycerol 5mL - - - - - - -
Benzoic acid | 10 - - - - - - 20
KHCO; 10 25 - - 20 - 20 -
NaCl - - 100 100 - - - -
MgCl, 10 - 5 5 - - - 10
ZnSQO,4.7H,0 | - - 10 10 - - 10 20
FeS0O4.7H,0 | 20 - 10 10 10 15 20 10
CoCl,2H,0 | 15 35 20 20 5 10 10 -
CuCl, - - - 10 - - - -
MnCl, 3-5 - - - - - - -
CaC|2.2Hzo - - 10 10 - - - -
KH,PO, 150 - 125 125 200 150 200 200
Na,S 1 - - - - 1 - -
FinalpHat | 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2
25°C

MilliQ water | 100mL | 100mL | 100mL | 100mL | 100mL | 100mL | 100mL | 100mL
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Table 2.7. Media components (in mg) used for the growth of Leptospira based on
the mode of infection, transporters present, and replenishing the anaplerotic

gaps.

Components M5 M6 M7 M8 M9 M10 M1l M12
NH,CI 25 85 25 15 15 15 15 15
Aspartic acid 12 133 133 40 40 40 15 15
Asparagine 10 - - - - - - -
Casein - - - - 140 100 100 100
Glucose - 125 120 120 120 120 100 100
Sodium acetate | 25 80 - 30 35 - - 35
Sodium 50 50 50 60 - 60 6 6
Pyruvate

Succinic acid 65 65 65 150 - - - -
Oxalic acid 50 50 50 - - - - -
Benzoic acid - 12 - - - - - -
KHCO3; 15 250 250 - - - - -
NaHCO; - - - 100 100 100 40 40
Yeast extract - - - - 125 50 50 50
Thiamine HCI - 2 2 2 2 2 2 2
NaCl 100 75 100 80 80 80 - -
MqgCl, - 5 5 17 17 10 15 15
(anhydrous)

C&C|2.2H20 - - - - - - 13 13
COC|2, 2H,0 50 5 5 - - - - -
CuCl, 7 4 5 - - - - -
MnCl, 2 2 2 - - - - -
KCI - 30 30 - 25 20 20 20
KH,PO, 125 - - - - 24 10 10
Na,HPO,. - 89 89 50 10 144 100 100
2H,0

Na,M00,.2H,0 | 5 5 5 - - - - -
Na,S 1 1 1 1 1 1 1 -
Final pH at 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2
25°C

MilliQ water 100mL | 100mL | 100mL | 100mL | 100mL | 100mL | 100mL | 100mL
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Notably, the medium in which urea was added, showed no growth or scant noticeable
growth; when observed under a darkfield microscope, the organisms were viable in
media with high concentrations of urea, even after four days of inoculation (data not
shown). The media components were further optimized for filling the anaplerotic gaps
(Table 2.7).

Table 2.8. Composition (in mg) of EMJH, M12, M12Q, and M14 media.

Components EMJH M12 M12Q M14
NapHPO,4 2H,0 100 100 100 100
KH,PO4 30 10 10 10
Tryptone - 100 100 100
Yeast Extract - 50 50 50
KCI - 20 20 10
Aspartic acid - 15 15 5
Sodium Pyruvate - 6 6 6
Glucose - 100 100 100
MgCl; anhydrous 1 15 15 5
CaCl,.2H,0 1 13 13 3
NH,CI 25 15 15 7.5
Thiamine HCI 0.5 2 2 1
Sodium acetate - 35 35 7.5
NaHCO; - 40 40 40
N-acetyl Glutamine - - 15 -
NaCl 100 - - -
ZnSQO,4.7 H,0O 0.4 - - -
FeSO,. 7TH,0 5 - - -
CuS0Og4, 2H,0 0.03 - - -
BSA 1000 - - -
Polysorbate 80 1.25mL - - -
100% Glycerol 0.5mL - - -
Vitamin B 0.02 - - -
MilliQ water 100mL 100mL 100mL 100mL
Final pH at 25°C 7.2 7.2 7.2 7.2
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Figure 2.6. The Leptospira cultures in EMJH medium and M12 medium after 40
hours of inoculation. In the M12 medium ring-like white layer formed at the
bottom neck of the tube. 1) L. biflexa serovar Patoc, 2) L. interrogans serovar
Hardjo, 3) L. interrogans serovar Lai, 4) L. interrogans serovar Canicola, 5) L.
borgpetersenii serovar Poi, 6) L. interrogans serovar Icterohaemorragiae, 7) L.
interrogans serovar Australis, 8) L. interrogans serovar Pomona, 9) L. interrogans
serovar Autmanalis and 10) uninoculated media control.

In the M8 medium, the organism showed better growth when examined under
a darkfield microscope (data not shown). The M8 medium was further optimized by
reducing the concentration of salts. In the M9 medium, the removal of the pyruvate
and acetate affected the growth drastically. In the M10 medium re-introduction of
pyruvate and removal of only sodium acetate did not produce a considerable effect.
Though the initial concentrations of salts in the media M5 to M8 were fixed
arbitrarily, the concentration of various metal ions namely, Na*, K*, Ca?* was fixed to
concentrations in serum (M12 and M12Q media; Table 2.8). In the M14 medium
growth of the organisms was not satisfactory; the M12Q medium did not show any
visible growth. In the M12 medium, all the nine serovars of leptospira showed visible

growth of the ring at the bottom of the tube, after 40 hours of inoculation (Fig. 2.6).
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We have also tested its growth in glass tubes, the 15ml polypropylene tubes seem to

be better for visualization of the ring at the bottom of the tube.

L. biflexa serovar
Patoc

L. interrogans
serovar Hardjo

L. interrogans
serovar Lai

1 11 21 31

2 12 22 32 L

3 13 23 33

—
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serovar Canicola

4 14 24 34

L

L. borgpetersenii
serovar Poi

5 15

25 35
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serovar
Icterohaemorragiae

6 16 26 36 L
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Autmanalis Media Controls
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L. interrogans
serovar Australis
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serovar Pomona
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Figure 2.7. Detection Leptospira serovars by PCR amplification of the Hapl
gene (product size of 260 bp). Lane 1-10, 11-20, 21-30, and 31-40 represent the
amplification of the Hapl gene of various Leptospira serovar grown in EMJH,
M12, M12Q, and M14 medium respectively. The 50bp ladder is labelled as ‘L.

The L. biflexa serovar Patoc (lanes 1, 11, 21, and 31) was used as Cross-
contamination control. Various serovars tested for the amplification of the Hap1l
gene are

Lane 1, 11, 21, 31 = L. biflexa serovar Patoc

Lane 2, 12 22, 32= L. interrogans serovar Hardjo

Lane 3, 13, 23, 33 = L. interrogans serovar Lai

Lane 4, 14, 24, 34= L. interrogans serovar Canicola

Lane 5, 15, 25, 35= L. borgpetersenii serovar Poi

Lane 6, 16, 26, 36= L. interrogans serovar Icterohaemorragiae

Lane 7, 17, 27, 37= L. interrogans serovar Australis

Lane 8, 18, 28, 38= L. interrogans serovar Pomona

Lane 9, 19, 29, 39= L. interrogans serovar Autmanalis

Lane 10, 20, 30, 40= Media Control

Further, the growth of leptospira was confirmed by performing PCR (Fig. 2.7).
The M12 medium showed better amplification of a 262bp segment of the Hapl gene
compared to other media EMJH, M12Q, and M14. The M12Q medium did not show
any visible growth, but it showed a better amplification of the Hap1 gene compared to
the EMJH medium. It is an interesting observation that even though the M12Q
medium is identical to that of the M12 medium except for N-acetyl glutamine; it is yet
unclear why the ring does not appear upon addition of N-acetyl-Glutamine to the
medium. The removal of bicarbonate or sodium acetate or aspartate affected the
growth of leptospira (data not shown). The M14 medium (with the reduction in the

composition of media components from M12) is not ideal for the growth of leptospira.

2.5 Discussion

Stuart medium constitutes complex ingredients, it also has asparagine. It is a
convenient medium to add or remove components for culture studies. The original
rationale to use asparagine may be based on its conversion to aspartate by the
asparaginase. However, the gene for the asparaginase enzyme is not present in the

leptospira genome; thus the rationale for aspartate incorporation in the medium.
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Initially, we used urea concentration broadly in the range of urine urea
concentrations as organism harbours in the kidney. Later, we used urea concentration
that is equivalent to that of normal serum urea concentrations or twice the serum urea
concentrations in these media (Table 4) as the organism survives first in the blood.
These experiments were not successful; the post facto analysis of the leptospira
genome indicates the gene encoding urease enzyme was absent. The survival of these
organisms in high concentration urea may be due to the presence of one or more
amido-hydrolase that might show urease-like activity.

The rationale for the usage of oxalic acid and succinic acid was to replenish
the anaplerotic gaps so that the organism will be driven towards nucleic acid
biosynthesis and subsequently towards cell division. Further, the organism survives in
the blood; we used the salts which will be equivalent in concentration to the serum
composition. The organism has many ammonia transporters that take up ammonia
into the cell (Caspi R. et al., 2016). Hence we included ammonium chloride in the
medium. Most importantly, it also needs carbon dioxide for its survival (wuthiekanun
V. et al., 2013), so we included bicarbonate in the medium. In fact reduction of
bicarbonate does not show any visible growth in the M12 media (Fig. 2.8).
Furthermore, the leptospires are actively motile organism; suggesting that the
organism has to invest lots of its energy for mobility and the energy metabolism are
not the limiting factor for its growth. We have included sodium acetate in the medium
that can compensate the energy component without the need for the detoxifying effect
of bovine serum albumin.

No Inoculum L. biflexa serovar patoc L. borgpeterseniiserovarPoi L. interrogans serovarlai L. Interrogans serovar Canicola
50mg 100mg 50mg 100mg 50mg 100mg 50mg 100mg 50mg

Figure 2.8. Showing dependence of bicarbonate by Leptospira.
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The fact that the organism is resistant to 5-fluorouracil (Johnson RC. et al.,
1964), suggests that leptospires are solely dependent on the de-novo pyrimidine
synthesis. Interestingly, the aspartate transcarbamylase enzyme (the first enzyme of
the de-novo pyrimidine biosynthetic pathway) is secreted by Leptospira into the
medium along with other exoproteins (Eshghi A. et al., 2015). Decreasing the amount
of bicarbonate in the M12 medium resulted in a drastic reduction in the growth of
leptospira (data not shown); together with the fact that organism down-regulates
aspartate-specific metabolic enzymes of the reservoir host. We hypothesize that
leptospira’s growth is enhanced by introducing supplements of aspartate and
bicarbonate in the growth medium, which is necessary for the de-novo pyrimidine

biosynthetic pathway.

In order to check the growth of leptospira serovar from urine samples in M12
medium; we mimicked the condition by inoculating with Leptospires in the presence
and absence of urine obtained from healthy individuals and 5-fluorouracil used as a
selective agent. After 40 hours of incubation at 30°C, the tubes inoculated with
leptospira showed a visible growth ring at the bottom of the tube; a visible growth
ring with a fuzzy appearance was seen in tubes containing 5-fluorouracil and the tubes
inoculated with only urine did not show any visible ring formation (Fig. 2.9).

L. borgpetersenii L. interrogans L. interrogans
serovar Poi serovar Lai serovar Canicola uninoculated

Urine
+
5-Fluoro
uracil

Figure 2.9. The growth of various Leptospira cultures in M12 media in the
presence and absence of 5-Fluorouracil in urine after 40 hours.
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The visible ring formation by leptospires is well documented in the literature;
but after eight to nine days of initial inoculation in the semisolid medium (Levett PN.,
2001). In principle, the formation of the ring is an indicator of the profuse growth of
leptospires (Levett PN. 2001); it is still a challenging task in terms of diagnosis
because it requires 4-6 weeks for confirmation of the disease by culture (Bhatia M. et
al., 2015). In our studies, we didn’t include microscopic studies as the organism
seems to be pleomorphic. In the present study, the M12 medium reported here shows
visible growth (ring) of leptospira by 40 hours of inoculation, which might be helpful

in the early diagnosis of Leptospirosis in the future.

2.6 Summary and Conclusion

We have developed an M12 medium for leptospira visible growth in
40 hours. The key optimization parameters are obtained from genomic and proteomic
literature, the organism’s natural habitat, and the mode of pathogenesis. This
methodology of combining existing proteomics, genomics, natural habitat, and
pathogenesis information can be used to other slow-growing pathogenic organisms

that solely depend on the culture method as a gold standard for its disease diagnosis.
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Chapter 3

Biochemical characterization of Triosephosphate isomerase from

Leptospira interrogans
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Triosephosphate isomerase

This chapter describes the cloning, expression, purification, and biochemical
characterization of Leptospiral Triosephosphate Isomerase (TPI). A brief account of

Leptospiral metabolism precedes the presentation of the experiments.

3.1 Introduction

The metabolism of Leptospira interrogans is an intriguing biochemical puzzle
as leptospira does not use glucose as its major carbon and energy source. The
importance of lipids as a source of energy for leptospires has been well established.
Using a dense suspension of pathogenic leptospira strains it was demonstrated that
oxygen uptake by whole cells could be detected and was stimulated by rabbit serum;
the addition of amino acids and sugars did not affect respiration. Leptospires were
shown to have a Qo value of 12.5 with serum as substrate. The long-chain fatty acid
along with albumin was shown to be stimulated the respiration of leptospira whereas
only rabbit serum, amino acids, and sugars did not affect Leptospira respiration.
Leptospira bacterium has catalase, lipase, oxidase, hemolysin, and transaminase. In
general, Leptospira uses unusual metabolites (Tween80, Glycerol, and pyruvate) as
the primary source of energy. It also has a functional TCA cycle, glyoxalate cycle,
and electron transport chain and uses beta-oxidation of long-chain fatty acids as the
primary carbon source (Baseman JB. et al., 1969; Levett PN. 2001; Alder B. et al.,
2010).

The genome annotations, proteomic analysis (Ren SX. et al., 2003;
Nascimento AL. et al., 2004; Picardeau M. et al., 2008; Malmstrom J. et al., 2009),
and in vitro recombinant enzyme characterization (Zhang Q. et al., 2011) have also
identified functional glycolytic pathway enzymes (Ko Al. et al., 2009). The genomic
analysis revealed that amino acids and all nucleic acid biosynthesis pathways of the
leptospira genus are complete in both pathogenic and non-pathogenic species except
for few additional proteins involved in nitrogen, amino acid, and carbohydrate
metabolism that are missing from pathogenic leptospires than their non-pathogenic

counterparts.
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From the published genome, we identified one such central metabolic enzyme
of Leptospira interrogans, triosephosphate isomerase, which connects the fatty acid
and glycerol metabolism to gluconeogenesis and TCA cycle via an anaplerotic route
and provides intermediates essential for energy production and amino acid
biosynthesis.  Triosephosphate isomerase (TPI; EC: 5.3.1.1) interconverts
dihydroxyacetone phosphate (DHAP) and D-glyceraldehyde-3-phosphate (D-GAP).

Glycolysis Glucose Pentose Phosphate Pathway Nucleic acid Biosynthesis

Glucose- 6 phusphate phosphogluconate ———————— Ribulose-5-phosphate

Fructose 6 phosphate > I I
CFructose 1,6- phosphate — Xylulose-5-phosphate HJRibose—S—phosphate

Dihydroxyacetone Phosphate e% lecemldehvde -3-phosphate

GlyceraIdehyde-3—phosphate$|9 sedoheptulose-7-phosphate

Glycerol-3-Phosphate
Erythrose-4--phosphate Fructose-6-phosphate
Glyc]\rol

1,3 phospho Glycerate

3-phospho Glycerate

0%
2-phospho Glycerate

phosphoenolpyruvate

. Pyruvate
GIuconeogene5|s \l/

hcetyl-con < Fatty acid oxidation

Citrate

Amino acid Metabolism<—
Oxaloagetate

Citric acid
cycle

Figure 3.1. Proposed metabolic pathway of leptospira (reproduced from
Baseman et al., 1969).

TPI is a dimeric enzyme of identical subunits that is characterized by a high
constitutive level of activity in all tissues of the higher organism. Its structural aspects
are determined from several sources; kinetics, catalytic mechanism, and energetics of
the reaction are well studied (Albery WJ. et al., 1976; Alber T. et al., 1981; Lolis E. et
al., 1990; Noble ME. et al., 1993; Mande SC. et al.,1994; Delboni LF. et al., 1995;
Watanabe M. et al., 1996; Harris TK. et al., 1998; Maldonado E. et al., 1998; Ationu
A. et al, 1999). TPI in Leptospira may also play an important role in the pentose

phosphate shunt in the absence of Glucose-6-phosphate dehydrogenase.

It has been hypothesized the glycolytic enzyme may behave differently in
Leptospira and have evolved to perform its function in the opposite direction of
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glycolysis, such that resulting metabolites such as DHAP, GAP, and Fructosel,6-
bisphosphate would be channelized towards the pentose phosphate pathway in order
to synthesize adequate ribose sugars for DNA synthesis and reducing equivalents for
the biosynthetic process (Baseman JB. et al., 1969).

Further, Leptospira being a slow grower, TPI was found suitable enzyme to
study to check the integrity of the central metabolic pathway of the organism.
Presently, there are no studies on the enzymatic and physico-chemical properties of
TPI from leptospira sp. In the present study, we cloned, expressed Leptospiral
interrogans TPI (LiTPI) in E. coli, purified, and determined the biophysical,

biochemical properties of LiTPI.

3.2 Materials

E.coli Strain DHS5a, E.coli Strain AA200 (TPl null mutant), pTrc99A
plasmid (Generous gift from Prof. Hemalatha Balaram), Tris, GnHCI, Urea, D-GAP,
BSA, NADH, Dialysis membrane, EtBr, DTT, Agarose, SDS, Glycerol-3-phosphate
dehydrogenase, PMSF, Primers from Sigma-Aldrich Co, India; 6x DNA loading dye,
PR DNA Polymerase, dNTPs, protein markers, DNA ladder from Bangalore Geneli,
Bangalore, India; PHUSION DNA polymerase(Thermo scientific), Ncol
endonuclease, BamHI endonuclease, T4 DNA ligase from NEB; NaCl, EDTA,
Glycerol, Ammonium sulfate, Acrylamide, Bis-acrylamide, Bromophenol blue,
Ammonium persulfate, TEMED, Glycine, HCI, from SDFCL.

3.3 Methods

3.3.1 Cloning of the LiTPI gene

Triosephosphate isomerase gene (TPl gene ID: LEP2GSC113 _RS0110880)
was amplified from cDNA obtained from five days old Ellinghausen—McCullough—
Johnson-Harris (EMJH) culture of Leptospira interrogans (Li) serovar
Icterohaemorrhagiae strain RGA (Regional Medical Research Centre, Indian Council
for Medical Research, Port Blair, India; ATCC: 23581. Taxonomy ID: 1291351) by
colony PCR (cell pellet from 30 pL of culture was resuspended in 60uL of autoclaved

milli-Q water followed by heating at 95°C for 20min. 15uL of the lysate thus obtained
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was used as the template for 50uLL PCR reaction mix). The PCR reaction was carried
out using LiTPIFP and LiTPIRP
(CATGCCATGGCTCGTAAGACAATTATTGCAGGAAACTGG and
GCGGGATCCTTAGAAAAGTCCAGCGAAGGAACTG) (Sigma-Aldrich Co, India)
as the forward and the reverse primers, inserting Ncol and BamHI endonuclease sites
at the 57 of the start and 3~ of the stop codons of the gene, respectively. To circumvent
the problem of frame-shift in the gene caused due to the Ncol site at the 5' end, two
extra nucleotides were inserted downstream of the endonuclease site (underlined in
the primer). The extra codon (GCT) results in the insertion of Ala immediately after

the N-terminal Met of the protein.

The PCR mixture contained, in a total volume of 25 ul: template DNA, 100
ng; mutagenic primer, 20 pmol; thermostable polymerase buffer (10X), 2.5 pul;
dNTPs, 6 ul of a solution containing 2.5 mM of each dNTP; and polymerase 2 U.
Following the hot-start PCR method, PR polymerase (Bangalore Genei, Bangalore,
India) was added to the reaction mix after initial denaturation at 95°C for 5 mins.
Subsequently, 28 cycles of the steps, 1) 95°C for 15 sec, 2) 55°C for 20 sec, 3) for 90
sec with a final extension at 75°C for 5 min yielded the amplified PCR product which
was then purified (Qiagen Gel purification kit) and digested with Ncol and BamH1
restriction endonucleases (NEB, India) for inserting the gene into the pTrc99A
expression vector. The ligated product was transformed in DH5a cells and plated on
LB agar containing 100 pg/mL ampicillin. 10 colonies were screened for a positive
clone (with LiTPI insertion) by carrying out restriction digestion with Ncol and
BamHI1 enzymes on the plasmid obtained from the respective colonies and
confirmation by primer-specific PCR amplification, followed by confirmation with

gene sequencing (final gene length 756 bp).

3.3.2 Protein expression, purification, and basic characterization

E. coli strain AA200 (TPI null mutant) was transformed with pTrc99A containing the
recombinant LiTPI gene and grown in LB for 8-10 hours with 100 pg/ml ampicillin.
The culture was used as 1% pre-inoculum in terrific broth (TB) culture grown at 37
°C. After induction with 0.3 mM IPTG (OD600nm 0.6-0.8), the culture was allowed
to grow for another 16hrs at 30°C. Cells were harvested by centrifugation (20 min, 6K
rpm, and 4°C), resuspended in lysis buffer containing 20 mM Tris-HCI (pH 8.0), 1
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mM EDTA, 1 mM PMSF, 2 mM DTT, and 10% glycerol and disrupted by sonication.
After centrifugation (45 min, 12K rpm, 4 °C) and removal of the cell debris, the
supernatant was fractionated with ammonium sulfate. The protein fraction containing

TPI was precipitated between 35% and 65% ammonium sulfate saturation.

The precipitate was collected by centrifugation (30 min at 19,320 g at 4 °C)
and re-suspended in buffer A (20mM Tris/HCI pH 8.0, 2 mM dithiothreitol, and 10%
glycerol). Monitoring of each step was performed by SDS-PAGE analysis (12%
polyacrylamide). The subsequent purification steps were performed at 4°C. The
protein was dialyzed extensively against buffer A at 4 °C overnight, and purified
using an anion exchange Q-Sepharose column (Amersham Biosciences, Uppsala,
Sweden) eluted with a linear gradient of 0—1 M NaCl. The fractions containing the
protein were pooled. The purified protein obtained was then extensively dialyzed
overnight against buffer A at 4°C. Protein purity was checked by 12% SDS-PAGE
and by LC-ESI mass spectroscopy. The molecular weight indicated in the figure is

inclusive of an alanine inserted at the N-terminus of the protein.

3.3.3 Spectroscopic characterization of the native protein

Circular dichroism spectrum was recorded on JASCO-715 spectropolarimeter
(JASCO technologies, Tokyo, Japan), Protein concentration ~20 pM. Fluorescence
emission spectra were recorded on a HITACHI F2500 spectrofluorimeter. Protein
samples were excited at 295 nm and the emission spectra were recorded from 300 nm
to 450 nm. Excitation and emission bandpasses were kept as 5 nm and 10 nm,
respectively. All the spectra were corrected by subtracting the signal from the buffer

solution. Protein samples (final concentration ~5 uM) were prepared in 20 mM Tris
HCI (pH 8).

3.3.4 Thermal denaturation

For thermal melting studies, LITPI, (~20 uM final concentration in 20 mM
Tris HCI, pH 8) was incubated at each temperature (20-85 °C with 5 °C temperature
jumps) for 15 min for reaching equilibrium and three CD scans were performed at a
scan speed of 10 nm*min—1. CD measurements were performed on JASCO-715

spectropolarimeter (JASCO technologies, Tokyo, Japan) equipped with a thermostat
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cell holder controlled by a Peltier device. 1 mm path length cuvette, 2 nm bandpass
was used. The HT voltage remained in the permissible range throughout all the scans.
Change in the CD ellipticity at 220 nm (0 in mdeg) was plotted as a function of

temperature.

3.3.5 Chaotrope mediated denaturation

Equilibrium unfolding was carried out by incubating LiTPI protein (6uM)
with GAmHCI (0- 4 M) or urea (0- 8 M) solution freshly prepared in 20 mM Tris-HCI
(pH 8.0), for 1 hr. Emission spectra (310- 450 nm) were recorded after exciting
protein samples with 280 nm wavelength beam (5 nm bandpass filter) on a Hitachi
F2500 spectrofluorimeter. Each titration was repeated thrice and the respective buffer
spectrum was subtracted. The mean and standard deviation of emission wavelength
maxima (Amaxeyn) at each concentration and intensity at 324 nm were plotted to
follow unfolding causing the change in the protein intrinsic fluorescence. Data were
fitted to the monophasic transition model using the Graphpad Prism (Version 5 for
windows, Graphpad Software, San Diego, California, USA, www.graphpad.com).

Spectra were corrected by subtracting the buffer signal.

3.3.6 Enzyme activity measurement

Enzyme activity was measured by a coupled enzyme assay method with
modification of using BSA solution (final concentration ~20ug/mL) (Plaut B. et al.,
1972). TPI catalysed conversion of D-GAP to DHAP was monitored in the presence
of the coupling enzyme, D-glycerophosphate dehydrogenase (GPDH). The reaction
mixture contained (final volume 500uL) 100 mM TEA (pH 7.6), 5 mM EDTA, 0.5
mM NADH, and 20 mg/ml GPDH and GAP (for calculating the concentration it was
assumed that the free acid solution contained D and L- GAP in equal concentration) to
which TPI was added to initiate the reaction). Substrate concentrations were varied
from 0.2 mM - 2 mM of D-GAP. The progress of the reaction was monitored at 25 °C
by the decrease in absorbance of NADH at 340 nm (340nm= 6220 Mcm™. Upon
addition of BSA solution (final concentration ~20pg/mL) to the diluted enzyme
solution as well as to the reaction mix, the initial rates showed a linear dependence on
the enzyme concentration in the range studied (data not shown). The values for the

kinetic parameters (Km, kcat) were determined by fitting the initial velocity data to
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the Michaelis-Menten equation using Graphpad Prism (Version 5 for windows,
Graphpad Software, San Diego, California, USA, www.graphpad.com). Protein
concentration was determined by Bradford’s assay and also by taking protein solution
absorbance at 280 nm (theoretical value for €280nm LiTPIl = 17,000, assuming all
Cys reduced). At least three independent measurements of all assays were performed
and the error was found within 5% of the mean (This work was done by Vidhi Pareek,
11Sc).

3.3.7 Comparison of LiTPI with Kinetic parameters of human TPI

Using BRENDA database the kinetic parameters of human TPI homologues

were compared with the LiTPI.
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3.4 Results
3.4.1 Cloning, expression, and purification of LiTPI

The triosephosphate isomerase gene was amplified from Leptospira
interrogans cDNA and cloned in the expression vector pTrc99A as described in the
Methods section (Fig. 3.2). The positive clones were confirmed by DNA sequencing.

The DNA sequence confirmed clones were used for expression studies.

LiTPI+SecG
LiTP1+SecG(1185bp)

LiTPI
LiTPI(750bp)

LiSecG LiSecG(336bp)

Clu Clc C2u C2c C3u C3c C4u C4c Pu Pc 100bp 1kb

5Kb
3Kb

900bp

600bp
400bp

750b

200bp

C2 C3 C4 P N 100bp

Expected 750bp PCR Product
600bp

400bp

200bp

Figure 3.2. Cloning of Leptospira interrogans TPI. (A) PCR product of LiTPI,
SecG, and TPI-SecG amplified by PR Polymerase. (B) Purified PCR product of
LiTPI, SecG, and TPI-SecG. (C) Confirmation of LiTPI clones by restriction
digestion with Ncol and BamH1. The clones without the addition of restriction
enzymes are used as uncut controls to identify the 750bp pop out as the
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confirmation of clones. (D) Confirmation of pTrc LiTPI Clones by LiTPI specific
Primers.

E.coli AA200 strain (which is null mutants for expression of any endogenous
TPI) was transformed with pTrc99A-LiTPI plasmid. Various clones are induced with
0.3mM IPTG and the expression of LiTPI in these clones, were monitored by

comparing the induced cell lysates with uninduced cell lysate as controls (Fig. 3.3).

Uninduced Induced Uninduced Induced Uninduced Induced Uninduced Induced M

Figure 3.3. Expression of leptospira interrogans TPI gene in E.coli AA200
strain, shown on 12% SDS- PAGE gel. M- PfTPI as protein molecular weight
marker.

Figure 3.4. Protein purification of LiTPI was monitored on 12% SDS-PAGE. P-
pellet, S- supernatant, M- PfTPI as protein molecular weight marker.
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1 2 4 5 6 8 1012 14 15 16 17 wl w2 w4 wcl

Figure 3.5. LIiTPI fractions collected after Q-sepharose ion-exchange
chromatography were monitored on 12% SDS-PAGE. w1- first wash, w2- second
wash, w4- fourth wash, wcl- whole cell lysate.

The cell lysate was centrifuged and the supernatant was subjected to
ammonium sulfate precipitation. Many impurities precipitated by 40% saturation. The
40% supernatant was further subjected to ammonium sulfate precipitation till 65%
saturation. At 65% saturation majority of the TPI was precipitated (Fig. 3.4). The 65%
pellet was resuspended in buffer A (20 mm Tris/HCI pH 8.0, 2 mm dithiothreitol, and
10% glycerol) and dialyzed against the same buffer to remove the ammonium sulfate
salt.

The extensively dialyzed 65% pellet fraction was further loaded on to Q-
sepharose column and eluted with a 0-1M sodium chloride linear gradient. The
elution of proteins was monitored by a 280nm UV detector. The protein eluted by the
salt gradient was collected in the 10ml fractions and all the fractions were analyzed
for the presence of LiTPI by SDS-PAGE (Fig. 3.4). The fractions containing the
LiTPl were pooled and dialyzed extensively against buffer A. After the final
purification step, 95% pure protein was obtained (Fig. 3.5).
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Figure 3.6. Biophysical characterisation of LiTPI (A) LC-ESI/MS of the purified
LiTPI protein agrees with the expected mass. (B) Far-UV CD spectrum and (C)
Tryptophan intrinsic fluorescence spectrum of the purified protein confirm a
well-folded form in solution.

The LC/ESI-MS of the purified protein confirmed its exact mass with loss of
the N-terminal methionine (observed mass: 27177.9 Da, Fig. 3.6A). The circular
dichroism spectrum of protein showed a well-folded protein (Fig. 3.6B). The far-UV
CD spectrum of LiTPI (from 200-250 nm) was similar to the reported spectra for TPIs
from other organisms and characteristic of the canonical (B/a) g fold. The spectrum
shows one prominent negative band at ~208 nm and another very broad but more
intense negative band at ~222 nm (likely including the contribution due to -strands
as well as helices). Additionally, aromatic side chains of Tyr, Phe, and Trp may
contribute to CD intensities around 222 nm. Internal tryptophan fluorescence studies
of purified protein showed a broad fluorescence emission band with Amaxem = 325 nm
when excited at 295 nm wavelength light (Fig. 3.6C). LiTPI has two Trp (positions 11
and 172), four Tyr, and thirteen Phe residues.
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3.4.2 Temperature dependence of stability

The thermal unfolding profile of LiTPI was determined following the change
in the far-UV CD spectra of the LiTPI (Fig. 3.7). LiTPI (Tm of 46.5 °C) showed
substantial precipitation between 40-50 °C. With the rising temperature, the first
change observed was the loss of intensity around 220 nm followed by the loss of the

helix signature peak around 208 nm resulting in a B-sheet dominated spectrum.

30
— 20 (°C)
20 — 25(°C)
g 10+ A (nm) — 3 (OC)
T ; 210 220 230 240 250 — 35(°C)
E = — 40 (°C)
O 0. . o
8 -10 45 (°C)
- — 50 (°C)
b — 55 (°C)
-30- — 60 (°C)

Figure 3.7. Temperature stability of LiTPI.

3.4.3 Chaotrope induced denaturation

Changes in intrinsic protein fluorescence intensity and emission wavelength
maxima (Amaxem) were followed as a function of increasing chaotropic (urea and
guanidine hydrochloride). There was a gradual decrease in fluorescence intensity and
shift of the Amaxem as the chaotropic concentration was increased. The apparent mid-
transition concentrations, Cm, for urea and GdmCl were 2.6 M and 0.8 M,
respectively (Fig. 3.8 and Fig. 3.9). The Amax.ny, shows a substantial redshift from 324
to 348 nm between the native and the fully unfolded protein (characteristic of a

change in Trp environment from buried to solvated).
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Figure 3.8. Urea denaturation by Fluorescence spectroscopy.
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400 — GnHCI denaturation of LiTPI
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Figure 3.9. Guanidium hydrochloride denaturation by Fluorescence
spectroscopy.

68



3.4.3 Kinetic characterization

To ascertain the functional identity of the cloned and purified protein, we
determined the rate of isomerization of D-GAP to DHAP using a continuous, coupled
enzyme assay (details in Experimental Procedures Section). We incubated the LiTPI
protein with 1.5uM BSA in the dilution mix as well as the reaction mix (BSA alone

showed no background activity, data not shown).
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Figure 3.10. Biochemical characterization of LiTPI. The reduction in a specific
activity, upon (A) incubation of diluted enzyme at 4 °C (assay was done at 25 °C).
The activity was rescued by adding BSA to the enzyme solution and the assay
mix (BSA alone showed no activity, data not shown). (B) The specific activity
values were obtained by substrate (D-Glyceraldehyde-3-phosphate) titration. (C)
LB plot from the experiment all experiments were repeated at least thrice and
were reproducible. The graphs (A) (B) and (C) are one representative
experiment. Assays reported in (B) were done with BSA in the reaction mix). (D)
Catalytic parameters for triosephosphate isomerase (25 °C) from Leptospira
interrogans.

With the same concentration of LiTPI as the earlier assays, in the presence of
BSA, the specific activity remained constant up to 60 minutes (Fig. 3.10A and Fig.
3.10B). Using this method, D-GAP titration was performed at 25 °C and the specific
activity values were fit to the Michaelis-Menten equation (Fig. 3.10D). The measured

Km value for Leptospiral TPl when compared with human TPI isoforms (There are at
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least two minor forms of triosephosphate isomerase apart from the major form); the
Kinetic parameters of these three forms span from 0.2mM - 0.56mM for D-
Glyceraldehyde-3-phosphate. The measured Km value for Leptospiral TPI is similar

to that of human homologue.

3.5 Discussion

TPI is one of the most efficient enzymes known, enhancing proton transfer by
a factor of 10'°, and a remarkable molecular catalyst, arguably a ‘perfect enzyme’
(Albery WJ. et al., 1976; Harris TK. et al.,1998; Maldonado E. et al., 1998). This
makes it an ideal enzyme to study the adaptability to the given environment over
evolution. In leptospira, it is encoded by an operon along with bacterial secretory
pathway protein called SecG. Further, to understand the effect of peripheral residues
on the function of TPI, we investigated the effect of temperature on activity and
stability, and the effect of chaotropic on the stability of the three enzymes. Clearly,
the temperature-dependent activity studies do not reflect on the stability of the
enzyme, attributed to the diverse conformational sampling of active site residues
before enzyme unfolding. Temperature-dependent stability studies shed light on the
hydrophobic packing of the enzymes (Delboni LF. et al., 1995). We have not
performed the pH-dependent activity studies as the reaction involves a coupled
enzyme assay. Therefore, the pH-dependence of the coupled enzyme will lead to
complications. Instead, we carried out the Chaotrope induced denaturation studies that
shed light on the hydrophilic and ionic interactions involved in the packing of the

enzyme.

The 3-Carbon sugar phosphates - DHAP and GAP —that are interconverted by
TPI participate in several metabolic pathways and undergo different reactions by
being catalyzed by different enzymes. Thus, the equilibrium between GAP and DHAP
is likely to dictate the metabolic flux in the direction of energy generation, amino acid
metabolism, lipid metabolism (Schumperli M. et al., 2007, van Heerden JH. et al.,
2015), and glyoxalate cycle (Sousa Silva M. et al., 2013; Kalapos MP. et al., 1999)

D-Glyceraldhehyde-3-phosphate :\ Dihyroxyacetone phosphate
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In general, it has been well documented that TPI prefers Glyceraldehyde-3-
phosphate as its substrate over DHAP; but because of the action of downstream three
glycolytic enzymes the TPI equilibrium shifts towards the formation of
Glyceraldehyde-3-phosphate, so that the organism’s glycolytic pathway is driven to

meet the energy needs of an organism.

Baseman JP. et al., 1969, predicted based on the investigations of the energy-
yielding pathways in Leptospira, that ‘in leptospira, the glycolysis might be operating
in the opposite direction of glycolysis’. The presence of glyoxalate cycle and the
absence of glucose-6-phosphate dehydrogenase, pyruvate dehydrogenase, pyruvate
kinase, pyruvate oxidase, and hexokinase in leptospira mandate the organism to
depend on Glyceraldheyde-3-phosphate and DHAP for ribose-5-phosphate
production. Further, Leptospira, in order to operate pentose phosphate shunt pathway
efficiently and compensate for high Km of its Glucokinase, TPI of leptospira might
have evolved to work in low concentrations of DHAP and GAP, so that even because
upstream enzyme’s high Km values leading to the formation very few products, the
overall pathway is operated efficiently and elegantly by adapting the downstream
enzymes, so that the energy flow pathways are not affected.

It will be interesting to study other downstream enzymes of TPI from various
pathways like Glycolysis, pentose phosphate pathway, fatty acid biosynthesis

pathways to understand the direction of metabolic flux in the organism.

3.6 Summary and Conclusion

We cloned, expressed, and purified recombinant Leptospira interrogans
triosephosphate isomerase (LiTPI) from AA200 (E. coli TPI null strain). The enzyme
was kinetically characterised and thermal stability and Chaotropic stability were
established. The availability of the pure enzyme permitted the growth of the
diffraction quality crystal resulting in the determination of the 3D structure of
Leptospiral TIM (Vidhi pareek, Ph.D. Thesis titled “Structure-Function Studies on
Triosephosphate Isomerase: Some Old Questions, Some New Insights” available:

http://etd.iisc.ac.in/handle/2005/4064).
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Chapter 4

Cloning, expression, purification, and identification of purified

Putative L-amino acid oxidase by Mass spectrometry
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L-Amino acid oxidase

In this study, work has been undertaken to clone and express the Leptospiral L-
amino acid oxidase (LAO) gene and to characterize biochemically and structurally
the recombinant enzyme, assuming that the N-terminus signal sequence may facilitate
protein secretion into the culture supernatant. A first attempt was made to clone and
express the full-length L. interrogans LAO gene and the results are described in this
chapter. The subsequent chapter describes the biophysical and crystallographic
characterization of the Li-rLAO that lacks N-terminus secretory sequences.

4.1.1 Kidney and Leptospiral infection

The kidney is the main target of Leptospira sp. in both acute and chronic
infections. Acute kidney injury as a result of tubulointerstitial nephritis is an early and
primary manifestation of systemic leptospirosis (Yang CW. et al., 2001). Early in
vitro observation has revealed that pathogenic, but not non-pathogenic Leptospira,
attached to cultured renal epithelial cells, soon after adding to culture cells (Ballard
SA. et al., 1986). Ultrastructural study of the kidney after inoculation of Leptospira
sp. in mice demonstrated that the entry route of Leptospira species is by penetration
of the capillary lumen at day 2, followed by entrance into the interstitial tissue,
elaborating edema and cellular infiltration at days 4-8. Leptospira sp. can be found in
the proximal tubular cells on day 10 (Marshall RB. 1976; Morrison WI. 1976).

In most mammals, =99% of filtered amino acids are reabsorbed in the
proximal tubule, which spares ~70 g amino acids/d in a 70-kg person, Fractional
excretions of most amino acids are between 0.2% and 2.5%, although this proportion
may increase in various pathologic conditions ((Silbernagl S. 1983a, 1983b; Brosnan
JT. 1986; Silbernagl S. 1988; Dantzler WH. et al., 1988; Nakanishi T. et al.,1991; van
de Poll MC. et al., 2004).

In the human kidney, there is a general L-amino acid oxidase that catalyses the
oxidative deamination of almost all amino acids, but this has low activity and is not
important in terms of amino acid metabolism. In the kidney, compared to L-amino
acid oxidase, D-amino acid oxidase has a relatively high activity, which is important
for detoxification of D-amino acids derived from bacteria and a few other sources
(Sacchi S. et al., 2012; Pollegioni L. et al., 2018).
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4.1.2 Leptospiral LAO

The proximal tubule of the kidney is a rich source of amino acids. Leptospira
find a safe haven here evading the immune system and utilising the rich nitrogenous
source for survival. In order to harvest the rich source of amino acids available in the
kidney, Leptospira may have evolved to produce enzymes for the utilisation of these
amino acids. We speculated that in view of the relatively low levels of activity of L-
amino acid oxidases (LAO) in the human kidney, pathogenic leptospira may produce
a secreted L-amino acid oxidase enzyme, with consequent cellular uptake of the
resulting alpha- ketoacids. Initial Kyoto Encyclopedia of Genes and Genomes
(KEGG) database analysis revealed the presence of L-amino acid oxidase in the

pathogenic strains of Leptospira (Fig. 4.1).

Database: Leptospira - Search term: |- amino acid oxidase (Total 6 hits)

li:LA_4200
no KO assigned | (RefSeq) L-amino acid oxidase

lie:LIF_A3349
no KO assigned | (GenBank) L-amino acid oxidase

lic:LIC_13353
no KO assigned | (GenBank) lao; L-amino acid oxidase

lis:LIL_13456
no KO assigned | (GenBank) L-amino acid oxidase

Ibj:LBJ_0297
K15461 tRNA 5-methylaminomethyl-2-thiouridine biosynthesis bifunctional protein [EC:2.1.1.61 1.5.-.-] |
(GenBank) Multi function protein, one conserved hypothetical the other a deaminating Glycine/D-amino acid
oxidase

Ibl:LBL_2779
K15461 tRNA 5-methylaminomethyl-2-thiouridine biosynthesis bifunctional protein [EC:2.1.1.61 1.5.-.-] |
(GenBank) Multi function protein, one conserved hypothetical the other a deaminating Glycine/D-amino acid
oxidase

DBGET integrated database retrieval system

Source : https://www.genome.jp/kegg-bin/show_organism?category=Leptospira

Figure 4.1. KEGG database search results for amino acid oxidase in Leptospira
genus.

A search of the NCBI database yielded a reference sequence (NCBI Ref.
Sequence: WP_000778112.1 &NZ_LMAQ010000327.1; UniProt ID: 1Q65_19870).
In the NCBI database, the sequence was annotated as NAD(P)/FAD-dependent
oxidoreductase, whereas in UniProt the same sequence was initially annotated as a

putative Leptospira interrogans L-amino acid oxidase (Li-LAO).

>WP_000778112.1 NAD(P)/FAD-dependent oxidoreductase [Leptospira interrogans]
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MKLSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRKTVIVMGGGISGLYASYLLS
KTGIKVQLIEATDRLGGRIRTVTDVSGNFLDLGAEWIQAEHRTAKSLIRELGL
KTTDFEVQSDLFFGSYRKFGTWDISPKSQEILNKLVQMNSKINSTQQQELDRIS
FYNFLNYQGMSLEDLNILNFKYSLYYGDSLRSLSAQKVLSDLVNFPKYNTRV
EGGMETLTRALVSSLENTEIFSDPVVSVSQGEGKVIVTTVSGKKIEGNACISTL
PANQLTTIQWDPELDKEKKLSALRIRYSRIYKTFLMLREAPWTRGSFSAYSDS
VAGFIYDAGTKINSEDKILGMISTGDRYDILASSTDAMKVEYIRLALESLGQGR
ELQVLRIQSSETSQSKFIPTGIATFPPGSYGSIISLLKPMDRIFFAGEHTAELNGT
VEGALASAIRAVNQV

This 447 residue polypeptide sequence contains an N-terminus putative signal
peptide which may be cleaved after transmembrane transport. Proteomic analysis has
provided evidence for secreted LAO in the cultures of leptospira (Eshghi A. et al.,
2015). There exists no experimental evidence in the literature regarding the

biochemical characterization of the putative Li-LAO sequence.

The putative Li-LAO sequence displays relatively little homology to well-
characterized LAO from other organisms with a sequence identity of only about 20

percent (Fig. 4.2).
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WP_000778112.1 1 MXLSRSEFI---XLGILTA AGI-SGLPGIKLSAQGTSSR 35
Qo0Ws4 OXLA GLOBL 1 -FFMFSLLFL-AALGSCADDR-NPLEECFRETDYEEFLEIARNGLKATSNP 51
Q6STF1 OXLA_GLOHA 1 -FFMFSLLFL-AALGSCANDR-NPLEECFRETDYEEFLEIARNGLKATSNP 51
BSU6YS OXLA_ECHOC 1 -FFMFSLLFL-ATLGSCADDK-NPLEECFREADYEEF] (NGLKKTSNP s1
BSARS0 OXLA_BOTPA 1 -FFMFSLLFL-AALGSCADDG-NPLEECFRETDYEEF] INGLSATSNP 51
GEXQX1 OXLA_DABRR 5 -FFMFSLLFL-ATLGSCADDK-NPLEECFREDDYEEF] (NGLKKTSNP 51
Q6TGQS OXLA_BOTMO 1 ~-FFTFSLLFL-AALGSCADDR-NPLEECFRETDYEEF] (NGLSTTSNP S1
POCC17 OXLA_BOTAT 1 MNV-=—mmm— FFTFSLLFL-AALGSCADDR-NPLEECFRETDYEEFL (NGLSTTSNP 51
A0R024BTNS OXLA“BOTSC 1 SCADDR-NPLEECFQETDYEEFLEIARNGLKATS 35
Q4JHE3 OXLA~OXYSC 1 MNV-—————- FFMFSLLFL-AALESCADVRRNPLEECFREADYEEFLEIARNGLKKTSNP 52
X2L4E2 OXLA_BOTPC 1 ———e- ---SLLFL-AAVGSCADDR-NPLEECFRETDYE ARN 44
Q4JHE1 OXLA_PSEAU 1 MNV-- -FFMFSLLFL-AALGSCADDRRRPLEECFREADYEEFLEIAKN 52
Q6TGQ2 OXLA_BOTJR 1 MNV-- -FFMF------SXKPGKLADDR-NPLEECFRETDYEEF] (NGLSTTSNP 48
P56742 OXLA CROAT 1 MNV-- ~FFMFSLLFL-AALGSCAHDR-NPLEECFRETDYEEF! (NGLTATSNP 51
F8S0Z5 OXLAZ CROAD 1 MNV-- -FFMFSLLFL-AALGSCAHDR-NPLEECFRETDYEEF] (NGLTATSNP 51
COHJE? OXLA_CRODU 1 MNV-==—mmm FFMFSLLFL-AALGSCAHDR-NPLEECFRETDYEEFLEIARNGLIVISNP 51
KON7B7 OXLA_CRODM 1 SCADDR-NPLEECFRETDYEEFE| 35
Q4JHE2 OXLA_NOTSC 1 MNV-=———m— FFMFSLLFL-AALESCADDRRRPLEECFQEADYEEF] 52
ASQLS51 OXLA_BUNMU 1 MNV-- -FSIFSLVFL-AAFGSCADDRRSPLEECFREADYEEFL 52
P81382 OXLA_CALRH 1 MNV-- -FFMFSLLFL-AALGSCADDR-NPLAECFQEND! 51
A8QLS2 OXLA_BUNFA 1 MNV-- -FSIFSLVFL-AAFGSCADDRRSALEECFREADYEEF] 52
ASQLSS OXLA_NAJAT 1 -LFIFSLLFL-AALESCADDRRSPLEKCFQEADYEDF] 52
AOA2USQPEE OXLA MICMP 1 F] 51
034363 YOBN_BACSU 1 MNSLMNDDMVXIIRNGLSASQHP 23
P26310 OXLA_SIGCA 1 MDLHRAPWKSSAAAAVLLLALFSGAAASSVEXNLAACLRDNDYDQLIQTVQDGLPHINTS 60
WP_000778112.1 36 KIVIVMBGEI AS 23
QWS4 OXLA_GLOBL 52 KHVVIVEX SAR 110
Q6STF1 OXLA_GLOHA 52 2 SAR 110
BSU6YS OXLA_ECHOC 52 KDIVVVE: SAR 110
BSARS0 OXLA_BOTPA 52 KHVVIVEZ SAR 110
GEXQX1 OXLA_DABRR 52 KHIVIVE: SAR 110
Q6TGQS OXLA_BOTMO 52 KRVVIVE: SAR 110
POCC17 OXLA_BOTAT 52 KRVVIVE: SAR 110
AOA024BINS OXLA_BOTSC 36 KHVVIVE: SAR R
Q4JHE3 OXLA_OXYSC 53 KHVVVVE: SAR 111
X2L4E2 OXLA_BOTEC 45 KRWVIVE: SAR 103
Q4JHE1 OXLA_PSEAU 53 KRVVVVE: SAR 111
Q6TGQ9 OXLA_BOTJR 47 KRVWVIVE: SAR 105
P56742 OXLA CROAT 52 KRWIVE: AR 108
F8502Z5 OXLAZ_CROZD 52 KRWVIVE: SAR 108
COHJE? OXLA_CRODU 52 KHWIVE: SER 108
K9N7B7 OXLA_CRODM 36 KHW 2 SAA 82
Q4JHE2 OXLA_NOTSC 53 A SAR 111
ASQL51 OXLA_BUNMU 53 2 SAR 111
P81382 OXLA_CALRH 52  KHVVIVE- SAR 110
ASQLS2 OXLA_BUNFA 53 A SAR 111
ASQLSS OXLA_NAJAT 53 A SAR 111
AOA2USQPEE OXLA_MICMP 52 2 SAR 110
034363 YOBN_BACSU 24 KHILVIGAGL SAS 2 83
P863810 OXLA_SIGCA 61 NHUVIVG: YRNK-ZEGW, T 119
BT T T . -
WP_000778112.1 o4 EGSYRKFGTWDISPXSQEILNKL 151
Q90W54 OXLA_GLOBL 111 EIXNIRKRVGEVXXD-PGVLKYP 169
Q6STF1 OXLA_GLOHA 111 EIXNIRKRVGEVKKD-BGVLKYP 169
B5U6YS OXLA_ECHOC 131 EVKNIRKRVGEVKKD-PGLLKYP 169
BSARS0 OXLA_BOTPA 111 EIXNIRKRVGEVNKD-BGVLEYP 169
GEXQX1 OXLA_DABRR 111 EIXNIRKRVGEVKKD-PGLLKYP 169
Q6TGQS OXLA_BOTMO 111 EIXNIRKRVGEVNKD-BGVLEYP 169
POCC17 OXLA_BOTAT 111 EIXNIRKRVGEVNKD-BGVLEYP 169
ROA024BTNS OXLA_BOTSC o3 EIXNIRKRVGEVXXD-PGLLQYP 153
Q4JHE3 OXLA_OXYSC 112 FIRNIRKRVWEVKKD-BGVEKYP 170
X2L4E2 OXLA_BOTEC 104 LONIKKRVREVNKD-PGVLEYP 162
Q4JHE1 OXLA_PSEAU 112 EIXNIRKRVSEVKKD-BGVEKYP 170
Q6TGQS OXLA_BOTJR 106 FIXNIRKRVGEVNKD-BGVLDYP 164
P56742 OXLA_CROAT 109 FIXNIRKRVREVANN-PGLLEYP 167
F85025 OXLAZ_CROAD 109 EIXNIRKRVREVKNN-PGLLEYP 167
COHJE7 OXLA_CRODU 109 EIXNIRKRVREVKNN-PGILEYP 167
K9N7B7 OXLA_CRODM 83 EIXKNIRKRVREVXNN-PGILEYP 151
Q4JHE2 OXLA_NOTSC 112 EIRNIRKRVWEVXXD-PGVEKYP 170
A8QL51 OXLA_BUNMU 112 FIRNIRKRVWEVKKD-BGVEKYP 170
P81382 OXLA_CALRH 111 FIXNIRKKVGEVKXD-PGLLKYP 169
A8QL52 OXLA_BUNFA 112 FIRNIRKRVWEVKKD-BGVEKYP 170
ASQLS8 OXLA_NAJAT 112 INNIRKRVWEVXKD-PSLLKYP) 170
ROA2USQPEE OXLA _MICMP 111 & ¥ IXNIRKRVSEVKKN-PDLEEYP 169
034363 YOBN_BACSU 24 SLTLEYIKKEKLP II¥ANGIKTRLQVFZRA-PGILRYP) 142
P26810 OXLA_SIGCA 120 SDESIFRWFAKTLGVKLN 178

EVNGLLKRTYTVEAN-PDILNYX

Figure 4.2. Sequence alignment of Leptospiral LAO with reviewed sequence
from UniProt database.
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WP_000778112.1 152 wle i 1] 182
Q90Ws4 OXLA_GLOBL 170 DT ! 226
Q6STF1 OXLA“GLOHZ 170 D 226
B5U6YS OXLA”ECHOC 170 D 226
BSARS0 OXLA“BOTPA 170 SA EESLQX D 226
GEXQX1 OXLA”DABRR 170 SAGQLYQESLGKAVEEL DT 226
Q6TGQS OXLA~BOTMO 170 SAGQL LQKAVEEL! K¥DT 226
POCC17 OXLA”BOTAT 170 SAGQL KEDT 226
A0A024BTN9 OXLA BOTSC 15¢ SEGQL DT 210
Q4JHE3 OXLA~OXYSC 171 SAsQL DT 227
X2L4E2 OXLA_BOTPC 163 SAGQL DT 219
Q4JHE1 OXLA_PSEAU 171 DT 227
Q6TGQS OXLA_BOTJR 165 DT 221
P56742 OXLA_CROAT 168 DT 224
F85025 OXLAZ CROAD 168 D J 224
COHJE?7 OXLA TRODU 168 DTYBTXEYLLKEGNLSPGA 224
K9N7B7 OXLA_CRODM 152 DTYBTXEYLLKEGNLSPGA 208
Q4JHE2 OXLA_NOTSC 171 DTYHTXKEYLIXKEGNLSRGA! 227
A8QLS1 OXLA_BUNMU 171 D 227
P81382 OXLA_CALRH 170 DT 226
A8BQL52 OXLA”BUNFA 171  SASQLYRESLKX D 227
ABQLSSE OXLA™NAJAT 171 SASQLYQ“SLR:(VI- DS 227
ROA2USQPEE OXLA MICMP 170 SASQLYQESLEXVIDEL DT 226
034363 YOBN_BACSU 143 TSEELMLSLLQPILNFINQNPARNWRIVEEQEXN 200
P26810 OXLA“SIGCA 179 SANTLFQDALQ(VK“EV"_A———HGCRAAL DK 235
.. L
WP_000778112.1 183  KYSLYYGDSLRSE IFSDP 241
Qo0Ws4 OXLA_GLOBL 227 EDSGYYVSFPESLI JHLNAQVI 280
Q6STF1 OXLA GLOHA 227 EDSGYYVSFPESLI JHLNAQVI 280
B5SUEYS OXLA_ECHOC 227 EDSGYYVSFVESM IT 280
BSARE0 OXLA“BOTPA 227 EDSGYYVSFIES, JI 280
GEXQX1 OXLA”DABRR 227 EDSGYYVSFIES T 280
Q6TGQ8 OXLA_BOTMO 227 EDSGYYVSFIESE JI 280
POCC17 OXLA_BOTAT 227 EDSGYYVSFIESEH JHLNARVI 280
AOA024BTIN9 OXLA B0TSC 211 EDSGYYVSFIES, JRENARVI 264
Q4JHE3 OXLA~OXYSC 228 EDSSYYLSFIESE JHLNAQVI 281
X2L4E2 OXLA_BOTPC 220 EDSGYYVSFIESL JHLNARVI 273
Q4JHE1 OXLA_PSEAU 228 EDSSYYLSFIESH JHLNAQVI 281
Q6TGQS OXLA_BOTJR 222 EDSGYYVSFIESE D JHLNARVI 275
P56742 OXLA CROAT 225 EDSGYYVSFIESLK----HDDIFGYEXRF! HENARVI 280
F8S0Z5 OXLAZ_CROAD 225 EDSGYYVSFIESLK----HDDIFGYEXRF' HFNARVI 280
COHJE7 OXLA CRODU 225 EDSGYYVSFIESE VHFNARVI 280
K9N7B7 OXLA_CRODM 209 EDSGYYVSFIESL WHENARVI 264
Q4JHE2 OXLA"NOTSC 228 EDSSYYLSFIES JHLNAQVI 281
ASQL51 OXLA”BUNMU 228 EDSSYYLSFIES JHLNAQVT 281
P81382 OXLA_CALRH 227 EDSGYYVSFIESK IQDK--VHFNAQVI 280
A8SQL52 OXLA_BUNFA 228 EDSSYYLSFIES, IAEM--VHLNAQVI 281
ASQLS8 OXLA NAJAT 228 EDSSYHLSFMESE FDQLPISMYQAIAEM--VHLNARVI 281
AOA2USQPEE OXLA MICMP 227 EDSSFYLSFIESLK----SDDIFSYEKRF! FDQLPISMYQATAEM--VHLNAQVI 280
034363 YOBN_BACSU 201 MEAYMGMSLVEVLR----ESIFESSPAHF MDLLPHAFLPQLXTN--ILYHOKMM 254
PE6810 OXLA“SIGCA 236 EQSLMYTALSEMIY----DQADVNDNVQYDE TDLFPRA.FLSVL"VP-—, ILLNS <VQ 289
. . i il
WP_000778112.1 242 SySQ\.EG-(VI JTTVSGK--——~ KIEGNACISTLPANQLTT] KLSALR; 224
QoTWs4 OXLA GLOBL 281 Ki JVYQTPA-KEMASVTADYVIVCTTSRATRRI, ALRSV 337
Q6STF1 OXLA_GLOHA 281 Ki JVYQTPA-KEMASVTADYVIVCTTSRATRRI LRSV 337
B5U6YS OXLA_ECHOC 281 Ki JTYQTAAR-KTLSDVIZDYVIVCTTSRARRRI! RSV 337
BSARE0 OXLA_BOTPA 28 K3 JTYQTSA-KETLSVTADYV. L AHALRSV 337
GE8XQX1 OXLA_DABRR 281 Ki JTYQTTQ-KNLLLETADYV, AHALRSV 337
Q6TGQ8 OXLA_BOTMO 281 KI VIYQTSE-KETLSVTZDYV RSV 337
POCC17 OXLA_BOTAT 281 Ki JTYQTSE-KETLSVTADYV. RSV 337
AOA024BTN9 OXLA_BOTSC 265 K JTYQTSE-NEMSPVTADYV RSV 321
Q4JHE3 OXLA~OXYSC 282 Ki JAYQTPA-KTLSYVIADYV RS 338
X2L4E2 OXLA_BOTEC 274 E VIYQTSQ-KETLSVTADYV LSV 330
Q4JHE1 OXLA~PSEAU 282 KIQQNAEDVRVTYQTPA-KTLSYVIZDYV RS 338
Q6TGQY OXLA”BOTJR 276 KIQQDVKEVIVIYQTSE-KETLSVIZDYV RSV 332
P56742 OXLA”CROAT 281 EIQONDREATVTYQTSA-NEMSSVIZDYV RSV 337
F8502Z5 OXLAZ CROAD 281 EIQONDREATVIYQTSA-NEMSSVIADYV RSV 337
COHJE7 OXLA_TRODU 281 Ej VIYQTSA-NEMSSVTZDYV RSV 337
K9N7B7 OXLACRODM 265 EX VTYQTSA-NEMPSVTZDYV RSV 321
Q4JHE2 OXLA_NOTSC 282 Ki WAYQTPA-KTLSYVTADYV 3 RS 338
A8QLS1 OXLA_BUNMU 282 KIQHDAEXVRVAYQTPA-KTLSYVIADYVIVCATSRAVRRI RS 338
P21382 OXLA_CALRH 281 KIQONDQXVIVVYETLS-KETPSVIADYVIVCTTSRAVRLIKEN RSV 337
ASQLS2 OXLA BUNFA 282 KIQRDAEXVRVAYQTPA-KTLSYVTAZDYVIVCATSRAVRRISFE LRS) 338
ASQLSS OXLA NAJAT 282 KIQYDAEXVRVIYQTPA-KT--FVIADYVIVCSTSRAARRIYFE RS 336
AOA2USQPE6 OXLA MICMP 28 KIQHNAXXVIVTYQTPA-KTLPSVTADYVIVCSTSRAARHIRFQ ALRS 337
034363 YOBN_BACSU 255 KMSQGENRVTIHCQHQQTAEFTSFTADLAIVIIPFSTLRFVXVE ER 314
P26810 OXLASIGCA 290 RIRRQRD"VT\ SFKESQRSSL' DLH_.BMVLV"ITAKAALYMDF‘ ALRAV 347

Figure 4.2. Sequence alignment of Leptospiral LAO with reviewed sequence
from UniProt database.
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WP_000778112.1

Q90WS4¢
Q6STF1
BSUéYS
BSARS0
GEXQX1
Q6TGQ8
POCC17
ROAO024BINS
Q4JHE3
X2L4E2
Q4JHE1
Q6TGQ9
P56742
F8s0Z5
COHJE?7
K9N7B7
Q4JHE2
A8QLS1
pgl3s2
A8QLS2
R8QLS8
ROAZUBQPEE
034363
P8é68lo

OXLA_GLOBL
OXLA_GLOHA
OXLA_ECHOC
OXLA_BOTPA
OXLA_DABRR
OXLA_BOTMO
OXLA_BOTAT
OXLA_BOTSC
OXLA_OXYSC
OXLA_BOTEC
OXLA_PSEAU
OXLA_BOTJR
OXLA_CROAT
OXLAZ_CROAD
OXLA_CRODU
OXLA_CRODM
OXLA_NOTSC
OXLA_BUNMU
OXLA_CALRH
OXLA_BUNFA
OXLA_NAJAT
OXLA_MICMP
YOBN_BACSU
OXLA_SIGCA

WP _000778112.1

Q90W54
Q6STF1
B5SU6YS
BSARS0
GEXQX1
Q6TGQS
POCC17
AORO24BINS
Q4JHE3
X2L4E2
Q4JHE1
Q6TGQS
E56742
F85025
COHJE?
KSN7B7
Q4JHE2
ABSQLS1
P81382
ASQLS2
ASQLSS
AOA2USQPE6
034363
P26210

WP_0007781
Q90WsS4
Q6STF1
BSU€YS
BSARS0
G8XQX1
Q6TGQS
POCC17
AOA024BINS
Q4JHE3
X2L4E2
Q4JHE1
Q6TIGQS
P56742
F8S0ZS
COHJE?7
K9N7B7
Q4JHE2
A8QLS1
Pg1382
A8QLS2
ABSQLS8
AOA2USQPEE
034363
P86810

OXLA_NAJAT
OXLA MICMP
YOBN_ BACSU
OXLA:S IGCa

12.4
OXLA_GLOBL
OXLA_GLOHA
OXLA_ECHOC
OXLA_BOTPA
OXLA_DABRR
OXLA_B0TMO
OXLA_BOTAT
OXLA_BOTSC
OXLA_OXYSC
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from UniProt database.
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Figure 4.2. Sequence alignment of Leptospiral LAO with reviewed sequence
from UniProt database.
Before detailing the experimental studies presented in this chapter a brief

review of the properties of LAO from other organisms is presented.

4.1.3 Amino acid oxidase

Amino acid oxidases (AAOs) are enzymes that oxidize amino acids releasing
ammonium and hydrogen peroxide. Amino acid oxidases can be classified based on
the chirality of the amino acid used as substrate. 1) D-Amino acid oxidases (DAAQOs
or DAOs), EC 1.4.3.3, are flavoproteins showing strict specificity for D-amino acids
(Pollegioni L. et al., 2008; Pollegioni L. et al., 20011; Campillo-Brocal JC. et al.,
2015). They catalyze the oxidative deamination of neutral and basic D-amino acids to
give a-keto acids, ammonium, and hydrogen peroxide (Pollegioni L. et al., 2008;
Takahashi S. et al., 2015). 2) L-Amino acid oxidases, EC 1.4.3.2, (commonly
abbreviated as LAOs or LAAOs) are flavoenzymes that oxidize L-amino acids
releasing the corresponding o-keto acid in addition to ammonium and hydrogen

peroxide.

4.1.4 L- Amino acid oxidase

Zeller first described L-amino acid oxidase (LAO; EC 1.4.3.2) in 1944 (Zeller
A. et al., 1944; Hossain GS. et al., 2014). The LAOs from animals are clustered into
gastropod enzymes (that are evolved separately in the innate immune system) and into
vertebrate enzymes (that include snake venoms, fishes, and mammals) (Hughes AL. et
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al., 2010; Kasai K. et al., 2015). The sea hare Aplysia californica LAO is the best-
studied gastropod LAOs. It is synthesized in a separate gland and its substrates (Lys
and Arg) are synthesized from a separate gland. The enzyme and the substrate are
mixed at the time of the attack of the predator (Johnson PM. et al., 2006; Ko KC. et
al., 2008; Ko KC. et al., 2012). Snake venom LAOs (svLAOs) is best-studied
vertebrate enzymes. svLAOs show substrate specificities with a preference towards
hydrophobic amino acids such as L-Leu, L-Phe, and L-Met (Du XY. et al., 2002;
Calderon LA. et al., 2014; lzidoro LF. et al., 2014; Campillo-Brocal JC. et al., 2015).
The skin of the fish is a barrier preventing the infection by microorganisms (Kitani Y.
et al., 2008). In mammals, the interleukin 4-induced gene (IL411) codes for an L-
amino acid oxidase with a strong preference for L-phenylalanine as the substrate in
order to regulate the immune system (Boulland ML. et al., 2007).

4.1.5 LAOs are Flavoproteins

sVLAOs are usually homodimeric glycoproteins with non-covalently linked
FAD (Flavin Adenine Dinucleotide) or FMN (Flavin Mononucleotide) cofactors with
subunit molecular weights of around 50-70 kDa. In some flavoproteins, the FAD-
binding can also be covalently linked. The purification of LAOs is in fact facilitated
because of the presence of the pigment riboflavin that imparts the yellow coloration.
The subunits form a dimer by non-covalent interactions (lzidoro LF. et al., 2014).
sVLAO can be found as acidic, neutral, and basic forms of the protein (Du et al.,
2002). X-ray crystallographic studies confirm that svLAO is a functional dimer with
each dimer having three domains: FAD-binding; substrate-binding; and a helical
domain (Pawelek PD. et al., 2000).

FAD binding motifs can be broadly classified into 15 different families.
Amino acid oxidase belongs to the Glutathione reductase family. The FAD is bound
by a Rossman fold variant motif consisting of Blalp2a2B3 fold. The isoalloxazine
ring of the FAD is essential for catalytic function, whereas the ribityl phosphate and
the AMP moiety stabilize cofactor binding to protein residues. The flavin functions
mainly in a redox capacity, by taking two electrons from one substrate and release
them two at a time or one at a time to the second substrate or coenzyme. The protein

moiety surrounding the cofactor controls many of the catalytic properties of the flavin
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ring, such as the rate of accepting electrons, the pathway of electron flow within the
flavin ring, and the flavin’s oxidation-reduction potential (Mathews FS. 1991; Dym
O. etal., 2001).

The catalysis is proposed to follow one of two diverse mechanisms: in the first
pathway the proton is transferred to the FAD cofactor from the a- carbon atom of the
substrate, leaving a negative charge followed by a two-electron transfer which is also
called a carbanion pathway; and in the second mechanism, an o hydrogen atom is
transferred as a hydride ion carrying two electrons simultaneously by a hydride
transfer pathway (Gaweska H. et al., 2004).

In some cases, the activity also depends on the presence of other compounds
in the protein apart from the flavin cofactor. In some cases, the enzymatic activity of a
protein can be changed from L-amino acid oxidase to monooxygenase by changing
the assay conditions (Matsui D. et al., 2014). In many LAOSs the actual enzymatic
activity could be different from the one initially described (Tong H. et al., 2008; Zhou
P.etal., 2012).

4.1.6 Physiological functions

Numerous biological effects, such as antiparasitic, antimicrobial, apoptotic,
cytotoxicity, edema, hemolysis, hemorrhage, inducing or inhibiting platelet
aggregation, etc., have been reported for those enzymes (Ahn MY. et al., 2000;
Sakurai Y. et al., 2001; Hanane-Fadila ZM. et al., 2014; Vargas Mufioz LJ. et al.,
2014; Tan KK. et al., 2018; Zainal Abidin SA. et al., 2018). All these activities are by
hydrogen peroxide generated by the basification of the medium due to ammonia
accumulation and the deprivation of the amino acid (Puiffe M. et al., 2013; Campillo-
Brocal JC. et al., 2015; Tan KK. et al., 2018). LAOs can also be intracellular,
membrane-bound, or extracellular. LAOs can be inactivated by decreasing the pH and
vice versa (Wellner D. 1966), and inactivation by freezing is more pronounced
between —20 and —30 °C (Curti B. et al., 1968; Curti B. et al., 1992).

4.1.7 Microbial LAOs
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In contrast to snake venom LAO, very little is known about LAO from
microorganisms. Although various LAO-coding sequences have been published
revealing that LAO family members commonly have Flavin as a coenzyme and
possess two conserved and characteristic sequence motifs, the “GG” motif
(RXGGRxxS/T) and dinucleotide-binding (DMB) motif (B-strand/a-helix/p-strand). In
recent years, many bacterial enzymes showing LAO activity have been reported
(Hossain GS. et al., 2014). The bacterial enzymes do not cluster into any defined
groups (Campillo-Brocal JC. et al., 2015). The enzymatic properties of LAOs from
microbial sources are usually dissimilar with respect to the optimum pH, substrate
specificity, and stability (Leese C. et al., 2012; Liu L. et al., 2013; Hossain GS. et al.,
2014). The LAO isolated from Rhodococcus opacus oxidizes 39 L-amino acids,
including all of the 20 L-amino acids and their derivatives (Geueke B. et al., 2002).

The subsequent sections of this chapter detail the cloning,
expression, and purification of full-length Leptospiral L-amino acid oxidase (Li-
LAO).

4.2 Materials

E.coli Strain  ToplO, E.coli Strain DH5a E.coli Strain BL21(DES3),
C41(Generous gift from Prof. Aravind pennmatsa), pET21b plasmid, 6x DNA loading
dye, PR DNA Polymerase, dNTPs, protein markers, DNA ladder from Bangalore
Genei, Bangalore, India; Pre-stained marker (Thermo scientific), Ndel endonuclease,
Xhol endonuclease, T4 DNA ligase from NEB; Tris, GnHCI, Urea, BSA, FAD,
NADH, Dialysis membrane, EtBr, DTT, Agarose, SDS, PMSF from Sigma; Primers
from Eurofins, India; NaCl, EDTA, Glycerol, Ammonium sulfate, HCI, Acrylamide,
Bis-acrylamide, Bromophenol blue, Ammonium persulfate, TEMED, Glycine from
SDFCL, amino acid substrates L-Histidine, L-Alanine, L-Tryptophan, L-Methionine
L-Glutamine, L-Asparagine, L-Glutamate, L-Aspartate, L-Serine, L-Arginine, L-
Proline, L-Tyrosine from Sigma (Generous gift from Prof P. Balaram and Prof
Jayanta Chatterjee) and L-Phenylalanine, L-Leucine, L-Isoleucine, L-valine, L-
Threonine from SRL.
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4.3 Methods

4.3.1 Cloning, protein expression, and purification of Li-LAO

Li-LAO gene was amplified from cDNA obtained from five days old
Ellinghausen—McCullough—-Johnson—Harris  (EMJH)  culture of  Leptospira
interrogans (Li) serovar Icterohaemorrhagiae strain Lai (Regional Medical Research
Centre, Indian Council for Medical Research, Port Blair, India; ATCC: 23581.
Taxonomy ID: 1291351) by colony PCR (cell pellet from 30 pL of culture was
resuspended in 60pL of autoclaved milli-Q water followed by heating at 95°C for
20min. 15pL of the lysate thus obtained was used as a template for 50uL PCR
reaction mix). The PCR reaction was carried out using LAOIFP
5’"GATAGCATATGAAACTAAGCAGATCGGAGTTTATCAAAC3’ and LAORP
5’AATTCTCGAGTCAAACCTGATTGACCGCACGAATCG3’ (Sigma-Aldrich Co,
India) as the forward and the reverse primers, inserting Ndel and Xhol endonuclease

sites at the 5” of the start and 3" of the stop codons of the gene, respectively.

The PCR mixture contained, in a total volume of 25 pl: template DNA, 100
ng; mutagenic primer, 20 pmol; thermostable polymerase buffer (10X), 2.5 pl;
dNTPs, 6 pl of a solution containing 2.5 mM of each dNTP; and polymerase 2 U.
Following the hot-start PCR method, PR polymerase (Bangalore Genei, Bangalore,
India) was added to the reaction mix after initial denaturation at 95°C for 5 mins.
Subsequently, 28 cycles of the steps, 1) 95°C for 15 sec, 2) 55°C for 20 sec, 3) 68 °C
for 90 sec with a final extension at 68°C for 5 min yielded the amplified PCR product
which was then purified (Qiagen Gel purification kit) and digested with Ndel and
Xhol restriction endonucleases (NEB, India) for inserting the gene into the pET21b
expression vector. The ligated product was transformed into Topl10 cells and plated
on LB agar containing 100 pg/mL ampicillin. 10 colonies were screened for a positive
clone (with Li-LAO insertion) by carrying out restriction digestion with Ndel and
Xhol enzymes on the plasmid obtained from the respective colonies and confirmation
by primer-specific PCR amplification, followed by confirmation with gene

sequencing (final gene length 1330 bp).

Expression of the Li-LAO gene was performed using the pET21b system.
E. coli BL21(DE3) cells carrying the pET21b recombinant vector were grown at
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35 °C in terrific broth containing 100 ug-mL~" ampicillin. Cells were induced using
300 um isopropyl-p-D-thiogalactopyranoside until they reached an optical density at
600 nm of 0.6-0.8, and were then harvested by centrifugation (15 min, 7245 g at
4 °C). Cells were resuspended in lysis buffer containing 20 mm Tris/HCI pH 7.5,
1 mm EDTA, 1 mm phenylmethanesulfonyl fluoride, 2 mm dithiothreitol, and 10%
glycerol, and disrupted using sonication. After centrifugation (45 min, 19 320 g at
4 °C), the protein fraction was subjected to Heparin column (Amersham Biosciences,
Uppsala, Sweden) and eluted with a linear gradient of 0—1 m NaCl. Protein purity was
checked by 10% SDS-PAGE.

E. coli strain C41 was transformed with pET21b containing the recombinant
Li amino oxidase gene and grown in LB for 8-10 hrs with 100 pug/ml ampicillin. The
culture was used as a 1% pre-inoculum in Louria Bertuni broth (LB) culture grown at
37 °C. After induction with 500 uM IPTG (OD600nm 0.6-0.8), the culture was
allowed to grow for another 16hrs at 30 °C. Cells were harvested by centrifugation
(20 min, 6K rpm, 4°C), resuspended in lysis buffer containing 20 mM Tris-HCI (pH
6.8), 1 mM EDTA, 1 mM PMSF, 1 mM DTT, and 10% glycerol and disrupted by
sonication (35% amplitude, 20sec off and 10sec on, 25 cycles). After centrifugation
(45 min, 12K rpm, and 4°C) and removal of the cell debris, the supernatant was SP
sepharose cation exchange chromatography. The column was equilibrated with 20mM
Tris (pH 6.8), the protein was bound to the column with a flow rate of 0.5ml /minute
and washed with 20 mM Tris-HCI (pH 6.8), the bound protein was eluted with a
linear gradient containing buffer A (20 mM Tris-HCI, pH 6.8) and buffer B (20 mM
Tris-HCI, pH 6.8 with 1M sodium chloride) with a flow rate of 1ml/ minute. The

10ml fractions are collected in a fraction collector.

Further, all the pooled fractions were concentrated in 30KDa cutoff centricon
(4000 rpm, 4°C). The concentrated protein was subjected to gel filtration
chromatography (Superdex-200, XK26 column, Amersham Biosciences), equilibrated
with the 20 mM Tris-HCI (pH 6.8 with 100mM sodium chloride) (AKTA Basic 10
HPLC system, GE healthcare). Protein purity was checked on SDS-PAGE and LC-
ESI/MS was done to determine the correct mass of the protein.

4.3.2 Mass spectrometry
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Electrospray ionization mass spectra were recorded on maXis impact Q-
TOF(BrukerDaltonics, Bremen, Germany) coupled to Agilent 1200 series online
HPLC. The spectrometer was tuned by using a standard Agilent ESI Tune mix
ranging from m/z 118 to 2721 in the positive ion mode. Data processing was done
using the deconvolution module of the ‘Data Analysis 4.1° software (BrukerDaltonics,

Bremen, Germany) to detect the multiple charge states and obtain derived masses.

4.3.3 In-gel trypsin digestion and MS/MS

Li-LAO protein (20-10 ng per lane) was run on 10% SDS-PAGE (reducing)
and stained with the Coomassie Brilliant Blue staining method. The bands
corresponding to Li-LAO were cut out and processed for tryptic digestion using
sequencing grade modified Trypsin (Promega Corporation) (Shevchenko et al., 2006).
In brief, stained gel pieces were excised minced into Imm?® pieces, and transferred
into a sterile centrifuge tube. Gel pieces were washed with 500ul of wash buffer (50%
acetonitrile, 50mM ammonium bicarbonate), till the coomassie dye is removed. De-
stained gel pieces were dehydrated in 100% acetonitrile for 5 minutes and rehydrated
in 150ul reduction solution (10mM DTT, 100mM ammonium bicarbonate) for 30 min
at 56°C. The reduction solution is discarded and incubated with 100ul of alkylating
solution (50mM iodoacetamide, 100mM ammonium bicarbonate) for 30 minutes in
dark at room temperature. Reduced and alkylated gel pieces are washed with wash
solution and dehydrated with 100% acetonitrile for 5 minutes and completely dried at
room temperature in a centrifugal evaporator. Gel pieces were rehydrated with 20ul of
sequencing grade trypsin (20pg/ml) digestion solution and incubated overnight at
37°C.

The digested peptides are extracted from the gel pieces with extraction
solution (50% acetonitrile, 0.1% TFA), the extracted peptides from each sample were
further concentrated in a vacuum concentrator and were subjected to MS-MS analysis.

4.3.4 ldentification of cofactor

LAO protein was subjected to LC-MS in the positive mode to identify the
bound cofactor. In order to find the nature of the interaction between protein and the
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bound cofactor, the protein was dialyzed with a 3000-dalton cutoff and the dialyzed

sample was subjected to LC-MS analysis.

Amino acid oxidase assay

The activity of LAO is measured as the amount of hydrogen peroxide formed
which is in turn used by Horseradish peroxidase to oxidize o-Phenylenediamine to 2,
3-Diaminophenazine which is measured at 420nm. The Protein concentration was

determined by Bradford’s assay.

The assay was conducted in a 96-well microplate in triplicate with
modification (Kishimoto M. et al., 2001); 10 ul/well of enzyme solution (10pnM-30
uM), 90ul/well of substrate solution were added to start the reaction. The standard
reaction mixture contained 5 mM L-amino acid, 2 mM ortho-Phenylene Diamine
(OPD), 0.81 U/ml Horseradish peroxidase (HRP), in a total volume of 100ul/well of
50mM borax—HCI buffer (pH 8.5). After incubation at 37°C for 60 min, the reaction
was terminated by adding 50ul of 2M H,SO4. The absorbance of the reaction mixture
was measured by a microplate reader at 492 nm, using 630 nm as a reference
wavelength (492/630 nm).In the time-course experiment, absorbance was measured at
420/630 nm, instead of 492/630 nm, at appropriate time intervals without adding 2M

H,SO, to terminate the reaction.
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4.4 Result

4.4.1 Cloning, expression, and purification of Leptospira interrogans L-amino
acid oxidase gene

A C
10Kb 10Kb
Li-LAO PCR
Product 3Kb
3Kb
2Kb
2Kb
Li-LAO PCR

Product

1Kb Purification 1Kb

D

C1C C1unc

C2C C2uncut

Figure 4.3. Agarose Gel showing cloning of Leptospira interrogans L-amino acid
oxidase gene. (A) Purified PCR product of Leptospira interrogans L-amino acid
oxidase gene. (B & C) Purification of Leptospira interrogans L-amino acid
oxidase gene. (D) Screening of pET21bLAO clones by restriction digestion (Ndel
and Xhol Digestion). (E) Screening of pET21bLAO clones by gene-specific
primer PCR.

Leptospira LAO gene was amplified with hi-fidelity enzyme and the 1330
basepair PCR product was gel purified and cloned in Ndel and Xhol sites of pET21b
vector. Clones were identified by restriction digestion and gene-specific primers (Fig.

4.3).

89



o

s
¥

'}

E

Figure 4.4. Expression of Li-LAO in E.coli BL21 (DE3) Strain (A) SDS-PAGE
Gel showing Expression of Li-LAO in E.coli BL21 (DE3) Strain. (B) SDS-PAGE
Gel showing Purification of Li-LAO using Heparin sulfate column.

One of the clones was chosen and the sequence of Li-LAO gene was
sequenced in Genetic Analyzer using Bigdye terminator 3.1. The sequence of cloned
Li-LAO sequence was compared with the reference sequence. Li-LAO gene was

intact with few silent mutations (appendix 1).
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Figure 4.5. Li-LAO expression and purification from E. coli C41 strains (A) SP
sepharose column purification of Li-LAQ. (B) Concentration of Li-LAO by
centricon. (C) 10% SDS PAGE showing the purified fractions of LAO by S200
gel filtration chromatography.

Cloned pET21bLAO vector was transformed in E. coli BL21 (DE3) strain
expressed by inducing the log phase (O.Dggo-0.6) culture with 0.5mM IPTG. The
expression of Li-LAO in these clones was monitored by comparing the induced cell
lysates with uninduced cell lysate as controls. The expressed protein was purified

using a heparin sulfate column. The yield of the protein was very low (Fig. 4.4).
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4.4.2 Mass spectrometry
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Figure 4.6. LC-MS of Purified Li-LAO showing the mass difference between
observed and expected mass.

Cloned pET21bLAO vector was transformed in E. coli C41 Strain expressed
by inducing the log phase (O.Dgpp-0.6) culture with 0.5mM IPTG. The expressed
protein was purified using an SP-Sepharose column. The protein fractions were
pooled, concentrated, and subjected to gel filtration chromatography. Further, protein
fractions were tested for purity on 10% SDS-PAGE (Fig. 4.5). The purified protein

fractions were pooled.

The LC/ESI-MS of the purified protein showed the 3140dalton mass
difference between observed and expected mass (Fig. 4.6). The mass difference of
3140 Dalton was an unexpected result. In order to rule out human error while
handling the clones by mistake, the clone used for purification was re-sequenced. The
DNA re-sequenced data of the clone was translated into protein sequence (Expasy)

and compared with the reference sequence (Fig. 4.7). The cloned Li-LAO gene was

intact.
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MNAD(FPYFAD-dependent oxidoreductase [Leptospira interrogans]
Sequence ID: WP _000775112.1 Length: 447 Mumber of Matches: 1
b See 15 more title(s)

Range 1: 1 to 287 GenPept Graphics

Score Expect Method Identities Positives Gaps
580 bits(1495) 0.0 Compositional matrix adjust. 287/287(100%) 287/287(100%) 0/287(0%)

Query 1 MKLSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRETVIVMGGGISOLYASYLLSKTGIK 68
MKLSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRETVIVMGGGISAOLYASYLLSKTGIK
Sbjct 1 MKLSRSEFIKLGILTAAGISGLPGIKLSAQETSSRETVIVMGGGISGLYASYLLSKTGIK 68

Query 61  VOLIEATDRLGGRIRTVTDVSGNFLDLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLFE 128
VOLIEATDRLGGRIRTVTDVSGNFLDLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLE
Sbjct 61  WQLIEATDRLGGRIRTWTDVSGMFLDLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLF 12

Query 121 FGSYRKFGTWDISPRSQEILMELVQMMNSKINSTOQOELDRISFYNFLNYQGMSLEDLNIL 18
FESYRKFETWDISPKSQEILMELVOMNSKINSTOQQELDRISFYNFLNYQGMSLEDLNIL
Sbjct 121 FGSYRKFGTWDISPKSQEILMKLVQMNSKINSTOQOELDRISFYNFLNYQGMSLEDLNIL 188

Query 181 NFKYSLYYGDSLRSLSAQEVLSDLVNFPEYNTRVEGGMETLTRALVSSLENTEIIFSDPY 248
NFEYSLYYGDSLRSLSAQKVLSDLYNFRIKYNTRVEGGMETLTRALVSSLENTEIIFSDPY
Sbjct 181 NFKYSLYYGEDSLRSLSAQKVLSDLVNFPKYNTRVEGGMETLTRALVSSLENTEIIFSDRY 248

Query 241 VSVSOQGEGEVIVTTWSGKKIEGNACISTLPANQLTTIQWDPELDKEK 287
VSWSOGEGKVIVT TVSGKKIEGNACTISTLPANQLTTIQWDPELDKEK
Sbjct 241 WVEVSOQGEGKWIVTTWSGKKIEGNACISTLPANQLTTIQWDPELDKEK 287

NAD(PYFAD-dependent oxidoreductase [Leptospira interrogans]
Sequence ID: WP 0007781121 Length: 447 Number of Matches: 1
B See 15 more title(s)

Range 1: 107 to 447 GenPept Graphics

Score Expect Method Identities Positives Gaps
597 bits{1799) 0.0 Compositional matrix adjust. 341/341{100%:) 341/341{100%) 0/341{0%)

Query 1 GLKTTDFEVQSDLFFGSYRKFGTWDISPKSQET LNKLVOMNSKINSTQOQELDRISFYME o8
GLKTTDFEVQSDLFFGSYRKFGTWDISPESQEL LNKLVOMNSKINSTQOQELDRISFYNE
Sbjct 187 GLKTTDFEVMQSDLFFGSYRKFGTWDISPKSQEILNKLVOMNSKINSTQOQELDRISFYMF 166

Query 61  LWYQGMSLEDLNILNFEYSLYYGDSLRSLSAQKVLSDLVNFPKYNTRVEGGMETLTRALY 128
LWYQGMSLEDLNILNFEYSLYYGDSLRSLSAQKYLSDLVNFPKYNTRVEGGMETLTRALY
Sbjct 167 LNYQGMSLEDLNILNFKYSLYYGDSLRSLSAQKVLSDLVMFPKYNTRVEGGMETLTRALY 226

Query 121 SSLENTEIIFSDPVVSVSOQGEGKVIVTTVSGKKIEGNACISTLPANQLTTIQWDPELDKE 18@
SSLENTEIIFSDPVWSVSOGEGKVIVT TVSGKKIEGNACISTLPANQLTTIQWDPELDKE
Sbjct 227 SSLENTEIIFSDPWVSVSQGEGKVIVITVSGKKIEGNACISTLPANQLTTIQWDPELDKE 286

Query 181 EKLSALRIRYSRIYKTFLMLREAPWTRGSFSAYSDSVAGFIYDAGTEINSEDKILGMIST 248
KKLSALRIRYSRIYETFLMLREAPWTRGSFSAYSDEVAGFIYDAGTRINSEDKILGMIST
Sbjct 287 KKLSALRIRYSRIYKTFLMLREAPWTRGSFSAYSDSVAGFIYDAGTKINSEDKILGMIST 345

Query 241 GDRYDILASSTDAMKVEYIRLALESLGOGRELQVLRIQSSETSQSKFIPTGIATFPPGSY 38@

) GDRYDILASSTDAMKVEYIRLALESLGOGRELQVLRIOSSETSQSKFIPTGIATFPPGSY
S5bjct 347  GDRYDILASSTDAMKVEYIRLALESLGOGRELQVLRIQSSETSQSKFIPTGIATFPPGSY 486
Query 381 GSIISLLKPMDRIFFAGEHTAELNGTVEGALASAIRAVNOY 341

GSIISLLKPMDRIFFAGEHTAELNGTVEGALASAIRAVNOY
Shjct 487 GSIISLLKPMDRIFFAGEHTAELMGTVEGALASAIRAVNDY £447

Figure 4.7. Alignment of re-sequenced data of Li-LAO clone.
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Figure 4.8. 10% SDS-PAGE of purified Li-LAO.

Further, the re-sequenced clone was transformed in E. coli C41 strain, and
protein was purified (Fig. 4.8) and again subjected to mass spectrometric analysis.
The purified protein showed the same mass difference of approximately 3000 daltons
(Fig. 4.9).

4.4.3 In-gel trypsin digestion and MS/MS

In order to rule out the mistaken identity of any other host E. coli protein, the
purified protein band was treated with trypsin, and the identity of the protein was
established with mass spectrometric analysis of the extracted tryptic digested peptides
from the gel band (Fig. 4.10 and 4.11). The cleavage of Li-LAO by trypsin was
calculated by PAWS software (Fig. 4.12) and the observed mass of Li-LAO was
backtracked to its sequence (Fig. 4.13).
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Figure 4.9. Mass spectrum of purified Li-LAO.
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Figure 4.10. 10% SDS-PAGE showing cut gel bands that were subjected to the
trypsin digestion followed by LC-MS
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Figure 4.11. LC chromatogram of the tryptic digested Li-LAO peptides.

96



[1-447] mass = 49208.2

Cleavage at KR
Small polar: D(20) E(26) N(16) Q(19)
Large polar: K(27) R(23) H(2)
Small non-polar: 5(50) T(31) A(27) G(38)
Large non-polar: L{49) 1(37) V(23) M(9) F(18) Y(16) Wi4)
Special: C(1) P(11)
1 MKI s rSEFIKIlgiltaagisglpgikLSAQ 30
M GTSSRKTVIVMGGG I SGLYASYLLSKTtgi k 60
61 VQLIEATDRIggrlIRtvtdvsgnfldlgae 9
99 wigaehr TAKs | i rELGLK?t!tdfewvqgsd]|Il f 120
121 fgsy rKfgtwdispkSQEILNKIvgmnsk | 150
5" NSTQQQELDRisfynflnyggms IledlIlni | 180
81 n f k YSLYYGDSLRs | saqgqkVLSDLVNFPKYy 210
21 n t r VEGGMETLTRal vsslenteiifsdpyv 240
21 vy s vsqgegkVIVTTVSGKKIEGNACI STLEP 270
21 ANQLTTIQWDPELDKekKI!IsalrlRysT | Y 300
3M Kt fiImlrEAPWTRgs fsaysdswvagfiyda 33
31 gtk I NSEDKilgmistgdrYDILASSTDAM 380
3 Kvey i rLALESLGQGRe |l gv I r I QSSETSQ 39
391 SKfiptgiatfppgsygsiisll | kpmdr | F 420
21 FAGEHTAELNGTVEGALASAIRavnaqgyv 447
(1) [1-2] = 277.4 (2) [3-5] = 374.4 (3) [6-10] = 622.7
(4) [11-26] = 1480.8 (5) [27-35] = 906.0 (6) [36-36] = 146.2
(7) [37-56] = 2029 4 (8) [57-60] = 417.5 9) [61-69] = 1044.2
(10) [70-73] = 4015 (11) [74-75] = 287.4 (12) [76-97] = 2458.7
(13) [98-100] = 318.4 (14) [101-104] = 487.6 (15) [105-109] = 558.7
(16) [110-125] = 1912.0 (17) [126-126] = 146.2 (18) [127-135] = 1050.2
(19) [136-142] = 830.9 (20) [143-149] = 819.0 21) [150-160] = 1331.4
(22) [161-183] = 2784.2 (23) [184-193] = 1236.3 (24) [194-199] = 632.7
(25) [200-209] = 1131.3 (26) [210-213] = 552.6 27) [214-223] = 1092.2
(28) [224-249] = 2706.0 (29) [250-258] = 903.1 (30) [259-259] = 146.2
(31) [260-285] = 2871.2 (32) [286-287] = 275.3 (33) [288-288] = 146.2
(34) [289-293] = 558.7 (35) [294-295] = 287.4 (36) [296-298] = 424 5
(37) [299-301] = 422.5 (38) [302-307] = 780.0 (39) [308-313] = 758.8
(40) [314-333] = 2043.2 (41) [334-339] = 704.7 (42) [340-349] = 1062.3
(43) [350-361] = 1314.5 (44) [362-366] = 678.8 (45) [367-376] = 1043.2
(46) [377-382] = 756.9 (47) [383-392] = 1094.1 (48) [393-418] = 2779.3
(49) [419-442] = 2474 8 (50) [443-447] = 529.6

Figure 4.12. Theoretically calculated peptide fragments of Li-LAO upon trypsin
digestion.
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46324.7

[1-419] mass

Cleavage at KR
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[1-416] mass = 46068.4
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Figure 4.13. Li-LAO sequence, matching observed mass with the mass of the

tryptic products (46323 and 46066 respectively).
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Figure 4.14. LC-MS spectral analysis of the tryptic digested product of Li-LAO

gene.
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Figure 4.14. LC-MS spectral analysis of the tryptic digested product of Li-LAO

gene.
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Figure 4.15. Representative LC-MS spectral analysis of the tryptic digested
product of Li-LAO gene.
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Table 4.1. Various fragments that are identified from LC-MS of the tryptic
digested product of Li-LAO.

Observed Mr.(expt) | Mr.(calc) | Peptide

522.7518 1043.4890 | 1043.5975 [ K.VKLIEATDR

531.7493 1061.4840 | 1061.5539 | K.ILGMISTGDR.Y

546.7342 1091.4539 | 1091.5281 | RVEGGMETLTR.A

547.7319 1093.4492 | 1093.5251 [ R.IQSSETSQSK

566.2919 1130.5693 | 1130.6336 | K.VLSDiVNFPK

618.7580 1235.5013 | 1235.5822 [ K.YSLYYGDSLR.S

653.3140 1304.6135 | 1304.6976 [ M.SLEDLNILNFK.Y

657.7721 1313.5296 | 1313.6173 | R.YDILASSTDAMK.V

666.2882 | 1330.5619 | 1330.6477 [ K.INSTQQQELDR.I

583.5950 1747.7631 | 1747.8774 | KINSEDKILGMISTGDR.Y

874.8933 1747.7721 | 1747.8774 | KINSEDKILGMISTGDR.Y

637.9228 1910.7466 | 1910.8687 | K. TTDFEVQSDLFFGSYR.K

956.3860 1910.7574 | 1910.8687 | K. TTDFEVQSDLFFGSYR.K

658.9552 1973.8438 | 1973.9768 | R.YDILASSTDAMKVEYIR.L

987.9342 1973.8538 | 1973.9768 | R.YDILASSTDAMKVEYIR.L

676.9961 2027.9664 | 2028.0965 | K TVIVMGGGISGLYASYLLSK.T

1014.9986 | 2027.9826 | 2028.0965 | K. TVIVMGGGISGLYASYLLSK.T

680.6166 2038.8280 | 2038.9636 | K. TTDFEVQSDLFFGSYRK.F

681.6058 2041.7955 | 2041.9269 | R.GSFSAYSDSVAGFIYDAGTK.I

1021.9135 | 2041.8123 | 2041.9269 | R.GSFSAYSDSVAGFIYDAGTK.I

699.5802 2095.7187 | 2094.9898 | K.GNFSAYLDSVAGFIYDAGTK.A

719.6910 2156.0512 | 2156.1915 | RKTVIVMGGGISGLYASYLLSK.T

1079.0396 | 2156.0647 | 2156.1915 | RKTVIVMGGGISGLYASYLLSK.T

786.6801 2357.0185 | 2357.1607 | K.ILGMISTGDRYDILASSTDAMK.V

1179.5195 | 2357.0245 | 2357.1607 [ K.IILGMISTGDRYDILASSTDAMK.V

615.2655 2457.0328 | 2457.1925 | R TVTDVSGNFLDLGAEWIQAEHR.T

820.0251 2457.0535 | 2457.1925 | R TVTDVSGNFLDLGAEWIQAEHR.T

1229.5366 | 2457.0587 | 2457.1925 | R TVTDVSGNFLDLGAEWIQAEHR.T

619.2615 2473.0169 | 2473.2601 | RIFFAGEHTAELNGTVEGALASAIR.A

825.3766 2473.1079 | 2473.2601 | R.IFFAGEHTAELNGTVEGALASAIR.A

1237.5684 | 2473.1221 | 2473.2601 | R.IFFAGEHTAELNGTVEGALASAIR.A

677.0582 2704.2038 | 2704.3807 | R.ALVSSLENTEIFSDPVVSVSQGEGK.V

902.4130 2704.2171 | 2704.3807 | R.ALVSSLENTEIIFSDPVVSVSQGEGK.V

1353.1258 | 2704.2370 | 2704.3807 | R.ALVSSLENTEIIFSDPVVSVSQGEGK.V

695.3328 2777.3023 | 2777.4826 | K.FIPTGIATFPPGSYGSIISLLKPMDR.I

556.4687 2777.3072 | 2777.4826 | K.FIPTGIATFPPGSYGSIISLLKPMDR.I

926.7824 2777.3255 | 2777.4826 | K.FIPTGIATFPPGSYGSIISLLKPMDR.I

1389.6709 | 2777.3273 | 2777.4826 | K.FIPTGIATFPPGSYGSIISLLKPMDR.I

928.4104 2782.2094 | 2782.3676 | RISFYNFLNYQGMSLEDLNILNFK.Y

995.7995 2984.3766 | 2984.5356 | R.IFFAGEHTAELNGTVEGALASAIRAVNQV.-
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MKLSRSEFIKLGILTAAGISGLPGIKLSAOGTSSR
KTVIVMGGGISGLYASYLLSK TGIK
VQLIEATDR LGGR IR TVTDVSGNFLDLGAEWIQAEHR TAK
SLIR ELGLK TTDFEVQSDLFFGSYR K  FGTWDISPK
SQEILNK LVQMNS KINSTQQQELDR ISFYNFLNYQG
MSLEDLNILNFK YSLYYGDSLR SLSAQK VLSDLVNFPK YNTR
VEGGMETLTR ALVSSLENTEIIFSDPVVSVSQGEGK
VIVTTVSGK KIEGNACISTLPANQLTTIQWDPELDK EK K
LSALR IR YSR IY KTFLMLR EAPWTR
GSFSAYSDSVAGFIYDAGTK INSEDK ILGMISTGDR
YDILASSTDAMK VEYIR LALESLGQGR ELQVLR
IQSSETSQSK IPTGIATFPPGSYGSIISLLKPMDR
IFFAGEHTAELNGTVEGALASAIR AVNQV

Figure 4.16. Pictorial representation of various fragments that are identified
from LC-MS of the tryptic digested product of Li-LAO.

The tryptic digested peptide mass spectra analysis was done by interrogating
mass spectra of peptides with that of various fragments of the Li-LAO sequences that
can be generated (theoretically) upon trypsin digestion. Initially, this analysis was
done manually for two peptides (Fig. 4.14 and 4.15). Later the data was analyzed by
the mascot online server. Approximately 20 different fragments matched with the
mass of Li-LAO sequences (Table 4.1) that covered the entire stretch of Li-LAO
except for the initial 25-30 residues (Fig. 4.16).

Since the N-terminus of the protein was missing that can be attributed to some
signal sequence. So the Li-LAO sequence was analyzed by various online signal
peptide recognition servers. The Signal-BLAST server and Signal-3L 2.0 predicted
31 and 32 residue signal peptide for Li-LAO (Fig. 4.17) that matched with an

observed mass of Li-LAO.
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According to Signal-3L 2.0 engine. the predicted signal peptide 1s: 1-31

MKILSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRKTVIVMGGGISGLYASYLLSKTGIK
VQLIEATDRL

The protential cleavage sites and the credit scores

Signal-3L 2.0 prediction: Cleavage Site

T T T T T T

s Y s wefecos deen -- B1---- “eees s —--e- +-- -- -

0.8 | E

0.6 | s
O
p .
o
o
w

0.4 fe cccccaccccsnncmrecccccccnsssssgsscensssscscscscpdecacccsscactscmmeccccncstsssssgsstttasciecsensapasccsssnasess

0.2 | .

o MKLSRSEFIKLGILTHRGI$GLPGIKLSﬂQ&TSSRKTVIYMGGGISGLYQSYLLSKTGIKVQLIERTDR-

o] 10 20 30 40 S0 60 70
Position

http://www.csbio.sjtu.edu.cn/bioinf/Signal-3L/

Query Sequence: >Unknown Sequence
MKLSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRKTVIVMGGGISGLYASYLLSKTGIK. ..

Significant Alignments:

Name Bitscore Svalue

PHSS_DESBA (Signal Peptide) 29.3 1ee.o
DHSU_ALLVD (Signal Peptide) 29.3 1ee.e
TRMFO_FUSNN 3e.8 e.e
TRMFO_SORCS 3e.4 e.o
Y243 _HELPY 29.6 e.oe
Y943 _HELPJ 29.6 e.e
OTEMO_PSEPU 29.6 e.o
FIXC_AZOVI 28.5 .0
TRMFO_RHOPB 28.1 e.e
PCPB_SPHCR 27.7 .0

Most Significant SValue:
>PHSS_DESBA (Cleavage Site after AA 32)
Length = 6@

Score = 29.3 bits (64), Expect = ©.55
Identities = 22/61 (36%), Positives = 29/61 (47%), Gaps = 11/61 (18%)

Query: 1 MKLSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRKTVIVMGGGISGLYASYLLSKTGIK 6@

M LSR EF+KL +AG++GL PGI +G + V G G +G s
Sbjct: 1 MSLSRREFVKL---CSAGVAGLGISQIYHPGIVHAMTEGAKKAPVIWVQGQGCTGCSVSL 57
\

Result: Signal Peptide, putative Cleavage Site after AA 32 (by similarity to PHSS_DESBA)
http://sigpep.services.came.sbg.ac.at/signalblast.html

Figure 4.17. Results of signal peptide identification online servers.
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4.4.4 dentification of cofactor
After identification of Li-LAO, since it is a cofactor bound enzyme, before

proceeding further, it was necessary to identify the bound cofactor.
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Figure 4.18. Identification of cofactor bound to Li-LAO by LC-MS (A) positive
mode (B) negative mode.

105



A =
5 ) : -MS, 4.3-5.8min
x10 LAO PURE_1_01_6964.d: BPC -AlIMS | §
M~
80001 125
4 100 NADP+ : 744.42
g FMN :456.344
E 9715 FAD :785.56
0.50
6000
. 0.25
2
% 09§ 5 10 15 20 25 30
- Time [min]
4000

2000

L MUBELI AL REIERIEL
500 600 m/z 700 800 900

LAO WATER_1_01_6962.d: +MS, 10.2min #609
6000
NADP+ : 744.42 6 LAO WATER_1_01_6962.d: BPC +AlIMS
FMN :456.344 x10
FAD :785.56 10
5000 ~
[=]
@ 0.8
=
['e]
0.6
4000
4 04
c
]
£ 0.2
3000 0
“ 1 5 10 15 20 25 30
8 Time [min]
[
&
2000 5 3 = © ]
w0 - A
< < Sv 3% > one
§ g Tip B3 fpinoW
g dot)
1000

\: {11 LI R/ RNERIAE/E]
0 500 600 700 800 900 1000
m/z

Figure 4.19. Identification of nature of cofactor binding in Li-LAO by LC-MS.
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The Li-LAO mass spectrum was analyzed for the presence of FAD, FMN, and
NADP" mass. The presence of FAD was established with an expected mass of 786
daltons. In order to reconfirm the identified species, the protein was analyzed in
negative mode and reconfirmed bound cofactor of Li-LAO is FAD with the
corresponding mass of 784 (Fig. 4.18). In order to establish the nature of the
interaction between Li-LAO and bound FAD, Li-LAO was dialyzed against water and
analyzed by LC-MS (negative mode). Weak ionic interaction between FAD and Li-
LAO protein was confirmed by the absence of FAD upon dialysis compared to

undialysed protein (Fig. 4.19).

LAO from Leptospira expressed and purified from E. coli C41 (Fig. 4.20) and
assayed with various L-amino acid substrates, the activity of the purified enzyme was
low (Fig. 4.21). The Li-LAO was getting truncated at N-terminus with cleavage of the
first 28-31 residues.

[x-85.60ml

Y- 108615mAU — UV1_280 - UV2.260 - UV3_450 — Cond ~ —— Fraction —— Injection =~
110 § : : : ;
100 4 T
90 = 5 .., ~ A:
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40 8 - ; \\\ 5 3
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Figure 4.20. (A) SDS-PAGE of S-200 Gel filtration Chromatography fractions of
Li- LAO. (B) Corresponding elution profile chromatogram of Li-LAO.
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In order to reduce the proteolytic cleavage of expressed Li-LAO, the protein
purification was carried out with a protease cocktail and purified enzyme was checked

for the full-length protein, but we failed to get a full-length Li-LAO protein (Data not

shown).
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Figure 4.21. Representative Li-LAO assay result with an 0-Phenylene diamine.
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Further, the Li-LAO was found to be thrown out of the cell as an exoprotein
(Eshghi A. et al., 2015). So the recombinant protein was also searched in the spent
media of E. coli strain expressing Li-LAO after induction that resulted in a very low
quantity of protein not sufficient enough for purification and other biochemical

characterization.

4.5 Discussion

The attempts described in this chapter to express the full-length Leptospiral
LAO containing the putative secretory signal resulted in the isolation of two
polypeptides which corresponds to deletion of 1-28 and 1-31 residues. It was also
observed that relatively little protein was detectable in the culture supernatant with
much of the extracted protein being obtained after cell disruption. Interestingly,
despite the variable truncation (maybe the reason for low activity) presumably by
membrane-bound signal peptidases, both truncated protein forms appeared to be
properly folded and bound to the cofactor FAD without any supplementation. This
was evident from the visible yellow color of the protein fractions, the identification of
the FAD under the dissociative condition prevailing in the electrospray ionization

source from the mass spectrometer.

In bacteria, a specific signal sequence referred to as TAT (Twin
Arginine Translocation) at the N-terminus facilitates the transport and secretion of the

fully folded protein across the membrane (Fouts DE. et al., 2016).

MK LSRSEFIKLGILTAAGTIS

SG VA A
L :.—A.Az.GG~ AI—S
u 2,\,( - I NN A
=c= Nir=_" —=LS=r— -7

] . ——— — —
NO OO ™ AN M T OMNO®
i o ol U i B o

aa position

TAT signal consensus sequence in Leptospira sp.
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Figure 4.22. Comparison of TAT signal sequence with the N-terminal sequence
of Leptospira L-amino acid oxidase.

Fig. 4.22 Shows the TAT signal consensus sequence of putative L-amino acid
oxidase bears limited similarity. We, therefore, proceeded to clone and express the
putative LAO / amine oxidase sequence from leptospira deleting sequence from 1-20
residues; this led to the isolation of a well-folded homogenous protein fully amenable

for structural characterization. The results are discussed in the next chapter.
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Chapter 5

Structural characterization of putative L-amino acid/amine oxidase

(Biophysical studies and structural characterization)
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This chapter details the experimental characterization (Biophysical and
spectroscopic characterizations) of the putative Leptospiral LAO (427 residues)
protein, corresponding to residues 21 - 447, of the putative Leptospiral LAO sequence
considered in Chapter 3 are described. Additionally, a summary of structural
characterization of L-amino acid oxidases from other sources is provided as a

background to the results described in this Chapter.

5.1 Analysis of Li-LAO sequence

The sequence alignment of Leptospiral putative LAO with the PDB database
aligned with various amino acid oxidases most of them has an origin of the source
from various snake venom and amine oxidases from human and rat. The list of the
structure of LAOs available in the PDB database is given in Table 5.1. The
representative of alignment using Clustalw-PBIL (Combet C. et al., 2000; Thompson
JD. et al., 1994) of PDB database with L-amino acid oxidase is given in Fig. 5.1.

Table 5.1. List of L-amino acid oxidase structures available in PDB

[ chain |

PDBID Source Length Ligand Name Resolution | Mol. Weight | Residue Count DOl
Citric Acid, FAD,
1F8R, 1F85 Calloselasma Alpha-L-Fucose,
rhodostoma 498 N-Acetyl-D-Glucosamine 2.00 56299.30 1992, 3984 10.1093/emboj/19.16.4204
' Citric Acid, FAD, ' 231, '
N-Acetyl-D-Glucosamine,2- 2.70,
1REO, TDK, (Acetylamino)-2-Deoxy-A-D- 2.70,
|1TDN, TDO | Gloydius halys 486 Glucopyranose 3.00 55207.20 486 10.1107/50907444904000046
FAD,
Calloselasma Alpha-L-Fucose,N-Acetyl-D-
21D rhodostoma 498 Glucosamine,Phenylalani 1.80 56299.30 1992 10.1016/j.jmb.2006.09.032
1.25,
1.55,
2JAE, 21B, Rhodococcus 1.45,
|2JB2, 2183 opacus 489 FAD 1.85 53412.00 978 10.1016/j.jmb.2006.11.071
Vipera FAD, N-Acetyl-D-Glucosamine,
3KVE \ammodytes | 486 Zinc lon | 2.57 55005.80 1944
Pseudomonas
l3WEO |5P- | SBO_FAD | 1.90 64516.90‘ 1160_ 10.1016/j.fob.2014.02.002
Streptococcus FAD, Glycerol, 2.70,
|4CNJ, 4CNK | cristatus ] 391 O-Methyl-Glycine, Sulfate lon | 2.00 42734.80 1564 10.1042/BJ20140972
Bothrops
4E0V \jararacussu | 497 [FAD | 3.10 56358.50 994, 10. 1016/j.bbre.2012.03.129
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2I1ID A ARDDRNPLAECFQENDYEEFLEIARNGLEATSNPKHGVIVEAR iﬁgr
1F8R 1 nnnnnpLAECFQENDYEEFLEInRNGLxATsupxﬁuvvanEM
1REO R, ANDRNPLEECFRETDYEEFLEIARNGLKATSNPKHGVVV[E

3KVE o ANDRNPLEECFRETDYEEFLEIARNGLKKTSNPKHVVV| n MS s
4E0V 1 HNVFFMFSKPGKLADDRNPLEECFRETDYEEFLEIhKNGLBTTSNPKRuVIV

2JB2 1 ... ....... AR N e AGDLIGKVKGSHS

VVLEPGEEPI:Ei
WP_0007781121 1 iiiiiaaaaaa MKLSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRKT|IVMEGEIS

ARY cPMRLP

2IID 48 AEXEHQET?L VSERIPEERVRRWYRNEEA . .. .. . ... ...... [GWYANL

1F8R 48 AAYVIPAGA[EHOYTVLISERIP[E[ERVRIWYRNEEA . . . . . . ..o ov v ... GWYANL{EPMRLP
1REO 48 hhyﬁsGhEHQHTVL%SEE CRVRBWYRNDKE . .. .. .......... DWYJ\NLEPMRLP
3KVE 48 AAYVI?AGA TVLIHISERIAlle RVRIWHRNSKE . . . .. . ... ...... GWYANLEPMRIP
4EO0V 61 AAY ANAEHQUTVL SERIAecQVKIWYRNEKE . . . . . . ... ... ... GWYANL{EPMRLP
2JB2 26 SAFEVFQOKAEYKY nT-p cRVWRARGGSEETDLSGETQKCTFSEGHFYNVEATRIP
WP_0007781121 50 ASYL SKTEIK“QL ATDRILEERIRWVTDVSG. - . . v v oo v v v v o s -NFLDLEAEWIQ
21ID 93 EK| RIVREYI-KFDLRLNE|3QENDN1w2FIKNIRKKVrEVKKDiELEﬁYﬁ?i?EEnEKs
1F8R 93 EKRIVREYIRKFDLRLNE)3SQENDNAWYFIKNIRKKV[EEVKKDPGLLKYPVKPSEAGKS
1REO 93 EKERIVREYIEKFGLQLNEFSQENDNAWYFIKNIRKRVPEVKKDPGVLKYPVKPSEEGKS
3KVE 93 EKLRIVREYIRKFGLNLNE3SQENDNAWYFIKNIRKRV[EEVNKDPGLLKYPVKPSEEGKS
4E0V 106 EK RIVREYI-KFGLQLNEiSQENENAWYFIKNIRKRYrEvNKDPGVLDYPVKPSEVGKs
2JB2 86 QS|:ii.ITLDYCRELGVEIQ |GNQNANTFVN!QBDT3L3 QSVTYRAAKADTFG.YMSELL
WP_0007781121 94 AE[RTAKSLIJELGLKTTD|3EVQOSDLFFGSYR. .. .KF[cTWDISPKSQEILNKLVOMNSK
2IID 153 AGQLYEESWGKVVEELKRTNCSYT NKYDTYSTKEYLIKEG....DLSPGAVDMIE .p
1F8R 153 AGQLYEESPPGKVVEELKRTNCSYI/NKYDTYSTKEYLIKEG. .. .DLSPGAVDMI .b
1REO 153 AGQLYEESPPGKVVEELKRTNCSYIPNKYDTYSTKEYLLKEG. .. .NLSPGAVDMI .D
3KVE 153 AGQLYEESPGSAVKDLKRTNCSYIMNKYDTYSTKEYLIKEG....NLSPGAVDMI .D
4E0V 166 AGQLYEES[PQKAVEELRRTNCSYMI?/NKYDTYSTKEYLLKEG....NLSPGAVDMI .D
2JB2 144 KKATDQGA/’DQVLSREDKDALSEF SDFGDLSDDGRYLGSSRRGYDSEEGAGLNF TEKK
WP_0007781121 150 INSTQOQOQOEMDRIS. ... ... FYNFI/NYQGMSLEDLNILNFK. lL.Y...suyy[e. . |
2IID 206 LLNEDSGYYVSFIESLKHDDIFAYEKRFDEIVD[ELDKLPTAMYRDTI.QDKVHFNAQIKI
1F8R 206 LLNEDSGYYVSFIESLKHDDIFAYEKRFDEIVDETDKLPTAMYRDI.QDKVHFNAQWIKI
1REO 206 LMNEDSGYYVSFPESLRHDDIFAYEKRFDEIVGEI!DKLPTSMYRAI.EEKVHLNAQWYIKI
3KVE 206 LLNEDSGYYVSFIESLKHDDIFAYEKRFDEIVG[EI!DQLPTSMYRAI.EEKVKFNARYIKI
4EO0V 219 LLNEDSGYYVSFIESLKHDDIFAYEKRFDEIVGEIDKLPTSMYQAT.QEKVHLNARJIKI
2JB2 204 PFAMQEVIRSGIGRNFSFDFGYDQAMMMFTPVG[=!DRIYYAFQDRIGTDNIVFGAE)TSM
WP_0007781121 190 .DS..LRSLSAQKVLSDLVNFPKYNTRVEG[ETETLTRALVSSLENTEIIFSDP VSV
2I1ID 265 éﬁﬁnﬁfuTﬁv?ETLSEETPSVTADY VCTTSRAVRLIKFNPPPPLPKKAHALRSVHYRSG
1F8R 265 QONDQKgT\VYETLSKETPSVTADYV] VCTTSRAVRLIKENPPELPKKAHALRSVHYRSG
1REO 265 OQRKNAEK)TYVYQTPAKEMASVTADYVHVCTTSRATRRIKFEPPYPPKKAHALRSVHYRSG
3KVE 265 QQNANQETTTYQTPEKDTSSNTADYV VCTTSRAARRIQFEPP/PPPKKQHALRSVHYRSG
4EO0V 278 QQDVKEH HTYQTSEKETLSVTADYV VCTTSRAARRIKFEPP/PPKKAHALRSVHYRSG
2JB2 264 KNVSEGY T\ EYTAGG.SKKSITADYANCTIPPHLVGRLQNN. . PGDVLTALKAAKPSSS
WP_0007781121 244 SQGEGK| I\ TTVSGK....KIEGNACHSTLPANQLTTIQWDPE E DKEKKLSALRIRYSRI

Figure 5.1. Sequence alignment of Li-LAO with sequences from PDB structure
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211D 325 THIFLTCTTKFEE .DDGIHEGKETTDLPSRFIYYPNHNFTNGVGVIIAYG./I[EDDANFFQ
1F8R 325 TWIFLTCTTKFE.DDGIHEGEETTDLPSRFIYYPNHNFTNGVGVIIAYG. I[EDDANFFQ

1REO 325 TEIFLTCTKKFEE.DEGIHEGK'TTDLPSRFIYYPNHNFTSGVGVIIAYG.IEDDANFFQ
3KVE 325 TUIFLTCSSKFE.DDGIHEGKITTDLESRFIYYPNHNFSTGVGVIIAYG. IEDDANFFQ
4E0V 338 TUIFLTCTKKF|E.DDGIHEGKETTDLPSRFIYYPNHNFPNGVGVIIAYG. I[EDDANYFE
2JB2 321 GELGIEYSRRHEETEDRIEEGAENTDKDISQIMFPYDHYNSDRGVVVAYYSSrKRQEAFE
WP_0007781121 300 YI(TFLMLREAP[T..... cSFEAYSDSVAGFIYDAGTKINSEDKILGMISTEDRYDILA
2IID 383 ALDFKDCADIVFNDLSLIH..QLPKEDIQSFCYPSVIQKWELDKYA.MGGITTFTPYQFQ
1F8R 383 ALDFKDCADIVFNDLSLIH..QLPKEDIQSFCYPSVIQKWELDKYA.MGGITTFTPYQFQ
1REO 383 ALDFKDCADIVINDLSLIH..QLPREEIQTFCYPSMIQKWELDKYA.MGGITTFTPYQFQ
3KVE 383 ALKFKDCADIVFNDLSLIH..QLPKEEIQSFCYPSMIQKWELDKYA.MGAITTFTPYQFQ
4E0V 396 ALDFEDCGDIVINDLSLIH..QLPKEEIQAICRPSMIQRWELDKYA.MGGITTFTPYQFQ
2JB2 381 SLTHRORLAKAIAEGSEIHGEKYTRDISSSFSGSWRRTKYEESAWANWAGSGGSHGGAAT
WP_0007781121 355 SSTDAMKVEYIRLALESLG....QGRELQVLRIQSSETSQEKFIPT...GIATFPPGSYG
2IID 440 HFSDPPTASQGRHYFVWEYTAQAHGWIDSTIKEGLRAARDVNLASENPSGIHLSNDNEL
1F8R 440 HFSDP !TASQGR_YﬁEYTAQAHGWlDSTIK'GLRAARDV‘NLASENPSGIHLSNDNEL
1REO 440 HFSES| ITASVDR;YEEHTAEAHGWIDSTIKEGLRAARDVNRASEQ ............
3KVE 440 RFSEAITAPQGRUFIZNCEYTAEAHGWIDSTIKEGLTAARDY . .|. o v oo v oo e ..
4E0V 453 HFSEATAPVDREHYFYCEYTAQAHGWIASTIKEGP.EGLDVNRASE.............
2JB2 441 PEYE ILEPVDKIY.' cDHLSNAIAWQHGALTEARDVVTHIHERVAQEA . ... ... ...
WP_0007781121 408 SIIS. I LKPMDREF/JVCEHTAELNGTVEGALAEAIRAVNOV. .. ... ............

Figure 5.1. Sequence alignment of Li-LAO with sequences from PDB structure

Among the various L-amino acid oxidases, from snake venom and bacteria,
the Calloselasma rhodostoma L-amino acid oxidase and Rhodococcus opacus L-
amino acid oxidase are compared and well-studied (Pawelek PD. et al., 2000; Faust
A. et al., 2007; Moustafa IM. et al., 2006). Structural overlap of Calloselasma
rhodostoma L-amino acid oxidase (PDBID: 211D) and Rhodococcus opacus L-amino
acid oxidase (PDBID: 2JB2) and residues that interact with FAD are mapped in Fig.
5.2. Overall both these enzymes show similar folds having a FAD-binding domain, a
substrate-binding domain, and a helical domain. The Calloselasma rhodostoma LAO
have shown to exhibit a long Y-shape which allows the substrate to interact with the
enzyme in such a way that one portion of the input channel interacts with O, and the
other is for product release occurs. In contrast in the case of Rhodococcus LAO there
is no funnel-like structure to orient the trajectory of the substrate to the active site.
The major structural difference lies in the helical domain. In fact, in various LAO the
helical domain varies significantly. For example, in Rhodococcus, the helical domain
forms an unusual dimerization mode which is not found in other members of the

family.
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Figure 5.2 snake venom amino acid oxidase(211D: pink) and Rhodococcus amino
acid oxidase(2JB2: cyan) structural overlap and the conservation of FAD-
binding residues.

With this substantial information of L- amino acid oxidase structural information the
subsequence section will describe the experimental studies detailing the Leptospiral

recombinant putative L-amino acid oxidase.

5.2 Materials

E.coli Strain  Topl0, E.coli Strain DHS5a E.coli Strain BL21(DE3),
C41(Generous gift from Prof. Aravind pennmatsa), pET21b plasmid, 6x DNA loading
dye, dNTPs, protein markers, DNA ladder from Bangalore Genei, Bangalore, India;
PHUSION DNA polymerase, Pre-stained marker (Thermo scientific),  Ndel
endonuclease, Xhol endonuclease, Dpnl from NEB,; plasmid isolation kit
(Qiagen), Tris, GnHCI, Urea, BSA, FAD, NADH, Dialysis membrane, EtBr, DTT,
Agarose, SDS, PMSF from Sigma; Primers from Eurofins, India; NaCl, EDTA,
Glycerol, Ammonium sulfate, HCI, Acrylamide, Bis-acrylamide, Bromophenol blue,
Ammonium persulfate, TEMED, Glycine from SDFCL, amino acid substrates L-
Histidine, L-Alanine, L-Tryptophan, L-Methionine L-Glutamine, L-Asparagine, L-
Glutamate, L-Aspartate, L-Serine, L-Arginine, L-Proline, L-Tyrosine from Sigma
(Generous gift from Prof P. Balaram and Prof Jayanta Chatterjee)and L-
Phenylalanine, L-Leucine, L-Isoleucine, L-valine, L-Threonine from SRL. Amine
substrates Dopamine and Spermine (sigma) from Prof. Aravind Pennmatsa lab,
Spermidine (Sigma) from Prof. BG Lab, Histamine HCI from HiMedia, Putrescine

and Tryptamine from Sigma (Prof. P. Balaram).

116



5.3 Methods

5.3.1 Cloning

DNA for Leptospiral recombinant LAO without 20-aminoacid signal peptide
(Li-rLAQO) was amplified by site-directed mutagenesis PCR using the primers Li-
rLAO_Fp:ATGGGCCTTCCAGGAATAAAATTAAGTG and Li-
rLAO_Rp:ATGTATATCTCCTTCTTAAAGTTAAAC and PHUSION DNA
polymerase site-directed mutagenesis with the following condition of initial
denaturation of 95°C for 30 sec, followed by 16 cycles of 95°C for 30 sec, 55°C for 1
minute, 68°C for 7 minutes and with the final extension of 68°C for 5 minutes from
the plasmid pET21b plasmid containing full-length Li-LAO gene cloned between
Ndel and Xhol sites. The amplified PCR product was treated with Dpnl for an hour
and directly transformed into DH5a cells. The sequence of the clone was confirmed
by DNA sequencing.

E. coli strain C41 was transformed with pET21b containing the recombinant
LAO gene and grown in LB for 8-10 hrs with 100 pg/ml ampicillin. The culture was
used as a 1% pre-inoculum in Louria Bertuni broth (LB) culture grown at 37 °C. After
induction with 500 uM IPTG (ODggo 0.6-0.8), the culture was allowed to grow for
another 16hrs at 30 °C. Cells were harvested by centrifugation (20 min, 6K rpm, 4°C),
resuspended in lysis buffer containing 20 mM Tris-HCI (pH 6.8), 1 mM EDTA, 1
mM PMSF, 1 mM DTT, and 10% glycerol (lysis buffer to bacterial culture volume
was taken in the ratio of 1:20) and disrupted by sonication (35% amplitude, 20sec off
and 10sec on, 25 cycles). After centrifugation (45 min, 12K rpm, 4 °C) and removal
of the cell debris, the supernatant was subjected to an SP sepharose cation exchange
chromatography column was equilibrated with 20mM Tris (pH 6.8) with the flow
rate of 0.5ml /minute and washed with 20 mM Tris-HCI (pH 6.8), the bound protein
was eluted with linear gradient containing 100ml of buffer A (20 mM Tris-HCI, pH
6.8) and 100ml of buffer B (20 mM Tris-HCI, pH 6.8 with 1M sodium chloride) with
a flow rate of 1ml/ minute. The 10ml fractions are collected in a fraction collector.

Further, all the pooled fractions were concentrated by 30KDa cutoff centricon
(3000 rpm, 44 °C). The concentrated protein was subjected to gel filtration
chromatography (Superdex-200, XK26 column, Amersham Biosciences), equilibrated
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with the 20 mM Tris-HCI (pH 6.8 with 100mM sodium chloride) (AKTA Basic 10
HPLC system, GE healthcare). Protein purity was checked by SDS-PAGE and LC-
ESI/MS was done to determine the correct mass of the protein. The concentration of
purified protein was estimated by the Bradford method.

5.3.2 Mass spectrometry

Electrospray ionization mass spectra were recorded on maXis impact Q-
TOF(Bruker Daltonics, Bremen, Germany) coupled to Agilent 1200 series online
HPLC. The spectrometer was tuned by using a standard Agilent ESI Tune mix
ranging from m/z 118 to 2721 in the positive ion mode. Data processing was done
using the deconvolution module of the ‘Data Analysis 4.1° software (Bruker
Daltonics, Bremen, Germany) to detect the multiple charge states and obtain derived

masses.

5.3.3 In-gel trypsin digestion and MS/MS

Li-rLAO protein (20-10 ng per lane) was run in 10% SDS-PAGE (reducing)
and stained with the Coomassie Brilliant Blue staining method. The bands
corresponding to Li-rLAO were cut out and processed for tryptic digestion using
sequencing grade modified Trypsin (Promega Corporation) (Shevchenko et al., 2006).
In brief, Stained gel pieces were excised minced into 1mm? pieces, and transferred
into a sterile centrifuge tube. Gel pieces were washed with 500ul of wash buffer (50%
acetonitrile, 50mM ammonium bicarbonate), till the coomassie dye is removed. De-
stained gel pieces were dehydrated in 100% acetonitrile for 5 minutes and rehydrated
in 150ul reduction solution (10mM DTT, 100mM ammonium bicarbonate) for 30 min
at 56°C. The reduction solution is discarded and incubated with 100ul of alkylating
solution (50mM iodoacetamide, 100mM ammonium bicarbonate) for 30 minutes in
dark at room temperature. Reduced and alkylated gel pieces are washed with wash
solution and dehydrated with 100% acetonitrile for 5 minutes and completely dried at
room temperature in a centrifugal evaporator. Gel pieces were rehydrated with 20ul of
sequencing grade trypsin (20pg/ml) digestion solution and incubated overnight at
37C°. The digested peptides are extracted from the gel pieces with extraction solution
(50% acetonitrile, 0.1% TFA), the extracted peptides from each sample were further

concentrated in a vacuum concentrator and were subjected to MS-MS analysis.
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5.3.4 UV-Visible Absorption spectrum of Li-rLAO

In order to obtain the UV-visible absorption profile of Li-rLAO, 285uM of Li-
rLAO (in 20mM Tris pH6.8 and 100mM NaCl) was scanned between 200nm to
800nm with 20mM Tris pH6.8 and 100mM NacCl as blank.

5.3.5 Analytical Gel filtration

For determining the oligomeric state of Li-rLAO, analytical gel filtration
chromatography was performed on a Superdex-200 (GE Healthcare) 10mm internal
diameter x 300mm column. Gel filtration was done on a pre-equilibrated column with
a flow rate of 0.2 mL/min, with Tris buffer (pH 6.8. 20 mM), 100 mM NaCl and
absorbance at 220 nm and 280 nm was recorded to monitor the elution of protein.
Injection volume was 500 pl with protein concentration ~140 uM. To remove any
precipitate or particulate impurity, the protein was centrifuged at 14,000 rpm for 20
minutes at 4 °C before injection. Molecular weight standards Carbonic
anhydrase(19kDa) and Alcohol dehydrogenase (150kDa), Albumin(66kDa), Apo-
ferritin(443kDa), beta-amylase (200KDa), and Thyroglobulin(669kDa) were used to
calibrate the column on a pre-equilibrated column with a flow rate of 0.2 mL/min,
with Tris buffer (pH 7.2. 50 mM), 100 mM KCI.

5.3.6 Circular dichroism spectrum and Thermal denaturation

Circular dichroism spectrum was recorded on JASCO-715 spectropolarimeter
(JASCO technologies, Tokyo, Japan), protein concentration ~90 uM. For thermal
melting studies, Li-rLAO, (~90 uM final concentration in 20 mM Tris HCI, pH 6.8)
was incubated at each temperature (25- 65 °C with 5 °C temperature jumps) for three
CD scans were performed at a scan speed of 10 nm*min—1. CD measurements were
performed on JASCO-715 spectropolarimeter (JASCO technologies, Tokyo, Japan)
equipped with a thermostat cell holder controlled by a peltizer device. 1 mm path
length cuvette, 2 nm bandpass was used. The HT voltage remained in the permissible
range throughout all the scans. In order to find the temperature kinetics Li-rLAO,
(~90 uM final concentration in 20 mM Tris HCI, pH 6.8) was monitored by CD
measurements for every minute with a scanning speed of 50nm*min—1 with an

interval of one minute with overall incubation of 30 minutes at 45°C, 50°C and 55°C
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and change in the CD ellipticity at 220 nm (0 in mdeg) was plotted as a function of

time at each of these specified temperatures.

5.3.7 Spectroscopic characterization

Fluorescence spectra of Li-rLAO were recorded on an F2500 fluorescence
spectrophotometer (Hitachi Science and Technology, Japan), using a protein
concentration of ~285 uM, with excitation wavelength 280 nm. Spectra were recorded
in the range of 300-800 nm. For studying the effect of temperature on the tertiary
structure of the protein, ~200 uM protein (buffer 20 mM Tris pH 6.8; 100 mM NacCl)
was incubated at 37 °C and a spectrum was recorded with a cuvette path length of 1

cm and the bandpass used was 5 nm.

5.3.8 Sequence analysis of LAO

Sequence analysis was performed using BLASTP (Altschul SF. et al., 1997)
and PSI blast (Altschul SF. et al., 1997), the motif search was performed in Pfam
(Finn RD. et al., 2014) and Conserved domain database (Marchler-Bauer A. et al.,
2013). Multiple sequence alignment with homologs was performed using the UniProt
Knowledge database and UniProt Align ((Boratyn GM. et al., 2013; UniProt. 2017).

5.3.9 Crystallization

The purified Li-rLAO protein was concentrated to ~14-16 mg/mL and was
centrifuged at 14,000 rpm for 1hr at 4 °C prior to setting up for crystallization. The
purified leptospira L-amino oxidase was screened for crystallization conditions of
Hampton crystal screen kits using the under oil method. Crystals were obtained in the
95th condition of the Index screen in a crystallization drop containing 1ul of
(~20mg/ml) protein and 1 pl of buffer condition (HR2-944-95 Containing 0.1 M
Potassium thiocyanate, 30% w/v Polyethylene glycol monomethyl ether 2,000) at 298
K; micro-crystals appeared within 12 hours which were allowed to grow for a week to

improve the crystal size and diffraction quality.
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5.3.10 Data collection, structure solution, and refinement

For native crystal, diffraction data were collected on a cryo-loop, flash-frozen
in liquid Ny, and the X-ray diffraction data was collected on Beamline XRD1/XRD2
at Elettra Synchrotron Trieste, Italy. Data were collected with 0.5-degree rotation.
The native crystal diffracted up to 1.78 A resolution. For anomalous signal, crystals
were soaked with 1M potassium iodide for 15 minutes mounted on a cryo-loop, flash-
frozen in liquid N, and the X-ray diffraction data was collected on Beamline
XRD1/XRD2 at Elettra Synchrotron Trieste, Italy. Data were collected with 0.5-
degree rotation. Data were collected twice for the same crystal; both data were
merged with renaming files. The merged data were processed with iMOSFLM (Leslie
AGW. et al., 2007) and XIA2-DIALS (Winn MD. et al.,2011; Winter G. 2010;
Winter, G. et al., 2018; Evans PR. 2006, 2011; Evans PR. et al., 2013), of the CCP4i2
suite of programs. The crystal soaked with (K1) diffracted to 2.38 A resolution. The
collected data of both the crystals were processed in the orthorhombic space groups
P2,212;. lodine sites in the crystal were located using anomalous peak search and the
final substructure was determined by Crank2.0 (Skubak P. et al., 2013; Sheldrick GM.
2008; Schneider TR. et al., 2002; Murshudov GN. et al., 2011; Abrahams JP. et al.,
1996; Skubak P. et al., 2010; Cowtan K. 2006, 2016) of the CCP4i2 package. The
final built model (838 residues) was obtained by crank2 with a final R factor: 0.2735
and a Final Rfree factor: 0.3474. The asymmetric unit is compatible with 2 monomers
and 39% water content. Manual model building and refinement of the structure were
carried out using COOT v0.7.2.1(Emsley P. et al.,, 2010) REFMAC (version
5.5.0109) (Kovalevskiy O. et al., 2018; Murshudov GN. et al., 1997, 1999, 2011;
Nicholls RA. et al., 2012; Vagin AA. et al., 2004; Winn MD. et al., 2003). Further
redundant data were processed by molecular replacement software Molrep (Vagin A.
et al., 2008; Lebedev AA. et al., 2008). The data set between 84.64A and 1.78 A were
included throughout the refinement calculations. Five percent of the data were
randomly chosen for free R-factor. The data collection and processing statistics and
parameters after the final round of model building and refinement are provided
(Tables 5.2).

5.3.11 Structural analysis
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Solvent accessible area and interface residue analysis, accessible and buried
surface area and AGgimer dissociation Were done by PISA server (Krissinel E. et al., 2007;
Krissinel E. 2010, 2012). The structural alignment was done by DALI (Holm L. et al.,
1995, 1996; Holm L. 2020; Hasegawa H. et al., 2009). Ramachandran Map for the
structures was generated using Procheck and Rampage. All the crystal structure

analysis and figure preparation were done by Pymol program version 1.2r1.

5.3.12 Amino acid oxidase assay

The assay was conducted in a 96-well microplate in triplicate with
modification (Kishimoto M. et al., 2001); 10 ul/well of enzyme solution (10uM-30
MM), 90ul/well of substrate solution were added to start the reaction. The standard
reaction mixture contained L-amino acid (initially 5 or 10 Mm, at later stages the
concentration of substrate was reduced to 2.5mM), 2 mM ortho-Phenylene Diamine
(OPD), and 0.81 U/ml Horseradish peroxidase (HRP), in a total volume of 100ul/well
of 50mM borax—HCI buffer (pH 8.5). After incubation at 37°C for 60 min, the
reaction was terminated by adding 50ul of 2M H,SO,4. The absorbance of the reaction
mixture was measured by a microplate reader at 492 nm, using 630 nm as a reference
wavelength (492/630 nm). In the time-course experiment, absorbance was measured
at 420/630 nm, instead of 492/630 nm, at appropriate time intervals without adding
2M H,S0O4 to terminate the reaction.

The amino acid oxidase assay was also carried out at 30°C for 60 min at a
varying concentration of amino acids. Further, the assay was also carried in a phased
manner; only with buffered amino acid substrates incubated with the Li-rLAO for 45
min at 30°C followed by the addition of HRP and OPD incubation at 30°C for another

45 minutes, and measurements were made after 90 minutes.

5.3.13 Amine oxidase assay

The assay was conducted in a 96-well microplate in triplicate with
modification (Holt A. et al., 2006); the reaction was carried out in a mixture
containing 50mM HEPES, 5mM KCI, 2mM CaCl,, 1.4mM MgCl, 140mM NacCl
pH7.4, 200 pM substrate, 500uM of 4-aminoantipyrene, ImM Vanillic acid, 4Uml™
of horseradish peroxidase and 10pM-30 uM of Li-rLAO for 30 minutes at 37°C. The

absorbance of the reaction mixture was measured by a microplate reader at 498 nm.
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5.4 Results

A B C
fp 0 mmmmmmmmmmeeeeeeee MGLPGIKLSAQGTSSRKTVIVM( ISGLYASYLLSKTGIK 41
rLAO Control Control C1 C2 *P e QCTSS (GGGISGLYASYLLSKTG
gene MKLSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRKTVIVMGGGISGLYASYLLSKTGIK 60
e e e e e e e e e ke e ok ok o o ok ok ok ok ke ok ke ok ok ok ke ok ok ok ok ke ok ok ke ok
e | ——
fp VQLIEATDRLGGRIRTVTDVSGNFLDLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLF 101
gene VQLIEATDRLGGRIRTVTDVSGNFLDLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLF 120
fp FGSYRKFGTWDISPKSQEILNKLVOMNSKINSTQQQOELDRISFYNFLNYQGMSLEDLNIL 161
gene FGSYRKFGTWDISPKSQEILNKLVOMNSKINSTQQQOELDRISFYNFLNYQGMSLEDLNIL 180
rp ---SLEDLNIL 8
gene FGSYRKFGTWDISPKSQEILNKLVOMNSKINSTQQQELDRISFYNFLNYQGMSLEDLNIL 180
e ok ok ok ke ok ok
rp NFKYSLYYGDSLRSLSAQKVLSDLVNFPKYNTRVEGGMETLTRALVSSLENTEIIFSDPV 68
gene NFKYSLYYGDSLRSLSAQKVLSDLVNFPKYNTRVEGGMETLTRALVSSLENTEIIFSDPV 240
e e e e e e e e e e e ok e ke ke e ok ok o e ke ke ok ok ok ke ke ke ok ok e e ok ok ok ok e ke ke ok ok ok e ok ok ke ok ok ok
rp VSVSQGEGKVIVTTVSGKKIEGNACISTLPANQLTTIQWDPELDKEKKLSALRIRYSRIY 128
gene VSVSQGEGKVIVTTVSGKKIEGNACISTLPANQLTTIQWDPELDKEKKLSALRIRYSRIY 300
rp KTFLMLREAPWTRGSFSAYSDSVAGFIYDAGTKINSEDKILGMISTGDRYDILASSTDAM 188
gene KTFLMLREAPWTRGSFSAYSDSVAGFIYDAGTKINSEDKILGMISTGDRYDVLASSTDAM 360
Thkkkkkh kA kA h ko hkkk ko kk ko k ko ko kkkkkkkkk - kkkkhkhk
rp KVEYIRLALESLGQGRELQVLRIQSSETSQSKFIPTGIATFPPGSYGSIISLLKPMDRIF 248
gene KVEYIRLALESLGQGRELQVLRIQSSETSQSKFIPTGIATFPPGSYGSIISLLKPMDRIF 420
rp FAGEHTAELNGTVEGALASAIRAVNQV 275
gene FAGEHTAELNGTVEGALASAIRAVNQV 447

B 2

Figure 5.3. Cloning Li-rLAO. A) Site-directed mutagenesis PCR product of Li-
rLAO on 0.8% agarose gel electrophoresis. B) Clone confirmation by PCR and
C) Protein sequence alignment of clone obtained from DNA sequencing result
(FP- sequence obtained by using T7 forward sequencing primer; RP- sequence
obtained by using T7 reverse sequencing primer).

Li-rLAO was amplified by site-directed mutagenesis by the mega primer
method as 7kb linear pET21bLAO with all the components except the Phusion DNA
polymerase as a negative control. Both the PCR sample and control were treated with
a Dpnl restriction enzyme that specifically cuts the methylated parental strand DNA.
The fraction of amplified PCR products post Dpnl treatment loaded on 0.8% agarose
gel (Fig. 5.3A) and 2L of the sample and the control DNA was used to transform in
DH5a cells. The plasmids were isolated from the positive clones using a Qiagen mini-
prep plasmid isolation kit. The cloned plasmid DNA was checked for the proper insert
by colony PCR (Fig. 5.3B) and further confirmed by DNA sequencing. The translated

sequence of the clones was aligned with reference (Fig. 5.3C).
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SP-sepharoseion Li-rLAO fraction $200 Gel filtration

exchange collected from ion Chromatography of
chromatography of Li- exchange Li-rLAO after ion exchange
rLAO chromatography chromatography

Figure 5.4. Purification of Li-rLAO. A) SP-sepharose ion-exchange
chromatography showing protein (yellow color) bound to the column. B) Li-
rLAO fraction collected from chromatography. C) S200 Gel filtration
chromatography of Li-rLAO showing the yellow color of the protein.

Sequence confirmed Li-rLAO DNA (appendix 2) was transformed in E.coli
C41 strains and selected in presence of ampicillin (final concentration of 100ug /mL).
The positive clones were screened for expression of Li-rLAO protein (induced with
0.5mM IPTG) on 10% SDS-PAGE post-induction (Fig. 5.4A) by comparing the
induced cell lysates with uninduced cell lysate as controls. The expressed protein was
lysed by sonication, the cell debris was removed by centrifugation, and the
supernatant obtained was loaded on to SP-sepharose column. The SP-sepharose-
bound proteins were washed with 20mMTris, 100mM NaCl. Li-rLAO bound to the
SP-sepharose column can be visualized easily by the presence of a yellow color ring
in the column (Fig. 5.4B). The yellow-colored protein was easily collected compared
with water (Fig. 5.4C). Upon molecular exclusion chromatography still, the yellow

color of the protein can be easily monitored on the column (Fig. 5.4D).
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Figure 5.5. Purification of Li-rLAO. A) Representative S200 Gel filtration
chromatography elution profile of Li-rLAO B) Representative SDS PAGE

showing the purity of fractions of Li-rLAO, M represents marker(kDa); L21-L24
elution fractions from Gel filtration chromatography.

The purification of Li-rLAO was monitored by 280nm on Gel filtration

chromatography (Fig. 5.5A) and collected as 2mL fractions. The obtained fractions

were checked for purity on 10% SDS-PAGE (Fig. 5.5B).
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5.4.2 UV-Visible Absorption spectrum of Li-rLAO

The purified protein was checked for UV-visible absorption spectra as

protein is bound by FAD (Fig. 5.6).
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Figure 5.6. UV_Visible spectrum of Li-rLAO.

284nm, 365 nm, 455nm, and 490 nm spanning over the entire region of 280 nm to

Clearly, the purified protein showed complex spectra with absorption

505 nm.
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5.4.2 Mass spectrometry

The molecular mass of the purified protein was obtained from Q-TOF mass
spectrometry. The protein showed a mass of 47090Da which is the mass 131Da less
than the expected mass indicating the removal of N-terminal methionine in E.coli
strain (Fig 5.7A). The protein was also subjected to mass spectrometry by negative

mode and confirmed the presence of FAD (Fig. 5.7B).
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Figure 5.7. Mass spectrum of purified Li-rLAO protein A) showing an observed
mass of 47090 Da which is equivalent to that of Des-Met mass B) Mass of FAD

observed in purified Li-rLAO protein in negative mode.
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413 482.2401 962.4656 962.4781 -0,0125 | K.LSAQGTSSR.K

484 560.2891 1118.5636 1118.5754 -0.0118 | K.ILGMISTGDR.Y

522 1188.6393 1187.6321 1187.6550 -0.0230 | K.YLSDiVNFPK

551 6473008 1292.5870 1292.6037 -0.0167 | K.YSLYYGDSLR.S

577 686.3166 1370.6186 1370.6387 -0.0201 | R.YDILASSTDAMK.V

665 681.6413 2041.9021 2040.9065 0.9957 | KINFSAYSDSAAGFIYDAGTK.A
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Figure 5.8. Tryptic Digestion of Li-rLAO. A) Mascot software output results of
the tryptic digest of purified Li-rLAO protein B) Table showing the various
peptide fragments obtained from the digestion of the protein.

The identity of purified protein was confirmed by the tryptic digest of Li-
rLAO subjected to Q-TOF mass spectrometry followed by data analysis by mascot
software (Fig. 5.8A and 5.8B).
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5.4.3 Analytical Gel filtration

Further, the oligomeric state of Li-rLAO was established as a monomer by
analytical gel filtration column chromatography with the calibration of Molecular
weight standards (Fig. 5.9).

Molecular weight determination by Analytical gel filtration

2 .
1.9 + Carbonic anhydrase (29)
1.8 -+ y =-0.5554x + 4.3341
R? = 0.9952
LAO=1.694038245
1.7 + .
Albumin (66) *Seriesl
1.6 - ~Linear (Series1)
S
1.5 +
g Alcohol dehydrogenase (150)
1.4 - Beta-amylase (200)
13 -
Apo-Ferritin (443)
1.2 4
1.1 A Thyroglobulin (669) N
4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6
Logl0 (Mw)
Mw V, Vv, log,(Mw) AATA
carbonic anhydrase 29000 16.57 8.89 4.462398 1.863892
albumin 66000 14.67 8.89 4.819544 1.650169
alochol dehydrogenase 15000012.91 8.89 5.176091 1.452193
beta-amylase 20000012.26 8.89 5.30103 1.379078
Apo-Ferritin 44300010.97 8.89 5.646404 1.233971
Thyroglobulin 669000 9.6 8.89 5.825426 1.079865
LAO 15.06 8.89 1.6940382

Figure 5.9. Standard graph Molecular weight markers obtained from Analytical
gel filtration column chromatography.
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5.4.6 Circular dichroism spectrum and Thermal denaturation

The circular dichroism spectrum shows the protein is well-folded (Fig. 5.10).
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Figure 5.10. CD spectra and thermal melting curve of Li-rLAO.
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Figure 5.10. CD spectra and thermal melting curve of Li-rLAO.

The spectrum shows one prominent negative band at ~208 nm and another
very broad but more intense negative band at ~222 nm (likely including the
contribution due to B-strands as well as helices). Additionally, aromatic side chains of

Tyr, Phe, and Trp may contribute to CD intensities around 222 nm.

The Thermal melting of Li-rLAO showed protein is stable till 50 °C. At 55 °C
the protein showed sharp melting (Fig. 5.10A-D).
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5.4.7 Spectroscopic characterization

Fluorescence emission spectrum of Li-rLAO (A,, .450nm)
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Figure 5.11. Fluorescence emission spectra of Li-rLAO.

The bound FAD showed a broad fluorescence emission band with Amaxen =
525 nm (Fig. 5.11A). The Internal tryptophan fluorescence studies of purified protein
showed a broad fluorescence emission band with Amaxen = 330 nm when excited at
280 nm wavelength light and two more peaks at 560nm (might be corresponding to
280*2=560nm) and a peak at 640nm (Corresponding to FAD- radical) which needs
further investigation (Fig. 5.11B).
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5.4.8 Sequence analysis of LAO

FAD-binding protein [Sphingobacteriia bacterium]
Sequence ID: NBV12699.1 Length: 452 Number of Matches: 1

Range 1: 2 to 450 GenPept Graphics

Score Expect Method Identities Positives Gaps
213 bits(541) 4e-60 Compositional matrix adjust. 136/452(30%) 220/452(48%) 10/452(2%)

Query 3 LSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRKTVIVMGGGISGLYASYLLSKTGIKVQ 62
+ R FIK + AAG P AG +K VI++G G++GL A+Y L + G V
Sbjct 2 VKRRSFIKTAGVIAAGTLLAPS---HAFGNRKKKRVIILGAGLAGLTAAYRLQQLGYGVS 58

Query 63  LIEATDRLGGRIRTVTDVSGNFL--DLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLF 120
++E+ RLGGR+ T L ++G EWI + H + L+ ++GLK D Q+ L
Sbjct 59  IVESKGRLGGRVLTYRPDPEQPLTVEMGGEWIGSSHHHMRKLVEDVGLKLVDHTFQNHLL 118

Query 121 F -GSYRKFGTWDISPKSQEILNKLVQMNSKINSTQQQELDRISFYNFLNYQGMSLEDLNI 179
+ + GWD+S K+ L LV+ + + Q+ +D+ ++ +L G DL++
Sbjct 119 FKAEHFRPGNWDLSDKGKASLRSLVEKYNSLKPDQRILIDKTDWNRYLRNSGFESRDLDL 178

Query 180 LNFKYSLYYGDSLRSLSAQKVLSDLVNFP---KYNTRVEGGMETLTRALVSSLENTEIIF 236
S YG+S+R +SA L + N+ + + R+EGG + L L + i
Sbjct 179 QELMDSNEYGESIRQVSALMALGNHNNYGAKMEMDYRIEGGNQRLIDELAERIGWENIHL 238

Query 237 SDPVVSVSQGEGKVIVTTVSGKKIEGNACISTLPANQLTTIQWDPELDKEKKLSALRIRY 296
+ PV VO 6VVIT+6 E+ I LP "+ 1'WDP +KK +  ++Y
Sbjct 239 NQPVTRVRQNPGGVRVFTYNGTLFEADKVICALPVLAIRKIDWDPGFSDDKKEALNSLQY 298

Query 297 SRIYKTFLMLREAPWTRGSFSAYSDSVAGFIYDAGTKINSEDKILGMISTGDRYDILASS 356
SRI KT + +E W F SD A +IY A + +L S GD +L +
Sbjct 299 SRITKTAFLFKERFWRDDQFGLLSDVHAHYIYHATRGQSGTHGVLMSHSIGDNAQVLGGA 358

Query 357 TDAMKVEYIRLALESLGQGRELQVLRIQSSETSQSKFIPTGIATFPPGSYGSIISLLK-P 415
++A +++ + AL+ L + 4L+ + + S+ + +A + PG S++ LK

Sbjct 359 SEAYRIKILNQALDPLFGPVDKSLLKQSTLDWSRDPIVMGAVALYGPGQVTSVMPELKQD 418

Query 416 MDRIFFAGEHTAELNGTVEGALASAIRAVNQV 447
M + F GEH + G +EGA+ SA Q+
Sbjct 419 MHNVHFCGEHLGDWQGFMEGAVQSAYDVAEQI 450

—aWP_000778112.1 NAD(P)/FAD-dependent oxidoreductase [Leptospira interrogans]

@FAD-binding protein [Sphingobacteriia bacterium]

FAD-dependent oxidoreductase [Chroococcidiopsis thermalis]
FAD-dependent oxidoreductase [Cyanosarcina burmensis]

Y —@ FAD-dependent oxidoreductase [Chroococcidiopsis cubana]
FAD-dependent oxidoreductase [Chroococcidiopsis sp. CCALA 051]
NAD(P)/FAD-dependent oxidoreductase [Scytonema millei]

EFAD—dependem oxidoreductase [Chitinophagaceae bacterium]
3 ® FAD-dependent oxidoreductase [Chitinophagaceae bacterium]
'—Oamine oxidase [Sphingobacteriales bacterium 46-32]
EFAD—dependent oxidoreductase [Chitinophagaceae bacterium]
FAD-dependent oxidoreductase [Chitinophagaceae bacterium]
NAD(P)/FAD-dependent oxidoreductase [Silvibacterium bohemicum]
|.°-4_| _+ Phypothetical protein DMG4S_03785 [Acidobacteria bacterium]

Ihypolhetical protein AUH16_08105 [Acidobacteria bacterium 13_2 20CM_...

Figure 5.12. PSI-BLAST result of LAO. A. showing the best alignment. B.
alignment evolutionary tree.
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Sequence search results
Show the detailed description of this results page.

We found 3 Pfam-A matches to your search sequence (1 significant and 2 insignificant)

—Amineioxidas

Show the search options and sequence that you submitted.

Return to the search form to look for Pfam domains on a new sequence.

Significant Pfam-A Matches
Show or hide all alignments.

T T
45 447

Amino oxidase Flavin containing amine oxidoreductase Domain CL0063

159.0 2.3e-46

Source : https://pfam.xfam.org/

Conserved domains on [lcl|seqsig_MKLSR_b34a46845c6d0580dd1537cc3ced2443] View | Concise Results v | (@
WP_000778112.1 NAD(P)/FAD-dependent oxidoreductase [Leptospira interrogans]

Protein Classification .

NAD(P)/FAD-dependent oxidoreductase (domain architecture ID 13376121)
NAD(P)/FAD-dependent oxidoreductase such as polyamine oxidase (PAQ), flavin-containing monoamine oxidases (MAOs), D-amino acid dehydrogenase, and linoleic acid
Isomerase

Graphical summary Zoom to residue level JELSAGCE L CUEES ¢

1 7% 150 226 300 375 447
Query seq. i ————————————————————————————

Specific hits
Superfanilies HarR
l Amino_oxidase superfamily

Search for similar domain architectures ] @ Refine search | @

Name Accession Description Interval E-value
[#] Amino_oxidase pfam01593  Flavin containing amine oxidoreductase; This family censists of various amine oxidases, . 45-447  252e-47
[+] HdrA super family ~ cl34141 Heterodisulfide reductase, subunit A (polyferredoxin) [Energy production and conversion]; 7-74 1.12e-04

Source : https://www.ncbi.nlm.nih.gov/cdd/
Figure 5.13. Pfam and CDD analysis of LAO.
The sequence alignment of LAO by PSI-BLAST indicated that it best aligned
with FAD-dependent oxidoreductases from various bacteria (Fig. 5.12). The Pfam

and conserved domain database identified LAO as an amino oxidase superfamily (Fig.
5.13).
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5.4.9 Crystallization

The purified Li-rLAO was crystallized by the micro batch-method with a 1:1
ratio of 1uL of protein (20 mg/ml) with 1pL condition containing 0.1M potassium
thiocyanate, 30%w/v polyethylene glycol monomethyl ether 2000. The crystals were
over nucleated and to overcome this, the condition is diluted with 1 pL of water
before mixing with the protein (Fig. 5.14). The crystals start appearing within 48

hours and left for at least one week for proper growth of the crystals.

Figure 5.14. Crystals and representative diffraction pattern of Li-rLAO.

The diffraction data were used for structural determination by molecular
replacement using Phaser, MrBUMP, MoIlREP, and automated structure
determination server AUTORICKSHAW (Panjikar S. et al., 2005, 2009) but none of
the molecular replacement programs was successful in building the model. Further,
the data was also used in the Marathon MR (Hatti K. et al., 2017) which uses various
domains available in the domain database; even this was not successful in building a

model.

5.4.10 Data collection, structure solution, and refinement

So, the obtained crystals were soaked with various heavy metals salts. Crystals
were stable upon soaking with platinum hexachloride and potassium iodide. The

crystals, soaked with potassium iodide gave a weak anomalous signal but that was not
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sufficient to determine the phase information. The potassium iodide soaked crystal
data with redundant data was used by CRANKZ2.0.1t identified 9 iodide atoms and
using SHELX it built an initial model with 829 residues (R=27.35; Rfree=34.74). This
model was refined several times by REFMAC and COOT. Data with 1.78 A°
resolution was further processed using the initial model by PHASER and refined
several times. Structure determinations and refinements were done following standard
crystallographic protocols, taking advantage of the good quality of the diffraction data
which produced excellent electron density maps. The refinement statistics are given in

the table (Table 5.2)

Table 5. 2. Crystal parameters and refinement statistics.

Parameters Li-rLAO
Wavelength (A) 1.07
Resolution limit (A) 69.96-1.78 (1.81-1.78)
Unit cell dimension (A) 51.76, 106.23, 139.92 (a=p=y =90)
Space group P2,212;
Rmerge (%) 11.8(39.0)
No. of unique reflections 74369
No. of molecules in the asymmetric [2
unit
Completeness (%) 99.1(99.8)
Multiplicity 11.3(12.1)
Mean((1)/sd(l)) 14.3(5.9)
Rcryst/Rfree (%) 17.7/22.3
RMSD bond length (A) 0.0147
RMSD bond angle (*) 1.834
Average B-factors (A2)
Protein 17.18
\Water 25.08
Ligands 0.14
Ramachandran statistics (%)
Favored region 94.2
Allowed region 5.55
Outliers 0.25
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5.4.11 Structural analysis

The Leptospiral protein has been shown to exists as a monomer by analytical
gel filtration, although the structure of the recombinant protein in the crystal forms
approximately symmetrical crystallographic dimers (Fig. 5.15A), with the quasi dimer
axes being non-coincident with any of three P2 axes inherent in the p2;2;2; crystal.
The unit cell contains 16 individual polypeptide chains (Fig. 5.15B) with an
asymmetric unit consisting of 2 chains. Superposition of the chains A and B vyield an
RMSD of 0.316 A.

Both the subunits showed a clear electron density map for a single FAD
molecule in each subunit (Fig. 5.16A). The crystals packs as AB[FAD], with a
surface area of 30850 A? with a buried surface area of 6470 A%, Each subunit has a
single cis peptide between Asp280, Pro281, and Glu282 (Fig. 5.16B). All protein
residues have well-defined ordered conformations. Ramachandran plot illustrates 92
% of the residues were in the favoured region and 7.9 % of the residues were in the
allowed region (Fig. 5.17). The electron density maps were missing for the initial 14
residues of the A chain and 15 residues in the B chain. Electron density map was
missing for several residue’s side chains in chain A: Ser34, Arg35, Lys36, Arg97,
Lys109, Lys126, Glul38, Lys142, Lys209, Glu230, Asn231, Glu233, Lys249,
Lys258, Lys39, Thr275, GIn374, Thr276, GIn379, and chain B: Lys36, Lys126,
Glul38, Glu230, Glu247, Glu337, GIn374, Arg376, Glu377, Met4l6, Glu428,
Arg428, and Val447. Atomic superposition indicates that the conformations of the
crystallographically independent protein subunits are highly conserved across
different crystal forms as shown by root-mean-square deviations in the range of 0.306
A (using C-alpha atoms) (Fig. 5.18A). The electron density map between the second
C atom of FAD containing C=0 forms a hydrogen bond network with His96 fits a
water molecule in one chain but in the other chain, its electron density is bigger than

the regular water electron density map (Fig. 5.18B).
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Figure 5.15. A) Dimer of Li-rLAO with bound FAD. B) Unit cell (P212121) of Li-
rLAO filled.
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ASP-280

Figure 5.16. The special feature of the Li-rLAO. A) Electron density map of
FAD bound to Li-rLAO in both the monomers. B) Li-rLAO structure showing
cis-peptide at Asp280 and Pro281 in both the monomers.
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Figure 5.18. A) The overlap of the main chain of two subunits of Li-rLAO
showing minor variation. B) Electron density map that lies between FAD and
His96 in the B chain.

The Li-rLAO structure contains 15 helices, 19 beta-sheets, and 33 loop
regions (Table 5.3 and Fig. 5.19). The overall structure of Li-rLAO is similar to those
of Putrescine oxidase from Rhodococcus erythropolis with the highest Z score of 39.8
and 2.9 RMSD; human and rat MAO-A, which represent the closest structural
homologues present in PDB. Atomic superposition yield root-mean-square deviations
of 2.3 and 2.4 A with 22% and 23% sequence identities, respectively (Table 5.4).
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C-terminus N-terminus

33

alpha helix 13 13

241V 3.,, helix 2
beta sheet 19

Figure 5.19: Various domains present in Li-rLAO and its cartoon
representation.
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Table 5.3. The residues number with various domains formation.
Alpha Helix Residue No. betasheet Residue No. 3./ Helix Residue No.

1 192L-194S
2 97K-106L

3 134P-149K 3 76T-79D

4 1525-160R 4 82G-86D

5 163F-170Q 5 110T-112D

6 174188y [ 6 118D-120F

7 199K-205V 7 2127-214V

Table 5.4. Dali output showing structurally similar proteins to Li-rLAO.
# Query: s@@lA
# Mot Chain Z  rmsd lali nres ¥id PDB Description

1. 2yg3-B 39.8 2.7 486 458 21  MOLECULE: PUTRESCINE OXIDASE;

2: Bcr@-A 39,6 3.0 391 438 227 HOLECULE: (S)-6-HYDROXYNICOTINE OXIDASE;

3: 2z5x%-A 39,5 2.3 48% 513 27 MOLECULE: AMINE OXIDASE [FLAVIN-CONTAINING] A;
4: 4i58-4 39.4 2.6 484 451 2@ MOLECULE: CYCLOHEXYLAMINE OXIDASE;

5: lo5w-C 38.9 2.4 489 512 23  MOLECULE: AMINE OXIDASE [FLAVIN-CONTAINING] A;
6: 3Sng7-X 38.5 2.9 387 427 21 MOLECULE: 6-HYDROXY-L-MICOTINE OXIDASE;

7: 3rhs-& 38.3 2.7 484 459 20 HOLECULE: PUTRESCINE OXIDASE;

8: 6c7l-B 38.2 2.8 392 448 21  MOLECULE: AMINE OXIDASE;

9: &fvz-4 38,1 2.4 41 5@ 21  MOLECULE: AMINE OXIDASE [FLAVIN-CONTAINING] B;
19: 3kve-A 37.4 2.7 426 484 24 MOLECULE: L-AMIND ACID OXIDASE;
11: 5ts3-A 37.2 2.7 485 483 22 MOLECULE: AMINE OXIDASE;
12: 5z2g-A 37.1 2.7 483 477 22 MOLECULE: L-AMINO ACID OXIDASE;
13: 2iid-A 36.9 2.8 492 484 22  MOLECULE: L-AMINO-ACID OXIDASE;
14: 1tdk-A 36.7 2.8 482 486 24  MOLECULE: L-AMINO ACID OXIDASE;
15: 2dw4-A 36.7 3.1 391 634 21  MOLECULE: LYSINE-SPECIFIC HISTOME DEMETHYLASE 1;
16: 2ib2-A 36.4 3.7 354 479 723 MOLECULE: L-AMINOD ACID OXIDASE;
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275X ( Human Monoamine Oxidase A) 4158 (Cyclohexylamine Oxidase from Brevibacterium oxydans)

2JB2 (Rhodococcus opacus) 21ID (Calloselasma rhodostoma)

Figure 5.20. Structural organization of FAD-dependent oxidase showing
maximum structural similarity with Li-rLAO.
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Overall structures of FAD-dependent oxidase are similar (Fig. 5.20) with other
species of FAD-dependent oxidase. Li-rLAO like other flavoproteins also contains a
common FAD-binding fold, consisting of a four-stranded parallel beta-sheet
sandwiched between a three-stranded antiparallel beta-sheet and an alpha-helix. The
FAD is held by strong hydrogen bond networks (Fig. 5.21). The N1 atom of adenine
moiety of FAD forms a hydrogen bond with a conserved Val240 and Pro239
backbone. In some flavin-containing oxidases, this proline residue is not conserved,;
The N3 atom forms a hydrogen bond with Ala66 and Glu65 backbone and
interestingly Glu65 carboxyl group forms a hydrogen bond with ribofuranose ring —
OH groups attached to adenine moiety. When this Proline is absent, the FAD is held
further by hydrogen bonding with Arginine residues with ribofuranose OH groups
apart from the conserved Glutamate residue hydrogen bonds. The N6 atom of adenine
also forms a hydrogen bond with GIn273. The phosphate moiety attached to the
ribofuranose forms a hydrogen bond with a conserved Arg73 side chain and its
backbone NH. The phosphate attached to the ribityl moiety forms hydrogen bonds
with the backbone NH of Ser46 and its side-chain OH group. In some of the flavin
enzymes, this serine is substituted with threonine. Further, a conserved Gly423 also
forms a hydrogen bond with the phosphate moiety. The ribityl moiety forms internal
hydrogen bonds with its own OH groups and also with conserved water molecules
surrounding it. The isoalloxazine ring of FAD is held by hydrogen bonding of
backbones and not by any other polar side chain groups (Fig. 5.22). This is important
for the evolution of FAD-dependent enzymes, oxidizing various substrates.
Interestingly the 4™ carbon atom containing the C=0O group of isoalloxazine ring
forms a hydrogen bond with the backbone of a residue that is essential for holding the
incoming substrates for oxidation either by hydrogen bonds or hydrophobic
interactions. Apart from the FAD-binding domain, a C-terminal beta-sheet domain-
containing, an alpha helix sandwiched by five antiparallel beta-sheets on one side and
a single beta-sheet on the other side; a helical domain has 6 helices. The helical region

forms the uniqueness of various FAD-containing proteins.
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THR-432

VAL§40 2.9

,/ :
PRO-239 3.2 Y
N “ il

GLU-65

Figure 5.21. FAD interacting residues of Li-rLAO.
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PRO-239

SER-423
GLN-431 -

" VAL-235

2YG3 (putrescine oxidase from Rhodococcus erythropolis)

Figure 5.22. FAD binding motifs in various oxidases.
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& THR-435

GLY-443

VAL-244

PRO-243

2Z5X ( Human Monoamine Oxidase A)

\
\,
GLY-458
THR-a50 \
\
N\ .

MET-260 (I

VAL-263

4158 (Cyclohexylamine Oxidase from Brevibacterium oxydans )

Figure 5.22. FAD binding motifs in various oxidases.
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GLY-2443

e

7
SER-2024

TYR-2069 / & 2

FAD-601

6FVZ (human monoamine oxidase B)

Figure 5.22. FAD binding motifs in various oxidases.
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VAL-261

211D (Calloselasma rhodostoma)

Figure 5.22. FAD binding motifs in various oxidases.
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Based on the sequence alignment and available information from the literature
the Li-rLAO structure was analysed for paths for various substrates and products.

Based on the presence of solvent molecules, we identified three paths (Fig. 5.23).
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Figure 5.23. Overview of Solvent channels in Li-rLAO

In the peptides, spanning residues Thr212- Met218, Trp328-Lys333, Arg313-
Ser317, and Lys301 and Phe303 form a narrow path filled with water molecules
facing the N5 of FAD just below the plane of FAD with peptide stretch Gly88-Ala89-
Glu90- Trp91 along the same side. The residue Ala89 methyl group forms a Vander -
Waal contact distance of 3.4 A along with Val433 with a distance of 3.9 A such that
no molecule can come and bind along this side of FAD; implying molecular oxygen
can bind to the other side of FAD (Fig. 5.24A).
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Figure 5.24. Solvent channels present in Li-rLAO.

Peptide stretch 11e294-Lys301, Ser385-Pro395, and Gly88-Glu95 form
channel on the dimethyl side of isoalloxazine ring (Fig. 5.24A) that can act as

potential molecular oxygen entry side.
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Figure 5.24. Solvent channels present in Li-rLAO.
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Figure 5.24. Solvent channels present in Li-rLAO.

Peptide stretch Asn206-Thr212, Thr426-Val433, and Gly88-Ala99 forms a
channel on the C2 side of the isoalloxazine ring (Fig. 5.24B) that can act as a potential
peroxide exit site. Peptide stretch Leu413-Val447 beneath the FAD on the C2 side of
isoalloxazine ring with Leu429, Thr432 acting as a barrier, and residues Arg418,
Argd42, and GIn446 can facilitate the exit of more polar hydrogen peroxide than the
molecular oxygen (Fig. 5.24C).
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Peptide stretch Leu204-Asn211, Leul80-Tyr188, Serll7-Vall5, GInl37-
Trpl130, residues Tyr319, Phel27, Phe326 forms one more channel that may be a
probable substrate path (5.24D). Though these paths can be identified whether they
are NH," ion path or molecular oxygen path or hydrogen peroxide paths needs further

investigation.

Further, during the reaction- initially, FAD undergoes reduction; during this
process in total two electrons and two protons are transferred to N1 and N5 of FAD.
The proton paths for this reduction process are predicted (Fig. 5.25) as a Hydrogen
bond network (Ramasarma T. et al., 2019). There are two paths predicted first for the

proton transfer the first path involves

Lys301 (side chain) - GIlu90 (side chain) - Arg213 (side chain) - Gly331 &
Thr332 (backbone) - Asn83 (side chain) - Ser81 (side chain) - Asp79 (side chain) -
H,O -GIn258 (side chain) - H,O - Arg75 (side chain) - H,O - H,O - Gly72 &
Arg73(backbone) -O-P=0 (from FAD) - H,0 - H,0 - Glu424 (side chain)- Gly431 &
Asn430(backbone) - Tyrl187(side chain) - H,O - H,O - Phe207 (backbone) - H,O -
His96(side chain) - H,0.

alternatively Lys301 (side chain) - GIlu90 (side chain) - Arg213 (side chain)-
Glu215 (side chain) - - H,0O - H,O - H,O — Asp86 (side chain) — Gly88 & Leu87
(backbone) - H,O - H,O - H,0 - H,0 - Gly72 & Arg73(backbone) -O-P=0 (from
FAD) - H,0 - H,0 - Glu424 (side chain)- Gly431 & Asn430(backbone) - Tyrl87(side
chain) - H,O - H,0 - Phe207 (backbone) - H,O -His96(side chain) - H,O.
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active site residues, phosphate of FAD, and proton translocation to FAD
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Figure 5.25. Predicted Hydrogen bond network in Li-rLAO.

156



5.4.12 L-amino acid oxidase and amine oxidase assay

Protein concentration was estimated by Bradford assay with bovine serum

albumin as a standard (Fig 5.26).

N oo i A W N = O

BSA Std. samples

[
]

0. D. at 590nm/ 450 nm
=
wn

w
L

N
«
L

N
L

[
L

0.5 A

Protein estimation by bradford method

y =0.3799x-0.3114
R?=0.9966

—4— BSA std.
~{1~BSAstd.
—— Linear ( BSA std.)

2 3 4 5 6 7
Concentration of BSAin pug / ml

Figure.5.26. Protein estimation by Bradford method.

5mM of each of the amino acids and amines are used as the substrate to check

the substrate specificity of LAO as given in the table by measuring hydrogen peroxide

formed in the reaction by coupled enzyme assay with Horseradish peroxidase (Table
5.5 and Table 5.6).

Table 5.5. Amino acids tested as the substrates of Li-rLAO.

List of L-amino acids used as the substrate in the assay of Li-rLAO

Glycine Glutamate
Alanine Aspartate
Leucine Phenylalanine
Isoleucine Tyrosine
Valine Tryptophan
Proline Asparagine
Serine Arginine
Glutamine Methionine
Threonine

Histidine
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None of the substrates given in the table gave a reasonable activity. Since the
absence of activity may be due to incorrect handling of assay components or maybe
due to wrongly made reagents, we performed the standard calibration curve with the
hydrogen peroxide as the standard for both amino acid oxidase assay reagents and

amine oxidase assay regents.

Table 5.6. Amines tested as the substrates of Li-rLAO.

List of Amines used as the substrate in the assay of Li-rLAO
Histamine Putrescine
Spermine Tryptamine
Spermidine Dopamine

Standard curve for amino acid oxidase obtained using varying Hydrogen
peroxide concentrations initially for the range of 0-7mM and later for the range of O-
3.5mM concentration (Fig. 5.27) using o-phenylene diamine and HRP.

H,0,

Hydrogen peroxide determination by using o- 202
phenylenediamine =

0 ni
13 UL
o N »

)

——std.

0.D. at 420 nm /630 nm
FENC Y

N

o

0.5 1 15 2 25 3 35
C ion of Hydrogen p ide in mM

o

Hydrogen peroxide determination by using o-
phenylenediamine

N o i A W N B O

= = N
5] « 5]
' ) s

0.D. at 420 nm / 630 nm

(V]
s

o

0 1 2 3 4 5 6 7
Concentration of Hydrogen peroxide in mM

Figure 5.27. Standard curve for hydrogen peroxide determination by using
Horseradish peroxidase.
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Figure 5.28. Standard curve for hydrogen peroxide determination by using
Horseradish peroxidase.

The standard curve for Hydrogen peroxide concentrations ranging from O-
300uM and 0-3.5mM was obtained at 498nm which forms a blood-red color upon
reaction with 4-aminoantipyrene and vanillic acid in presence of horseradish

peroxidase (5.28).

5.5 Discussion

The absence of activity of Li-rLAO from Leptospira was surprising with most
of the amino acids. In order to check the kind of amino acid that can fit into the active
site the protein structure of Calloselasma rhodostoma L-amino acid oxidase
(PDBID:21ID) and protein structure of Rhodococcus opacus L-amino acid oxidase
(PDBID:2JB2) which are solved with amino acid ligand were analysed for substrate
binding residues. The residues within 4A distance that can bind and interact with the

amino acid substrates are mapped (Fig. 5.29).
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Figure 5.29. The active site residues binding the amino acid in Calloselasma
rhodostoma, and Rhodococcus opacus L-amino acid oxidase.

After the mapping of the substrate-binding residues, the sequences of

Calloselasma rhodostoma , Rhodococcus opacus, and Leptospiral L-amino acid
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oxidase were compared, and equivalent substrate interacting residues are identified
(Fig.5.30). Surprisingly, the substrate interacting residues are very well conserved in
Rhodococcus and Calloselasma but not in Leptospira. However, in Li-rLAO, the

FAD-binding motif GxGxxGxy7E was very much present.
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Rhodococcus 131 t1H] LD .[YCELGVET IIGINONANTFVNYQOSDTSLSGQS| TYAAFAETF YMSELLKEKATDQ
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. . . . . .
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Leptospira 200 WL DL@. D ....... ?y‘n:nTRTTR EF%@% VEVH
Calloselasma 236 |IESLKHDDIFA...... ﬂEERFDEIVD KILP TEWMYRD(I Q. DKV H|)INA O QIQINID © KA T\HY V(Y]
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Figure 5.30. Sequence alignment of Rhodococcus and Calloselasma L-amino acid
oxidase with Leptospiral L-amino acid oxidase sequence highlighting conserved
active site residues.



In L-amino acid oxidase there is conserved arginine residue which is critical
for holding the various amino acid substrates. The conserved arginine residue holds
the amino acid substrates; by forming a hydrogen bond interaction with the carboxyl
group of the amino acid substrates such that two hydrogen atoms can be removed (one
from the amino group and the second one from the C-alpha atom) to form respective
imino acid. The hydrogen atoms removed from the substrate reduces the FAD to
FADH,; which in turn reduces the oxygen to hydrogen peroxide. The imino acid
subsequently takes up a molecule of water to form ammonium ion and respective keto
acid.

One of the significances of the presence of L-amino acid oxidase in various
organisms is to ensure the production of alpha-keto acid or ammonium ion that can be
transported into the cell or hydrogen peroxide to the kill competing organism or to
interfere with the host system to evade the immune system by degrading amines that

are released by host immune system (Fig. 5.31).

Source of Source of a-
Ammonium ion? Ketoacids?

Immune
escape?

Killing
competator?

¥
Regulation of Salt
concentration?

Figure 5.31. Predicted functional significance of Li-LAO.

In the case of the Li-rLAO, we further analyzed the genome of Leptospira for
any amino acid transporter and ketoacids transporter. It was found that there were

multiple amino acid transporters in the Leptospira (Table 5.7).
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Table 5.7. Various amino acid transporters present in the leptospira.

Substrate uptake: Compounds
transported into the cytosol

L. biflexa serovar Patoc strain
Patoc 1 (Ames)

L. interrogans serovar
Copenhageni str. 2006007831

a dipeptide dipeptide/tripeptide permease
a glutamate amino acid permease amino acid permease
proton glutamate symport proton glutamate symport
protein protein
a tripeptide dipeptide/tripeptide permease
ammonia ammonia permease Ammonia channel

ammonia permease
ammonia permease

an amino acid amino acid transporter

amino acid permease

amino acid permease

sodium/proline symporter
sodium/proline symporter

L-proline

Further, we also analyzed the Leptospira genome for the transaminase gene
and found that at least 4 aspartate transaminases are encoded by the Leptospiral
genome (Fig. 5.32); out of, three are exoproteins indicating that ketoacids can be

easily formed from these transaminases.

Glycolysis Glucose Pentose Phosphate Pathway Nucleic acid Biosynthesis
Glucose-6-phosphate ——> phosphogluconate ———————————> Ribulose-5-phosphate
Fructose-6-phosphate <& 1
Cructose—l,G—phosphate > —> Xylulose-5-phosphate <—I>Ribose—5—phosphate
¥ v
Dihydroxyacetone Phosphate €=  Glyceraldehyde-3-phosphate
v 4 P GlyceraIdehyde—3—phosphatee|9 sedoheptulose-7-phosphate
1,3 -phospho Glycerate \l/ \l/

Glycerol-3-Phosphate
Erythrose-4--phosphate

]

3-phospho Glycerate Fructose-6-phosphate

Glye mlGIuconeogeneSiS 2-phospho Glycerate

phosphoenolpyruvate
Alanine aminotransferase

Pyruvate ﬁ L-Alanine
Acetyl-CoA L-asparate oxaloacetate

Citrate

Aspartate aminotransferase

L-Amino acid oxidase?

L-Aspartate Oxalgé
Citric acid

2-Oxoglutarate L-Glutamate CVCIe

Figure. 5.32. Schematic diagram of central metabolic pathways with the
emphasis on aminotransferases and L-amino acid oxidase present in Leptospira.
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The significance of L-amino acid oxidase as a primary source for the production of
alpha-ketoacids in presence of three exoprotein transaminase seems to become

negligible.

Putrescine
oxidase

K9N7B7_CRODM KXDWYANLEPMRLP TKEIRIVREYIRKFGLQLNEG-QENENA
P56742_CROAT .KKDWYANLEPMRLP TKEIRIVREYIKKFDLKLNE]JSQENENA
F8S0Z5_CROAD .KKDWYANLEPMRLP TKEIRIVREYIKKFDLKLNESQENENA
093364_CROAD JKKDWYANLEPMRLP TKEIRIVREYIKKFOLXLNERSQENENA
BOVXWO_SISCA .KEDWYANLEPMRLP TKEIRIVREYIKKFGLELNEG-QENDNA
POCC17_BOTAT .KEGWYANLEPMRLPEK:IRIVREYIRKFOLQLNEIJSQOENENA
Q6TGQS8_BOTMO . KEGWYANL[EPMRLPEKEIRIVREYIRKFOLQLNERSQENENA
X2L4E2_BOTPC .KEGWYANLEPMRLPEKLRIVREYIKKFOLRLNESQENENA
Q6TGQ9_BOTJR .KEGWYANLEPMRLPEKERIVREYIRKFGLQLNESQENENA
B5SAR80_BOTPA .KEGWYAN PHRLPIKRIVRIYIRKFGLQLN!- JENENA
Q6STF1_GLOHA .

Q90W54_GLOBL

Q6WP39_TRIST

P81382 CALRH

G8XQX1_DABRR

B5U6Y8_ECHOC

PODI84_VIPAA

P81383_OPHHA

P86810_SIGCA

Q8VPD4_RHOOP

LAAO_LI

consensus>50

!

WLEDDE v nb‘ﬁ!

F‘ir'ﬁiﬂépﬂginv. wcaie

AMO_KLEOK 150
AMO_ECOLI 153
AMO1_ARTS1 44
AMO_PICAN 51
AMO_PEA 61
LENCU 54
AMO2_ARATH 57
AO1_ARATH 51
AMO_ARATH 89
LAAO_LI 38 ae . v RIRIVTIDV .
consensus>50 ceel...doo .. cee.@. cee.d.8.....9...p.1.2dd....qni...... L

1 p7

PAO1_MAIZE ,_'l“ B
PAO7_ORYSJ 79
PAO6_ORYSJ 79
PAO1_MAIZE 81
PAO1_ARATH 52
PAO2_ARATH 75
PAO3_ARATH 76
PAO3_ORYSJ 65
PAO4_ARATH 76
PAOS_ORYSJ 73
PAO4_ORYSJ 71
noLgthsa gs

B 4
consensus>50 GA-thqv. . .nplapii... lyr lqdnsvlydhdlnly 1fd. qqq . kvqo fo. Llon. .

Spermine oxidase

SMOX_HUMAN 68 SHGNPIYHLAEANG iDC!RSV"QISLYSK‘(CV}\\_ RRI|P KDVVIEEF SDLYNEV
SMOX_MOUSE 68 . .SHGNPIYQLAEANG I\ L CRIPKDVVIE
PAOX_HUMAN 58 . GCvVEVISNIHGP SRGNPVFQLAAEYG QLY TSVS LQLV]A!
PAOX_MOUSE 50 . EL | BIHGF SODNPVFQLAAEFG VIS LELMT]
LAAO_LI 78 E| Al.l.].EHRTAKSLIRELGHK KFGTWDI S|P,
consensus>50 .r..g...#1GA.WIhg.s.gnpiyqla. ngll. ete. .#vv.e. dlyn 1

Figure 5.33. Comparison of residues (Active site) near FAD in various oxidases.
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2YG3 (putrescine oxidase from Rhodococcus erythropolis)

Figure 5.34. Comparison of residues (Active site) near FAD in various oxidases.
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GLy-67 ALA-68

GLY-66

225X ( Human Monoamine Oxidase A)

4158 (Cyclohexylamine Oxidase from Brevibacterium oxydans )
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GLY-2067
GLY-2066

105W (rat monoamine oxidase A)

6FVZ (human monoamine oxidase B)

Figure 5.34. Comparison of residues (Active site) near FAD in various oxidases.
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Comparison of residues around active site

Amino oxidase L-Amino acid oxidase mmm
(S)-6-hydroxynicotine oxidase Putrescine Oxidase m=m

Figure 5.35. Comparison of residues (Active site) near FAD in various oxidases.

Further, the active site Li-rLAO was compared with various protein structures
which showed the highest structural similarity. The structural analysis of Li-rLAO
indicates that it resembles more of an amine oxidase rather than an amino acid
oxidase (Fig. 5.33, Fig. 5.34, and Fig. 5.35). In Leptospira, the presence of three
ammonia transporters indicates that Li-rLAO might be used as the source of
ammonium ion needed for Leptospira. The habitat of Leptospira can be very useful in
predicting the source of ammonia which can be used as a substrate by Li-rLAO. The
complex habitat of Leptospira both inside and outside the host reservoir renders

difficulty in identifying the proper substrate for Li-rLAO.
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Considering the host habitat, the Li-LAO enzyme-substrate specificity was
predicted assuming that it may be specifically acting few amino acids, instead of
utilizing all amino acids (Fig. 5.36). Given such circumstances, the Li-LAO active site
might be by holding the side-chain of amino acid substrates instead of the carboxyl

group.

FAD-448

'~ ARG-213

Figure 5.36. Prediction of substrate amino acid side chain groups that might be
held by Li-rLAO in alkaline conditions.

Further assumptions were made that the organism while in the host reservoirs
may not be in dearth of amino acids but outside the host, the organism might be
facing the challenge for the Nitrogen source. The Li-rLAO was once again assayed
with varying concentrations of amino acids, of the all amino acid tested, indeed, Li-
rLAO showed very low non-specific activity with most of the amino acids (results

were not reproducible for most of the amino acids tested) except for Arginine.
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Figure 5.37. Assay of Li-rLAO with L-arginine.

The Li-rLAO showed low activity with the amino acid substrate L-Arginine,
which was reproducible (Fig. 5.37). It is interesting to note that the Li-rLAO was
active up to 2mM concentration of L-arginine, above this concentration the enzyme
activity seems to be inhibited. In order to confirm that the substrate inhibition is not
due to some other artifact; the assay was done with a different range of concentration.
In the literature, it is well documented that substrate inhibition is very common in L-
amino acid oxidase. Even though Li-rLAO seems to be acting specifically on L-
arginine substrate, the overall activity cannot be appreciated, as in the enzymatic
reaction; there was no visible color change which was expected; that might be
attributed to the failure to identify the appropriate reaction condition in which the

enzyme might be showing optimal activity.

5.6 Summary and Conclusion

Putative Li-rLAO was cloned expressed and purified to homogeneity. The
recombinant protein was characterized by biophysical methods. The protein structure
was determined by x-ray crystallography with 1.8A resolution. The protein structure
showed the highest similarity with putrescine oxidase with a Z score of 39.8 and
RMSD of 2.7. Like other Flavin-dependent oxidases, the FAD-binding domain was
well conserved. Comparative analysis of Li-rLAO structure with known L-amino acid
oxidase structures revealed Li-rLAO lacks conserved substrate-binding residues,
experimentally well supported by very low activity with L-amino acids. The enzyme
also showed low or no activity with amines like putrescine, spermine, and spermidine
(that were not reproducible). It showed limited activity with L-arginine which was
reproducible. Further studies are needed to determine the appropriate conditions in the

Li-rLAO that will be acting on its substrates.
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n 1 mni [ 1]
AATTTTGGTTCCAGCGTCGTAGATAAAGCCGGCAACGGAATCTGAATACGCTGAAAAACTTCCTCTTGTCCAAGGAGCCTCTCG

420 425 430 435 440 445 450 455 460 465 470 475 480 485 490 495

5100 5200 5450 5600

[ RRR R RN RN RERNY) 1 (ARRRRRRRIRRRRY) . 1 1
AAGCATTAAAAAAGTTTTATATATTCTGGAATATCTAATCCGTAAAGCGGACAATTTTTTTTCCTTATCTAACTCTGGATCCCA
500 505 510 515 520 525 530 535 540 545 550 555 560 565 570 575 580

400 —

300—

200—

100—

6050 6100 6200 6250 6500

BRRRRR RN mnn RN RRRRRRRRRRRRRRRONR R RRRRRRRRRRRRRRT] 1
TTGAATTGTTGTTAGTTGATTTGCAGGCAATGTAGAAATGCAGGCATTTCCTTCTATTTTTTTTCCGGAAACGGTCGT TACGA

585 590 595 600 6805 610 615 620 625 630 635 640 645 650 655 660

7050 7100 7150 7200 7250 7300 7350 7400 7450 7500 7550 7600 7650 7700 7750 7800 7850 7900 7950
Inst Model/Name:3730x1/3730XLPC-19137-017 Pure Base QVs _ Printed on: Mar 16,2017 12:48:16 IST

Sequence Scanner Software 2 v2.0 Mixed Base QVs Electropherogram Data Page 2 of 4

AB ||ed 0317_301_002_PLD_PET21LAAO_T7_TERMINATOR_D10.ab1 KB 1.4.1.8 KB.bcp
BlOSyStemS 0317_301_002_PLD_PET21LAAO_T7_TERMINATOR KB_3730_POP7_BDTv3.mob
Signal: G:125 A:174 T211 C:193 AvgSig: 175 C#74 W:D10 Plate Name:15032017A TS50 CRL:966 QV20+:969

fnnnnni InnnnnnEEnNEnRnERRRnnERNEnnnNnn e nnunEnninuunneninnnil
TTACCTTGCCTTCTCCTTGAGAAACAGAAACTACTGGATCCGAAAAAATGATTTCCGTATTTTCCAAAGAAGACACAAGTGCC

670 675 680 685 690 695 700 705 710 715 720 725 730 735 740 745

8050 8100 8150 8250 8300 8400 8450 8650 8700 8750 8800
'R ] EEEE s s BB BB EREEERE seuBE8 BEaosaBBBERBRERRalEa



gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

gene
T7rp

tttgggtcatatcgcaagttcggaacttgggatatatcgcctaagtctcaagaaatttta

aacaaactcgttcaaatgaattctaaaattaattccacccagcaacaggaattagaccgg
AACAAACTCGTTCAAATGAATTCTAAAATTAATTCCACCCAGCAACAGGAATTAGACCGG

KA AR A AR A A IR A KR A A KR A A A KA A KA A KA AR I A A KA A A A I A I A AR A A A I AR I AR I AR KA Kk K

attagtttttataactttttaaattatcaaggaatgagtttagaggatttaaatattcta
ATTAGTTTTTATAACTTTTTAAATTATCAAGGAATGAGTTTAGAGGATTTAAATATTCTA

KA AR A AR A A A A KR A AR A A A KA A KA A KA A A I AR KA A A A I A KA AR A A A A I AR I AR A A AR A Kk K

aattttaaatattctttatattatggagattctctccgttcgttgtcggecgcaaaaggtt
AATTTTAAATATTCTTTATATTATGGAGATTCTCTCCGTTCGTTGTCGGCGCAAAAGGTT

hhkhkhkhkhkhkkhkkhkhkhkhkhkhhhhkkhkkhkhhkhkhkhhhhkhhkhkhhkhkhkhkhkhhkhkhhkhkhkhkhkhkhkhkhkkhkkhkhkhkhkhkhkhkhxk %k

ttatcggatttagtcaattttccgaaatacaacactcgtgtagaaggtggaatggagacc
TTATCGGATTTAGTCAATTTTCCGAAATACAACACTCGTGTAGAAGGTGGAATGGAGACC

KA K AR K IA KR KA A I AA KK AR KA KA AR I AR I A A KA AN I A A KA AR A AN A AR kAR kA Ak K* K

ttgacaagggcacttgtgtcttctttggaaaatacggaaatcattttttcggatccagta
TTGACAAGGGCACTTGTGTCTTCTTTGGAAAATACGGAAATCATTTTTTCGGATCCAGTA

KAKKAA KR KAA KR KA A I AA KK A KK AA KA AR I AR I A A KA AR I A AT I AR KA AN A AR KA kA Kk kK

gtttccgtttctcaaggagaaggcaaggtaatcgtaactaccgtttccggaaaaaaaata
GTTTCTGTTTCTCAAGGAGAAGGCAAGGTAATCGTAACGACCGTTTCCGGAAAAAAAATA

KAhkKhKk KAk AAKkAAIIAARFAKRIAKAIAA R I AR I A A XA AR KX Ak dhA Ak hAhhdkAhkk Ak kA rkkx*k

gaaggaaatgcctgcatttctacattgcctgcaaatcaactaacaacaattcaatgggat
GAAGGAAATGCCTGCATTTCTACATTGCCTGCAAATCAACTAACAACAATTCAATGGGAT

KAKKAA K IAA R KA A KA AR KA KK AA KA AR I AR I A AR A AN I A AT A AR KA AR I AR KA kA kKK

ccagagttagataaggaaaaaaaattgtccgctttacggattagatattccagaatatat

CCAGAGTTAGATAAGGAAAAAAAATTGTCCGCTTTACGGATTAGATATTCCAGAATATAT
Kk KKK K K K K K K K K K Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k ok k k ok ok k k ok

aaaacttttttaatgcttcgagaggctccttggacaagaggaagtttttcagecgtattca

AAAACTTTTTTAATGCTTCGAGAGGCTCCTTGGACAAGAGGAAGTTTTTCAGCGTATTCA
Kk KK KK K K K K K K K K Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k ok k ok k k ok ok k

gattccgttgccggltttatctacgalgctggaaccaaaattaattcagaagataagatt
GATTCCGTTGCCGGCTTTATCTACGACGCTGGAACCAAAATTAATTCAGAAGATAAGATT

KAAAKAKAAKNAKAAKAKAKX KAAAKAKARANA AR A XA A A A A AR A AR A AR A AR AR AR AR AR Kk kK

ttaggaatgatctcaactggggatagatacgatatattggcttcttctaccgacgcgatyg
TTAGGAATGATCTCAACTGGGGATAGATACGATATATTGGCTTCTTCTACCGACGCGATG

R e i i i I I I b I I I I I I I I I e I e b b b b b b b b I I b I I R b S b

aaagtagaatatattcgtcttgcattagaatctttgggacaaggtagagagttgcaagtt
AAAGTAGAATATATTCGTCTTGCATTAGAATCTTTGGGACAAGGTAGAGAGTTGCAAGTT

R i i i i I I I I S I I I I I I I I I e I e S e S b b b b b b b b b b b b S b

cttaggattcaaaglaglgaaacttctcaatctaaatttattccgactggaattgcaacg
CTTAGGATTCAAAGTAGTGAAACTTCTCAATCTAAATTTATTCCGACTGGAATTGCAACG

R e b b b b b S S S I S R I I S e S e b e S e b b b b b b b b I b S b b

tttcctcclggaagttacggatcgatcatctcgcttttaaaacctatggatcgtattttt
TTTCCTCCGGGAAGTTACGGATCGATCATCTCGCTTTTAAAACCTATGGATCGTATTTTT

R e I I S R I I e i i I I b I b I b I I I I I S I S S S

tttgcaggggaacacacagcagaattaaalggaaccgtcgaaggcgctcttgcctctgcg
TTTGCAGGGGAACACACAGCAGAATTAAATGGAACCGTCGAAGGCGCTCTTGCCTCTGCG

R R i I I I I I I I I I I R I R e I i I I I b I b I I I I S b S S S

attcgtgcggtcaatcaggtttga----—-———--------"-"""""""""""-""--"——-——-
ATTCGTGCGGTCAATCAGGTTTGACTCGAGCACCACCACCACCACCACTGAGATCCGGCT

B i ke S b A b S S SR b S 4

206

420

480
65

540
125

600
185

660
245

720
305

780
365

840
425

900
485

960
545

1020
605

1080
665

1140
725

1200
785

1260
845

1320
905

1344
965



fr
gene

fp
gene

fp
gene

fp
gene

fr
gene

fp
gene

fp
gene

fp
gene

rp
gene

rp
gene

rpe
gene

rp
gene

rp
gene

rp
gene

rp
gene

rp
gene

MKLSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRKTVIVMGGGISGLYASYLLSKTGIK
MKLSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRKTVIVMGGGISGLYASYLLSKTGIK

R R R I I I S I b b S b S b e S b S b I b I b Sb b e S R e S b S SE S S S b b S Sh b I Sb Sb S S b S

VOLIEATDRLGGRIRTVTDVSGNFLDLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLE
VOQLIEATDRLGGRIRTVTDVSGNFLDLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLE

KA A A KA A AR A AR A AR A AR A AR A AR A AR A AR A AR A A A A A AR A AR A AR A AR A AR A ARk k kK

FGSYRKFGTWDISPKSQEILNKLVOMNSKINSTQQQOELDRISFYNFLNYQGMSLEDLNIL
FGSYRKFGTWDISPKSQEILNKLVOMNSKINSTQQQOELDRISFYNFLNYQGMSLEDLNIL

KA A A AR AR A AR A AR A AR A AR A AR KA A AR A AR A AR A A A A A AR A AR AR A AR R A AR A AR Rk kK

NFKYSLYYGDSLRSLSAQKVLSDLVNEFPKYNTRVEGGMETLTRALVSSLENTEIIFSDPV
NFKYSLYYGDSLRSLSAQKVLSDLVNEFPKYNTRVEGGMETLTRALVSSLENTEIIFSDPV

hhkhkkhkhkk Ak kA hhkhk kA hhkhhkhhhkhhkhhkrhhAhhkrhkrhhkhhkhkhrhhkhkhkrhkrkhkhkrkrhkkhkkrxkxk

VSVSQGEGKVIVTTVSGKKIEGNACISTLPANQLTTIQWDPELDKEKKLSALRIRYSRIY
VSVSQGEGKVIVTTVSGKKIEGNACISTLPANQLTTIQWDPELDKEKKLSALRIRYSRIY

R R R I b b I b I b b I S b I Sh b S b S b b b b b b Sb b b Sb b S b e S b e S Sh b S b b S Sb b b Sb 2b b Sb db S

KTFLMLREAPH T = = — = = = = = = = = = — = e e
KTFLMLREAPWTRGSFSAYSDSVAGFIYDAGTKINSEDKILGMISTGDRYDVLASSTDAM

KKk Khkhk KAk kK Kk kKK

KVEYIRLALESLGQGRELQVLRIQSSETSQSKFIPTGIATFPPGSYGSIISLLKPMDRIF

——————————————————————————— 312
FAGEHTAELNGTVEGALASATIRAVNQV 447

VOLIEATDRLGGRIRTVTDVSGNFLDLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLF

——————————————————— LNKLVOMNSKINSTQQOQOELDRISFYNFLNYQGMSLEDLNIL
FGSYRKFGTWDISPKSQEILNKLVOMNSKINSTQOOELDRISFYNFLNYQGMSLEDLNIL

KAk A AR A A A A A A A AR A AR A A AR A A AR A A kA A A dA AR A AR XKk

NFKYSLYYGDSLRSLSAQKVLSDLVNEFPKYNTRVEGGMETLTRALVSSLENTEIIFSDPV
NEFKYSLYYGDSLRSLSAQKVLSDLVNFPKYNTRVEGGMETLTRALVSSLENTEITFSDPV

KA A AR A AR A AR A AR A A AR AR KA AR A AR A A A A I AR A AR A AR A AR A AR A A AR AR A A AR Ak K

VSVSQGEGKVIVTTVSGKKIEGNACISTLPANQLTTIQWDPELDKEKKLSALRIRYSRIY
VSVSQGEGKVIVTTVSGKKIEGNACISTLPANQLTTIQWDPELDKEKKLSALRIRYSRIY

KA AR KA AR A A A A AR A AR A AR A A AR A A KA A KA A A I A A A AR A A A A AR A A AR A AR A AR A A AR KKK

KTFLMLREAPWTRGSFSAYSDSVAGEFIYDAGTKINSEDKILGMISTGDRYDILASSTDAM
KTFLMLREAPWTRGSFSAYSDSVAGEFIYDAGTKINSEDKILGMISTGDRYDILASSTDAM

LR R R R R S R R R R b b S S S S R R I b b S I S S S S S

KVEYIRLALESLGQGRELQVLRIQSSETSQSKFIPTGIATFPPGSYGSIISLLKPMDRIF
KVEYIRLALESLGQGRELQVLRIQSSETSQSKFIPTGIATFPPGSYGSIISLLKPMDRIF

kA hkhkhkkhkhkhhkhhkhkhkrhhkhhkrhkhkhhkhhkrhhhhkrhkrhhkhhkhkhkrhhkhkhkrhkrhkhkrhkrhhhkhkxkxk

FAGEHTAELNGTVEGALASATRAVNQV- 309
FAGEHTAELNGTVEGALASATRAVNQV- 447

kxkhkkhkhkk Ak kA hkkhkhkrhkhkhkkhkrxkxkhkkkx*k

207

60
60

120
120

180
180

240
240

300
300

312
360

312
420

120

41
180

101
240

161
300

221
360

281
420
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Appendix 2
Sequencing results and analysis results of recombinant Leptospiral LAO
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AB ||ed 0818_281_005_PLD_C3VD_T7_FORWARD_G10.ab1 KB14.18 KBbep
Blosystems 0818_281_005_PLD_C3VD_T7_FORWARD KB_3730_POP7_BDTv3.mob
Signal: G:63 A'85 T:67 C:61 AvgSig: 64 C#:68 W:G10 Plate Name:16082018A TS52 CRL:649 QV20+:655

s o wnnBBalnl s Bana BB anuunwnullib. 001 Teee = wnnlll IlpniinnuunRRRRR
ATT TTGGTTTAAGTT TAAGAAGGAGATATACATAT G GGCCT TCCAGGACTAAAATTAAGT GGTCAAGGAACAT CGT CTCG

-
A
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

L1] « BRRREuRRRRRORRRRNR [ ARRRNRNRNRRNRRN] [LIRRLNRRN) (RN
AAAACCGTAAT CGTAAT GGGAGGCGGAATTTCTGGTTTATATGCTTCTTATCTTT TGAGTAAAACCGGAATCAAAGTTCAACT
85 EY 95 100 108 110 115 120 125 130 135 140 145 150 155 160 165

1400
[ ARRIRARNE) [ARRRRARINRN!
TAT CGAAGCAACCGATCGACTTGGGGGAAGGATCAGAACCGTTACAGATGTAAGCGGAAATTTTTTGGATTTGGGT GCCGAATE
170 178 180 185 190 195 200 205 210 215 220 225 230 235 240 245

2050 2100 2150 2200 2250 2300 2350 2400 2450 2500 2600 2650 2700 2750 2800 2850 2900 2050
DR RN RN R RN R R R RN RN NN NN NN NN n R RR R nnngnnnnnmn 1
GATTCAGGCGGAACATAGGACCGCAAAAAGTTTAATT CGAGAACTTGGGTTAAAAACGACCGACTTTGAAGTTCAGT CAGATT

FSO 256 260 265 270 275 280 285 290 295 300 305 310 315 320 326 330

3050 3100 3150 3200 3250 3300 3350 3400 3450 3500 3550 3600 3650 3700 3750 3800 3850 3900 3950

Inst Model/Name:3730x/3730XLPC-19137-017 Pue Base QVs Printed on: Aug 17,2018 08:30:11 IST

Sequence Scanner Software 2 v2.0 Mixed Base QVs: Electropherogram Data Page 1 of §
AB ||ed 0818_281_005_PLD_C3VD_T7_FORWARD_G10.ab1 KB14.18 KBbep
Blosystems 0818_281_005_PLD_C3VD_T7_FORWARD KB_3730_POP7_BDTv3.mob
Signal: G:63 A'65 T:67 C:61 AvgSig: 64 C#88 W.G10 Plate Name:16082018A TS:52 CRL:649 QV20+:655

1 (1]
F’ATTCTTTGGGTCATATCGCAAGTTCGGAACTTGGGATATAT CGCCTAAGTCTCAAGAAATTTTAAACAAACTCGTTCAAATGA
l 338 340 345 350 356 360 365 370 375 380 385 390 395 400 405 410 415

4900

4100 4150 4350 4400 4550 4600 4650 4700 4750 4800 4850

(RARRINRNN] (NLRNRNINRTY] [RRRRRRRRRLY] [ AANRRARRRNNY]
AT T CTAAAATTAATTCCACCCAGCAACAGGAAT TAGACCGGATTAGTTTTTATAACTTTT TAAATTATCAAGGAAT GAGTTTAG

420 425 430 435 440 445 450 455 460 485 470 475 480 485 490 495 500

5700

5100 5550 5600 5650
1 BRRRRR RN R R e RN RRRRR NN fnniniinninnniiinnuniininnn 1
AGGATTTAAATATTCTAAAT TTTAAATATTCTTTATATTATGGAGATTCTCTCCGTTCGTTGTCGGCGCAAAAGGTTTTATCGE

505 510 515 520 525 530 535 540 545 550 556 560 565 570 575 580

5150 5200

6050 6100 6150 6200 6250 6300 6350 6400 6450 6500 6550 6600 6650 6700 6750 6800 6850 6900 6950

BRRRRRE N Ran R RO nlaecnn wlune walB0a o —mmmus BN RNENN wu BN N wnn Annnnd AE NN
ATTT AGTCAATTTTCCGAAATACAACACTCGTGTAAAAGG GGGAAT GGAAACCTT GACAAGGGCACTTGGGTCTTCTTT GGAAA

‘ 590 595 600 605 610 615 620 625 630 635 640 845 650 655 860 665

7050 7100 7150 7200 7250 7300 7350 7400 7450 7500 7550 7600 7650 7700 %0 7800 7850 7900 7950

Inst Model/Name:3730x/3730XLPC-19137-017 Pure Base QVs Printed on: Aug 17,2018 08:30:11 IST

Sequence Scanner Software 212.0 Mixed Basa QVe: Electropherogram Data Page 2 of 5
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gene
C3VD T7F

gene
C3VD T7F

gene
C3VD T7F

gene
C3VD T7F

gene
C3VD T7F

gene
C3VD T7F

gene
C3VD_T7F

gene
C3VD_T7F

gene
C3VD_T7F

gene
C3VD_T7F

gene
C3VD T7F

gene
C3VD T7F

gene
C3VD TTF

atgaaactaagcagatcggagtttatcaaactcggaattttaactgcggctggaatctcet

ggccttccaggaataaaattaagtgctcaaggaacatcgtctcgcaaaaccgtaatcecgta
GCCTTCCAGGCACTAAAATTAAGTGCTCAAGGAACATCGTCTCGCAAAACCGTAATCGTA

* x x % * ok kkkkkkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhkhkhkkhkkhkkhkkhkkhkkhkhkhkkhkkhkkkk

atgggaggcggaatttctggtttatatgcttcttatcttttgagtaaaaccggaatcaaa
ATGGGAGGCGGAATTTCTGGTTTATATGCTTCTTATCTTTTGAGTAAAACCGGAATCAAA

Fhhhkhkhkdhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhhkhkhkhkhkhk

gttcaacttatcgaagcaaccgatcgacttgggggaaggatcagaaccgttacagatgta
GTTCAACTTATCGAAGCAACCGATCGACTTGGGGGAAGGATCAGAACCGTTACAGATGTA

hhkhkhkhkhkhkhkhhkhhkhkhkhkhkhhkhhhkhhkhkhkhkhhkhkhhkhhkhkhhrhkhkhhrhkhkhkhrhkhkhkhrhkhkrkhrkhdxx

agcggaaattttttggatttgggtgeccgaatggattcaggcggaacataggaccgcaaaa
AGCGGAAATTTTTTGGATTTGGGTGCCGAATGGATTCAGGCGGAACATAGGACCGCAAAA

R Rk kb kb b b b b b b b b b 3 b b b b b b b b b b b b b b b b b b b b b b b b 2 b b S S S S i S i S

agtttaattcgagaacttgggttaaaaacgaccgactttgaagttcagtcagatttattce
AGTTTAATTCGAGAACTTGGGTTAAAAACGACCGACTTTGAAGTTCAGTCAGATTTATTC

RERAR R IRk kb kb kb b b b b b b b b b b b b b b b b b b b b b b b b b b 2 b b b b I 2 b I S S S i S i S

tttgggtcatatcgcaagttcggaacttgggatatatcgectaagtctcaagaaatttta
TTTGGGTCATATCGCAAGTTCGGAACTTGGGATATATCGCCTAAGTCTCAAGAAATTTTA

Khhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkk

aacaaactcgttcaaatgaattctaaaattaattccacccagcaacaggaattagaccgg
AACAAACTCGTTCAAATGAATTCTAAAATTAATTCCACCCAGCAACAGGAATTAGACCGG

KA hhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhhkhkkkk

attagtttttataactttttaaattatcaaggaatgagtttagaggatttaaatattcta
ATTAGTTTTTATAACTTTTTAAATTATCAAGGAATGAGTTTAGAGGATTTAAATATTCTA

Fhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhkhkhkkkk

aattttaaatattctttatattatggagattctctccgttcgttgtcggecgcaaaaggtt
AATTTTAAATATTCTTTATATTATGGAGATTCTCTCCGTTCGTTGTCGGCGCAAAAGGTT

Khhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhkhkhkhkhkk

ttatcggatttagtcaattttccgaaatacaacactcgtgtagaaggtggaatggagacc
TTATCGGATTTAGTCAATTTTCCGAAATACAACACTCGTGTAAAAGGGGGAATGGAAACC

hhkkkhkhkhkhkhkhhkhkhkhkhhkhkhkhkhhhkhkhkhkhkhkhhkkhkhkhkhkhkhkhkhkhhkhkhkkhkx *hkkhkx *hkkhkrkhkhkrk *xx

ttgacaagggcacttgtgtcttctttggaaaatacggaaatcattttttcggatccagta
TTGACAAGGGCACTTGGGTCTTCTTTGGAAAAA-———————————————————————————

khkkkhkhkhkkhkhkkhkhkhkhkhkkhhkk *khkrkkkhkkkhkhrkkkkhkhk*x

gtttccgtttctcaaggagaaggcaaggtaatcgtaactaccgtttccggaaaaaaaata

211

120
61

180
121

240
181

300
241

360
301

420
361

480
421

540
481

600
541

660
601

720
634

780
634



A% ||ed 0818_281_006_PLD_C3VD_T7_REVERSE_H10.ab1 KB1.418 KBbep
Blosystems 0818_281_006_PLD_C3VD_T7_REVERSE KB_3730_POP7_BDTv3.mob
Signal: G:68 A:67 T.71 C:74 AvgSig: 70 C#:66 W:H10 Plate Name:16082018A TS:54 CRL:855 QV20+:869

oo nnn DR R AR R0 n walnnaulnn BN RRRRRRDRENRD (IRIN} Iilaasl (IR
TCGGGCTTTGTTAGCAGCCG GATCTCAGTGGT GGTGGTGGTGGTGCTCGAGTCAAACCTGATTGACCGCACGAATCGCAG

5 10 15 20 25 35 40 45 50 55 60 65 70 75 80

8

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

(1] AR annnnnn iR nnnpnRnRn i . 1
AGGCAAGAGCGCCT TCGACGGTTCCATTTAATTCTGCTGTGTGTTCCCCTGCAAAAAAAATACGATCCATAGGTTTTAAAAGCE

85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160

1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950
(IRIRRINENINNY) snpnERERERRRRRRRRRRNR [RERERRRENY]

AGATGATCGATCCGTAACTTCCCGGAGGAAACGTTGCAATTCCAGT CGGAATAAATTTAGATTGAGAAGTTTCACTACTTTGA
1es 170 175 180 185 190 195 200 205 210 215 220 225 230 235 240 245

2150 2200 2250 2300 2350

IRRRRRRRRRnREnRRRRRRnInY [ AR R NN RN
CTTGCAACTCTCTACCTTGT CCC AAT GCAAGACGAATATATTCT

260 265 270 275 280 285 290 295 300 305 310 315

2600 2650 2700

3050 3100 3150 3200 3250 3300 3350 3400 3450 3500 3550 3800 3650 3700 3750 3800 3850 3900 3950

Inst Model/Name:3730x/3730XLPC-19137-017 Pure Base QVs -'5-”_ Printed on: Aug 17,2018 08:30:14 IST

Sequence Scanner Software 2 v2.0 Mixed Base QVs M_ Electropherogram Data Page 1 of 5

AB ||ed 0818_281_006_PLD_C3VD_T7_REVERSE_H10.ab1 KB1.4.18 KBbep

Blosystems 0818_281_006_PLD_C3VD_T7_REVERSE KB_3730_POP7_BDTv3.mob

Signal: G:68 A'67 T:71 C:74 AvgSig: 70 C#66 W:H10 Plate Name:16082018A TS:54 CRL:855 QV20+:869
nnnnnn [ RIRRRRRIRRRINRRRRE] [ ER AR RN RRIRRINRINRE) 1
|GAAGCCAATATATCGTATCTATCCCCAGTTGAGATCATT CCTAAAATCTTATCTTCTGAATTAATTTTGGT TCCAGCGTCGTA

| 335 340 345 350 355 360 365 370 375 380 385 390 395 400 405 410

4050 4100 4150 4200 4250 4300 4350 4400 4450 4500 4550 4600 4650 4700 4750 4800 4850 4900 4950

InpRRERERnRRRREREnRR RNy fnnRnnnEnnppRRRRRN [LRRRRRRINE)
ATAAAGCCGGCAACGGAATCTGAATACGCTGAAAAACTTCCTCT TGTCCAAGGAGCCTCT CGAAGCATTAAAAAAGTTTTATA

| 420 425 430 435 440 445 450 455 480 485 470 475 480 485 490 495

5050 5100 5150 5200 5250 5300 5350
fRRpnERRRERRRRRRRRRRRRNRRRRNRN]

5500 5550 5600 5650 5700 5750 5800 5850 5900 5950

=1 1
TATTCTGGAATATCTAAT CCGTAAAGCGGACAATTTTTTTTCCTTAT CTAACTCTGGATCCCATTGAATTGTTGTTAGT TGATT
500 505 510 515 520 525 530 535 540 545 550 555 560 565 570 575 580

1500 —
1000 —f
500—

6400 6450 6500

ARRRRR RN RN RN Rnnnnni.
GCAGGCATTTCCTTCTATTTTTTTTC

800 605 610 615 620 625

6800 6850 6900

BRRRRRRR AR RRRRRRRRRRR
CGATTACCTTGCCTTCTCCTTG

645 650 655 660

> -
O -

7050 7100 7150 7200 7250 7300 7350 7400 7450 7500 7550 7600 7650 7700 1750 7800 7850 7900 7950
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aattttaaatattctttatattatggagattctctccgttcgttgtcggecgcaaaaggtt
AATTTTAAATATTCTTTATATTATGGAGATTCTCTCCGTTCGTTGTCGGCGCAAAAGGTT

Khhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhhkhkhkhkhkhk

ttatcggatttagtcaattttccgaaatacaacactcgtgtagaaggtggaatggagacc
TTATCGGATTTAGTCAATTTTCCGAAATACAACACTCGTGTAGAAGGTGGAATGGAGACC

Fhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhkhkhkhkhkhkk

ttgacaagggcacttgtgtcttctttggaaaatacggaaatcattttttcggatccagta
TTGACAAGGGCACTTGTGTCTTCTTTGGAAAATACGGAAATCATTTTTTCGGATCCAGTA

hhkkhkhkhkhkhkhhkhkhkhkhhkhkhkhkhhhkhkhkhkhkhkhhkhkhhkhkhkhkhhkhkhkhkhkhkhhkhkhhrhkhkrhkrhkhkrhrkkx

gtttclgtttctcaaggagaaggcaaggtaatcgtaaclaccgtttccggaaaaaaaata
GTTTCTGTTTCTCAAGGAGAAGGCAAGGTAATCGTAACGACCGTTTCCGGAAAAAAAATA

KAKKAK KAAKAKAKAXA AKX I I A A I dAdA A dhdhdhhhkhhhhhhhhkhkd *hkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkhk,k%

gaaggaaatgcctgcatttctacattgcctgcaaatcaactaacaacaattcaatgggat
GAAGGAAATGCCTGCATTTCTACATTGCCTGCAAATCAACTAACAACAATTCAATGGGAT

RERaR R IRk Ik kb kb b b b b b b b b b 3 b b b b b b b b b b b b b b b b b b b b b b b b b b b S S S i S i

ccagagttagataaggaaaaaaaattgtccgctttacggattagatattccagaatatat
CCAGAGTTAGATAAGGAAAAAAAATTGTCCGCTTTACGGATTAGATATTCCAGAATATAT

ER R IRk kb 2 b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b S b 2 S S i S

aaaacttttttaatgcttcgagaggctccttggacaagaggaagtttttcagecgtattca
AAAACTTTTTTAATGCTTCGAGAGGCTCCTTGGACAAGAGGAAGTTTTTCAGCGTATTCA

Ahhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkkkk

gattccgttgccggltttatctacgalgctggaaccaaaattaattcagaagataagatt
GATTCCGTTGCCGGCTTTATCTACGACGCTGGAACCAAAATTAATTCAGAAGATAAGATT

Fhhhkhkhkhkhkhkhkhkhkhkk hhkhkhkhkhkhkhkhkhkk hhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhkhkhkhkkkk

ttaggaatgatctcaactggggatagatacgatatattggcttcttctaccgacgcgatg
TTAGGAATGATCTCAACTGGGGATAGATACGATATATTGGCTTCTTCTACCGACGCGATG

Fhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhhkhkhkhkrk

aaagtagaatatattcgtcttgcattagaatctttgggacaaggtagagagttgcaagtt
AAAGTAGAATATATTCGTCTTGCATTAGAATCTTTGGGACAAGGTAGAGAGTTGCAAGTT

hhkkkhkhkhkhkhkhhkhkhkhkhhkhkhkhkhhkhkhkhkhkhkhkhkhkhkhhkhhkhkhhkhhkhkhhrhkhkrhrhkhkrhrhkhkrhrhkx

cttaggattcaaaglaglgaaacttctcaatctaaatttattccgactggaattgcaacg
CTTAGGATTCAAAGTAGTGAAACTTCTCAATCTAAATTTATTCCGACTGGAATTGCAACG

khkkkhkhkhkhkhkkhkhkhkhkhkkh hk Fhhhkhkhkkhkhhkhhkhkhhkhhkhkhkhrhkhkhhrhkhkhhrhkhkrkhkrhkhkrkhrkhkxx

tttcctcclggaagttacggatcgatcatctcgcttttaaaacctatggatcgtattttt
TTTCCTCCGGGAAGTTACGGATCGATCATCTCGCTTTTAAAACCTATGGATCGTATTTTT

R IRk Ik S Ik bk b b b b b b b b b b I b b b b b b b b b b b b b b b b b b b b b b 2 2 I I S S S S i

tttgcaggggaacacacagcagaattaaalggaaccgtcgaaggcgctcttgcctctgcg
TTTGCAGGGGAACACACAGCAGAATTAAATGGAACCGTCGAAGGCGCTCTTGCCTCTGCG

R IRk Ik kb b b b b b b b b b b b b b b b b S b b b b b b I b I I b b 2 S b b b b b S S S i S i

attcgtgcggtcaatcaggtttga-—-——-—--=----=""—"""""="—"—"—"="————"—————————
ATTCGTGCGGTCAATCAGGTTTGACTCGAGCACCACCACCACCACCACTGAGATCCGGCT

R R IRk kb b b b b b b b b i

——————————————— 1344
GCTAACARAGCCCGA 883
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——————————————————— MGLPGIKLSAQGTSSRKTVIVMGGGISGLYASYLLSKTGIK
MKLSRSEFIKLGILTAAGISGLPGIKLSAQGTSSRKTVIVMGGGISGLYASYLLSKTGIK

hhkkhkkhkhkhkhkhkhhAhhkhrhhhkhkhkrhkhkrhkhkhkhhkhhkhkhkrhkhxkx*k

VOLIEATDRLGGRIRTVTDVSGNFLDLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLE
VOLIEATDRLGGRIRTVTDVSGNFLDLGAEWIQAEHRTAKSLIRELGLKTTDFEVQSDLE

Ak hkhkhkhkhhkhhhkrhhkhhhkhkhhhkhhhkhhkhkhkhhkhkhhkrhhkhhhkhkhhhkhkhhkrhkhkrhkrxhhkkxkhkx*x

FGSYRKFGTWDISPKSQEILNKLVOMNSKINSTQQQELDRISEFYNFLNYQGMSLEDLNIL
FGSYRKFGTWDISPKSQEILNKLVOMNSKINSTQQQELDRISFYNFLNYQGMSLEDLNIL

Ak hkhkhkrhhkhkhhhkhhhkhhkhkhhhkhkhhk bk ok bk hhkhkhhhkhkhhkhkhkhkhkrhkhkhkhhkrhhkrhkrxkhkkxxk

———————————————————————————————————————————————————— SLEDLNIL
FGSYRKFGTWDISPKSQEILNKLVQMNSKINSTQQQELDRISFYNFLNYQGMSLEDLNIL

)k kkkkk Kk

NFKYSLYYGDSLRSLSAQKVLSDLVNEFPKYNTRVEGGMETLTRALVSSLENTEITIFSDPV
NFKYSLYYGDSLRSLSAQKVLSDLVNEPKYNTRVEGGMETLTRALVSSLENTEITIFSDPV

hhkhkhkkhkhhhkhhhhkhhhkhhkhkhhhkhhhhhhhkhhkhkhhhkhkhhkrhhhkrhkhkhkhkhkrkhhkrhkrxkhkkxxk

VSVSQGEGKVIVTTVSGKKIEGNACISTLPANQLTTIQWDPELDKEKKLSALRIRYSRIY
VSVSQGEGKVIVTTVSGKKIEGNACISTLPANQLTTIQWDPELDKEKKLSALRIRYSRIY

Ak hkhkhkhhhkhhhkrhkhkrhhkrhhhkhhhkhhkhkhkhhkhkhhkrhhkhdhhkhkhkhhkhkhkhkrhkhkrhkrhhkkkkkx*x

KTFLMLREAPWTRGSEFSAYSDSVAGEFIYDAGTKINSEDKILGMISTGDRYDILASSTDAM
KTFLMLREAPWTRGSEFSAYSDSVAGEFIYDAGTKINSEDKILGMISTGDRYDILASSTDAM

LR R I R R I I S I I e R I I S S e

KVEYIRLALESLGQGRELQVLRIQSSETSQSKFIPTGIATFPPGSYGSIISLLKPMDRIF
KVEYIRLALESLGQGRELQVLRIQSSETSQSKFIPTGIATFPPGSYGSIISLLKPMDRIF

Ak hkhkhkhkhhkhhhkhhkhkhhhhkhhhkhhhkhhkhkhkhhkhkhhkrhhhkrhkhkrhhkrhhhkhkhkhkrkxrhkhxkhkxx

FAGEHTAELNGTVEGALASAIRAVNQV 275
FAGEHTAELNGTVEGALASAIRAVNQV 447

Ak hkkhkhkhkkhhkhkhhkrhkkhkrhkhkrhhkrhkhhxk*x
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Appendix 3
Alignment of leptospiral LAO (marked with FAD interacting residues) with L-

amino acid oxidase
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Appendix 5

Number of Sequences available in the UniProt database with length distribution
(Courtsey: Dr. Vijayasarathy)
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LAO unreviewed sequence length distribution from Uniprot
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Feta-o18
b e8s-082
Fesz-0sz
Feze-oze
F 669069
F 699-099
b oe9-0e9

F 609-009

[ 6£5-0L5

[ 6¥5--0¥S

[ 6TS-0TS

[ 68108t

[ 65105t

[ 6Zt-0Zt

F 66¢-06¢
E 6og--noe
Feee-oee
F 6os-00e
Ferz-ocz
Fevz-ovz
m 6TZ-012
Feat-08T
F6sT-05T
Fezt-0zt
F 66-06

[ 69--09

70

g R

sajuanbas jo 'oN

20
10

o

Length Distribution
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Appendix-6
Alignment of leptospiral LAO with unreviewed sequences from UniProt

knowledge database
(Courtsey: Dr. Vijayasarathy)
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a0

1QBE YLIIQBEYLI LEPIN
#\METET7IMETST7_LEPIR
#IN1UDQ2IN 1UDQ2_HLEPT
trlIOXW25|/0XW25_SLEPT
#|BOSN50|BOSN50_LEPBP
#1A0A2P2DVBI|A0AZP2DVBY_SLEPT
#|KITZBIKITZBI CHRTP

#1A0A 2N IBOBIACAZN IB 06_9BACT

| ADAONOCXW3|ADAONOCXWI_9BACT
#|AOA1Y2RFQ2AOATY2RFQ2_IBACT
#|ADA1GEEPA 1|A0A 1GSEPA1_9FLAO
#|CEWTTS|CEWTTS_DYAFD

#|A0A 1G787G2|A0A1GTBTG 2 9BACT
trlAGA2NOE VBIIACAZNOEVB3_SFLAO
#|A0AQBSBLWEIA0A08GBLWE_IFLAO
#|ADA225G 1W3|A0A2Z5G 1W3_9BACT
#1A0A2D1U5B0|A0A2D1USB0_9SPHI
#1404 3808ERS|A0AIB0BERT_IBACL
rlAOA4 V2ZSD1A0AIV 225D1_SBACL
HIM7XFO0IM7XFO0_9BACT
HIFOZWITIFOZWIT_DICPU

#|ADA2W 1 ZXW4| ADAZW1ZXW4_ SMICO
#1A0A 1Y2DBUTIACA 1Y208UT_SPEZ
#lAOA 1 V4HRSSIA0A 1V4HRSS_IBACL
#|AOA2P7TQLIIACAZPTTALY_ SSPHI
|AOA1W2HB1|A0A 1W2HB 31_9BACT
#1A040D1YBAT|A0A0D1 VBAT_9ELURO
#\JTLARONTLAAO_NOCAA

LAO
HIQBEVLIIQBEYLY LEPIN
HIMETET7IMETET7_LEPR
#NIUDQ2ZNILDQ2_ILEPT
tlIOXW25U0XW25_SLEPT
1BOSNS0IBOSN50_LEPBP

404 2P20VB9|A0A2P2DVE9_ILEPT
#K9TZ83|K9TZ83_CHRTP

A0A 2N IBOGIA0AZN 3B 06_SBACT
t11A0AONOGXII|AOAONOGXWI_SBACT
1A0A1Y2RFQ2IADA1Y2RFQ2_IBACT
1A0A 1GSEPATIADA 1GSEPA 1_SFLAO
#|CEWTTS|CEWTTE_DYAFD

#A0A 1G 787G 21404 1GTBTG 2 9BACT
tr|A0A 2NOE VBIIAQAZNOEVBI_SFLAC
1/A0A0BGBLIVG|A0A08EBLWE_IFLAC
1404 225G 1W3A0A 225G 1W3_9BACT
4A0A 2D 1USBOJA0A2D1USE0_SSPHI
111A0A 3BOBERI|AOAIBOBERS_IBACL
1A0A9V22SD11A0AIV2ZSD1_SBACL
HIM7XFOOIM7XFO00_9BACT
#FOZWIT|FOZWIT_DICPU

1140 21V 1 ZXWHIAOA W 1 ZXWH_IMICO
404 1Y2DBUTIAOATY2D8U7_SPEZ
H1A0A 1V4HRS 5|A0A 1 V4HRSE_9BACL
A0A2PTTQLIIAQAZPTTQLS_9SPHI
1|AOA 1W2HB 31|A0A 1W2HB 31_SBACT
#1A0A0D1YBA ]A0AODTYBAT_SELRO
lJTLAAOL TLAAO_NOGAA

Lo
HIQBE YLIIQBEYLY LEPIN
HMBTSTAMBTST7_LEPR
#INILDQ2N 1UDQ2 ILEPT
HlIOXW25|10XW25_ILEPT
trlBOSN501BOSNS0_LEPBP
rlA0A2P2DVESIA0AZP 2DVE9_SLEPT
KITZBIKITZBI CHRTP

111404 2N IBOE|A0A2ZN 38 06_SBACT
{rAOAONOCXIV 3| AOAONOGXW3_9BACT
trlAOA 1Y2RFQ2IAOATY 2RFQ2_SBAGT
HlA0A 1GEEPA 1|A0A 1GEEPA1_SFLAO
HICEWTTE|CEWTTE_DYAFD
1|A0A1GTB7G2|A0A1GTBTG2 IBACT
trlAOA 2NOE VBIIAOAZNOEVBI_SFLAO
| A0AQBEBLIVE|A0A0BEBLIWE_IFLAC
#lA0A2Z5G 1W3|A0A2Z5G 1W3_9BACT
#1404 2D1USB0|A0A2D 1US80_9SPHI
1rlA0A 380BERI|A0AI8 0BERS_SBACL
rlA0ASV22SDIIA0AIV 225D 1_SBACL
trIM7XFOOIM7XFO0_9BACT
HIFOZWITIFOZWIT_DICRU

{rLAOA 21 1 ZXW4| AOA W 1 ZXWH_ IMICO
trlAOA 1Y2DBUTIAOA Y 2DBUT_SPEZ)
HrlA0A 1 V4HRS|A0A 1V 4HRSE_9BACL
t1A0A2P7TQLIIAOAZP TTQLE 9SPH!
1lAOA 1W2HB 31|A0A 1W2HB31_SBACT
1rlA0AOD1YBATIACAOD 1 YBA 1_SELRO
trlJTLAAOITLAAQ_NGCAA

40
#1QBEYLIIQEE YLI LEPN
tAMBTSTTIMETTT_LEPR
HIN1LDQ2NUDQ2 SLEPT
HIOXW2S|/0XW25_ILEPT
#1BOSN50180SN50_LEPBP

#1A0A2P 2DVBI|ACA 2P2DVBY_SLEPT
HIKITZOIKITZRI_CHRTP

#1A0A2N ABOGIAOAZNIBOE_9IBACT
HJA0AONOCXW3|ADAONOCXW3_ SBACT
AOATY 2RFQZIAOA 1Y2RFQZ_SBACT
HACAIGEEPAIAOAIGEEPAT_SFLAG
#ICEWTTEICEW7TE_DYAFD
MA0A1G7BTG2IA0AIGTBIG2_SBACT
#1A0AZNOEVEIA0A 2NOE VBI_SFLAO
HAQAOBEBLWE|AOABBEBLWG_SFLAO
#1A0A22Z5G IW3IADA22ZEG 1W3_9BACT
#14042D 1US80|A0A2D1USB0_9SPH
#40A3B0BERS|A0A IBOBERS_IBACL
IA0ASY 225D 1|AOASV2ZSD1_IBACL
HIMTXFOOIM7XFO0_SBACT
#1FOZWJT|FOZWIT_DICPU
HIACAZWTZXW4]A0AZW 1 IXW_IMICO
#140ATY 2D8UT|A0A 1Y208U7_IPEZ
IAOATVAHRSE|AOA 1VIHRSS SBACL
#140A2PTTQLIIACAZPTTGLI 9SPH
FIAOAIWHE 31| AOA IW2HE 31_9BACT
140400 1YBA 1| 4040D1YBA1_IEURO
ITLAROWTLAAO_NOGAA

LAO with Unreviewed Sequence (430-470;

80%)

Il

1 mee e s MKLSRSEF IKLGILTAAG ISGLPGIKLSAQS TSSRKT-VIVMBGHE I S [YESYLESKTR! IRTVTD- - - 80
1 - --MKLSRSEF IKLGILTAAG ISGLPGIKLSAQG TSSRKT-VIVMEGHE I S [YBSYLESKT@®! IRTVTD- - - 80
1 ++«+MKLSRSEF IKLGILTAAGISGLSGIKLRAQG TSPRKT-VIVLEGE I A (YTSYLBGKTE | IRTVAD- - « 80
1 - -MKITRSTFLKAGILSAAALLGSRKGNLSAQN TNTGKK-VIVLEGELS IYSAY IB6KT@S (VRS 1QD- - - 80
1 - ---MNRKTFLKNLTATAAGVSLLSPKKFYGQSTGVVTAET- - KPRPSGPKK-AIVLEBGELS [YSEAYLEBKQT@Y - ISTYSN- - o0
1 MHRKEFLSKLAITGSLFALOQRKNELFAQAEPTSEPTS- -SLKONTAKT-AIVLEBGELS [YSEYLEBKOSEY IFTFQD- - - @0
1 MLTRRNF IEQA I ITPIQAVAAAKVFS-FF PINYKPK-VI LI LS ARG YLBSOKE | VYSQTIl-- - 80
L MORRDFLKKTSLLATSTYLTHLPEW:.SD FERLKKGEK-VLIL LA S (Y VEBSKNNV - IFTYFF -« 81
1 oeee e MORRDFLKKTGLATLGSLLSTSLAN. AQ INTLKKGDT- ILIL 1A T Y R| SDK.F- VFSYSF ... 81
1 MSSRRQF IREATLASGGLLLASSSFS - --FIGAKPK-VI I F A 5| Y YRHKKK | - (VFSHTI - - - 80
1 - --MTTRRDFLRNTAMVASGLLVSPTLTG -WIAKKAK-VVVI LA G| IYQRRORM | - [VF SQRM - - 78
1 MDKPQQTSRREFLRQSAFLAGTSLLSTRSFG - YVGKQSR-VIVI F Al A Y ARKQ K@M - IVFSHT I - - - 85
1 emmnsmmenn MDRRRF IRQSALSAGALVVSGHPRF - YPLKKPE-VIVI F A Al YREKKKE@C - IVFSHRI - -« 77
1 FSPIKQK-VVII F S A Y KBKNKNYV - (VFSHKM- - - 78
1 ILSGNKK-VIVI F S Al 'Y KBDPRKF - [VF SHRM - - - 78
1 LHAARPPSS - CVVV| LS Al HH| AKR.W- VSSYRF - - 70
1 FIPKKKK-VI 11 F A SEGYEBRYKRN | - (VFSHTI - - 80
1 MAIGRSPER- IVVI IMA | (VCTLEBMKQ@Y IYTMRD - - 54
1 MV IGRFPES- IVVI MA) IVETLEEMKO@Y (VY TMRD - - - 54
1 <---MLD-TIII FS@ |G| KLEHEK@L (VHTKHFS- - - - - 48
1 - .- ceesess - -MTTLYD-VIVVEGELA N| IYEF KKS@L TESIKVD----- 40
1 - ----TTAADSR- - AEPSGRRPR- IVVI MA| V| REBRRTEA WVHTLRL- - - AES B84
1 ~MDSID-VAII LS Q) TDEQAARF KTCSIQR--ADG- 50
1 ML IGRFPER- IVVI MA VCTLEEMKO@Y IYTMRD- - -QF A 54
1 ~PGLL-VTACHGNDL - CESENWQGK- VVVI AARBMY QLBYKABA IRPLTG---F-- 80
1 ---MMD-VIII E F S@VA RIBHKANK - (VY TKRFE- - 48
1 - ceeriaeneee e -MTEYD-VIVV v A G s IR < TRKE AR K- (VWTKSFD- - a8
1 DVGAE | VEEEVSGDESGR:. EPEAEPEPRGRRAEEGRGH- TIVV, Ma Bl ARB0 LBAERBE - IHSVRT- - 85
81 SGNFLDLBAEWIQA-EHRTAK. SLIR-ELGLKTTDFEV- ««GSYRKFG- - .. - 135
81 SGNFLDLBAEWIQA-EHRTAK-SLIR-ELGLKTTDFEV- - -GSYRKFG- - - - - 135
81 SGNFLDLBAEWIQA-EHRTAK- SLIR-ELGLKTTDFEV- - -GSYRKFG- - - - - 135
81 SGHIVD IBAEWVYSS-EDKTVR. SLVR-ELGLKLQSSPL - « s GTYKKAG- -« - 135
91 S6 I VODL@GEWIGE - NQTD IK- SLVK-QLGLELVSANI - - -SKTNSD- - - - - 144
1 LG IVODLEGEWIGE-GQAD IK- TLVK-QLGLTLKDSPL - ---RNSENP- - - - 144
82 EQLHTELBAEWVGD - SHNTIK-QICQ-ELNLPLVKHOQF - -ENKMYKAE - - - - 137
82 PNLYAELBAEWIGK- SHKQL I - KLCE-ELNVKTVKHQY - «QNQHIRFD=- -« - 137
81 ENLI| IELBAEWVGN- SHERLQ- NLCN-EFGLELQNNQF - -QGKYYKNG - - - - - 138
79 -DLVVEL@AEWVGE- SHTRIR-ELCV-EFKLELQNNOM- -KGQYHPPA- - - - - 133
T8E NDLVVELBGEWVGN- SHTRMR:- ELCT- AFGLALENNQM- «KGEYHRAG - - - « - 133
7O DOLVIEL@GEWVGN- SHERIH- ALCG- EMNLELF NNQF - -KGDYSPAG- - - - - 134
7ONDLI IELBAEWVGN-SHTRIL-TLCD- EMKLKLDNNGM- -KGIYSPSK- - - - 134
80 PELVCEMBGEWIGK-DQHHIL-DLCT- EMNVTLEPHAF - -S6QL-KSP- - - - - 134
81 EKL| IELBAEWVGE-DHTLLR- SLCN-QFNLPLDNNQF - -KNNYYQSL- - - - 138
55 DOMF CEMBAAF IGA-HHFLTL: SYAR-QVGVQL INVPV - ++++PGRSLSYINGRLI!|-DSPD-EPA-=-. - ~LWPVS. . .LTAEERMLGYAG ILEKYLEPGLQA 139
55 DGMYCEMBAAF IGA-HHFLTL- SYAQ-QAGVAL INLPV- ----PNRRLTYINGRLII-DSPA-EPA--- - -RWPVS- -LTAEERNLGYAGILEKYLNPGLKA 139
47 EELYLDL@GQWIGP-GQDRMY - QLCA-ELTVPYFETYN- .- SGYHMLD - - - - - - F-GGKVKKFK--- -« -GLIPK-LDLI - - vmm e e 108
65 - ATDAEABAMRIPA-HHTRTI-NLCR:- TLGLDLDPFAS- - GTAGVQ - « e GOY-GAA - . SPYP . . - 13
51 - KOVOELBAAWINDTNQERAW. ALAK-KFGLTPITONI - «++ «KGEVGFQ. -« «NGECHSFM- - ... YGEMPKF - SKV. v v v v v e e 112
55 DGLFCEMBAAF IGA-HHFLTL- HYAQ-QAGVAL INVPA- ----PNRSLSYIDGRLII-DSPV-EPA--- - -WWPVS--LTSEERTLGYAGMLEKYLKPGLNA 139
91 SDFDIELMAEEVHG - NKTRWY - NMVQ - DAGLDF TNT - - - ----ETTDLL- - - - - L-DAQLLTED- - - - - AAAND L PR I © -]
47 NGQOYLDF@GQWIGP - TQDRMY - ALCK-EYGVDYFETYN - ----EGYNILD- - - F-GAKVKKYR----.-GLIPK-IDII - 108
4 DGSYEDY@GMFLGV-QQPLMY -GLAS-EFGVHTFDVPE - GKSVFY . .« Y+ KGKARKYS . -« « .. 107
88 DG6VTLDAGASWMRG - EENNPLSRLVR-DSGARTATFNRSTETAYDPKGRRLLF------DR-HRRNMEDV- - - - .- 148
LAO with Unreviewed Sequence (430-470; 80%)
~E- ILNKLVQMNSK- IN-STQQQ- - - -ELBRISFYNFLNYQG-M EDLN- ILNF-KYSLYYGDSLRSLEAQ 108
-E- ILNKLVQMNSK- IN-STQQQ- - - -ELBRISFYNFLNYQG-M -EDLN-LLNF-KYSLYYGDSLRSLSAQ 108
~E-ILNKLVOMNSK- IN-SSQQQ----ELBRISFYNFLIYQG-M SEDLT-LLNF-KYSLYYGDSLRSLSAQ 108
«D-TLDOKVIDLHKS-LG-TSQKQ: - - -GLBIKINFSSYARYQG-L “EEIR-SMNE-LYRI ILGADLNQIBSE 207
E-TIEKVIDLHKS-LG-ESQRQ- - - -GLBKINFASYIRYQG-V -DEAR-SLSE- IYRLLTGADLNAISSE 207
~N-KLONLLQAYSN-LS-EANKM- - - - KLBIKIDLWRYLVDNG - | KDLD-FIEL- IKSTDFGESIRFABAF 100
L-KLQKIFADFRK:-MS-EKEQK: - - - KLBIQ | SWWRFLVNNG - | QELT-CREL-NDSTDFGES |HF TE®AF 200
CE-KIAQIFKDFKN-LS-LKEQK: - - - KIS | SWWRFLMENG - | DALL-MREL-NDSTDFGESIRQVEAY 200
K-KFQSIIGNYEK-LT-QADKV: - - - KLBIKMDWWRYLVNNG - C ~RDLD-LREL-LDSTDFGETIRSVEAF 100
-A-KFQTLLEEYRK-MN-EVDKM- - - - KLBIQYDWWRYLVNNG - C -RDLD-LREL-TDSTDFGESIRHVEAF 108
-P-KMKALLEGYKK-LD-ETQKA. .- -ELBSIDWWRYLVNNG-C KDL -LREL-LDSTDFGESI|IRHVEAF 204
+T-KLNKMLEDYAD-LT-DKEKL: - - - VMBIKMDWWRYLVNNG - € -RDLD- IREL-LDSTDFGESIRQVESF 107
-D-TFORLLENYRN-FT-EDDKE- - - - LLBOMDWWRYLVNNG-C RDPLD-LREL-FDSTDFGESIRQVEAN 197
- T-GWKKFAAAYKH-Y¥G-PQEFR- - - -RLBNYDWYAWLRKIG-F DDLR- IREI- IDSTDIGESMRDABAL 107
140 TGNPFLPGWPTK . « - + ISMTMEQYL 1GQG - A GAIK-LFEI -GYMOQMLGDG | RKVSAL 196
140 TGNPFLPDWPTK:- - - - SMTMEEYLKGQG - A “GAIK-LSEI-6YMAMLGDG | RKVSAL 196
07 - -« - - -+ SLVNI|----DLVIKKL----E-SMAKSIDQQ-Q-PWTHPKA- - - -SYYBISVSLAYFLEENC-K ASRN-LVKL-ALETVFACELNEVELL 170
114 SSAPGF SGWERS: - - - RDVWSRWE - - - Q- TVADVRLDWNR:-LS-QRQF - - - IDRYBIGYSIRDFLRSRG -W cAAIE-EYGI -VTF. . TEST-LSTEVV 192
M3 ---e EKQ-D----AVRIRDL----V-EAAT---LD-PANFIGARR- - - - AEL@ISISFEEF IRAEG- A RALQ-TACI -WFHGMLGTEPSEVEAL 182
140 TGDPSLPGWPTK- - - - QA- SMTMEEYL 1SQ6- A GAIK-LLEI-GYMQMLGDG | RKVSAL 198
- --LQFAENL- - - - - - --YNY-S-GP-DISV- - se .- -YIANQG- | RVHH-LLNA-FIGNEYGSDNTRLGAK 202
_..D\MLLﬁKM-...E-RMAKN\PAS-K-FWEHPKS....ETYINILLSDFIKKNE»\ SSHK-VITY-GLETVFACGLHT IBLL 170
+++GLLVRKF-«..E«SMARVVDLE-K-PWNTPNA. .. -RELBMOITVEDFMRRQC W« .+« v .. TS AGKD:-VFRV-AVELVWGTVPSQ I SLL 180
----------- HEHM- - -»-VWAT-V»G-AYEDQSM-»--EQ-_-»GIEHALYDVN»LVHSHARDATE-»IVH--»-»H-IAEADHGAEAI}E\ F - 208
- emTRVEO]. METLTRALVSSL. - - EnTEr 1P sorffvsvsave o rrovse. . as
199 KVLSDL +««KYNTRVEG *METLTRALVSSL: « =« ENTEI IFSDPMVSVSQVE-G - «TT-VS6. - K 258
190 KVLSDL - - -KYNTRVEG -MEVLTRALVSSL:- - - - - ENTEIVFSDPMVSVSQGE-G - ~TT-VS6- - K 258
199 KVLSDL - --KYNTRVEG -MEALTKALALSL- - - - - ENTETSFMDPMVSVSQGE-G - -TT-ASG- - K258
- - -QRNSRVEG CMESTAKTLVMNI - - - - - ENTEFVFSDPRLSVDQDS-T- -TT-ASG.-R 258
“QSALKPKYLVKG AEQ I 1QSLVAQL - « « = = KGQELLLGEMATKVSQQK-N- «EL-SS6.-R 270
208 DMLHDL - - - - - ESP--- - -ESSLRPKFFVSG -SEQIIQRLLLAM- - - -GKEVEILSSETAVKVSQTK-N- PL-LSG--R 271
200 LALDEY- - - - - - VES----- -QETYHMDYKIKG -NSKLAKTLAEKI----GRDK- ILLNRQMVAIEQTG-R- -TC-ANG- - D 262
- SQYNEMDYKIQG -NSS| IKALAQKV- - - -GENN-TFLGKKMKVIRQQS - K- IC-EDA--S 283
- SDYNEMDYQMIG ~-NSQI INALSEKI- - - -GKEN- ILLNKKMNAI IQ-D-K- ~-VC-EDK--T 262
+ SEKNEMDLK | KG' *NSMLAKRIAEKI: -+ -GMDK- IKLEHAMORVVQNVKG - +YC-KNG.-Q 263
- SPKNEMDLKIKG -NNLLAQRMADAI - - - -GRES- ILLQHKMTRVVQDA-5 - “YC-GNG- - K 250
- SEKNEMDLKMQG ~NTMLARKFAEG!----GEGN- ILTGHAMKR I EQKD - TC-ENG- - K 2668
- SEKNEMDLK | KG ~NAILADKLREQI - -.-GAEH- IYCDHHMSHIVAONN - ~-VC-TNG- - K 258
. + SENNEMDLK | KG' +NGMLAERLSEKI: .+ -GKEK- ILLKHTMSRIVQDS - «YC-ENG. - K 259
FENITDEGR-RNKTNNQMDQKI |16 «~NRRLADKLSEKI...-GEKR-ILLNHTMTRIEQGN - «FC-5NG.-K 267
198 VEAESY - - - - - - AGSD---YM-NPDDTDEMDYHVKG -NSRLVDAVIARL- - - -PAGT-VRLNSPMTGIFERS - “MA-TAQ- -G 264
BRSNS M. PR A et
107 QRLLDL - -SSERSTQTIVG ~MDQLPKKLALTI...-.6S-T-I1SYGCAMTHIEQSN- K. -QF IHSGEVF 260
180 HALFY - - - - - - KSGRDLNTLINIE-NGAQQHRIVG -MQTLIERMAEPF- - --REE-- ILFEHPMQSIYQEK- -1A-QGF--- 248
183 YFLHF |- -« oo RTAGSYSLLADIH-GGAQQDRL |G -SQQISEGLAKKL- - --GSSS-FALNSPMRAISQDA - VR-TDL--T 252
W3 Q-EFRE- - - . .- FS.voornmnnn SAYAQAFRIRG ~-MDLLPQALHAEL----RD-|-VRLGATMERIAAES-D- - SVRTVTGRH 256
183 SYLEMC -« =« = « « « RGGLG IMNLRNDGKHGAQYLRLRE - TQOSLANGLAREL: - - -PADR- IKLSSPMTAITALG-K- «TL-SS6G:-E 255
197 QRLLDL - = = - - MA: = s v v mea SSGRNTQTIAG ~MDAQLPKKLALTI----65-N-I1SYGCAMTHIEHSN - K- SAYTNSGEVF 260
203 STAEAD- - - - - - DLW- - - - - SAGNDNYALKNBTLLSALEYHCPDIL- ---DK---IVLNQPMQAISYTD-N- ~TT-ETG--N 284
180 HALFY |- - - - -« KSGHNLNGLISIK-DGAQQHRIVGE- -MOTLVDRMAAEF - - - -QSK-- IHFNHPMES I KQDT - -AG-DGF - -- 249
A NI e
200 - Teweeannnnn AVGS .- - o n s THEFSGDDVVFPDE- -MGELTDHLARGL - - « - - D---VRHEHVMLSVAHDA-D- - - VRVRVET-P-DGE. -E 268

224




Lao
#|QBEYLI|QREYLI LEPN
#IMETETTIMETBT7_LEPIR
#WILDQIN 1UDQ2_SLEFT
OXW25/0XW25_SLEFT
#180SN50|80SN50_LERER

#|A0AZP 2DVBI|A0A 2P 2DVBY_SLEFT
|KITZBI|KITZBI CHRTP

#|A0AZN ABOBIADAZNBO6_IBACT
#|ADAONOCXW3|ACAONOCXWI_9BACT
#|A0ATY2RFQ2IA0A 1Y 2RFQ2_9BACT
#|ADATGEEPA 1 A0A1GEEPAT_SFLAO
#|COWTT5|CEWTTE_DYAFD
#|A0A1G787G2|A0A1GTB7G2_9BACT
#|A0A2ZNOE VB34 04 ZNOEVBI_IFLAO
#|ADAOBEBLWE|ADAOBEBLIVE_9FLAO
#1A0A2256 1W3|A0A225G 1W3_9BACT
#|A0A2D1USBOJA0A2D 1USBO_ISPH!
#|ADA38 0BERS|A0AIBOBERS. IBACL
#|A0A9V2ZSDI|A0ASVIZSDI_IBACL
#IMIXFOOIMTXFO0_SBACT
#FOZWITIFOZWIT_DICPU
#|ADAZW1ZXWA|AOAZW 1 ZXW_SMICO
#1A0ATY2DBUTIA0A1Y2DBUT_IPEZ
#|ADATVAHRSS|ADA 1V4HRSS_SBACL
#|A0AZPTTQLI|AOAZPTTALY ISPH
#|ADATW2HB 31| A0A TW2HB 31_SBACT
#A0AOD1YBA1|AAODTYBAT_SEURC
#LTLAAOLTLAAO_NOCAA

a0

#|QBEYLIIQBEYLI LEPIV
#IMETETTIMETSTT_LEPR
#IN1UDQ2IN1UDQ2 SLEPT
HIOXW25|I0XW25_SLEPT
#|BOSNS0|BOSNS0_LEPSP
#|A0A2P2DVBSIA0A2P2DVEY_ILEPT
|KSTZBIKITZ83_CHRTP
#lAOAZNIBOBIAOAZNIBOG_SBACT
#|ADAONOCXWIIA0AONOCXWS_9BACT
lAOATY2RFQ2IAOATY 2RFQ2_9BACT
#ADA1GEEPA 1| ADAIGEEPAT_SFLAD
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345 ILHFYAIGDKAY | LARKNKEARKKVVIDTLQP | -FOGNIE- - I1-EDITGYYHMGSDAY
344 ILTSYAIGDKAFLLSOMNKTQQAKYVLDALMPYV . -FGDKQ- - «F-EQAVSYYNGGD Y-
345 VLISYTIGEKAAVVANQSEEWRKDMVMATLRPH - FNDVK- - “L-EKQTNYYMGKDEF -
34 VLISYTIGDKAAVVANOSDGWNAAEVLRTLAPH-FKTA- .« - “M-LOQONFYMGSNDY -
348 VLISYTIGEKAEL | SACNDEWRKQMLGQATLGPY - FPKAQ- - | -ESQANYYMGTDKI -
540 VL 1AYS 16DKAASNANGSOAF LAGDVF ROLEFH. FOOLR. - “LoxsaanyvloNoAT-
341 VLISYSVGEKAAV I ANOTDAWNAKMINETLAPH -FONVA. - “L-KNOVNYYWMGNDSY
540 VL1575 16DKAAV | ANOSHEMNE KS 1OETLHPY. FON IO - ‘L tacenyvilonnor.
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264 QF TANK I | CTA| <o NIKWEBGERADQVNA I NELOYAR IN
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EHLA 437
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EHLS 436
DHTS 430
DD TS 430
TEAS 422
TETA 425
EHCS 431
TELT 434
DNTS 430
EATH 437
TEAS 422
TETA 423
EATD 441
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Appendix 7
Alignment of leptospiral LAO with spermine oxidase
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Alignment of leptospiral LAO with spermine oxidase.
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Appendix-8
Alignment of leptospiral LAO with Polyamine oxidase
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Appendix 9
Alignment leptospiral LAO with Primary amine oxidase
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Appendix 10

Alignment leptospiral LAO with Amino acid oxidase
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Alignment leptospiral LAO with Amino acid oxidase.
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Summary and conclusions drawn from the study

1. Nine serovars of Leptospira were tested for the visible growth in various
combinations of media prepared using the wealth of information gained from; the
genomic studies, proteomic studies, mode of infection, and the host environment
that are available in the literature. The M12 medium reported in this study showed
a visible growth (formation of the ring) of Leptospira at 40 hours of inoculation as

might be helpful in the early diagnosis of Leptospirosis disease in the future.

2. Triosephosphate isomerase from L. interrogans was cloned, expressed, and
purified. The purified enzyme LiTPI was kinetically characterized. The LiTPI is
found to be an active dimer, with a K¢yt of 1740 s—1 (D-GAP—DHAP and Km (D-
GAP) of 0.21 mM, at 25 °C. The kinetic behaviour of LiTPI is similar to the TPIs
from other organisms obtained from other studies.

3. Putative L- amino acid oxidase from L. interrogans was cloned, expressed, and
purified. However the mass of the purified protein was lesser than the expected
mass, due to abrupt cleavage of the N-terminal signal sequence (28 residues) in E.
coli; further, the purified protein did not show any activity with any of the amino
acid substrates. Recombinant putative Li-rLAO (without the 20 residues of N-
terminal signal sequence) was cloned, expressed, and purified and the three-
dimensional structure was determined by x-ray crystallography at a resolution of
1.8 A. FAD is found to be the non-covalently bound cofactor. The activity of the
purified recombinant enzyme with different amino acid substrates was not

promising as other L-amino acid oxidases reported in the literature.

4. The kinetic behaviour of triosephosphate isomerase from L. interrogans was
similar to that of isoforms of triosephosphate isomerase from humans the substrate
specificities of L- amino acid oxidase from L. interrogans was different when
compared to L- amino acid oxidase from the human. Phenylalanine is the
preferred substrate of the human L-amino acid oxidase whereas as in the case of

Leptospiral L-amino acid oxidase it seems to be L-arginine.
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New Knowledge generated

1. A new medium has been developed for the growth of the bacterium
Leptospira, which yields appreciable bacterial populations within 40 hours, for
this hitherto “difficult to culture bacterium”. The protocols have been
developed based upon an analysis of available information in the literature, on

the environmental conditions for bacterial growth in vivo.

2. Triosephosphate isomerase, a central enzyme in the glycolytic pathway has
been cloned and characterized biochemically, from the organism Leptospira

interrogans.

3. The gene for a novel, putative L-amino acid oxidase, identified from the
available genomic sequence of Leptospira interrogans, has been cloned.
Heterologous expression of the recombinant protein in E.coli has yielded pure
recombinant protein, for further characterization. Protein mass spectrometry
has been used to resolve the nature of the processing of the expressed
precursor in E.coli and to identify the presence of the non-covalently bound
cofactor, flavin adenine dinucleotide (FAD), establishing the likely oxidase

activity of this new enzyme.

4. Diffraction quality crystals were obtained for this new oxidase, permitting
three-dimensional structure determination by X-ray crystallography. The
structure permits the definition of the FAD binding site and provides
information on the active site of the enzyme, although the precise natural
substrate remains unknown. In vitro experiments, using an oxidase assay
system, suggest that of the several potential substrates examined, L-arginine
appears to be a promising candidate. Bioinformatic analysis reveals a very low
sequence homology between the new leptospiral oxidase and previously

characterized bacterial and animal venom oxidases.
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Strengths and Weaknesses of the study

1. The study has identified an M12 medium for a visible growth (formation of the

3.

ring) of Leptospira at 40 hours of inoculation. The sensitivity of the M12 medium
has to be established with a different type of serovars at different concentrations
and subjected to rigorous appropriate statistical analysis to use it for diagnostics
purposes. Biomass quantification and morphological studies of the organism were

not carried out.

The Leptospiral Triosephosphate isomerase was characterized by biochemical,
biophysical methods, and kinetic parameters of the enzyme were determined. The
study does not address the activity of TPI in presence of various other
intermediates of glycolysis and the substrates of enzymes that uses DHAP or GAP

as one of the substrates to address the allosteric regulation of TPI.

The crystal structure of Leptospiral L-amino acid oxidase was determined by x-
ray crystallography and characterized Li-rLAO by biochemical and biophysical
methods. Still, it is a challenging task to identify its primary substrate and the
assay condition for the putative L. interrogans L-amino acid oxidase
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