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ABBREVIATIONS

BMJ : British Medical Journal

WHO : World health organization

HIV : Human immunodeficiency virus

DDT : Dichlorodiphenyltrichloroethane

CL : Cutaneous leishmaniasis

ML : Mucocutaneous leishmaniasis

VL : Visceral leishmaniasis

PKDL : Post kala-azar-dermal leishmaniasis
NVBDCP National Vector Borne Disease Control Programme
19G : Immunoglobulin G

lgM ; Immunoglobulin M

IFA ; Indirect immunofluorescent-antibody
DAT : Direct agglutination

DNA : Deoxyribonucleic acid

PCR :  Polymerase chain reaction

ELISA : Enzyme-linked immunosorbent assay
IFN : Interferon

TryS : Trypanothione Synthetase

T(SH), : Trypanothione

TryR : Trypanothione reductase

GR : Glutathione reductase

H.0, X Hydrogen peroxidise

OoDC : Ornithine decarboxylase

DMFO : a-Difluoromethylornithine

APA : 3-aminooxy-1-aminopropane
T-LdODC Truncated-eishmanialODC
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Figure 1.1  Sir William Boog Leishman and Charles Donovan,glomeers of 2
leishmaniasis, who discovered for the first time tharasite in
human blood, and in the honour of the name ofwtegeople the
parasite named akeishmania donovani[Source of images:
Wikipedia]

Figure 1.2  Different life cycle stages dfeishmania(A) Promastigote stage 5
of Leishmania (B) Amastigote stage oleishmania inside
infected macrophage, stained by geimsa. Source naige:
http://www.cdc.gov/parasites/leishmaniasis/healtbfgssionals/

(C) Amastigote stage dfeishmaniawithout flagella and round
body

Figure 1.3  Life cycle of Leishmaniaparasite and its mode of transmission: 5
the parasite has two different hosts, human andflyarif animal
act as a reservoir than it is called as Zoonotingal to vector to
human) and if human is involved than it is calledhaoponotic
(human-vector-human) which is common in India.

Figure 1.4 Metacyclogenesis: The parasite pass through diffestages: 6
procyclic stage where it is multiplicative but plyoinfective, then
it becomes metacyclic inside insect gut where tob@e highly
infective but non dividing promastigote and insidacrophage it
transforms into amastigottage.

Figure 1.5 Pie chart mode of representation showing: (A) [hstion of 8
visceral leishmaniasis cases based on age, peopheage group
of 15-45 are more infected by the parasite; (B)triigtion of
visceral leishmaniasis cases based on sex, malaaet affected
by the disease. (data re-plotted in Pie chart flomJ Infect Dis
9, 59-62).

Figure 1.6 Number of cases and deaths compared D¥XR spray (vector 9
control programme): DDT spray was done three tifmes 1977
to 2007 in India, during those days number of caseseased but
with the fading efficacy of DDT again the numbeavé increased
(Figure adopted froniropical Parasitology, 20144, 10-19).

Figure 1.7  Geographical distribution dfeishmaniasis(A) Around world: it 11
is endemic in many places in India, China, AfriGguthern
Europe, South America and Russia; Source:
http://gamapserver.who.int/mapLibrary/Files/Mapsshenaniasis
_VL_2013.png?ua=1B) In India: it is especially common in
Assam and Bengal along the coasts of the Gangestland
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Figure 1.8

Figure 1.9

Figure 1.10

Figure 1.11

Figure 1.12

Figure 1.13

Figure 1.14
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Brahmaputra. It is also endemic in Bihar, Orissaadkds and
eastern parts of Uttar Pradesh, which are hot amdich places
favourable for vector growth. ((Figure adopted frarropical
Parasitology, 20144, 10-19).

Distribution of Leishmaniacases in IndiafA) Percentage of 12
visceral leishmaniasis cases in India, (B) Pergentd deaths

Different forms of leishmaniasis: (A) Cutaneousskenaniasis: 12
affects skinjy(B) Mucocutaneous leishmaniasis: affects mouth and
nose; (C) Visceral leishmaniasis: affects inteorgans

Enzymes involved in thiol based redox metabolism o015
Leishmania Ornithine decarboxylase (ODC) is rate limiting
enzyme, which converts ornithine to putrescine,cwhs further
converted to spermidine by spermidine synthase (SYN
Spermidine combines with two molecules of glutatieido forms
trypanothione by trypanothione Synthetase (TryS)ictv further
helps in scavenging reactive oxygen species (ROS).
Trypanothione is maintained in reduced state bpanpthione
reductase (TryR).

There are three major forms (Global, Neglected anodst 19
neglected) of diseases in the world. Leishmani&sis under
Neglected Disease as it belongs to poor peopley \few
scientific communities are involved in studyingslemaniasis.
Therefore, very less number of drugs is availaldairest the
disease which is depicted from the diagram above

Leishmaniainfection may lead to prolong disease or may lkead 25
death of parasite, this all depends on macrophagponse, if
activated then it kills parasite by activation eftain cytokine and

if macrophage is deactivated then it leads to msgyrof the
disease which makes the patient even more worst.

New drug decreases number of cases and deathsyitbuthe 33
fading of efficacy and emergence of drugs resigganambers of
cases again arise. Combined therapy seems to swveroblem

of drug resistance as it is clearly visible in #o®ve graph. Figure
adopted fronTropical Parasitology, 20144, 10-19).

Drug resistance problem can be solved by (i) undedsng drug 35
resistance mechanism, (ii) discovery of new noveyctandidates
and enzymes (iii) use of combination of known dsishmanial
agents
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Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6
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Miltefosine is an alkylphosphocholine with a longamn fatty 39
acid-like backbone of class phospholipids or
hexadecylphosphocholine.

The diagram shows one of the reasons of miltefosesestance, 40
single point mutation of miltefosine transporteotein which
does not allow the drug to enter inside the parafiue to this
decreased influx, increased efflux and faster nudisin of
miltefosine, it fails to cause apoptosis and subest] death
processes.

Schematic representation of Microarray experimésalation of 43
total RNA from control and tested samples, coneengo cDNA
by reverse transcription by using oligodT primer7 RNA
polymerase is used to convert cDNA to cRNA. Cy3 dye
incorporated in newly synthesized strand of cRNAbélled
cRNA was hybridized on the array with Gene Expassi
Hybridization kit in hybridization Chambers at 66 for 16 h.
Hybridized slides were washed with Gene Expressiash
buffers. The hybridized, washed microarray slidesrenthen
scanned on a scanner. Images were quantified oitivare. Raw
data were analyzed with software.

Analysis of Microarray data (A) Scatter Plot basad Signal 47
Intensities: A graph of plotted points that show tielationship
between two sets of data. Y-axis represents mdieéoresistance
and x-axis indicates control. Total 85 genes wermd to be up-
regulated while 42 genes were down regulated. (®) B/hisker

Plot: another mode of representation of scattet. @amples C1
and C2 represent two control experiments while MRl MR2
represent two miltefosine unresponsive samples.

Overview of Clusters for Differentially regulatederges: The 48
clusters were generated for the differentially essed genes
taking the Geomean of the control and the Miltefesi
unresponsive samples. Differentially regulated gensere
clustered using hierarchical clustering based onardem
coefficient correlation algorithm to identify sidicant gene
expression patterns [Clustering algorithm measthressimilarity
(difference) between genes]. Total 85 genes waraddo be up-
regulated while 42 genes were down regulated.

Miltefosine-induced and menadione-induced ROS weeasured 51
by 2’, 7’-dichlorofluorescein diacetate fluorescen@as assayed
with flow cytometry. (A) Miltefosine-responsie donovani (B)
Miltefosine-unresponsivel. donovani Control representd..



Figure 2.7

Figure 2.8

Figure 2.9
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donovani promastigotes without any treatment; MF and ME
represent miltefosine-treated and menadione-trelatetbnovani
promastigotes, respectively. NAC-MF and NAC-ME esgantlL.
donovanipromastigotes pretreated with NAC before miltafesi
and menadione treatment, respectively. The datavishare
representative of at least three experiments tlaate gsimilar
results.

Flow cytometric analysid.. donovanipromastigotes treated with 52
miltefosine or menadione for 6 h were double stwéh Pl and
annexin V-FITC. Untreated.. donovani promastigotes after
staining with Pl and annexin V-FITC was used agrodbnMF and
ME represent miltefosine-treated and menadioneaeded. .
donovani promastigotes, respectively. NAC-MF and NAC-ME
represent.. donovanipromastigotes pre-treated with NAC before
miltefosine or menadione treatment, respectivehe FL1 signal
(x-axis) indicates the annexin V-FITC fluorescenakie, and the
FL2 signal (y-axis) represents the PI fluoresceralae. The data
shown are representative of at least three expetgrthat gave
similar results.

Miltefosine and menadione induced apoptosis as unedsby 54
mitochondrial membrane injury.. donovanipromastigotes were
treated separately with §gdoses of miltefosine and menadione
for 6 h, and stained with a mitochondria-specifatianic dye,
MitoCapture (Calbiochem). Untreatéd donovanipromastigotes
were used as controls. MF and ME represent milie¢eseated
and menadione-treatdd donovanipromastigotes, respectively.
Control, miltefosine-treated and menadione-treatetls were
photographed with excitation wavelengths of ~ 570 (ned) and

~ 500 nm (green), respectively, under a fluoreseancroscope
(X60). Normal mitochondrial membrane potentialniglicated by
red fluorescence, and depolarization of the mitadnial
membrane is indicated by green fluorescence. Tteesteown are
representative of at least three experiments tlaate gsimilar
results.

Increase in cytosolic Gaconcentration in miltefosine responsive55
and miltefosine-unresponsivel. donovani promastigotes
separately treated with $¢ dose of miltefosine (MF) or
menadione (ME) for 6 h and stained with Fura2AMnal data
indicatesL. donovanipromastigotes without any treatment; NAC
data indicate NAC pre-treatment before miltefosinenenadione
treatment. Fluorescence was measured with excitahod
emission at 340 nm and 510 nm, respectively. Dgpaesent the
mean + standard deviation of three independentrerpats.
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Figure 3.1

Figure 3.2
Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8
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Superoxide dismutase and ascorbate peroxidase adi@yosine 56
unresponsivel. donovanishowed higher superoxide dismutase
and ascorbate peroxidase assay activity than osited
responsiveL. donovani Data represents the mean + standard
deviation of three independent experiments.

Leishmania donovani ornithine decarboxylase has extra N-60
terminal extension containing 250 amino acids caeygbato
human ornithine decarboxylase. At the C-termirfadre is a weak
PEST sequence.

Schematic diagram of ornithine decarkaseyactivity assay 64

Multiple sequence alignment of ornithine decarbaggl (ODC) of 66
different organism

Cloning of LdODC (A) M: 1 kb ladder, Lane 1: PCR 67
amplification ofLdAODC gene, (B) Lane 1: PCR amplification of
LdODC, M: 1 kb DNA ladder, Lane 2: plasmid isolatiaf
pET28a(+) vector, (C) M: 1kb DNA ladder, Lane 1nfionation

of positive clone by double digestioNi{el and Xhal) of
recombinant vector pET28adODC, showing release afdODC
gene fragment, (D) M: 1kb DNA ladder, Lane 1: PQRBduct of
T-LdODC, (E) Lanel: T-dODC in TA vector, M: 1 kb DNA
ladder, Lane 2: plasmid isolation of pET28a(+) wvec(F) M: 1
kb DNA ladder, Lane 1: showing release of insetératlouble
digestion by Nhel/Xhol of recombinant vector pETZBa
LdODC.

SDS-PAGE image of purification of both full lengihd truncated 69
ornithine decarboxylase. Lane 1: protein moleculagight
marker, lane 2: purified TdODC, lane 3: purified dODC.

(A) Putrescine standard curve, (B) Line-weaver Bptkt of 70
LdODC enzyme assay in varying concentrations of loimét as a
substrate. Calculateld, is 0.409 mM andVpax is 10.71 pmoles

per min

Enzymatic properties of ornithine decarboxylase). §N optima 71
for LJODC: activity assay was carried out in differentffeu
systems having different pH, and optimum pH is tbtm be 7.5,

(B) Temperature optima fdrdODC: activity assay carried out in
different temperature, and optimum temperature/isQG

Spectroscopic properties blODC (A) Fluorescence spectra in72
50 mM phosphate buffer 7.4 (B) Far UV CD spectr&@hmM
phosphate buffer 7.4 Spectra denoted by 1 , 2Znd34ain the
figure represents data for full lengthdODC, N-terminal



Figure 3.9

Chapter IV
Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7
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extension truncateddODC, lengthLdODC in 6 M GuHCI and
N-terminal extension T-dODC in 6 M GuHCI, respectively

GuHCI induced equilibrium unfolding o) LdAODC and ©) T- 73
LdODC. GuHCI induced unfolding was carried out athB. The
unfolding transitions were followed by tryptophadndrescence
wavelength maxima after excitation at 295 nm. Tata is
plotted in terms of fraction unfolded for stabiligpmparison of
LdODC and TEdODC. The data presented is an average of three
independent experiments.

Diagrammatic representation showing interaction 2 82
compound with ODC (A, B), interaction of M5 with @O(C, D)

Inhibition of ODC by (A) M-2, uncompetitive inhilat, (B) M-5, 86
non-competitive inhibitor (C) mangiferin, non-contifiee
inhibitor. Close circle without inhibitor, open cle with inhibitor.

(A) Leishmanicidal effect on promastigotes stagecbynpound 88
M-2 using MTT cell proliferation assay. The siCvalue for
compound M-2 was found to be 350 uM. (B) Leishmialaic
effect on promastigotes stage by compound M-By i@lue for

the same was found to be 125 pM. (C) The leishndalic
efficiency was assayed using Mangiferin by MTT cell
proliferation assay, the kgvalue found to be 950uM. Values are
the average of three independent experiments.

Putrescine and Spermidine level detection of prtoigete by 89
HPLC: (A) putrescine level in treated cells wasrdased by 40%
after treatment; (B) spermidine level decrease@@# after 1G,
treatment. DFMO was used as positive control; degein
putrescine and spermidine level was more in cadeFdiO than

M-2 and M-5 compound.

Expression level of spermidine synthase level iased by two 90
fold after M-5 compound treatment and one and taédf by M-2
compound treatment. No change in expression lewad seen
after DFMO compound treatment.

Estimation of free (reduced) thiol afters{Cvalue of (A) M-2 91
compound treatment for different time intervglB) Mangiferin.

Free thiol was estimated by DTNB assay. Untreated
promastigotes eishmaniacells was used for control.

Reactive oxygen species (ROS) analysis ) Fluorescent 92
microscopic images: M-2 compound treategshmaniawith the

help of HDCF dye (cell permeable), which becomes florescent
after exposing with ROSB) Fluorometric readings after treating
with M-2; (C) Fluorometric readings after mangiferin treatment.
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Schematic representation showing benifits of druglminations 95
used for treatment of leishmaniasis: increaseseffieacy of

drug, no report of occurance of drug resistanceredse of
duration of treatment, decrease toxic effect ofydstc.

Miltefosine treatment {8) wild type L. donovanpromastigote 98
Ld1081. The estimated gvalue forLd1081 strain was 2hM
(B) miltefosine unresponsive straln donovanipromastigote
Ld1155. The IG value forLd1155 strain is 10@M. The data
confirms that thé.d1155 strain is miltefosine resistant strain.

Effect of PS-203 compoundlaifi081 and_d1155 strains oL. 99
donovani. The data indicates that the compound is equally
effective on both strains. An g value of PS-203 against
Ld1081 andLd1155 strains is 4.0+0.pM which is marginally
low compared to our earlier studieSafidagar et al., 2033
Chemical structure dPS-203 compound (4-(4,4,8-Trimethyl-7-
oxo-3-oxabicyclo[3.3.1]non-2-yl)-benzoic acid mdtlegter) is
shown in inset of Figure. Experiments are doneiplitate and
data shown is average of three independent expetsme

Miltefosine and PS-203 combination on tefolsine 99
unresponsive strain @f. donovanipromastigote (BHU 1155) as
well as miltefosine responsive strain of. donovani
promastigote (BHU1081) (A) PS-203 shows significantly
improved efficacy in presence of miltefosine agamatefosine
responsive straiiB) miltefosine unresponsive strain treated in
presence of PS-203 alone and in combination witl2@&Swith
miltefosine (10uM, 50 uM, 100 uM). The combination of drug
has shown improved efficacy. Experiments are dartaplicate
and data shown is average of three independentimgrgs.

Effect of mitomycin C ohd1081 andLd1155 strains ofL. 100
donovani. The compound is marginally more effective on
Ld1155. 1Go Values of mitomycin C againstd1081 and
Ld1155 strains are 15.QdV and 12.8uM, respectively.
Combinations of Mitomycin C, Miltefosimad PS-203 were 101
eveluated for effect on milefosine unresponsiveaistrof
Leishmanigporomastigote. The bar with green colay indicates
25 UM miltefosine treatment.

Schematic representation showing decrdasemitefosine 102
unresponsive promastigote viability by treatment R$-203
compound and mytomycin C separatly. Combination of
miltefosine, PS-203 and mitomycin C has shown Sigamt
decrease in promastigote viability, suggesting aodgo
combinatorial regimen to treat miltefosine resistatrain of
Leishmania
Schematic representation showing summary of Pedearch 102
work and prominent findings.
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Review of literature onLeishmania redox metabolism,
drug resistance and drug discovery.*

1.1 Abstract

Leishmaniasis is a disease caused by a human tedrtashmania spread by the bite of a
blood feeding infected sandfly. There are very thwgs available against the disease with
severe side effects. Leishmaniasis has three diftdorms (Cutaneous, Mucocutaneous and
Visceral). Most deadly form of Leishmaniasis iscesal leishmaniasis. If the patient is left
untreated, it may lead to death. Proper drug treatrman cure the disease but drug resistance
developed by the parasite against most of theiegisirugs is a major challenge. Therefore,
there is a need for novel and better drugs. Moneaves also necessary to understand drug
resistance mechanism in order to conquer this gletidéase. Some enzymes and pathways
which play crucial role for parasite survival caa targeted for the development of new
drugs. Combinatorial therapy may be a better optrdmich has lower side effects and less

occurrence of drug resistance problem.

Keywords: Leishmaniasis; Drugs; Side effects; Resistancagargets

*Part of the review is communicated for publication
1
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1.2 Introduction

Leishmaniasis is a very old disease; older thard#te reported. It is found to be endemic in
many parts of the world. Initially, leishmaniasissvconfused with malaria. But later on in
early 1900, Sir William Boog Leishman reported prese of peculiar bodies in spleen of
soldier suffering from fever at Netely hospital.e Hublished this finding in British Medical
Journal with a title “On possibility of the occunee of trypanosomiasis in India” in 1903.
Charles Donovan, a professor of Madras Medical&gell reported the presence of similar
peculiar bodies in spleen of a patient sufferingnfrfever with splenomegaly. He also
reported this finding same year (1903) and condutlat this organism is new divergence of
TrypanosomeThe parasite was named lasishmania donovanin honour of Sir William
Boog Leishman and Charles Donovan, who discovenedptrasite in human blood and

subsequently did pioneering research on the par@sgure 1.1).
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Figure 1.1: Sir William Boog Leishman and Charles Donovan, pieneers of leishmaniasis, who discovered
for the first time the parasite in human blood, anthe honour of the name of the two people the
parasite named dafishmania donovan[Source of I mages: Wikipedia]
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Leishmaniasis is known by different names at déferplaces. In Assam, people started
suffering from this disease in the year 1882 andNMayht, a Civil Medical Officer of Tura,
headquarter of Garo hills district that time in ass(now in Meghalaya), named it as “Kala-
azar”. The parasite completes its life cycle in wfferent hosts (human and sandfly). The
disease spreads by the bite of blood feeding iefectand flies (dipterans) of genera:
Phlebotomugold world) andLutzomyia(hew world), subfamily: Phlebotominaefamily:
Psychodidag(Stuart et al., 2008; Schmidt al., 2012. There are 500 known species of
sandfly, of which only thirty are found to transrt@tshmaniasis. Sandfly is of 2-3 mm size.
Only female sandfly feed on blood meal for gettprgteins from human blood to lay eggs
(WHO). Leishmanialives inside the gut of sand flies by incorporgtisome adaptations,
which includes secretion of phosphoglycans (helpspiotecting parasite from insect
digestive enzymes), producing chitinases (whichraldgs sand fly's stomodeal valve),
neuropeptide secretion (seize midgut-hindgut peEsist), and attachment to the midgut to
avoid elimination Kamhawi, 2006 There are over thirty different specieslaishmania
around the world belonging to familyrypanosomatidgeout of which, approximately
twenty are reported to be pathogenic for mammalksbl@ 1.1). However] eishmania

donovaniis the most common species found in India.

Table 1.1: Taxonomic classification ofLeishmania donovani(data taken from
https://web.stanford.edu/class/humbio103/ParaSitt%2 eishmania/Class%
20and%20Morph.html)

Domain Classification
Kingdom ProtistaKlaeckel, 1866
Sub-kingdom Protozod3pldfuss, 181y
Phylum Sarcomastigophorbl@nigberg and Balamuth, 1953
Sub-phylum Mastigophordegising, 186%
Class Zoomastigophorg&élkins, 1909
Order KinetoplastidaHonigberg, 1963
Family Trypanosomatida®pflein, 190}
Genus LeishmanigRoss, 1908
Species donovani(Laveran et Mesnil, 1903
3

TH-1401_10610621



CHAPTER |

1.2.1 Life cycle ofLeishmania: Life cycle stage oleishmaniais shown in Figure 1.2.
When an infected sandfly feeds on human blooadhjéicisLeishmaniapromastigote (Figure
1.2A). In human blood, promastigote is exposed amyrhost defence cells like neutrophils,
macrophage and dendritic cells. Macrophages phageey promastigotes into a
parasitophorous vacuole, which fuses with lysosotoegenerate an acidic compartment
containing hydrolytic enzymesLynn et. al., 201}l Inside the macrophages, it further
differentiates into amastigote (Figure 1.2C) andargoes multiplication by binary fission.
Macrophage bursts and amastigotes get scatteredeirtbe body and infect nearby
uninfected macrophages. Table 1.2 shows diffeseetween various life cycle stages.
Amastigotes infects different parts of the bodyetepng upon the type of species involved.
Infected organisms become reservoir of the pathogéren another sandfly feeds on blood
containing infected macrophage, it ingests macrgetwntaining amastigote. Inside the gut
of sandfly, amastigote converts into promastigetbich moves to proboscis and get ready
for another set of infection. This phase lafishmanialife cycle is called anthroponotic,
where it involves only human beings. But when shndérries the parasite from human to
any other animal, this stage of life cycle is alionotic where the animal plays a role of
reservoir. Examples of animals are pig, cats, dgsikenule, dog, horses and squirrels etc.

Schematic representationlofishmanidife cycle is shown in Figure 1.3.

Change in pH and temperature leads to transitfiqmacasite between promastigote
and amastigote in sandfly and human respectiveiypbcurrence of both stages of parasite
together was reported in a patient suffering framaceous leishmaniasisigouas et al.,
2014. In the cutaneous form, parasite which is presenbuter lesion may have been
exposed to different temperature and hence geteectan into another form (Figure 1.4).
Conversion of non-infective procyclic stage to Iygimfective metacyclic stage is called
metacyclogenesis, which occurs in the gut of sgndthd the genes involved in
metacyclogenesis are Mat-1-a, SHERP and HA8&sKus et al., 200Silva et al., 198)
Some of the reports has stated that stress conglitiiay lead to metacyclogenesis, but some
other report has postulated that metacyclogenasimhibited by addition of adenosine
(Serafim et al., 2012
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Figure 1.2: Different life cycle stages dfeishmania(A) Promastigote stage afishmania (B) Amastigote
stage of Leishmania inside infected macrophage, stained by geims8ource:
http://www.cdc.gov/parasites/leishmaniasis/healtbfgssionals/ (C) Amastigote stage of
Leishmaniawithout flagella and round body

Figure 1.3: Life cycle ofLeishmanigparasite and its mode of transmission: the par&sis two different hosts,
human and sandfly. If animal act as a reservoin tihas called as Zoonotic (animal to vector to
human) and if human is involved than it is calledhaoponotic (human-vector-human) which is

common in India.
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procyclic

amastigote metacyclic

S

Figure 1.4: Metacyclogenesis:The parasite passes through different stages:y@iocstage where it is
multiplicative but poorly infective, then it becommetacyclic inside insect gut where it becomes
highly infective but non dividing promastigote andside macrophage it transforms into
amastigotestage.

Table 1.2: Differences between amastigote and promastigo@gestofLeishmania In
laboratory, promastigotes can be converted intoséigae by changing pH of media 5.5-6.0
and at 37°C in C@incubator in 120 hours.

Sl.  Promastigote Amastigote Reference

no.

1  With motile flagella Rudimentary non-motile  Gluenz et al.,2010
flagella

2  Extracellular Intracellular Sadick et al.,1985

3  Thin & elongated, 5-14 uM Small & spherical, 2-4 uM Royer et al., 2002
in length,1.5-3.5 uM in width diameter

4  Neutral-alkaline pH Acidic pH Glaser et al.,1988

5  25°C temperature 37°C temperature Zilberstein et al., 1994

6 Proline as carbon source Sugar as carbon source Mazareb et al., 1999
6
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It is suggested that the genusishmaniamight have originated in South America and later
diversified after migration into Asian countriesdilBangladesh, India, Nepal, Bhutan etc
(Lukes et al., 2007 According to WHO, 14 million people from 88 cdrias, mainly from
five continents i.e., Asia, Europe, Africa, Soutimérica and North America are suffering
from Leishmaniasis. Moreover, 350 million people at risks of infection and around 1.5 to
2 million new cases are arriving annually. The dsseexisted for many years in Bengal and
China and was first recognized in 1824 in Jesdacka. According to a report, research on
Leishmaniasis includes total 184 trials with sang#e of 23,039Kappagoda et al., 20)2

It is also the second most neglected parasiticadeseaext to malariaS{ngh et al., 2012
Epidemiological surveyKhan et al., 2013pn visceral leishmaniasis in India is shown in
Figure 1.5B. It was reported that 75% of casesnaate and only 25% of cases are female
(Khan et al., 2018 This disease is mostly prevalent in male mapédeause the sufferers are
mainly poor people where male go out for work aedde more exposed to vector. The age
wise distribution of the disease indicates that f#éple are from the age group of between
15 to 45 years (Figure 1.5A). This may be becatdisbeofact that people of this age group
are more active as they go out for work and getose&p to vector making them more
susceptible to leishmaniasishan et al., 2013).

World health organization (WHO) and Government aflih have decided to
eradicate the disease by year 2010, but new casestith emerging from several parts of
world. Now this disease is not only prevalent iemic region but also spreading to non-
endemic region because of migration of people.example: There was a recent outbreak in
Gujarat: moreover, sporadic cases have also bgmntee in 2007 $harma et al., 2007
However, the disease is spreading to non-enderaasaxs well. Recently, for the first time
total twenty cases of visceral leishmaniasis weported from Doda district of Jammu and
Kashmir. Since March 2013, 750 people have diedssz of the disease in the past five
years. Few cases emerged from Kerala and Madhyleshalso. The reason of fatality may
be due to lack of proper vector control program eex@mergence of visceral leishmaniasis
due to HIV-coinfectionNuniaraj, 2014.
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Figure 1.5: Pie chart mode of representation showing: (A) fikigtion of visceral leishmaniasis cases based on
age, people from age group of 15-45 are more iateby the parasite; (B) Distribution of visceral
leishmaniasis cases based on sex, male get mareteaifby the disease (75% So@rce: Am J
Infect Dis 9, 59-62, 2013).

Vector born disease like Lieshmaniasis cannot Io¢ralbed only by using drugs. One of the
most important disease control strategies is vexotrol programme. An effective and well
planned vector control program would be benefimatontrol the spread of disease. In India,
vector control programme was initiated long baakcsi 1977. Vector control programme
using Dichlorodiphenyltrichloroethane (DDT), a wkiiown insecticide, was initiated three
times since 1977 to 2007 (Figure 1.6). As showtheFigure 1.6, during the time of vector
control programme, number of cases and deaths dvastically lower whenever DDT spray
was done Nluniaraj, 2014. As the effectiveness of DDT fades with time, reases in
number of cases are seen. The data available iltehature Muniaraj, 2014 clearly hints
towards usefulness of continuous and proper vemotrol program because the parasite
cannot complete its life cycle without sandfly. stead of DDT, other insect repellent can
also be used, for example pyrethenoides are usBdrigladesh and Nepal instead of DDT. It
is worth mentioning that the environmental impattttee vector control programme and

effect of insecticides on environment may also ba&keh into consideration.
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Figure 1.6: Number of cases and deaths compared with DDT gpesyor control programme): DDT spray was donedhimes from
1977 to 2007 in India, during those days numberases decreased but with the fading efficacy of @Ddin the numbers
have increasedsfurce: figure adopted fronTropical Parasitology, 20144, 10-19).
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1.2.2 Geographical distribution of leishmaniasisThe disease is endemic in many part of
globe, for example, India, Bangladesh, Pakistann&hAfrica, Southern Europe, South
America and Russia (Figure 1.7). In India, 90%hef tases are from northern parts of the
country, which includes Bihar, Uttar Pradesh, WBehgal etc, where Bihar is the most
severely affected regioheishmaniasis is also found in Orissa, and Madrhaghwvare hot
and humid places and hence favourable for vectowty and survival. Total cases and
deaths due theishmaniasisn India have shown in the form of pie chart igute 1.8.
Depending upon the species involved, there aretbirical forms of the disease as

shown in Figure 1.9: cutaneous, mucocutaneous isadral.

Cutaneousleishmaniasis: as the name suggest the parasite affects the Iskeénthe most
common form of the disease across the globe. T¢eade is not very dangerous and can be
cured but if left untreated it may lead to othengkrous form of the disease. Cutaneous
leishmaniasis is prevalent in Saudi Arabia, Afgktam, Peru, Brazil and Iran and is caused
by L. tropica L. aethiopica L. major, L. mexicanal. guyanensisL. amazonensiand L.
braziliensis

Mucocutaneousleishmaniais: this form of the disease affecting mainly the rhoamd nasal
part (mucosal) of body and is prevalent in Southefioa, especially in Brazil, Paraguay,
Ecuador, Bolivia, Peru, Colombia, and Venezuelas Itaused by. panamensisand L.

braziliensis

Visceral leishmaniasis:this form is common in India, 90% of cases arenfroorthern part
of India and is caused Hy donovani, L. chagasindL. infantumspeciesNluniaraj, 2014.

It is also prevalent in Bangladesh, Sudan, andiBrHzis is the most dangerous form of the
disease as it mainly affects internal vital orgahshe body (spleen, bone marrow, liver),
hence fatal. Its symptoms include darkening ofgkia after infection, and hence it is also
called as black fever or kala-azar. PKDL: Post desdar-dermal leishmaniasis occurs after

recovery from leishmaniasis. It is difficult to det and needs prolong-expensive treatment.

10

TH-1401_10610621



CHAPTER |

Number of new VL cases

reported, 2012

1000

I 500-99%9

[ 100-499 [ Ne autochthonous cases reported &

[ <to0 [0 Notavallable /
o ] Notapplicabie

Affected districts in

D Bihar

. Uttar Pradesh
D West Bengal
. Jharkhand

N
A

4] 150 300 Mi
—
0 150 300KM

Figure 1.7: Geographical distribution of Leishmaniasis: (A) Around world: it is endemic in many places in
India, China, Africa, Southern Europe, South Americand Russia; Source:
http://gamapserver.who.int/mapLibrary/Files/Mapsshenaniasis_VL_2013.png?ua=1(B) In
India: it is especially common in Assam and Bengling the coasts of the Ganges and the
Brahmaputra. It is also endemic in Bihar, Orissadkhs and eastern parts of Uttar Pradesh, which
are hot and humid places favourable for vector tmow(Figure adopted fromTropical
Parasitology, 20144, 10-19).
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Figure 1.8: Distribution of Leishmania cases in India: (A) Percentage of visceral leishmaniasis cases in
India, (B) Percentage of death@ata taken fromNational Vector Borne Disease Control
Programme, 2014 re-plotted inPie chart)

Cutqnéous Mucocutaneous Visceral, Dangerous

Figure 1.9: Different forms of leishmaniasis: (A) Cutaneous leishmaniasis: affects skB) Mucocutaneous
leishmaniasis: affects mouth and na&e);, Visceral leishmaniasis: affects internal orga®su(ce:
Wikipedia or other web resources)

1.2.3 Symptoms of visceral LeishmaniasisVisceral Leishmaniasis, commonly known as
Kala-azar in India is most deadly form of the de&eaSymptoms of visceral leishmaniasis
includes long term fever, weight loss, anaemiaaw hemoglobin level §harma et al.,
2007, hepatosplenomegaly, pancytopenimdoso et al., 2012; Burza et. al., 2Q1hyper-
gammaglobulinemialfndoso et al., 2012 loss of appetite, dry-thin-scaly skin, hair |@s®l

darkening of skin.

12
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1.2.4 Detection of LeishmaniasisSometimes the diagnosis of leishmaniasis is diffiduut
peripheral blood smears of buffycoat and blooduraltmay give correct detectioN'dctor
Borne Disease Control Programii2014. Detection of this disease is problematic because
the symptoms are very much similar to those of maléauberculosis and typhoid. Elevated
levels of the two antibodies, IgG and IgM have bebserved during infection. Indirect
immunofluorescent-antibody test (IFA) and directglagnation test (DAT) are most
common techniques used for measuring antibodyddMekaeili et al., 2007. DAT is found

to be more sensitive and specific than IFA testlolong are different methods by which

occurrence of leishmaniasis in a patient can bectksd:

i. Examination of slides (biopsy specimens, impressioears, dermal scrapings)
ii. Splenic aspirate examination by Giemsa staining
iii. Detection of kinetoplast DNA by PCR
iv. Real time quantification of enzymes present inapl|déiver and bone marrow tissue.

V. ELISA (enzyme-linked immunosorbent assay) measumté@dy profile or rK39
Rapid Test

vi. Measurement of cytokines in body (IRN{L-4, IL-10)

vii. Estimation of cell population in the blood (T CD&B8+; T CD4+CD25+; B cells)
(Practical Guide for Specimen Collection and RefesnDiagnosis of
Leishmaniasis, 2024

viii. A complete blood count, liver enzyme analysis amhl profile testing of patient for
4 weeks $ousa et al., 2011

1.2.5 Redox Metabolism in_Leishmania: There are several differences in biochemical and
metabolic pathways of host and parasite. Theserdiices can be exploited to discover drug
targets.Leishmaniaand other trypanosomes have a unique thiol basddxrmetabolism
pathway involving trypanothione, T(SHps shown in Figure 1.10. Trypanothione is
produced by Trypanothione synthetase (TryS), wipdvides reducing equivalents (anti-
oxidant property) to different proteins within Mvhich in turns saves the parasite from
oxidative damage (scavenge free radicals lik®HONOO, NO etc) and is also involved in
the formation of deoxyribonucleotideKréuth-Siegel et al., 2008 Thiol based redox
13
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metabolism is not present in human counterpartsisnéplaced by glutathione and both
have different substrate specificity. T(SH) maintained in reduced state by trypanothione
reductase (TryR). The enzyme has different sulesspecificity compared to glutathione
reductase (GR). So it is a good drug targeting mezyFew known inhibitors of TryR are
phenothiazine and related tricyclic compounds. &ngghione reductase (TryR) is the most
studied enzyme of thiol based system for discogemhibitors, but inhibition has to be
reached by 90% in order to affect viability of gh@rasite. Instead TryR, TryS is found to be
most promisingl¢igoin et al., 2008. Leishmaniadoes not have catalase enzyme. Removal
of hydrogen peroxidase ¢B,) is done by T(SH) tryparedoxin (TXN) and peroxiredoxin
(PRX). Leishmaniaalso expresses unusual plant-like ascorbate mses. Several reports
suggested thdteishmaniaeEF1B may contribute to the protection againstl [peroxidation

in the parasite.

Polyamine biosynthesis pathway is another pathwaggmt in parasite which helps
in the redox metabolism. Ornithine decarboxylas®@ is the initial and rate limiting
enzyme in polyamine biosynthesis which convertstloime to putrescine. Putrescine in turn
gets converted to higher polyamines that are spiEnmiand spermine. Spermidine is the
precursor of trypanothione. Spermidine combines wito molecules of glutathione to form
trypanothione Kairlamb et al., 1992 Therefore, formation of spermidine is very nsceyg
to regulate thiol redox metabolism pathway. Polyasiplay critical role in structure and
function of DNA, increase rigidity of cell membrabg interacting with phospholipids and
proteins in membraneWallace et al., 2003 Thus, the polyamine synthesis pathway
ultimately helps in growth and survival of the mata Heby et al., 20083 Disruption of this
pathway would make the parasite susceptible toatixie stress and also disable their ability
to replicate. An ornithine decarboxylase knockomvdc) strain lacking both ODC alleles
was incapable of growing in polyamine-deficient med (Jiang et al., 1999 This
auxotrophy could be overcome by addition of puiresor spermidine and not spermine in
the media.Leishmania donovanornithine decarboxylaseLdODC) is indispensable for
parasite survival in the mammalian hoBbifz et al., 200Q Studies demonstrate thht
donovaniamastigotes require ODC activity to sustain a rbimfection in mice and are not
capable of scavenging polyaminiesm the host milieu in amounts sufficient to sirstan

14
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infection. These findings indicate that targeting ODC is #nretl therapeutic paradigm for
the treatment of leishmaniasikeishmania donovanornithine decarboxylase can be a
potential target that would inhibit formation ofesmidine and subsequently trypanothione,
thereby affecting the growth and survivall@ishmania.

Arginine Methionine
arginase l l
Ornithine AdoMet
ODC k lAanetDC
CO:
Putrescine dcAdoMet
SYN Cystene

Y-GCS
Spermidine 4 Glutathione (GSH)

l GSS

Ni-Glutathionyl spermidine4. Glutathione

TryS
Trypanothione (SH)2
kNADPH e
NADP

Trypanothione(S)2
Figure 1.10: Enzymes involved in thiol based redormetabolism of Leishmania: Ornithine decarboxylase
(ODC) is rate limiting enzyme, which converts ohitiie to putrescine, which is further
converted to spermidine by spermidine synthase (SY®permidine combines with two
molecules of glutathione to forms trypanothione tbypanothione Synthetase (TryS), which

further helps in scavenging reactive oxygen spe@3S). Trypanothione is maintained in
reduced state by trypanothione reductase (TryR).
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1.2.6 Ornithine decarboxylase ofLeishmania: Ornithine decarboxylase is the first rate
limiting enzyme of redox metabolism involving trypshione and polyamine biosynthetic
pathway inLeishmania Inhibiting LAODC may inhibit formation of trypanothione, thereby
affecting the growth and survival of the parasidenithine decarboxylase is also present in
human counterpart showing 39% amino acid sequenakasty with LdODC. The enzyme,
LdODC, appears to have a half-life in excess of Gseompared to human ODC and there
is no detectable intracellular turnovevluykhopadhyay et al., 1995 Because of these
differencesLdODC can be exploited for therapeutic agents. Polyarbiosynthetic pathway
helps in stabilizing DNA and inhibits endonucleasmportant for cell growth and
differentiation. Ornithine decarboxylase lof donovani(EC 4.1.1.17) was cloned already in
1992 (Hanson et al., 1992Crystal structure of Human ODC was resolved whiganzd-up
more structural insight®A{(mrud et al., 200D According to one report trypanosome ornithine
decarboxylase is stable because it lacks strongTP&Suences found in the carboxyl
terminus of the mouse enzyme which targets inthaleeldegradationGhoda et al., 1990
One published work clearly confirms thatODC has kinetic properties that are distinct from
thoseof the human ODC[ufe et al., 200\ A potent inhibitor ofLdODC, 3-aminooxy-1-
aminopropane (APA), isosteric analogue of putrestiasKi value of 1 nM, which actually
was somewhat lower than that found for the human COBnzyme. D,la-
difluoromethylornithine (DMFO) is a specific andaversible inhibitor of ODCufe et al.,
2007). DFMO, is also known as Eflornithine (Table 1.3)de effect of DFMO is hearing
loss in human@oyle, 200). DFMO is very specific inhibitor of ODC and mag Hue to this
reason, parasite has gained resistance,Landonovaniis found to be resistant towards
DFMO. Like all drugs have side effects, DFMO alsvé some side effects like: seizures,
fever, infections, neutropenia, hypertension, tiear and septic shock occutseé et al.,
2009H. One report demonstrated thantamoeba histolytic®@DC EhODC) is functional in
dimeric form Preeti et al., 201 They made 3D model of dimefthODC which opens up
possibilities for alternate enzyme inhibition stigies by targeting the dimer disruption.
LdODC is a cytosolic soluble enzyme and continuoegiyressed by both promastigotes and
amastigotes, so ODC activity assay can be useduantification of cell numberEphros et
al., 1997.

16
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Table 1.3: Inhibitors of ornithine decarboxylase, mode of mton and their 1G, value
comparison on promastigote and amastigote

Sl.no. Compound Inhibitor Promastigote Amastigote
type IC 5o value IC 5o value
1 DMFO q-Difluoromethylornithine  Irreversible 30 uM 50 uM
2 APA  3-aminooxy-1- Competitive 42 pM 5uM
aminopropane
3 DAB 1,4 -diamino-2-butanone NR 144 uM NR
4 GAPA y-guanidinooxypropylamine NR 40 uM 9+1.0 uM

NR: Not reported

Inhibiting Leishmania ODC may inhibit human ODC also, but human protesn
resynthesized continuouslRgberts et al., 20)3Moreover, structure, kinetic properties, and
half-life of the LAODC are almost different from the human countegp@bberts et al.,
2013.

1.2.7 Transporters of various polyamines: Leishmaniadonovanihas transporters for
various polyamines (eg. putrescine, spermidind)trAhsporters have equal affinity for their
respective polyamines, and it was reported thaakgodf spermidine is seven times higher
than putrescineKandpal et al., 199/ Experimental data proved that transport of mairee
and spermidine occurs via different transportertgdng present in parasite. Moreover, it is
also reported that amastigotes and promastigotesdifferent transporters for uptake of
polyamines Muller et al., 200). Transport of polyamines is pH dependeBagselinet al.,
2000. LmPQOT1, a putrescine transporter protein was fourdl @maracterised ih. major
(Hasne et al., 2005 Arginine transport inLeishmaniaoccurs viaLdAAP3 transporter
protein Darlyuk et al., 2009 DAB, an inhibitor of ODC, was reported to inHibiansport of

putrescine irLeishmanigoromastigote\(annier-Santos et al. 208
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1.2.8Drug Targeting Enzymes

There are few unique enzymes and pathways preséeishmaniawhich may be exploited
for designing drugs. Following are few enzymes Wwhieere successfully used to discover

drugs candidates against the parasite using cotignahor/and experimental approaches.

i.  Ornithine decarboxylaseHeby et al., 2003)
ii. Spermidine synthas®¢berts et al, 2001)
iii. Trypanothione synthasé/enkatesan et al, 2011)
iv. Trypanothione reductas€dglotti et al, 2013)
v. Glutathione synthesiK@poor et al., 2000)

vi. Inhibition of mitochondrial respiratory chain coraglleads to apoptotic deathlaf
donovaniparasite {lehta et al., 2004

vii. Caspase-like proteases can be a good target whiasponsible for apoptotic like
cell death of parasité@s et al., 200

Protein modelling and crystallization of key protihelps to identify new drug
candidates. Various vital proteins, responsible parasite survival, were modelled and
screened with different ligand databases. Crygadlbn of the ligand protein complex and
somein vivo experiments has also been reported. Some ofrtiteips crystals made so far

are listed below in Table 1.4.

Table 1.4: List of leishmanial enzymes involved in redox nbetigsm and their crystal

structures
Sl.no Enzyme Leishmania Other organism
1 Ornithine decarboxylase NR Human
2 Spermidine synthase NR Plasmodium (Dufe et al., 200y
Helicobacter pylori(Lee et al., 2006
& Homo sapiengWuet al., 2007
3 Trypanothione reductase L. infantum(llari  T. cruzj C. fasciculate
et al., 2012
4 Trypanothione synthetase L. major (Fyfe et NR
al., 2013
5 S-adenosylmethionine NR Human S-adenosylmethionine
decarboxylase decarboxylaseHeby et. al., 2003
6 Tryparedoxin NR Crithidia fasciculate (Alphey et al.,
1999
NR: Not reported
18
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1.2.9 Available drugs against leishmaniasis: There are many types of diseases exist
around the world, which has been categorized imteet groups: Global, Neglected and Most
neglected diseases (Figure 1.11). Leishmaniasigsamder neglected disease because of its
association with poverty. Pharmacological industieere not much enthusiastic to invest
money in research of anti-leishmanial drug develepinas they do not see potential market
incentive {famey, 200R The treatment of leishmaniasis is mainly basedlwemotherapy.
There are very few drugs available in the market lsewving certain disadvantages like, high

cost, resistance, toxicity, side effects, poorceffy, lack of target specificity etc.

Most neglected disease

Global disease

Neglected
disease

World pharmaceutical market

Figure 1.11: There are three major forms (Global, Neglected lsludt neglected) of diseases in the world.
Leishmaniasis falls under Neglected Disease asgl@nigs to poor people. Very few scientific
communities are involved in studying leishmania3iserefore, very less number of drugs is
available against the disease which is depicteah fifte diagram abovesgurce: figure adopted
from BMJ, 2002, 325,176-1).7
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These limitations of available drugs necessitateeld@ment of more and better drug
candidates. Various drug candidates were identifietligh throughput screening technology
and many of them was poorly soluble in watstogdal et al., 2018 The first line of

treatment against leishmaniasis is based on thefysentavalent antimonials like pentostam
etc. Other drugs are amphotericin B, paramomydugohazole, ketoconazole, rifampicin,
doxorubicin, miltefosine, sitamaquine and azoledl fiow there is no vaccine or a
satisfactory chemotherapy available which does include above mentioned problems.
Therefore, there is an urgent need for developroénticcines and effective drugs for the

treatment of leishmaniasis.

Pentavalent antimonials. Pentavalent antimonials (sodium stibogluconatentdtam,
meglumine antimoniate) are the first line of druwy fmore than six decades. They were
introduced in 1940sAshutosh et al., 200°And acts by inhibiting glycolysis and oxidatidn o
fatty acid pathway Berman et al., 1985 Sodium stibogluconate inhibits fatty acid
[3 oxidation, glycolysis and inhibits ADP phosphorigat (Pandey et al., 2009 There are
reports mentioning that the antimonial drugs kikrgsite by targeting trypanothione
reductaseNMaltezou et al., 2009 Pentavalent Sb (V) is reduced to trivalent antignSb(lIl)
which is the active form of drugRpberts et al., 1995 Reduction occurs in parasite or in
macrophage and mechanism of the same is not veltyumgerstood. However, it is well
documented that trivalent form of Sb is more effecthan its pentavalent fornR¢berts et
al., 1995. This drug has side effect ranging from damagehéart, liver, pancreas,
hematopoetic tissues as well as local pain atitkeo§ injection Arevalo et al., 2001; Soto
et. al., 2013

Pentamidine isethionate: It is the second line of drug against leishmasiasghich affects
polyamine biosynthesis and mitochondrial membraotengials by attacking kinetoplast
DNA (Pandey et al., 2009;indoso et al., 2012 This drug has many side effects like high
toxicity, hypoglycemia, diabetes mellitus, hypotens myalgia, abscess at the injection site
(Lindoso et al., 2012

Amphotericin B: It is the second line of drug since 1960. The dargets 2% position of

substituted sterols mainly ergosterol. It causesaqs pores resulting in cell lysBandey et
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al.,, 2009. This drug was earlier used as antifungal agem B active against both
promastigote and amastigotes. It is also effecligainst antimony resistant strains. Better
efficacy of amphotericin B is achieved with its famog administrationNlaltezou et al, 2009
Lipid formulations of amphotericin B has shown 964re rate and gives localized action
with fewer side effects. The major side effectshaf drug includes vomiting, heart problem,

renal failure, nausea, fever, nephrotoxic and espen

Paromomycin: It is a low cost drug and is administered througinamuscular injection;
inhibit protein synthesis and changes membrandifiuand permeability. It is under phase
IV clinical trial (Pandey et al., 20Q9It posses side effects which are more than abepicn

B and also include pain after injectidvidltezou et al., 2009

Fluconazole: It is a triazole anti fungal agent. It was used tlee treatment of cutaneous
leishmaniasis which is caused bymajor, L. braziliensigBlum et al., 2014; Alrajhi et al.,

2002; Sousa et al., 2011).an oral drug against cutaneous leishmaniasis.

Ketoconazole: It is an antifungal agent and shows 70% cure tdtevever, patients with
hepatic ailments cannot be treated with ketocomafmolleishmaniasisBlum et al., 2014
Rifampicin: It is well tolerated by patients and has no siffecés. It is a better alternative

drug for oral treatment of cutaneous leishmanig@sochar et al., 200R

Doxorubicin: Initially famous as anti cancerous agent but fatte found to be effective

against_eishmaniacan be considered as second line of d8gjt(et al., 1992

Miltefosine (hexadecylphosphocholine): Miltefosine, a lysophospholipid analog, highly
efficient oral drug to be registered in India fbettreatment of human visceral leishmaniasis
(Sundar et al., 2002 It is initially developed as an oral anticancer glrand induces
apoptosis in cancer cell linegdrma et al., 2004 The drug has undergone randomised phase
IV trial on visceral leishmaniasis patients ageti2»years, and during that time the long-term
cure rate was found to be 94% after 28 days of §0nitefosine twice dailySundar et al.,
2000; Sundar et al., 20)2 Miltefosine causes modulation of cell surface récep
phospholipase activation, inositol metabolism, @irotkinase C resulting in apoptosis like

cell death Pandey et al., 2009 The drug is useful in T-cell mediated deficigratients.
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Besides having antifungal, antibacterial, anthetma properties Eissa et al., 2011
miltefosine also proved to hairevitro ovicidal, schisto-larvicidal and lethal activity adult
worms of both Schistosoma species and has conbldaralluscicidal activity on their snail
hosts Eissa et al., 2011 Miltefosine is teratogenic and cannot be git@mpregnant ladies.
Furthermore, it cannot be given to children dudadc effects as well as gastrointestinal
toxicity (Palit et al., 2012; Maltezou et al., 2009

Sitamaquine (WR-6026): It is also called as 8-aminoquinoline analogueso ahcts as

antifungal agent and presently in phase Il trilandey et al., 2009

Azoles: It inhibits cytochrome P-450-mediated d4lemethylation of lanosterol and blocks
ergosterol synthesis which causes accumulatiol @rhethyl sterols Pandey et al., 2009;
Alrajhi et al., 2002

A comprehensive list of various anti-leishmaniainpmunds, their structures, current status

and targets etc is shown in Table 1.5.
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Sl. no. | Drugs Structure Side effects Current status| Drug tegets
1 Sodium Damage to heart, liver,First line of| Ergosterol of membrane,
antimony . pancreas, hematopoeticdrug for more Expel out trypanothione
gluconate (SAG OH 0 tissues, local pain at the site |dhan six| reductase
o GH N ?'/0}0” injection Kato et al., 201% | decades, under
0—8b—0—8bT—0 phase IV trial
P o © (Vermeersch et
D HO al., 2009, Sinha
Ma O et al., 201}

2 Amphotericin B Vomiting, heart problem, ren@alSecond line of The drug targets 24position
failure, nausea, fever,drug since of substituted sterols mainly
nephrotoxic and expensive. | 1960, phase I] ergosterol. It causes aquequs

(Stuart et al.| pores resulting in cell lysis
2008 (Cohen, 2010Mbongo et al.,
1998

3 Paromomycin Local pain after injectio®hase IV| Inhibits protein synthesis by
elevated hepaticclinical trial | interacting with  ribosomal
transaminases, ototoxicity(Sinha et al.] RNA subunits
(Lindoso et al., 2012 201)

4 Miltefosine Toxic to  gastrointestinal, First line | Inhibits phopholipid and sterol

c hepatic and renal systemdreatment, biosynthesis.
HsCn o~ _Po N*(CHy); | Teratogenic (cannot be givemphase IV trial
(Chahe~0” \oc-’/\/ to pregnant ladies).{ndoso et (Rahman et al.
al., 2019 2011
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5 Pentamidine Nephrotoxicity, heart problergecond ling Inhibitor of arginine transport
P low blood pressure, low Qqrtreatment putrescine and spermidir
“”m/@/ Q(”“Z high blood sugarSilva et al., transport Basselin et al.
. " 2013 2002
6 Sitamaquine Vomiting, Abdominal pains, Phase Il trials Morphology alteration o
A2 N Headache, nephrotoxicity,(Jha, 2006 LeishmaniaRapid collapse o
7 Methemoglobinemia  Jha, the  mitochondrial  innert
PSS 2009 membrane potentialLfiseau
/ et al., 201)
7 Fluconazole y Mild nausea, cheilitis Khan| Phase lll trails | Obstruct Leishmaniagrowth
<NJ et al., 2014 by inhibiting cytochrome P-
on 450-mediated 14-a
R demethylation of lanesterol,
Q\)T blocking e_rgosterol synthesis
N accumulation of 14-a-4methy
F sterols Sousa et al., 20]1
8 Ketoconazole . Nausea, vomiting, stomagtKetoconazole | Interfere with stero
U . pain, and diarrhea cream is| biosynthesis Nlomeni et al.|
L ; effective  for| 2003
& i Cutaneous
L ] C"?O%;y\_/”_c_c“] leishmaniasis

TH-1401_10610621

24

e



CHAPTER |

1.2.10 Immunoresponse: Visceral patients respond by gamma interferon (MIN-
interleukin 12 (IL-12) Maltezou et al., 2009 cytokines and neutrophildéltezou et al.,
2009 for clearing of the parasit®éndey et al., 2009CD4" T-cell causes interferon (IFN)-
Y-induced macrophage activation (for killing thegmte) through participation of cytokines,
mainly IL-12, IL-2, tumor necrosis factor, and aldeactivation of macrophage leads to
suppression of Thl responséaftezou et al., 2009 IFN-Y production leads to induction of
nitric oxide synthase by macrophages which procuttee oxide (NO) to kill the parasite.
After parasite infection, macrophage mediated iamaimune system generatg @nd nitric
oxide Murray et al, 1999. O, generation does not require previous infectionritic oxide
generation requires activation of macrophage. Yeurgatients are more susceptible to
relapse due to the lack of a mature immune systemmia et al., 201} Induction of T-
helper type 2 (Th2) suppressive cytokines (IL-4-1B) and/or IL-10 can lead to
development of disease (Figure 1.1cConville et al., 2011; Jha, 200@levated levels of
IL-10 have been seen in VL patients and drug targdt-10 can leads to activation of Thl

responses to cure the diseddalfezou, 201

deactivated macrophage activated macrophage

Leishmania infection

L promastigote ‘ Type 2 CD4+
helper cells helpercells
(Thi cells) G : / (Th2 cells)
IL-4 IL-10 IL-13 TGF-B IL-12 TNF IFN-y
leads to development of disease leads to killing of parasite

Figure 1.12:Leishmanianfection may lead to prolong disease or may teadkeath of parasite, this all depends
on macrophage response, if activated then it gélsasite by activation of certain cytokine and if
macrophage is deactivated then it leads to progresise disease which makes the patient even
more worst.
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Immunotherapy is also a good kind of treatment, rehérugs are combined with
antigens, adjuvants, intefergn-other cytokines and inflammatory response modtdat

where cure rate may reach upto 9Q%m@oso et al., 2012

1.2.11 Vaccines againsteishmaniasis: Vaccines against leishmaniasis have started when
certain tribes expose their stomach for sandflgsih order to avoid facial lesions. Certain
tribes also used to transfer infected material flesion to uninfected individuals by using
thorns Handman, 200)L L. donovaniinfected macrophages stimulates MHC class Il (MHC-
I) restricted T cells after 6 hours of infectiohive attenuated vaccine is a good option but it
has safety issues. Heat killed (autoclavegishmaniavas used as a vaccine, which reduced
cutaneous leishmaniasis by 18-7QB&umar et al., 2013 List of different types of vaccines

used for leishmaniasis and their mode of actioadisted in Table 1.6

Table 1.6: List of different types of vaccines used for leigtmasis and their mode of

actions
S.No Vaccines Mode of action References
1 Heat killed (autoclaved) cell-mediated and humoral Nagill et al., 2009
Leishmania response
2 DNA vaccines humoral and lympho- Guha et al. 2013
proliferative immune response:Dumonteil et al., 2003
3 CpG motifs from Activates B-cells & dendritic  Handman 2001
bacterial DNA cell response
4 Cytokines Activates Th1l immune Cummings et al., 2010
response
5 Adjuvant humoral or cellular immune  Mutiso et al., 2010
response
6 Synthetic peptides innate immunity to infection Erfe et al., 2011
7 Live-Attenuated protective immune responses Evans et al., 2012
Vaccines

The WHO 2010 recommendations for control of leishiasis are mainly written for
endemic countries (Control of the LeishmaniaseqoReof a Meeting of the WHO Expert
Committee on the Control of Leishmaniases, Geng2a26 March 2010; 949). In 2014,
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LeishMan (Leishmaniasis Management), a group ofedgpfrom 13 institutions in eight
European countries recommended for treatment aiheatus and mucosal Leishmaniasis for
travelers based on clinical trials between 196032@lum et al., 2014

1.2.12 Anti-leishmanial Peptides: Prokaryotes, fungi, plants, amphibians and animals
secrete certain molecules to protect themselves &avironmental noxious microorganisms
(Kickelhauset al., 2009. These secretions are mainly peptides to defgaihst bacteria,
fungi, protozoa, tumour cells and viruseKuc¢kelhauset al.,, 2009. These natural
antimicrobial peptides now considered to be a galbernative therapeutic option for the
control of leishmaniasiE@tonet al., 2014. A List of ant-leishmanial peptides are shown in
Table 1.7.

Table 1.7: List of anti-leishmanial peptides used againsthigianiasis and their mode of

actions.
S.No. Anti-leishmanial peptide Species Reference
1 RP-1 & AA-RP-1 L. braziliensj Erfe et al., 2011
L. infantum,
L. chagasi
L. major
2 Dermaseptin 01 Eaton et al.,2014
(DRS 01) L. infantum
3 Phylloseptin-1 L. amazonensis Kickelhaus et al., 20
(PS-1)
4 Temporin A, B and 1Sa L. maxicana Chadbourneet al., 20
5 Human neutrophil peptide-1 Dabirian et al., 2013
(HNP-1) L. major
6 Cathelicidin bovine myeloid Lynn et al., 2011

antimicrobial peptide (BMAP-28) L. major

For the first time synthetic peptides (RP-1 and RR-1) have been used agaibsishmania
species, it is designed based on prior structumetion knowledge of mammalian
microbicidal peptidesHrfe et al., 201L They have minimal toxicity to mammalian cells.
Most of them are antimicrobial and anti-malariaical
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1.2.13 Drug resistance irLeishmania: Drug resistance is a major challenge for the contro
of infectious disease like leishmaniasis. List afigus strains ofeishmaniais mentioned in
Table 1.8 which has become resistant to certaigsdrmitially drug resistance reports came
first for malaria due to misuse of drug. There dobé a variety of reasons leading to the
development of drug resistance: (i) overproducbbmarget enzyme which may deplete the
concentration of drug, (ii) exclusion of drug oduee uptake of drug or (iii) conversion of
drug into inactive form by an enzyme, (iv) bypadsirhibited pathway by an alternate
pathway, (v) alternation of membrane permeabilithich does not allow drug to pass
through it, (vi) Use of drug combinations may lgadresistanceBryceson et al., 2001
Membrane enriched protein’s proteomic analysi&.oflonovaniwas done recenthyKumar

et al.,, 201%. This will help to understand insight and compan of resistant strain.
Leishmaniais a diploid organism but very few reports arer¢ght® support the fact rather

several strains provetleishmaniao be an aneuploid.

Sodium stibogluconate was highly effective agaleghmaniasis but later, certain
species oteishmaniahave developed resistance againsBihgh et al., 201;4Mukherjee et
al., 2007 Rai et al., 2018 This has discontinued the use of antimonials fzexl led to the
employment of amphotericin B against leishmaniali® drug was earlier used as antifungal
agent, but later it was found effective againstishmaniasis Resistant strains of
amphotericin B were found in Bihar and this resistgtrain requires eight fold higher lethal
doses PRurkait et al.,, 2012 Purkaitet al (2012) reported recently that the absence of
ergosterol in the amphotericin B resistaetshmanizs membranes, and up-regulated drug’s
efflux and effective ROS scavenging machinery lemda cumulative effect in conferring
resistance against Amphotericin B.

Miltefosine was effective against antimony resiststnain Sundar et al., 2002but
later, the parasite became resistant to it as Wie#n paromomycin came into picture. Due to
some adverse effects (elevated hepatic transansinag®oxicity, and pain at the injection
site) paromomycin is not very popular. Clinicaldglated strains df. donovanihave shown
different susceptibility and antimonial drug rearste varies based on genetic background
(Decuypere et al., 20)2Sometimes in vitro active compounds are notogiffe forin vivo

activity, due to poor pharmacokineticSchmidt et al.,, 2032 There is a report that
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promastigotes and amastigotes resistance to omgecdmbination shows cross-resistance to

other anti-leishmanial drugs as wellGqrcia-Hernandez et al., 20)2 D,L-alpha-

difluoromethylornithine (ODC inhibitor) resistantrain of Leishmaniabecomes susceptible

to other inhibitors of same pathwajikhopadhyay et al., 1996 A report tells that

whenever a new drug comes, number of cases ankdsdgaés down but the parasite gains

resistance after few years resulting in increasenumber of cases again. Recent

combinatorial theory has brought a new hope whielpdin resistant casedMniaraj,

2014).

Table 1.8:List of Leishmaniaesistant strains which has gained resistance tsaaartain

drugs
Drug Strain References
1 Miltefosine L. donovani Perez-Victoria et al., 2003; Seifert
et al., 2003
2 Antimony L. donovani Singh 2006; Mukherjee et al.,
2007; Rai et al., 2013, Purkait et
al., 2012
3 Paromomycin L. aethiopica Maarouf et al., 1998;
Croft et al., 2006
4 Pentamidine L. donovani, Rai et al., 2013
L. amazonensis Croft et al., 2006
5 Amphotericin B L. donovani Purkait et al., 2012
6 DFMO L. donovani Mukhopadhyay et al., 1996
7 Meglumine antimoniate L. infantum, Faraut-Gambarelli et al., 1997
L. tropica McConville et al., 2011

8 Arsenite, buthionine
sulfoximine
9 Glucantime

L. tarentolae

L. tropica

McConville et al., 2011

Hadighi et al.,2006

1.2.14 Miltefosine Resistance olLeishmania: Efficacy of miltefosine went down in India

after a decade of use due to drug resistaBoadar et al., 2002 Leishmaniasis has gained

resistance against miltefosine. Resistant strafiftesen times more resistant than wild type
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strain and remains resistant up to twelve weeksiltefosine deficient medisSgifert et al.,
2003. Development of drug resistance against milte#scould be because of several
reasons: (i) long half life, approx 150 hi&ltezou et al., 2009 (ii) Alterations in fatty acid
and sterol biosynthesis (mainleishmaniaacyl-CoA synthetase and desaturase systems)
resulted in changes in the lipid composition of rbesmes which alters membrane fluidity
and permeability, this may affect drug-membraneradtions Rakotomanga et al., 2005
(iii) defective inward translocation of the drugresistant strainRérez-Victoria et al., 2003
(iv) single point mutations in transporter proteih832F which leads to decreased uptake of
drug (Pérez-Victoria et al., 2006; Seifert et al., 200f) According to a report, over-
expression of mitochondrial iron superoxide disreatd LdFeSODA) has been found in
resistant strain which protects parasites from a@tke stress caused by miltefosine
(Getachew, 2012 Prolonged incubation of parasites with miltef@sresults in the release of
LdFeSODA, cytochrome c oxidase, mitochondrial dysfiencfurther leading to causing
apoptotic death\(erma et al., 20Q7Luque et al., 2007 (vi) Over-expressed efflux pumps
(Lugue-Ortega et al., 20)2(vii) The mechanism of miltefosine resistanceLgishmania
mediated through the redox system seems to beagpitiael change in the parasites resulting
due to the indiscriminate use of drugs. Recentlgctfof metabolic changes in miltefosine-
resistant.. donovaniat the global gene expression level has beenestuahd exploreddas

et al., 2013 Growth of miltefosine-resistarit .donovani(R40 strain) were inhibited by
constructs consisting of am-thiol-functionalized miltefosine analogue conjwsghtto the
cell-penetrating peptide (CPP) Tat(48-60), eitheough a disulfide or a thioether bond
(Luque-Ortega et al., 20)2

1.2.15 Antimony Resistance of.eishmania: Antimony based drugs are first line drugs.
Pentavalent Sb (V) reduced to trivalent antimonfli§twhich is the active form of the drug.
Reduction take place either in parasite or in maitage is still not answered. Pentavalent
Antimony (V) resistance was reported on 1981 inaBifdundar et al., 2002 Sb (V) is not
sensitive towards promastigotes and axenic amassigeven upto 64 pg/ml concentrations
(Vermeersch et al., 20D9Antimony resistant strain has shown over-expoessf ornithine

decarboxylasey-glutamylcysteine synthetase, MRPA transporter dodn regulation of
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uptake transporter aquaglyceroporin, AQRILKherjee et al., 20Q0Rai et al., 2013 RNA
level and enzyme activity of Trypanothione reduethas been seen to increase in resistant
strain Rai et al., 20138 Thiol level was also found to be elevat&ahi et al., 2018 When Sb
targets T(SH) then it makes complex Sb-T(SH)nd it excludes through MRPA transporter.
20 mg/kg/day for 20 consecutive days have been (%e et. al., 2013 There is a report

on occurrence of antimony resistant strain wheserac contamination in water has been
found McConville et al., 20183 Accumulation of arsenic in lever leads to appree of
unresponsive strain of parasite because arsengd lmrags were used to treat the disease.

1.2.16 DFMO resistant strain ofLeishmania: D,L-a-difluoromethylornithine (DFMO) is
an irreversible inhibitor of ornithine decarboxy@a@leyskens et al., 1999Earlier it was
used to treat carcinogenesis. This drug is alsd tsdreat leishmaniasis, 4¢dose is 125
UM (Mukhopadhyay et al., 1996DFMO causes parasite killing by elevating nitoxide
concentration in macrophage infected with paradiiEMO led to increased uptake of
putrescine within promastigotes; therefore DFM@tme&ent should be accompanied by other
inhibitors of same pathwayRpberts et al., 2093 DFMO resistant strain shows 15 fold
higher ODC activities than wild type andsjzalue more than 10 mMH@nson et al., 1992
There are certain side effects related to the dsegzures, fever, infections, neutropenia,

hypertension, diarrhea and septic shock occur.

1.2.17 Co-infections with HIV: Co-infection of HIVin the visceral form, there is an
absence of a specific T-cell mediated immune respamd mutual exacerbation of infection.
There are 1000 cases till date reported from 2hitt@s showing co-infectionvector Borne
Disease Control Programme, 2014 atients shows low CD4 counts (<50 CD4 cellsiinm
(Sundar et al., 2002 Sensitivity towards antibody-based immunologist$ like the IFA test
and ELISA is low for HIV patientsSundar et al., 2002 Antigen detection test is prefered
than antibody detection due to low antibody progunc{Sundar et al., 2002
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1.2.18 Animal Models used foin vivo Assays: Animal models are supposed to mimic the
pathological behaviour of human caused by infestias they all come under mammalian
category. So it is better to test in animals firstore going for clinical trials, as they provide
clues to toxicity, route of administration of druasorbtion of drugs, etc. Few animals are
proved to be good model for in vivo assays likg:Mice (BALB/c mouse), hamster (for
primary tests), (i) dogs (secondary tests), (mpnkey (Indian langur), vervet, squirrel
(tertiary tests) Kamhawi, 200% They are used because of better availabilitylandamount

of drugs needed.

1.2.19 Combinatorial Therapy: Drug resistance problem has become a severe iafiue.
the successful existing drugs become ineffectiter &&w years of treatment, but use of drug
combination has solved the problem of resistanag(E 1.13). Combination of known anti-
leishmanial agents may help to solve the resistanmiglem because it will have two to three
different targets and this is hard to gain resistaoy the parasite. Moreover there are some

reports on complete clearance of parasite afteengming drug combination therapy.
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Figure 1.13:New drug decreases number of cases and deathsijtbuhe fading of efficacy and emergence of
drugs resistance, numbers of cases again arisebi@edntherapy seems to solve the problem of
drug resistance as it is clearly visible in the\abgraph $ource: figure adopted fronTropical
Parasitology, 20144, 10-19).
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1.3 Significance and scope of current research:Leishmaniasis is an infectious disease
caused by a protozoan parasite spread by bloodhfggdctor (sandfly). Only few drugs are
available in market with limitations in terms oflsieffect, drug resistance or toxicity. Drug
resistance is a major global health threat agd#@ishmaniasis, which dissolves the efforts
taken for discovery of successful drugs. Theredada many reasons behind drug resistance
mechanism. For my PhD work one of my objective®istudy the mechanism behind drug
resistance against miltefosine. We tried to elueiddne drug resistance mechanism of
Leishmaniaby studying miltefosine resistant strain as a rhegstem. We compared gene
expression profile of miltefosine-responsive andltefosine-unresponsive strain df.
donovaniby microarray. Further, biochemical studies wdse performed to experimentally
validate microarray data. We reported experimentaa that explains the relationship
between parasite defense against reactive oxygeoniesp andLeishmaniaresistance to
miltefosine. We found that miltefosine-unresponssteain is better at resisting oxidative
stress. Furthermore, we found higher super oxigendiase and ascorbate peroxidase activity
in the resistant strain. Miltefosine and many ottargs against.eishmaniacause redox
imbalance in the parasite. The data suggeststieanechanism of miltefosine resistance in
Leishmaniamediated through the redox system seems to bedaptige change in the
parasites resulting from the indiscriminate usdrafs.

Along with understanding drug resistance mechanisnsg also very important to
discover new drugs becaukeishmaniaalways gains resistance against existing drugs so
there is a continuous need of new drugs (Figurd)1Wnique biochemical and metabolic
pathways are found iheishmaniawhich are not present in human counterparts aodeth
novel pathways and enzymes can be exploited fgeting drugs. Therefore, we have chosen
ornithine decarboxylase for our study which is gawas drug target. The enzyme is involved
in maintenance of redox homeostasis and is a keynas in polyamine biosynthesis which
converts ornithine to putrescine ibheishmania donovani Further, using integrated
computational and biochemical methods, we have tiftkxh three novel inhibitors of
LdODC. Thein silico identified inhibitors were tested on recombinamtyeme. The effect of

inhibitors were analysed on the parasite. Our sgiduggest that the parasite resists these
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LdODC inhibitors by over-expression of spermidine tegse inLeishmania donovani
(MHOM/IN/2010/BHU1081).

Discover Novel
Drug

Understanding r
rug

Resistance Combinations
Process :

Drug |
Resistance /

Figure 1.14: Drug resistance problem can be solved by (i) wtdading drug resistance mechanism, (ii)
discovery of new novel drug candidates and enzyfiigsuse of combination of known anti-
leishmanial agents

Further, computational analysis indicates thatODC has unique N-terminal
extension which is absent in ornithine decarboxylat human as well as other organism.
LdODC shows significant sequence and structural mdiffee with the human ornithine
decarboxylase. We attempted to explore the rold-tdrminal extension which is present in
LdODC. We have cloned, expressed and purified falile as well as truncated (without N-
terminal extension) form of the enzyme. Detaileachiemical and biophysical characteristics
of the enzyme (full length and truncated form) wearelysed to understand role of N-

terminal extension. The data suggested that thermdibal extension helps in folding of the
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enzyme in active conformation at the cost of attjvénd this is a good example of activity
stability trade off.

Additionally, in this report we have employed comddibrial therapy using
combinations of various known anti-leishmanial ageahat are more effective approach to
tackle drug resistance process. To my knowledgebahdf that all these three approaches
can be beneficial to combat leishmaniasis and thsome light and sprinkle new hopes

against leishmaniasis.

The work embodied in this thesis is divided int@ tfollowing chapters containing the

following specific objectives:

I.  Studies on miltefosine-unresponsite donovani understanding role of redox
metabolism in miltefosine resistance:
We tried to understand the underlying mechanismmitefosine resistance of
miltefosine-unresponsive strain bf donovaniby performing global gene expression

profiling and some biochemical studies.

II.  Expression, purification and biochemical studies amithine decarboxylase, an
important enzyme involved in redox metabolismLofdonovanito explore possible
role of N-terminal extension:

We have done cloning, expression and purificatiohd®DC and TedODC. We did
biochemical characterization (pH and temperatur@rg) and stability comparison
of the two forms of ODC. Interestingly we foundL8ODC is more stable than
LdODC.

lll.  Novel inhibitors ofornithine decarboxylase dfeishmaniaparasite (dODC): The
parasite resistsdODC inhibition by over-expression of spermidine thyase:
We screened drug candidates agaia€@DC by doingin silico docking method and
finally experimentally validating them by doing ibftion studies on purifiedtdODC
enzyme. We have calculated inhibition parametéesKi value and 16, values. We

have explored physiological effects of best settatempounds or_eishmania
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promastigotes by ROS analysis, estimated polyahewels, gene expression levels

etc.

IV. Effects and response of different drug combinationsthe parasite: exploring a
combinatorial therapy:
Combination of miltefosine and PS-203 has shownetiem of growth in miltefosine
resistant strain. Promastigote viability further-B& has already shown a good

inhibition on trypanothione reductase enzyme andom@astigote growth.
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CHAPTER I

Miltefosine unresponsivel eishmania donovani has better
ability of resist reactive oxygen species.*

2.1 Abstract

Most of the available drugs against LeishmaniaaigeHimitations related to drug resistance.
Resistance ofeishmaniaparasites to miltefosine, which is only availablal drug, is a
great concern. The mechanism of miltefosine rastgtais poorly understood and only
limited studies have been reported in the litemt\Mve have analyzed global gene expression
profiles of miltefosine-unresponsive and miltef@smesponsiveleishmania donovanin
order to understand the various metabolic processed/ed in miltefosine drug resistance.
The microarray data clearly indicated a role of daxive metabolism in miltefosine
resistance. Furthermore, fluorescence microscoperaxents suggested that miltefosine-
unresponsivé.eishmania donovaniesists the accumulation of reactive oxygen sgearel
subsequent mitochondrial membrane damage leadiagdptotic death or programme cell
death. In contrast, in miltefosine-responsiveishmania donovanithe accumulation of
reactive oxygen species causes apoptotic deathralDvehis study provides fundamental
insights into miltefosine resistancelirishmania donovani

Keywords: Ornithine decarboxylase; Leishmaniasis, inhibitors.

* Part of the research is publishedABEBS Journal2013, 280, 4807-4815
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2.2 Introduction

The only available oral drug against human viscel@ibhmaniasis is miltefosine
(hexadecylphosphocholine), a lysophospholipid ap#bat has been suggested as a potential
oral treatment for human visceral leishmaniasisicstire shown in figure 2.1S(indar et al.,
2002. Miltefosine was primarily developed as an amtma drug, and it was found that the
drug induces apoptosis in various cancer cell limgsargeting cell membranekgonard et
al., 2001; Ruiter et al., 2003Subsequent studies have reported that miltefosiso causes
apoptotic death ofLeishmania parasites. The apoptotic death was mediated throug
inhibition of cytochrome c oxidase and mitochondudgsfunction ¥Yerma et al., 2007;
Luque-Ortega et al., 2007 After emergence of amphotericin B resistanceairss,
miltefosine was a good hope. It is well toleratedjely distributed throughout the body and
has cured most of the patients. Miltefosine isfttet drug for the treatment of cutaneous or
mucocutaneous leishmaniasis. It is more effectiveluCes apoptosis) against arsenite
resistant strain(erma et al., 2007and has DNA degradation capacity. The drug istoot
old, discovered in the early 1980s and in mid-1980scessful clinical trials for miltefosine
were conducted. Unfortunately, occurrenceLefshmania donovaniesistant strain against
miltefosine was first reported in elsewhef®elfert et al., 2003 Miltefosine needs long
treatment dose and has long half life and this mayhe reason why the drug has gained
resistance. It has been reported that over-expressi mitochondrial iron superoxide
dismutase-A I(dFeSODA) of Leishmania donovanprotects parasites from miltefosine
(Getachew et al., 20)2 Furthermore, prolonged incubation of parasiteth wniltefosine
resulted in the release bfiIFeSODA and cytochrome c, causing apoptotic detaittad been
suggested thdtdFeSODA protects the mitochondria loéishmaniafrom oxidative stress,
thereby inhibiting programmed cell deathetachew et al., 20)2

0 CH,
|
CH,— (CH,),s— O — 1[*—0—((:H:)=— N—CH,
|
0- CH,

Figure 2.1: Miltefosine is an alkylphosphocholine with a lonigain fatty acid-like backbone of class
phospholipids or hexadecylphosphocholine.
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There is no report on natural miltefosine resistanith respect to reactive oxygen species
(ROS). Furthermore, global gene expression profiésmiltefosine-unresponsive and
miltefosine responsivel. donovani strains have not been analyzed. The miltefosine
transporterLdMT and its specific R-subunitdRos3 form the miltefosine translocation
machinery at theé.eishmaniaplasma membrane (Figure 2.Bétez-Victoria et al., 2006
Miltefosine resistance iheishmaniais reported to be caused by single point mutations
these transporter proteins which lead to inactwa{beifert et al., 2007; Seifert et al., 2003
The mutations in miltefosine transporters resultl@treased uptake, increased efflux, and
faster metabolism of drudérez-Victoria et al., 20Q6eifert et al., 2007

sg’
0"’ 0
'\.é.- Q '. 5
< {i;\b \ Q\P‘"
£ . v.Qo \03‘3"‘\

Leishmania plasma membrane

Figure 2.2: The diagram shows one of the reasons behind nsiteforesistance, single point mutation of
miltefosine transporter protein which does notwalithe drug to enter inside the parasite. Due to
this decreased influx, increased efflux and fastetabolism of miltefosine, it fails to cause
apoptosis and subsequent death processes.

It has also been reported that miltefosine restgtaauses alterations in fatty acid and sterol
biosynthesis (mainly.eishmaniaacyl-CoA synthetase and desaturase systems)ethait in
changes in the lipid composition of membrane&.adonovanipromastigotesRakotomanga

et al., 200%. Changes in lipid composition of miltefosine-stantL. donovanpromastigotes
alter membrane fluidity and permeability, and thmay affect drug-membrane interactions
(Rakotomanga et al., 20p5However, the effect of metabolic changes in ehisine-

resistanL. donovaniat the global gene expression level has not yet lseudied. The aim of
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the current study was to analyze changes in the gxpression profile of miltefosine-
unresponsivel.. donovaniwith respect to miltefosine-responsite donovani Data from
gene expression profiling were experimentally \atid by doing some biochemical studies.
Our results indicate that miltefosine-unrespondivelonovaniaccumulates reactive oxygen
species less than miltefosine-respondivelonovani Apparently, miltefosine unresponsive
L. donovanihas better redox machinery that can remove reacikygen species more

efficiently.

2.3 Materials and methods

2.3.1 Parasites, cell lines, and chemicals Miltefosine-responsivé.. donovani(BHU-1081)
and miltefosine-unresponsie donovani(BHU-1155) were obtained from Prof. Shyam
Sundar (Banaras Hindu University, India), and galéd in M199 liquid medium
supplemented with 15% heat-inactivated fetal bosieim, 100 U. mt penicillin, and 100
ng. mL streptomycin. Miltefosine-unresponsite donovaniwas obtained from splenic
material of a patient suffering from leishmaniasi®r a month of miltefosine treatment (18-
year-old male with no past history of the diseagd).chemicals used were of the highest

grade, and were obtained from Sigma-Aldrich or Merc

2.3.2 Microarray data collection and analysis. L. donovanimicroarray (slides, 8 9 15k;
Agilent Micro-Array Design Identifier 035638) wassed for analysis of miltefosine-
responsivel.. donovaniand miltefosine-unresponside donovani Total Ribonucleic acid
(RNA) was isolated with the RNAeasy Mini Kit (Qiageroduct ID 74104), according to the
manufacturer’s protocol, and the concentration godty of the RNA extracted were
evaluated spectrophotometerically. The integrityhaf extracted RNA was confirmed with a
bioanalyzer (Agilent; 2100). We considered RNA ®df good quality on the basis of the
260 nm/280 nm values, rRNA 28S/18S ratios, and RiNégrity number (RIN-Bioanalyzer).
The microarray experiment was performed in collabon with Genotypic
Technology Private Limited (Bangalore, India), acliog to their optimized procedure
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(Figure 2.3). In brief, the samples were labellgdube of the Agilent Quick Amp Kit (Part
number: 5190-0442). Five hundred nanograms of fRtdA was reverse transcribed with
oligodT primer tagged to the T7 promoter sequeiibe. cDNA (complimentary DNA) thus
obtained was converted to double-stranded cDNAh@ same reaction. The cDNA was
converted to cRNA (complimentary RNA) in the inrgittranscription step, with T7 RNA
polymerase, and Cy3 dye (cyanine 3-labelled CTP agded to the reaction mix. During
cRNA synthesis, Cy3 dye was incorporated into teeln synthesized strands (one-colour
microarray-based gene expression analysis). TheAcBained was cleaned with Qiagen
RNeasy columns (Qiagen; Cat. No.74106). Conceatraand amount of dye incorporated
were determined with the nanodrop technique. Sasmiplat passed the quality control for
specific activity were taken for hybridization. Sixndred nanograms of labeled cRNA was
hybridized on the array with the Gene expressiobridization kit (Part No. 5190-0404;
Agilent) in Sure hybridization chambers (Agilent)éb °C for 16 h. Hybridized slides were
washed with Agilent Gene Expression wash buffeest(Ro. 5188-5327). The hybridized,
washed microarray slides were then scanned on &%&2Scanner (Agilent Technologies).
Images were quantified with FEATURE EXTRACTION seftre (Version 10.7; Agilent).
Feature-extracted raw data were analyzed with GENFESG GX Version 12.0 software
from Agilent. Normalization of the data was perfeann GENESPRING GX 12.0 software,
using the 75th percentile shift. Percentile shaftmalization is a global normalization, where
the locations of all the spot intensities in aragrare adjusted. This normalization takes each
column in an experiment independently, and comptitesi" percentile of the expression
values for this array, across all spots, where sidhaange from O to 100, and n = 75 is the
median. It subtracts this value from the expressaloe of each entity. Significant genes that
were up regulated and down regulated, showing oltednd above increased expression
within the samples with respect to control sampblesye identified. For filtering Up
regulated genes we consider flag should be “Deafédte the treated samples and can be
“Compromised” or “Detected” in the control samp#esd cut-off used is fold >= 0.6 in fold
of all Treated samples and fold >=0.8 in Geomedd & treated samples. For filtering
Down regulated genes we consider flag should beg®ed” in the treated samples and can

be “Compromised” or “Detected” in the control saggphnd cut-off used is fold <= 0.6 in
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fold of all Treated samples and fold <=0.8 in Geam#éld of treated samples. A Student’s
t-test P-value was calculated for the replicate @asna Differentially regulated genes were
clustered by using hierarchical clustering based aorPearson coefficient correlation
algorithm, to identify significant gene expressipatterns. Functional classification was
performed on the basis of gene ontology (GO) fumsti Pathway analysis was performed
with the KEGG (Kyoto Encyclopedia of Genes and Gees) database.

Miltefosine resistant Leishmania Miltefosine resistant Leishmania

2 RZ . © v
mRNA extraction Pop.nn &
W’»‘f’//;,s?.,@ %"W/a L /';‘{“ ’142?‘-44,/1‘
e o . Y
. A F Wy
AP VA

cDNA labelling with dye l

! ! Hybridisation i ; \ N@
3 ~ o%ooooooooooooooo % i

0000000

4 l Laser excitation

Figure 2.3: Schematic representation of Microarray experimesatiation of total RNA from control and tested
samples, converted into cDNA by reverse transatiptby using oligodT primer. T7 RNA
polymerase is used to convert cDNA to cRNA. Cy3 wyimcorporated in newly synthesized strand
of cRNA. Labelled cRNA was hybridized on the armiyh Gene Expression Hybridization kit in
hybridization chambers at 65 °C for 16 h. Hybridiz#ides were washed with Gene Expression
wash buffers. The hybridized, washed microarragesliwere then scanned on a scanner. Images
were quantified with software. Raw data were aredywith softwareSource: redesigned from
available image from web resources
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2.3.3 Generation of reactive oxygen species: Leishmaniapromastigotes (2 x 1@&ells/ ml)
were treated with menadione (10 pM), a naphthoaquenéor three hours to induce reactive
oxygen species, as these compounds have beenepoinhduce reactive oxygen species in
the pathogens. Then cells were washed with PBSsasdended in M199 media prior to
incubation with 1QuM of a cell-permeable probe;, Z-dichlorodihydrofluorescein diacetate
acetyl ester ([ DCFDA) at 25°C for 30 min in the dark. Endogenoeaative oxygen species
in L. donovani(miltefosine-responsive and miltefosine-unrespeglswere measured with
H,DCFDA by flow cytometry, as reported previoushkiofta et al., 2012; Shukla et al.,
201]). Flow cytometric studies were carried out witlBB FACS Calibur flow cytometer,
and analysis was performed with CELLQUESTPRO safwBecton Dickinson).

2.3.4 Apoptosis Detection by Annexin V-FITC and Pl Staining: One of the hallmarks of
apoptosis is exposure of phosphatidylserine onctiesurface, which can be detected by
using FITC-conjugated annexin V. Necrotic celldisnd to annexin V-FITC, but are also
stained with Propidium iodide (PI), as membrane algenin necrotic cells allows Pl to enter
the cell and stain deoxyribonucleic acid (DNA). Téygoptosis irL. donovaniwas studied
with an annexin V-FITC apoptosis detection kit @athem). Miltefosine-responsive and
miltefosine-unresponsive strains were treated wimgnadione and miltefosine separately,
cells were harvested by centrifugation at 1000 fargs min at 4°C and washed twice with
cold PBS. The cells (1 x i@ells/ ml) were suspended in 5@Dof 1x binding buffer and
stained with annexin V-FITC antibody and Pl accogdio the manufacturer’s instructions.

2.3.5 Alteration in mitochondrial membrane potential: The mitochondrial transmembrane
potential of the parasites was studied by fluomeseemicroscopy after staining with the
MitoCapture apoptosis detection kit (Calbiochem)e™kit utilizes MitoCapture, a cationic
dye that fluoresces differently in healthy and dptp cells. In healthy cells, MitoCapture
accumulates and aggregates in the mitochondriangieff bright red fluorescence. In
apoptotic cells, MitoCapture cannot aggregate i mhitochondria, owing to the altered
mitochondrial transmembrane potential, and theeefogmains in the cytoplasm in its

monomeric form, fluorescing green. In brief, protigate Leishmaniacells (1x10 cells mL
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') were harvested by centrifugation at 1000 g fonif at 4 °C, and washed with cold PBS.
The cells (1x10® cells mL*) were suspended in 100 pL of incubation buffertaiming

MitoCapture reagent, which was diluted accordingh® manufacturer’s instructions, and
incubated at room temperature for 30 min (time rojed for good fluorescence image).
After being stained, the cells were washed twicth WBS, mounted on the glass slide, and

photographed under a fluorescence microscope (Md@&R1).

2.3.6 Intracellular Ca®* measurement: The fluorescent probe Fura?AM was used to
measure intracellular Gaconcentration Gupta et al., 2006 Briefly, miltefosine-sensitive
and miltefosine-insensitive cells that had beenjesatbd to different treatments were
harvested and washed twice (500 of buffer each time) with wash buffer containibg
mM glucose, 116 mM NaCl (sodium chloride), 0.8 mMyG®4 (magnesium chloride), 5.4
mM KCI (potassium chloride), and 50 mM MOPS (pH)7@ells were then incubated at 25
°C with 8 uM Fura2AM in the same buffer containing 15% sucrfise6 hours. Cells were
centrifuged (1000 g for 5 min), washed twice, andpended in the same wash buffer.
Fluorescence was measured with excitation and @mnisat 340 nm and 510 nm,

respectively.

2.3.7 Redox enzyme assay: Equal numbers ofLeishmania promastigote cells (both
miltefosine-responsive and miltefosine unresponsivere taken separately, harvested by
centrifugation (1000 g for 5 min), and washed twigth cold PBS. The pellet was dissolved
in 1 mL of 20 mM Tris/HCI (pH 7.5), protease codkiahibitors, and 1.5 mM MgG| and
sonicated. After centrifugation, the supernatart wsed for enzyme activity assay. Bradford
method was used for protein determination and Bogarum albumin (BSA) was used as
standard. Superoxide dismutase (SOD) assay waerped with the riboflavin-mediated
Nitro Blue tetrazolium reduction metho&drcia-Limones et al., 2002The total 3-mL
volume of SOD reaction mixture contains 13 mM matime, 75 puM Nitro Blue tetrazolium,
0.1 mM EDTA and 4 uM riboflavin in 20 mM Tris/HCpH 7.5) in a glass test tube. All
tubes were placed under fluorescent light (13 Wanmaluminum foil-lined box for 15 min,

and spectrophotometric reading was performed at ri0 The blank and control were
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without illumination and without enzyme respectiweDne unit is the amount of SOD that
inhibits the rate of increase in absorbance respftiom Nitro Blue tetrazolium—diformazan
formation by 50%. SOD unit = 50% inhibition = 1 tidctivity = unit/mg protein.

% inhibition 3 control — sampl&100
control

Ascorbate peroxidase (APX) assay was performecessrithed previouslyGunes et
al., 2009; Singh et al., 20).2Ascorbate peroxidase assay mixture (1 mL) costadOuM
ascorbate solution, 40M H,0,, 100pM EDTA and 100uL of Leishmaniacell lysate in 12
mM Tris/HCIl (pH 7.5). The oxidation of ascorbate swenonitored by the decrease in
absorbance at 290 nm in 3 min, and activity wasutaled by the use of the extinction
coefficient (2.8 mM cmib).

Formula: A=ecl, where A: absorbance,: 2.8 mM* cmi', c: concentration, |: cuvette path

length  in cm. Activity = c/mg protein.

2.4 Results and discussion

2.4.1 Microarray data analysis: The data are plotted in the form of scatter platd hox
whisker plots that show acceptable quality (Fig2d). In the scatter plot, each dot
represents each gene (8064). X-axis representsfosibe responsive strain and Y-axis is for
miltefosine unresponsive strain. The dots lyingmiddle imaginary line represents those
genes which are equally expressed in both thenstiots below the middle imaginary line
are those genes which were down regulated in uonssge strain and vice versa. The Box
whisker plot presents the distribution of the cdnds in the active interpretation with
respect to the active entity list in the experimérite box whisker shows the median in the
middle of the box, the 5percentile and the ¥5percentile, or theSiand 3 quartile. The
whiskers are extensions of the box, snapped tpdm within 1.5 times the interquartile.
The points outside the whiskers are plotted as #rey but in a different colour and could
normally be considered the outliers. The data amlindicated that 85 genes were up-
regulated and 42 genes were down regulated (Figuse The up-regulated and down-

regulated genes were annotated by use of the KEst&base (Table 2.1). The annotated up-
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regulated genes are mainly involved in fatty acietabolism, or encode proteins involved in
oxidative metabolism (proteins of oxidative phosptetion or enzymes involved in
ubiquinone synthesis, a component of the electiamsport chain). As alteration of fatty acid
and sterol metabolism in miltefosine-unresponsivdonovaninas already been studied with
biochemical methodsR@akotomanga et al., 20p5we focused primarily on oxidative
metabolism. An efficient electron transport chdliayp an important role in keeping the ROS
concentration low Rramanik et al., 20)1 Our microarray data (accession number
GSE45496) suggests up-regulation of genes involaethe synthesis of ubiquinone, an
essential component of the electron transport chaml a few other genes involved in
oxidative phosphorylation. Functional classificatiaf gene expression data clearly indicated
that genes involved in oxidoreductase activity egadbx homeostasis are up-regulated (Table
2.2). Taken together, the data indicated that fosiee-unresponsive. donovanihas more

efficient oxidative phosphorylation and a betteitiglto maintain redox homeostasis.
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Figure 2.4: Analysis of Microarray data (A) Scatter Plot bédhe® Signal Intensities: A graph of plotted points
that show the relationship between two sets of. d&taxis represents miltefosine resistance and x-
axis indicates control. Total 85 genes were founthe¢ up-regulated while 42 genes were down
regulated. (B) Box Whisker Plot: another mode giresentation of scatter plot. Samples C1 and
C2 represent two control experiments while MR1 aWdR2 represent two miltefosine
unresponsive samples.
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Overview of Clusters for Differentially regulategenes: The clusters were generated for the
differentially expressed genes taking the Geoméaineocontrol and the Miltefosine unresponsive
samples. Differentially regulated genes were chesteusing hierarchical clustering based on
Pearson coefficient correlation algorithm to idBntisignificant gene expression patterns
[Clustering algorithm measures the similarity (eiffnce) between genes]. Total 85 genes were
found to be up-regulated while 42 genes were dagolated.
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Table 2.1: The pathways for the up and down-regulated gerege @nnotated using KEGG

database.

ase

KEGG ID Pathway Number of | Gene Symbol Description
genes

Pathways up-regulated

Ido01100 Metabolic pathwa 4 LDBPK_010510 long chain fatty acid CoA liga:
putative
LDBPK_280680 hypothetical protein
LDBPK_362740 folylpolyglutamate synthetase
LDBPK_ 365590 ubiquinone biosynthesis
methyltransferase, putative

Ido00071 Fatty acid metaboli 1 LDBPK 010510 long chain fatty acid CoA liga:
putative

Ido04146 Peroxison 1 LDBPK_010510 log chain fatty acid CoA ligas
putative

Ido00190 Oxidative phosphorylati 2 LDBPK_181510 Itype H+-ATPase, putativ
LDBPK_280680 hypothetical protein

Ido00790 Folate biosynthe 1 LDBPK_ 362740 folylpolyglutamate synthet.

Ido00130 Ubiguinone and ofr 1 LDBPK_365590 ubiquinone biosynthe:

terpenoid-quinone biosynthesis methyltransferase, putative

Ido04145 Phagosor 1 LDBPK_280680 hypothetical prote

Ido01110 Biosynthesis of second: 1 LDBPK_365590 ubiquinone biosynthe:

metabolites methyltransferase, putative

Ido03010 Riboson 1 LDBPK_342620 40S ribosomal protein £
protein, putative

Ido03008 Ribosome biogenesis 1 LDBPK 301880 hypothetical prote

eukaryotes

Ido03022 Basal transcription fact 1 LDBPK_ 301880 hypothetical prote

Pathways down regulated

Ido01100 Metabolic pathwa 2 LDBPK_151070 glutamate dehydroger
LDBPK_190710 glycosomal malate dehydrogen

Ido00250 Alanine, aspartate a 1 LDBPK_151070 glutamate dehydroger

glutamate metabolism

Ido00330 Arginine and prolin 1 LDBPK_151070 glutamate dehydroger

metabolism

Ido00630 Glyoxylate an 1 LDBPK_190710 glycosomal malate dehydroge

dicarboxylate metabolism

Ido01110 Biosynthesis of second: 1 LDBPK_190710 glycosomal malate dehydroge

metabolites

Ido00020 Citrat cycle /TCA cycl 1 LDBPK_190710 glycosomal malate dehydroge

Ido00910 Nitrogen metabolis 1 LDBPK_151070 glutamate dehydroger

Ido03013 RNA transpc 1 LDBPK_091130 eukaryotic translation initiati
factor 2 subunit, putative

Ido00620 Pyruvate mabolisn 1 LDBPK_190710 glycosomal malate dehydroge
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Table 2.2: Functional classification of gene expression datg five up-regulated and down-regulated GO Tenme selected

GO ID GO Accession/ GO Term/Description of Gene Ontology p-value Count in % Count Count % Count
Selection in in in Total
Gene Ontology Selection Total

Function name

Up-regulated Functions

8424 G0O:0015036 Disulfide oxidoreductase activity 4.0 5 15.15152 27 0.781929
9708 G0:0016667 Oxidoreductase activity, acting on a sulfur gra 1.54E-05 5 15.15152 35 1.013611
of donors
20728 G0:0045454|G0:003 Cell redox homeostasis 4.85E-05 5 15.15152 44 244
0503|G0:0045867|G
0:0045868
11673 G0:0019725 Cellular homeostasis 5.42E-05 5 15.15152 45 1.303215
18587 G0:0042592 Homeostatic process 5.42E-05 5 15.151525 1.303215

Down-regulated Functions

3809 G0:0005509 Calcium ion binding 2.99E-04 4 21.0526362 1.79554
19582 G0:0043648 Dicarboxylic acid metabolic process 7.88E-04 2 10.52632 8 0.231683
2965 G0:0004352 Glutamate dehydrogenase activity 55E-0 1 5.263158 1 0.02896
4270 G0:0006103 2-oxoglutarate metabolic process 5.50E-03 1 5.263158 1 0.02896
4273 G0:0006106 Fumarate metabolic process 5.50E-03 1 263558 1 0.02896

p-value represents probability of obtaining thecHm GO accession number from a list of randortities. Less the p-value more significant is the GO
accession number. Count in selection refers tantimber of genes in the selected entity (for examfpten T-test) list which have that particular G&rh.
Percentage count in selection refers to the peagentf genes in the input entity list which havat t8O term. Count in total refers to the numbegeafes in all
Entities which have that GO term. Percentage couttttal refers to the percentage of genes ierities which have that GO term.
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2.4.2 Detection of ROS. Parasites were treated with menadione (10 uM)pathaquinone,
for 3 hours to induce ROS, as these compounds #lesady been reported to induce ROS in
the pathogenGetachew et al., 2012; Alzate et al., 2))Ghd flow cytometric analyses were
performed. The data clearly indicated that miltefesresponsivé.. donovani(BHU-1081)
generated more ROS than miltefosine-unresporisivdonovani(BHU-1155) under similar
menadione treatment. Furthermore, when miltefos#sponsiveL. donovaniwas treated
with miltefosine (25 pM), there was significant R@8neration, which is consistent with
previous studiesMoreira et al., 2011 Interestingly, miltefosine-unresponsiize donovani
did not generate significant ROS after similar tmeant with miltefosine. In all cases where
ROS were generated, pre-treatment with N-acetydayst(NAC), a scavenger of ROS, was

able to remove ROS, ruling out any experimentafact (Figure 2.6).

(=3 =3

2] A MF —Sensitive strain =7 B MF —Insensitive strain
Control —_— Control

g8 NAC-MF 8] NAC-MF

NAC-ME

Counts
Counts

Figure 2.6: Miltefosine-induced and menadione-induced ROS weeasured by 2’, 7’-dichlorofluorescein
diacetate fluorescence, as assayed with flow cytigm@A) Miltefosine-responsivé. donovani
(B) Miltefosine-unresponsive. donovani Control represents. donovanipromastigotes without
any treatment; MF and ME represent miltefosinete@aand menadione-treatéd donovani
promastigotes, respectively. NAC-MF and NAC-ME es@ntL. donovanipromastigotes pre-
treated with NAC before miltefosine and menadiaratiment, respectively. The data shown are
representative of at least three experiments tnag gimilar results.

2.4.3 Apoptosis Detection by Annexin V-FITC and Pl Staining: Apoptotic assays indicated

that miltefosine-responsive. donovaniundergoes apoptosis [increased propidium iodide
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(Pl) and annexin V—fluorescein isothiocyanate (FITDorescence] after menadione (10
pHM) or miltefosine (25uM) treatment. However, NAC pre-treatment before atkone or
miltefosine treatment prevented apoptosis, sugugsticlear link between ROS species and
the apoptotic process. Additionally, when miltefesunresponsive. donovaniwas treated

similarly with menadione or miltefosine, no apojpsosas seen (Figure 2.7).
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Figure 2.7: Flow cytometric analysid.. donovanipromastigotes treated with miltefosine or menaglifor 6 h
were double stained with Pl and annexin V-FITC. relattedL. donovanipromastigotes after
staining with Pl and annexin V-FITC was used agrabnMF and ME represent miltefosine-treated
and menadione-treatéd donovanipromastigotes, respectively. NAC-MF and NAC-ME resent
L. donovani promastigotes pre-treated with NAC before miltefesor menadione treatment,
respectively. The FL1 signal (x-axis) indicates #rmexin V-FITC fluorescence value, and the
FL2 signal (y-axis) represents the Pl fluorescevedee. The data shown are representative of at
least three experiments that gave similar results.
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2.4.4 Alteration in mitochondrial membrane potential: We observed a clear correlation
between mitochondrial membrane damage, apoptosisR&S generation in miltefosine-
responsiveL. donovani more ROS being generated than in miltefosinespuesivel.
donovani After menadione (10uM) or miltefosine (25 uM) treatment, miltefosine-
responsiveL. donovani showed disruption of mitochondrial membrane paténtPre-
treatment with NAC before similar treatment withmadione or miltefosine in miltefosine-
responsive L. donovani prevented disruption of mitochondrial membrane epbaél.
Furthermore, menadione or miltefosine treatmenmiliefosine-unresponsive. donovani

had no effect on mitochondrial membrane potenkejure 2.8).

2.45 Intracellular Ca?* measurement: The increase in cytosolic €aconcentration in
miltefosine-responsive and miltefosine unresponkivdonovanipromastigotes either treated
or untreated with 163 doses of miltefosine or menadione for 6 hourssamvn in Figure 2.9.
As shown, the measured fluorescence intensity @nbi in the miltefosine-responsive cells
pre-treated with 16 doses of miltefosine or menadione increased, atishig the formation
of a larger amount of G&MagFura complex. These data indicate disruption of
mitochondrial membrane potential. Pre-treatmenhWHAC, a scavenger of ROS, before
miltefosine or menadione treatment led to a cyiosBE* concentration similar to that in
controls. Overall, the results suggest that theemse in C& concentration is linked to ROS
accumulation. It is worth mentioning that miltefosiunresponsive. donovanishowed less
ROS accumulation and &arelease than miltefosine-responsite donovanj and no

mitochondrial membrane damage.
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Mito Capture Mito Capture

Phase Contrast Green fluorescence Red fluorescence

MF

|—MF In;ensitive—|
ME

Figure 2.8: Miltefosine and menadione induced apoptosis assured by mitochondrial membrane injuty.
donovanipromastigotes were treated separately with IC5@sla$ miltefosine and menadione for
6 h, and stained with a mitochondria-specific gatalye, MitoCapture (Calbiochem). Untreated
L. donovanipromastigotes were used as controls. MF and MEesept miltefosine-treated and
menadione-treated.. donovani promastigotes, respectively. Control, miltefosireated and
menadione-treated cells were photographed withtati@n wavelengths of ~ 570 nm (red) and ~
500 nm (green), respectively, under a fluorescemogroscope (X60). Normal mitochondrial
membrane potential is indicated by red fluoresceme®l depolarization of the mitochondrial
membrane is indicated by green fluorescence. The sfeown are representative of at least three

experiments that gave similar results.
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Figure 2.9: Increase in cytosolic Gaconcentration in miltefosine responsive and nilsie-unresponsive.
donovanipromastigotes separately treated withyl@se of miltefosine (MF) or menadione (ME)
for 6 h and stained with Fura2AM. Control data cadesL. donovanipromastigotes without any
treatment; NAC data indicate NAC pre-treatment kefmiltefosine or menadione treatment.
Fluorescence was measured with excitation and @miss$ 340 nm and 510 nm, respectively. Data
represent the mean = standard deviation of thréep@ndent experiments. Data WiRhvalues of
<0.05 (*) were considered statistically significant

2.4.6 Redox enzyme assay: Miltefosine-unresponsive. donovanishowed higher superoxide
dismutase (SOD) activity (466 unit mg protdirand ascorbate peroxidase (APX) activity
(2.6 mM mini* mg proteiit) than miltefosine-responsite donovani(400 unit mg protein
and 1.5 mM mift mg proteift, respectively) (Figure 2.10). The increase invstiof redox
enzymes in miltefosine unresponsivedonovaniconfirms that the mechanism of resistance
against miltefosine is multifactorial, and that sgdnetabolism plays an important role. The
data suggest that integrating redox modulators taoventional chemotherapy against

leishmaniasis may be a viable strategy againsefogine-resistandeeishmaniasolates.
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Figure 2.10: Superoxide dismutase and ascorbate peroxidasg: ddftefosine unresponsivé. donovani
showed higher superoxide dismutase and ascorbatxig@se assay activity than miltefosine
responsiveL. donovani Data represents the mean + standard deviatiothret independent
experiments. Data witR values of <0.05 (*) were considered statisticallynificant.

2.5 Conclusion

Several studies on miltefosine-unresponsiveishmania have been performedPérez-
Victoria et al., 2006; Seifert et al., 2007; Rakoi@nga et al., 2005 All studies support a
role of fatty acid and steroid metabolism, as ve&slrole of mutations in the miltefosine
transportelL,dMT. Although there has been a substantial incréaseir knowledge relating
to miltefosine resistance lreishmaniathere is still much that is not understood. Tole of
ROS in killing Leishmaniaparasites is well documenteddrta et al., 2012; Shukla et al.,
2011; Shukla et al., 20)2For the first time, we report experimental ddtat explain the
relationship between parasite defence against iveacixygen species anteishmania
resistance to miltefosine. Our microarray data ssgghat the metabolism of miltefosine-
unresponsivel eishmaniais better at resisting oxidative stress. The leocical studies
reported in the present article conclusively shtives miltefosine-responsiveeishmaniaand

miltefosine-unresponsiveeishmaniapromastigotes have different abilities to resestative

56

TH-1401_10610621



CHAPTER Il

oxygen species. Our data indicate that miltefosinesponsivd_eishmaniaaccumulates a
lower number of reactive oxygen species under ¢mmdi that are sufficient to cause
reactive oxygen species-induced mitochondrial mamdrpotential damage and apoptotic
death of miltefosine responsivieeishmania Additionally, we found higher superoxide
dismutase and ascorbate peroxidase activity in efodine-unresponsive.eishmania
Superoxide dismutase is a vital enzyme that deesxiuperoxide to hydrogen peroxide,
H>0, (less toxic than superoxide) and oxygen, and astemperoxidase scavengegbiand
converts it into water. Superoxide dismutase arubréste peroxidase protect the parasite
from oxidative stress and subsequent damage. Theralirect correlation between reactive
oxygen species and mitochondrial damage and changéochondrial membrane potential.
The results conclusively show that miltefosine-gpansivelLeishmaniahas an improved
ability to resist reactive oxygen species. Miltéfes and many other drugs against
Leishmaniacause redox imbalance in the parasite. The widsegd antimony-based drugs
have also been reported to act via important engymeolved in redox homeostasis
(Baiocco et al., 2009 The mechanism of miltefosine resistancel@ishmaniamediated
through the redox system seems to be an adaptarggehin the parasites resulting from the

indiscriminate use of drugs.

Miltefosine and many other drugs agaibhsishmaniacause redox imbalance in the
parasite. The widely used antimony-based drugs Beeebeen reported to act via important
enzymes involved in redox homeostasBaipcco et al., 2009 The mechanism of
miltefosine resistance iheishmaniamediated through the redox system seems to be an

adaptive change in the parasites resulting from théiscriminate use of drugs.
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CHAPTER Il

Ornithine decarboxylase ofLeishmania donovani: Biochemical
properties and possible role of N-terminal extensin*

3.1 Abstract

Leishmaniasis is a wide spread tropical diseassechlby protozoan parasiteishmania
which belongs to order kinetoplastida and famijypémosomatidae. Ornithine decarboxylase
is a key enzyme in polyamine biosynthesis Lieishmania donovaniHere, we report
biochemical characterization of ornithine decarbdasg fromL. donovani Furthermore, we
have also investigated the role of N-terminal esi@m (250 amino acids) found in ornithine
decarboxylase of.. donovani (LODC). The removal of N-terminal extended region of
LdODC results in improved stability of the proteirowver, the truncateddODC does not
show any activity. Apparently, while N-terminal ertled region oEdODC helps in proper
folding of the protein for catalytic activity, theers a stability trade-off. The native full length
LdODC with N-terminal extension has activity but lovatability. Thus, there is trade off of
conformational stability for enzyme activity. Connigan of biochemical properties of both,
full-length and truncated enzymes, have providedrasting insights about the role of N-

terminal extension in the protein.

Keywords: Ornithine decarboxylase; Leishmaniasis; N-termedénsion

* Part of the work is published in Protein and Rigptetters2015 22: 130-136
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3.2 Introduction

Ornithine decarboxylasé. dODC) is an important enzyme of redox metabolisncatalyzes
the decarboxylation of ornithine to putrescine wiltle help of a co-factor pyridoxal 5'-
phosphateKrauth-Siegel et al., 2008Each monomer of the enzyme has two domaifts;
barrel domains anfl-sandwich domainStuart et al., 2008; Almrud et al., 2000; Kidron et
al., 2007%.

LdODC (EC 4.1.1.17) is reported to be indispensatmestirvival ofL. donovani the
causative organism of visceral leishmaniasis, @versl other organism8gitz et al., 2009;
Jiang et al., 1999 However, in some bacteria, plants and invertelsraalternate pathways
of putrescine biosynthesis have been reporReg(nathan et al., 20D0In our previous
studies, we have found thiat donovaniis very sensitive to imbalance in redox metabolism
(Shukla et al., 2011; Saudagar et al., 2R12s LdODC is vital for survival of parasite, we
are trying to explore it as a possible drug tafgetitz et al., 2009; Jiang et al., 199970
complete its life cycleLeishmaniais exposed to diverse environmental conditions @her
parasite resides ranging from warm blooded acidacrophage to alkaline midgut of cold
blooded sand flies. Considering these various itiond in the life cycle of parasite, any

drug target enzyme needs to be well characterized.

From the multiple sequence alignmesgult, LdAODC showed a weak PEST
sequence (SEEEGETSLSGP) near C-terminus (FigujgRBahson et al., 1992 The PEST
sequences are signal sequences which contain @ragliatamic acid, serine and threonine
and make the associated protein susceptible t@dation Rogers et al., 1986; Ghoda et al.,
1990. Due to weak PEST sequencelidODC, the protein is at low risk of degradation.
Human ODC contains two PEST sequences spanning288¥833 and 423-449, making it
susceptible to degradation with a short half-lifarfori et al., 1995Svensson et al., 1997
It has been reported thielODC shares a unique characteristic with ~ 250 aragid long N-
terminal extension shown in figure 3Hgnson et al., 1992 As human ODC without this N-
terminal extension remains active and natively édldrole of this N-terminal extension in

Leishmania donovanemains unclear. A prior report about cloning atrdctural studies of
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full length LAODC in PET-30 Xa/LIC vector is publisheByfe et al., 200) In the earlier
publication, a different expression host and ass&yhod was usedD(fe et al., 200y
However, not much information about biochemical pemties like pH and temperature
optima as well as role of N-terminal extension \gag&n in the publication. Here, we report
the cloning, expression and purification of fulh¢gh LdODC as well as truncateadlODC in
pET-28a(+) vector. More interestingly, we have adgplored the biochemical properties and

possible role of N-terminal extensionsLafODC.

250 amimo acid
SE

707 amino acids

Figure 3.1: Leishmaniadonovaniornithine decarboxylase has extra N-terminal esitBncontaining 250 amino
acids compared to human ornithine decarboxylasethAt C-terminal, there is a weak PEST
sequence.

3.3 Materials required and Methods

3.3.1 Materials: Gene specific primers &fdODC, PCR clean up kits and Gel extraction kits
were purchased from Qiagen, USA. T4 DNA ligablael andXhal were procured form
New England Biolabs, USA. Plasmid isolation kit, BM, PEG, Kanamycin, IsopropgdD-
thiogalactopyranoside (IPTG), Tris-HCI, Dithiotiit¢DTT), Ethylenediamine-tetra acetic
acid (EDTA), Phenylmethane sulphonyl fluride (PMSB-mercapto ethanol, Sodium
dodecyl sulphate (SDS), Lysozyme and Pyridoxalsphate (PLP) were purchased from
Sigma-Aldrich, USA. All other chemicals used in #eriments were of the highest grade
procured from Sigma-Aldrich, USA and Merck, USIAdODC gene in pSNBR vector was
gifted by Dr. S.C. Robert, School of Pharmacy atifitaUniversity, USA. The details of

PSNBR vector are already publishetlagg et al., 1999; Hanson et al., 1992dODC
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cloned in pSNBR vector was used as sources foriaoapion of full-length LdAODC and
truncatedLdODC (T-LdODC) genes. The amplified gene was further clomepgET-28a(+)

vector for expression i&.coli.

3.3.2 Cloning of both full length and truncated ornithine decarboxylase in pET-28a(+)
vector: LdODC gene in pSNBR vector was used as a templatdéoamplification of full-
length LAODC and truncated dODC (T-LdODC) gene. The coding region of full length
LdODC was amplified by polymerase chain reaction (PG$tng the: forward primer (5'-
GATCGCTAGCATGGGTGATCATGACGT-3) and reverse primer (5'-
GGAATTCTCGAGTCACTCGCTCACACACCT-3) containing resttion sites forNhd
and Xhd respectively. For T-dODC, PCR amplification was done using: forward mim
(5-GATCGCTAGCGAGGATCCATTCTACATCATCG-3) and revees primer (5'-
GGAATTCTCGAGTCACTCGCTCACACACCT-3), also containingestriction sites for
Nhd and Xhd, respectively. The conditions used for PCR weee fallows: initial
denaturation 9% for 5 min, 35 cycles of denaturation at@%or 30 s, annealing at &5 for
40 s, extension at A2 for 2 min and final extension at T2for 10 min. The purified PCR
fragments were digested withd and Xhd restriction endonucleases and cloned into the
Nhd and Xhd sites of the pET-28a(+) vectors which had beegested with the same
enzymes, generating fusion expression vectors p&Ld®DC and pET28a-T.dODC. The
resultant plasmids (expression constructs) wenestoamed intoE.coli DH50 competent
cells by heat shock method to increase the copybeuraf plasmid. Transformed colonies
were identified by PCR amplification using gene csfoe primer and double digestion of
plasmid by restriction endonucleasdh@ and Xhd) and by sequencing (Figure 3.4). Detalil
information ofLdAODC and TEdODC is given in Table 3.1.

Table 3.1:Detail information aboutdODC and TEdODC

Full length Truncated
ODC ODC
Isoelectric point 5.49 4.95
DNA size 2121 bp 1371 bp
No. of amino acids 707 457
Molecular weight 77.4 kDa 50.2 kDa
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3.3.3 Sequence Analysis. Ornithine decarboxylase of various species wagexetd from the
NCBI database. Blast hits were aligned using CLUBTA and alignments were drawn
using ESpript 3.0. Results of sequence alignmeatvsh weak PEST sequences near C-
terminus amino acid 583 to 626 (Figure 3.3).

3.34 Expression and purification of both full length and truncated ornithine
decarboxylase in E.coli BL21 (DE3): Confirmed pET284-dODC and pET28a-T-dODC
constructs were further transformed into the BLPES) E.coli expression cells by heat
shock method. Single colony of BL21(DE3) expressiells harboring expression construct
pET28atdODC and pET28a-T-dODC, were inoculated into 4 ml Luria Bertani (LBetha
supplemented with kanamycin (50pg/ml) and grown3&C, 180 rpm overnight. The
overnight grown culture was then diluted to 1:10@hwLB media containing 50ug/ml
kanamycin and grown at 37, 180 rpm until the ORoreached at 0.45-0.5. The bacterial
cells were induced with 0.5 mM IPTG and growth wastinued at 1&, 140 rpm for 6 h.
The induced culture was harvested by centrifugaion500 rpm for 5 min at @ and stored
at -80C till purification. The cell pellet was re-suspendinto ice-chilled 8ml lysis buffer
(50 mM Tris-HCI pH 7.5, 250 mM NacCl, 2.5% glycerblysozyme 0.7 mg/ml, and 0.2 mM
PMSF) and subjected to sonication on ice with agof 5 s on and 9 s off for 6 miD\fe et
al., 2007; Preeti et al., 2032The obtained cell lysate was centrifuged at Q@ ,Gpm for 20
min at 4C and supernatant was collected. The supernakaained was applied to Nickel-
affinity column pre-equilibrated with 5 column vohes of 50 mM Tris-HCI, 250 mM NacCl
and 10 mM imidazole pH 7.5. Then column was washki#ld same buffer to remove non-
specifically bound contaminants. Finally, boundtpno was eluted in same buffer containing
250mM imidazole and dialyzed against 20 mM sodiumegphate, 250 mM NacCl, 2.5%
glycerol, pH 7.5 to remove imidazole. During praces optimization, 250 mM NaCl was
found to be essential for keeping protein in soluti Eluted fractions were analyzed on SDS-
PAGE.

335 Activity assay of ornithine decarboxylases Activity of ODC was

spectrophotometrically determined by a method desdrearlier Badolo et al., 1999 This
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method was used earlier for ODC of other organisinfdr the first time we have used this
method in case dfeishmaniaODC. Our current method is based on the readigiween
SAO (soyabean amine oxidase) and putrescine, tbdupt of ornithine decarboxylase
catalyzed reaction (Figure 3.2). Crude soyabeamarmixidase enzyme was used from
soyabean plant. Equal amount of plant used to hilerdual volume of buffer. Plant section
used is whole seedling excluding seed (young plaised from seven day long germinated
soyabean seed). The plantlets were mechanizeceiohidled 50 mM Tris-HCI buffer, pH
8.0, centrifuged at 12,000 rpm for 15 min and tlsepernatant was used as crude SOA
enzyme in the reaction. The buffer of purified Op@tein was exchanged with 20 mM
sodium phosphate, 250 mM NaCl and 0.2 mM DTT buff#d 7.5). The reaction mixture
contained 0.1 mM EDTA, 0.1 mM PLP, 1 mM of L-ornite and 10 pl (3 pg) of protein to
which 20mM sodium phosphate and 250 mM NaCl bufét 7.5) was added to make the
final volume to 50 pL. The reaction mixture wastibated at 3T for 90 minutes. Further,
with the above reaction 25 ul of SAO, 100 pg/mimpklel100 pg/ml 4-aminoantipyrine and
18 pl horseradish peroxidase was added making Violaime to 250 pl by adding 50 mM
Tris-HCI, 250 mM NaCl pH 7.5. The reaction was ibated at 25C for 60 min. The
concentration of putrescine formed bhyODC catalysis was calculated by measuring the
absorbance of the coloured complex (505 nm) forased result of the reaction op® with
4-aminoantipyrine and phenol catalyzed by horsehagheroxidase. For negative control,
purified protein or substrate was replaced withfduin the LdAODC enzyme reaction

mixture.

3.3.6 Estimation of pH and temperature optima of LdODC: Estimation of temperature
optima of LAODC was done in presence of different buffers ofrphige (01 to 12) namely
50 mM KCI-HCI (pH-1.0-1.5), 50 mM glycine-HCI (pHA2-3.5), 50 mM sodium acetate (pH
4.0-5.5), 50 mM sodium phosphate buffer (pH 6.0;759 mM Tris-HCI (pH 8.0-10.5), 50
mM NaHCG-NaOH (pH-11) and 50 mM KCI-NaOH (pH-12%4udagar et al., 2011; Singh
et al., 201}). The substrate was also prepared in the respedsatiffers and incubated with the
enzyme (1 mg) at room temperature (25°C) for enzynassay. At each pH, a control assay

was carried out without the enzyme and was usedodeank.
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H,N(CH,) ;CH(COOH)NH,
ORNITHINE
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Figure 3.2: Schematic diagram of ornithine decarboylase activity assay:Ornithine decarboxylase (ODC)
converts ornithine to putrescine. Putrescine canbet spectrophotometrically determined.
Therefore, this reaction is coupled with soyabeaaima oxidase (SAO), which converts putrescine
into hydrogen peroxide and 4-aminobutryaldehyde his Treaction is further coupled with
horseradish peroxidase (HRP) enzyme and to thigtiomaphenol and 4-aminoantipyrin is also
added. HRP oxidises phenol and 4-aminoantipyrinpiesence of kD, and give rise to
antipyrlquinoneimine which is spectrophotometrigaletermined at 505 nm.

Similarly activity assay fotdODC was carried out at different temperatures, irapfrom
10 to 100 °C. Prior to the assays, substrate solutvas also equilibrated at the
corresponding temperature in the same buffer. ashetemperature, a control assay was

carried out without the enzyme and was used aar«kbl

3.3.7 Spectroscopic measurements. Circular dichroism (CD) measurement in far UV range
was performed using Jasco J715 spectropolarimgtepged with constant temperature cell

holder. Circular dichroism spectra was collectethmrange of 190 to 250 nm using a quartz
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cuvette of 1 mm path length and scan speed of 2ehinmFinal protein of UM was in 10
mM sodium phosphate buffer pH 7Shukla et al., 2001

Fluorescence  measurements were taken using VarialuoreBcence
Spectrofluorometer. The sample was excited at 28%umd emission scan was collected from
300 nm to 400 nm. Slit widths for both excitatiomdaemission were kept at 5 nm. Final
protein concentration for fluorescence measuremgassluM in 20 mM sodium phosphate
buffer pH 7.5. GuHCI (6 M) was used as a denatuiiggnt. Samples were incubated

overnight with denaturant before taking spectra.

3.3.8 Guanidine hydrochloride (GuHCI) induced unfolding: GuHCI induced denaturation
was performed at neutral pH (20 mM phosphate bufiét 7.5) with increasing
concentrations of GuHCI. Protein sample (Y1) was incubated at a desired denaturant
concentration for overnight at 25 to attain equilibrium. Unfolding of the proteinas
measured by fluorescence spectroscopy. Data wasexted into fraction unfolded,fkising

the following equation:

F= (Fob§Fn) / (Fu'Fn)

where, kps is the observed value of the signal concentrabb®@uHCI, F, and F are the
values of native and unfolded protein respectiyKlyan et al., 2007; Jana et al., 2006
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3.4 Results and discussion

3.4.1 Sequence Analysis: Multiple sequence alignment of ornithine decarbasgl was done
ClustalW and shown (Figure 3.3) using ESPript (Wegppript.ibcp.fr/ESPript/ESPript/) .
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Figure 3.3: Multiple sequence alignment of ornithine decarbazgl (ODC) of different organismhdODC:

TH-1401_10610621

Leishmania donovani ODC (AAA29259.1), LiODC: Leishmania infantum ODC
(XP_003392267.1)HsODC: Homo sapienODC (NP_002530.1)MsODC: Mus musculuDC
(NP_038642.2)GgODC: Gallus gallusODC (NP_001161238.1090DC: Oryza sativaODC
(NP_001063827.2). Weak PES&quence ihdODC is shown by an arrow.
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We found that N-terminal extension is missingHomo sapienghuman),Mus musculus
(house mouse)allus gallus(Red junglefowl),Oryza sativa(rice). Extra sequence at N-

terminal (approx. 250 amino acids) present.idonovani and L. infantum

3.4.2 Cloning of both full length and truncated ornithine decarboxylase in pET-28a(+)
vector: A putativeL. donovaniODC gene predicted to encode a protein of 707 amindsaci
was amplified from ODC containing pSNBR vector (ig 3.4). The authenticity of the
gene was initially confirmed by doing PCR of ODtaning pSNBR vector showing an
intense band size of 2121 bps (Figure 3.4A). AngadiLtdODC gene was then cloned into
pET28a(+) vector isolated froi.coli (Figure 3.4B).

3kb
2 kb

1Kb

10Kb

5Kh
3kb 3Kb

2Kb 2Kb

1kb 1Kb

Figure 3.4: Cloning of LAODC (A) M: 1 kb ladder, Lane 1: PCR amplification bdlODC gene(B) Lane 1:
PCR amplification ofLdODC, M: 1 kb DNA ladder, Lane 2: plasmid isolatioh pET28a(+)
vector,(C) M: 1kb DNA ladder, Lane 1: confirmation of positiceone by double digestiomNbel
andXhal) of recombinant vector pET28alODC, showing release dfdODC gene fragmen{D)
M: 1kb DNA ladder, Lane 1: PCR product ofLlBODC, (E) Lanel: TLdODC in TA vector, M: 1
kb DNA ladder, Lane 2: plasmid isolation of pET28gayector,(F) M: 1 kb DNA ladder, Lane 1:
showing release of insert after double digestiorNid/Xhd of recombinant vector pET28a-T-
LdODC.
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Positive clones were screened by doing PCR whiolwet band at the same size (2121 bp),
and the clone was further confirmed by restrictidgestion withNhd and Xha restriction
enzyme, which cuts the vector pET28alHDC and releases back the insert, i.e. products
of ~2.1 kbp and ~6.3 kbp fragments (Figure 3.4@il8rly, amplification of TLdODC of
size 1371 bp has been done using ODC containingBpSiector (Figure 3.4D). Double
digestion of positive clone for TdODC showed release of insert (Figure 3.4F). Fin@ally

individual sequencing results confirmedODC and TEdODC clones.

34.3 Expression and purification of both full length and truncated ornithine
decarboxylase in E.coli BL21 (DE3): Both recombinant constructs were transformed into
BL21 (DE3) E.coli expression cells separately. In order to optimize éxpression of
recombinant proteins, the transformed culture wasvg at different temperatures ranging
from 18 °C to 25 °C, but most of the recombinardgt@in was found in pellet. Very small
amount of protein was found in soluble fractiontemE.coli cells lysis and centrifugation.
We have grown culture in large volume in order &b imore protein. The soluble fraction of
LdODC or T-LdODC was purified with typical yield of ~1 mg/Blthough, the yield was
less, the amount was sufficient for biochemicatigs. The purity of the protein was judged
using SDS-PAGE (Figure 3.5)he purified protein was used for studies withi@ tveeks.

The protein loses its activity after prolong st@ag

3.4.4 Biochemical characterization of ornithine decarboxylase: The activity assay method
is a coupled enzyme reaction, since we cannot tirestimate formation of putrescine,
therefore we have employed putrescine standardec(figure 3.6A). From this standard
curve, amount of putrescine formed in presence iffiérdnt concentrations of ornithine
(substrate of first coupled reaction) was estimdtgaorrelating the absorbance value. We
considered this value as v after dividing it by(8flal reaction time is 90 min) and graph was
plotted. Kinetic parameters lik€,, and Vinax of purified LAODC were estimated by Line-
weaver Burk plot (Figure 3.6BK, value ofLdODC for ornithine (substrate) was calculated
to be 0418 £+ 005 mMM and Vmax was 10.71  pmoles/min.
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Figure 3.5: SDS-PAGE image of purification of both full lengihd truncated ornithine decarboxylase. Lane 1:
protein molecular weight marker, lane 2: purifiedldODC, lane 3: purified.dODC.
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Figure 3.6: (A) Putrescine standard curv@) Line-weaver Burk plot oL.dODC enzyme assay in varying
concentrations of ornithine as a substrate. Caledld,, is 0.409 mM and/,. is 10.71 pmoles
per min per mg protein.
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3.4.5 pH and temperature optima of LAODC: A mixed buffer system was used to determine
the optimum pH range fdtdODC (Figure 3.7A). The enzyme remains active inrgHge
from 6-10, but optimum activity is found at pH 7Activity assay was performed at different
temperatures fdcdODC. It has an optimum activity at 37 °C, but rensain active form in a

range of 10 to 50 °C. The activity gradually desemaalong with increase in above optimum
temperature (Figure 3.7B).

120 120
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Figure 3.7: Enzymatic properties of ornithine decarboxylg#9. pH optima for LAODC: activity assay was
carried out in different buffer systems having eliéint pH, and optimum pH is found to be 76),
Temperature optima fdrdODC: activity assay carried out in different terrgdare, and optimum
temperature is 37°C.

3.4.6 Spectroscopic studies of both full length and truncated ornithine decarboxylase:
Secondary structure of the two forms of enzyme staslied by fluorescence spectra in
native and 6 M GuHCI containing buffer. The datggasts a change in the tryptophan
environment of TedODC as evident from large decrease in fluorescerteasity and minor
change in wavelength maxima (Figure 3.8A). Theatleed proteinsLODC and T-
LdODC) showed large red shift in wavelength maximggssting exposure of tryptophan.

Moreover TLAODC showed more ordered secondary structure asmvithm increasing far
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UV CD ellipticity (Figure 3.8B). Overall, the datuggested that there was a structural

change after truncation of N-terminal extensioh@®DC.

70
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Fluorescence Intensity (i (A.U.)

300 320 340 360 380 400 190 200 210 220 230 240
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Figure 3.8: Spectroscopic properties bODC (A) Fluorescence spectra in 50 mM phosphate buffe(B)4
Far UV CD spectra in 50 mM phosphate buffer Spkctra denoted by, 2, 3 and 4 in the figure
represents data for full lengtldODC, N-terminal extension truncatedODC, lengthLdODC in 6
M GuHCI and N-terminal extension0dODC in 6 M GuHCI, respectively.

3.4.7 Guanidine hydrochloride induced unfolding and stability comparison of full length
and truncated ornithine decarboxylase: Analysis of guanidium hydrochloride (GuHCI)
induced denaturation curves provides a measureh®fcbnformational stability of the
proteins. The data is plotted in terms of fractimfiolded for stability comparison @dODC
and TLAODC (Figure 3.9). The TdODC shows transition midpoint of 2.3 M whilelODC
has transition midpoint of 1.8 M. The data cledriglicates that the TdODC has higher
stability compared toLdODC. The protein appears to have a balance betveen
characteristics, i.e. stability and activity. Whilemoval of N-terminal extension leads to
significant increase in the stability of the enzynaetivity of the enzyme is lost after
truncation. In order to folddODC in an active conformation, N-terminal extensign
required at the cost of stability. This is an dbece example of enzyme trading stability for

function.
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1.2

Fraction Unfolded
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Figure 3.9: GUHCI induced equilibrium unfolding of @) LdODC and () T-LdODC. GuHCI induced
unfolding was carried out at pH 7.0he unfolding transitions were followed by tryptaph
fluorescence wavelength maxima after excitatior2@® nm. The data is plotted in terms of
fraction unfolded for stability comparison €lODC and TEdODC. The data presented is an
average of three independent experiments.

3.5 Conclusion

Ornithine decarboxylase is a drug target enzymeetgshmania donovaniAs a drug target,
the enzyme needs to be well characterized forpghrpose we have cloned and expressed
LdODC and TLdODC. Moreover, as the parasite resides in diveosalitions like acidic
condition of macrophage cells of warm blooded maferaad alkaline midgut of sand fly,
hence a detailed characterization of the enzynaatiwity in various conditions was carried
out. TLdODC (LdODC without N-terminal extension) did not show armzymatic activity
suggesting the importance of N-terminal extension dither enzyme activity or proper
folding leading to inactive enzyme. As active hunoanithine decarboxylase does not have
N-terminal extension, it is speculated that theeNrinal extension is necessary for proper
folding of LAODC. The spectroscopic characterization suggestrettural changes after
removal of N-terminal extension. The stability dmderization ofLdODC and TbdODC
showed that the TdODC had higher stability. Taken together, the tsspbint out towards
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folding/activity and stability trade off. The N-tamal extension o£LdODC helps in folding
of the enzyme in active conformation at the cosadifvity. In the experimental condition,
when N-terminal extension ildODC is removed (T-dODC), the enzyme is more stable but

cannot fold to its native conformation.
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CHAPTER IV

Inhibition of ornithine decarboxylase ofleishmania donovani shows
inhibitor specific effect: Mystery remains unsolved*

4.1 Abstract

Ornithine decarboxylasd. ¢ODC), a key enzyme in polyamine biosynthesit @shmania
donovani,catalyzes conversion of ornithine to putresciné ihdinally used for synthesis of
other polyaminesinhibition of ornithine decarboxylase is likely weplete the parasite
trypanothione and may result in increased readiygen species (ROS). Sequence as well
as structure of£.dODC and human ODC shows significant differencesretfore we have
identified novel specific inhibitors ofLdODC. These inhibitors are able to inhibit
recombinantLdODC and decrease intracellular putrescine condsmrashowing target
specificity. The Ki values of LdODC inhibition do not correlate with kg values in
Leishmaniapromastigote. These inhibitors, except compoun8, Mave only minor effect
on Leishmaniapromastigotes and kgvalues are several fold higher compareitwalues.

In case of compound M-5, igvalue is less thaKi value (the compound may target/affect
other molecules also). Our studies suggest thgpdhesite resists thekdODC inhibitors by

over-expression of spermidine synthase.

Keywords: Leishmaniasis; Putrescine; Inhibitors; Ornithineat®oxylase.

* Part of the work is communicated for publication
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4.2 Introduction

Leishmaniasis is an existing neglected tropicakakge, caused by over twenty different
species ot eishmaniaparasiteLeishmaniais a digenetic parasite which is transmitted from
one host to other by the bite of female sandfly amhifests several clinical forms like
visceral, cutaneous and mucocutaneous leishman(&sizdoni et al. 2008 Visceral
leishmaniasis, caused hgishmania donovann Indian subcontinents the most severe and
fatal form of the diseaseShukla et al. 2010 The currently available treatments of the

disease have severe limitations.

Polyamines play important role in the cellular hostasis of most of the living
organisms, including.eishmaniaparasite Coleman et al. 2004; Krauth-Siegel and Comini
2008. Ornithine decarboxylase catalyzes the conversibnornithine to putrescine, a
precursor of other polyamines like trypanothionekeg redox metabolite in the parasite.
Imbalance in the redox metabolism causes increaseactive oxygen species (ROS). Our
previous studies have shown the parasite to bdyhsgimsitive to increase ROSqudagar et
al. 2013; Shukla et al. 2011; Saudagar et al. 20Bhukla et al. 2002 Ornithine
decarboxylaseL{dODC) of Leishmania donovaris reported to be essential for the parasite
survival and infectivity. The study shows that trdODC knockout strain was incapable of
growing in polyamine-deficient mediundiéng et al. 1999; Boitz et al. 200Moreover, the
auxotrophy could be overcome by putrescine suppiéaien. Further, Dla-
difluoromethylornithine (DFMO), a non specific ifiior of ornithine decarboxylase, is able
to kill Leishmaniapromastigote Coons et al., 1990 DFMO resistant strain dfeishmania
survives in presence of DFMO, by a complex andigdgrtdeciphered mechanism involving
many proteins @oons et al., 1990; Singh et al., 2014Some other inhibitors didODC
have shown anti-leishmanial effectdagzra et al. 2013; Singh et al., 2014The current
report shows a very different cellular effectlafODC inhibition onLeishmaniaparasite.
The parasite is able to survive the newly iderdifiehibitors by over-expressing spermidine

synthase. It remains unclear, why parasite hagitohispecific effect o£dODC inhibition.
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4.3 Materials and Methods

431 Parasites;, cel lines and chemicalss The Leishmania  donovani
(MHOM/IN/2010/BHU1081) was obtained from Prof. ShyaSundar, Banaras Hindu
University, India and cultivated in M199 liquid madsupplemented with 15% heat-
inactivated fetal bovine serum (FBS), 100 U'rplenicillin and 100 pg rifl streptomycin.
The procedure is optimized and working in our labory Saudagar et al. 203Fhukla et
al. 2011 Saudagar et al. 201 Shukla et al. 2012

H.DCFDA dye was obtained from Invitrogen. IsoprojyD-thiogalactopyranoside
(IPTG), Tris-HCI, dithiotritol (DTT), ethylenediame-tetra acetic acid (EDTA),
phenylmethane sulfonyl fluoride (PMSF), Lysozynpgridoxal-phosphate (PLP), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode (MTT), 5,5'-dithiobis-(2-nitrobenzoic
acid (DTNB) were obtained from Sigma. All other ohieals used in the experiments were

of the highest grade procured from Sigma-AldriciMarck.

4.3.2 In silico identification of potential inhibitors for LAODC: In our earlier report, we
have doneén silico dockingstudies withLdODC using a total of 35,889 compounds retrieved
from ZINC database, which has 54,665 differentestasomers Chakraborty et al. 2013
The modelled structure dfdODC (PMBD ID: PM0077509) was used for the studies
(Chakraborty et al. 2003 Since, few top hits ah silico predicted compounds did not show
experimental inhibition on recombinandODC, top 100 hits of our previous docking studies
were taken for further refinement using 100 LGAsga_run 100), population size of 150
(ga_pop_size, 150) and number of energy evaluawdrisz5000 (ga_num_evals, 175000).
All other docking parameters and procedure werd aseeported earlieChakraborty et al.
2013. Docking simulation were performed using bathdonovani(LdODC) and human
ornithine decarboxylase. The compounds showing afstity towardsLdODC and least
affinity towards human ornithine decarboxylase whesen as top hits with idea to identify
inhibitor with higher preference fotdODC. The crystal structure of human ODC was
retrieved from PDB (PDB ID: 2000). The ligands wesosted according to descending order

of difference in free energy of bindinge the compound showing highest difference in free
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energy of binding would be the topmost hit. Furtrescond criteria to choose best among
them would be based on number of confirmationsangdst cluster. Considering both the
factors, compounds having highest difference ie faergy of binding and highest number
of confirmations in largest cluster would be plaegédhe top. Among them top seven were
selected based on commercial availability. Simylarnangiferin was also docked and
analyzed. All selected compounds for biochemicadlists based om silico predictions are

given in Table 4.1

4.3.3 Inhibition study of Leishmania donovani ornithine decarboxylase (LdODC): Dr.
Robert, Pacific University School of Pharmacy hasatedLdODC gene in pSNBR vector
for the current work. The details of the vectothMidODC gene is already published
(Hanson et al. 1992 The plasmid was used as a template for ampifiidODC gene and
cloned into pET-28a (+) vector. After confirmatiofin-frame insertion o£dODC gene,
the vector was transformed into BL21 (DE3) exp@ssiells. His-tagged ODC was purified
using nickel affinity chromatography. Details obeing, expression and purification of the
enzyme used for the study are already publisPed €t al. 2015, Hazra et al. 2018dODC
activity assay was performed using method describadier, but first time used for
Leishmaniaprotein Badolo et al. 1999 The LdODC was assayed for experimental
inhibition with in silico identified hits. For inhibition studies, inhibi®were incubated with
LdODC enzyme reaction assay mixture before couplregreaction. Control experiments
were done to confirm no effect of inhibitors on abgan amine oxidase used for coupled
enzyme assay. THedODC inhibition studies were carried out using a@f\&n concentration
of inhibitor and varying concentration of substrafe control experiment without any
inhibitor was done for comparison and calculatidrenzymatic parameters. The data is
plotted in the form of Lineweaver-Burk plots to ckehe mode of inhibition anHi value
calculation.

4.3.4 Antileishmanial effect of compounds. Antileishmanial effect of successful inhibitors
were investigated by MTT [3-(4,5-dimethylthiazolyB-2,5-diphenyltetrazolium bromide]

assay as described earlibtssman 1983; Saudagar et al. 2DIBromastigote cells 1 x 40
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cells were allowed to grow for 24 hours in preserufedifferent concentrations of
compounds. Cells were centrifuged and then afteoveng media, MTT (0.5 mg/ml) was
added and incubated for 4 hours. Again centrifuge done and DMSO added. Reading was
taken at 570 nm. Amphotericin B (1 uM), a standartlleishmanial compound, was used as
positive control. The reading of positive controasvsubtracted from experimental data

values at different concentrations of test compsund

4.3.5 Estimation of Polyamine level by HPLC: Polyamines (putrescine, spermidine) levels
of L. donovanipromastigotes were measured using HPLC as dedagitndier Porta et. al.,
1981; Enomoto et. al., 2006; Singh et. al., 2016 vivo polyamine concentrations were
assessed after 46 dose of M-2 and M-5 treatment. Briefly, 1 ml dfeishmania
promastigotes (2.5 x2@ells mi*) was treated with M-2 and M-5 for 24 h. Equal nemsbof
untreated and treated promastigotes (1 % ddlis) were used to compare the polyamine
pools. Promastigotes were washed with PBS andifteged to collect cells. Subsequently,
promastigotes were lysed in 40 ul phosphate baffielk polyamine levels were estimated. In
brief, lysed promastigotes (40 ul) were used tavdére polyamines by adding 120 ul of 75
mM dansyl chloride and 40 ul of saturated sodiumb@aate, bringing the final volume of
the derivatized lysates to 200 pul. Therefore, thlgamine levels represent the concentrations
in cell lysates of 1 x T0OLeishmaniapromastigotes diluted to 200 ul in the process of
derivatization.In vivo polyamine concentrations of untreated and treatech@stigotes were

compared.

4.3.6 Expression level estimation of Spermidine synthase: Leishmaniapromastigote (1
ml) cells of density 1X10cells mi* were taken and treated withsi@lose of compounds for
24 hours. Washed with PBS for two times and theNmRvas isolated and stored at -80°C
till used, equal amount of MRNA was used and cdedeinto cDNA using reverse
transcriptase. Real time PCR was performed usingliégh Biosystem 7500 software-
tubulin was used for normalization of real-time PCR expogssesults. Comparative Ct
(AACt) method was considered for analysis of relageae expression leveliyak et. al.,

2009).
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4.3.7 Estimation of decreasein thelevel of thiol by DTNB: Inhibition of LAODC may lead
to decrease in reduced thiol level which is meabkbgemicrotiter plate assay using DTNB as
explained earlier§hukla et al. 2011, Shukla et al. 2D12 brief, promastigote culture (1ml)
with cell density of 6 x 1Dcells mI* was treated withKi value of successful inhibitor of
LdODC for different time intervals. Cells were cefutged (1,000 x g for 5 min at 4°C) for
harvesting. Cell pellet was dissolved in 20 mM GigeHCI buffer pH 2.5, sonicated for 10
min and centrifuged. Supernatant (100 pL) was takemicrotitre plate and 100 pL of 500
mM phosphate buffer pH 7.5 and 20 pL of DTNB (1mM#as added to each well.
Absorbance at 412 nm was measured.

4.3.8 Measurement of reactive oxygen species in Leishmania promastigotes: Intracellular
ROS levels were measured in presence of successfiditors of LdAODC using CM-
H,DCFDA (5-(and -6)-chloromethyl-2, 7-dichlorodihydfloorescein diacetate acetyl ester)
dye as explained earlieBgudagar et al. 2013; Shukla et al. 2011; Saudasgaal. 2011,
Shukla et al. 2012 In brief, Leishmaniacells were treated with kg value that is several
folds higher tharKi value of LAODC inhibitors for different time intervals. Subseqtly,
Leishmaniacells were centrifuged, washed and re-suspenddd imM Phosphate Buffer
Saline pH 7.4. These cells were incubated withhnWOCM-H,DCFDA probe in dark for 45
mins. Reactive oxygen species levels were measaseth increase in fluorescence due to
conversion of non-fluorescent dye to highly fluaest 2’, 7' dichlorofluorescein with an
excitation at 488 nm and emission at 530 nm by $melcotometer and Fluorescence
microscope both.

4 .4 Results and discussion

4.4.1 Inhibition study of Leishmania donovani ornithine decarboxylase (LdODC): Out of
all compounds tested, three compounds were founihhibit recombinantLdODC. The
inhibition study data for each of the individualngmound was fitted to Lineweaver- Burk
plots for analysis. Compound M-2 is found to beampetitive inhibitor a®/n« andKy, both

were decreased after addition of 100 puM of inhibit@thout changing the slope of
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Lineweaver- Burk plots (Figure 4.1A). The calcatiKi value for compound M-2 is 79.73
UM whereas, compound M-5 is a non-competitive itbrbwhich is depicted by decrease in
Vmax IN presence of 100uM of inhibitor concentratiam presence of compound M-&;, of
enzyme remains unchanged (Figure 4.1B). Calculdtedhlue for the same is 370.63 uM.
Effect of mangiferin or,dODC is shown in Figure 4.1C. The mode of inhibitisrfound to
be non-competitive which is depicted by decreasé.inx in presence of 50 uM of inhibitor
concentration (Figure 4.1C). The calculated valukidor mangiferin is 107.57 uM. Thei
values of the inhibitors are taken as the averdgeree independent inhibition experiments.
Among all successful inhibitors, compound M-5 haghbstKi value. The compound is
found to be the least effective inhibitor. Othenteompounds, mangiferin and compound M-
2 shows moderate inhibitionln silico identified inhibitor that have shown experimental

inhibition with LAODC are listed in table 1 along with docking statss

4.4.2 Interaction mode of successful inhibitor with LAODC: In silico identified inhibitor
that have shown experimental inhibition withlODC are listed in table 4.1 along with
docking statistics. These inhibitors are analyzedtiieir interaction withhdODC (Figure
4.2). This study showed that all the three inhiisitoind around the active site lddODC. In
case of M-2 compound, Lys 33, Asp52, Arg120, Lysa88 Glu 243, are making hydrogen
interaction with inhibitor whereas Ala 77, Phe 182 showing hydrophobic interaction. In
case of M-5 compound, Lys 33, Lys 135, and Thr &@4making hydrogen interaction while
His 163, Phe 306 are making hydrophobic interacti@@mpound mangiferin is also
interacting withLdODC by making hydrogen interaction with Glu 58, $66, Arg 246, Asn
302 and Asp 307. It is worth mentioning that initéb5 residues o£dODC (N-terminal
extension) were excluded in generation of the modelur previous reportQhakraborty et

al., 2013 so residue 256 in sequence corresponds to residuthe modelled structure.
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Figure 4.1: Enzyme inhibition studies{A) Inhibition of ornithine decarboxylase by compound2MClose
circle without inhibitor, open circle with inhibitcof 100 UM concentratiorAs Vnax andK,, both
changes and slope of Lineweaver-Burk plot remaamesin presence of inhibitor, the mode of
inhibition is uncompetitive(B) Inhibition of ornithine decarboxylase by compound5MClose
circle without inhibitor, open circle with inhibitcof 100 UM concentratioms Vi is changing
but K., remains same in presence of inhibitor, the modénbibition is non-competitive(C)
Inhibition of ornithine decarboxylase by compoun@ngiferin. Close circle without inhibitor,
open circle with inhibitor of 50 UM concentratiofts Vs is changing buK,, remains same in
presence of inhibitor, the mode of inhibition imAmompetitive.
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Table 4.1:Docking Parameter of successful screened compauhigs were used in inhibition study.

CHAPTER IV

SI.No. Compound ID/ Name/Structure Free energy (Human ODC) Free energy ofLdODC Difference in
AG Kcal/mol AG Kcal/mol AG Kcal/mol
1 M1/ -8.64 -10.16 1.52
4-(3-fluorophenoxy)-N-(1H-1,2,3,4-
tetrazol-5-yl)piperidine-1-carboxamide/
jon
2 M2/ -8.77 -9.87 1.10
N-[4-(2-0x0-2H-chromen-3-yl)phenyl]-
1H-1,2,4-triazole-3-carboxamide
L, 5
JQO
3 M3/ -8.07 -9.60 1.53

4-(diethylsulfamoyl)-N-(1H-1,2,3,4-
tetrazol-5-yl)benzamide

i }Q.],
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4 M4/ -8.51 -9.46 0.95
7-chloro-4-[4-(5-methyl-1,2,4-oxadiazol-
3-yl)phenoxy]quinoline

Oy

N=F
o

5 M5/ -8.38 -9.36 0.98
8-[3-(2,5-dimethylpyrrol-1-yl)benzoyl]-3-
(4-methoxyphenyl)-1-oxa-8-
azaspiro[4.5]dec-2-ene

6 M6/ -7.79 -9.28 1.49
2-[3-(2H-1,3-benzodioxol-5-yl)pyrazol-1-
yl]-N-(1-isopropyl-1,2,3-triazol-4-
yl)acetamide

i
QL
A

&
Q‘J
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M7/ -8.00
2-[4-(1,3,4-oxadiazol-2-
yl)phenoxymethyl]-1,3-benzothiazole

OO~/ -0

-9.24

1.24

Mangifering 7.23
1,3,6,7-Tetrahydroxyxanthone-B-D-
glucoside

HO o) OH
o L0
o) OH
OH 7 OH O

HO
OH

9.32

2.03
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Figure 4.2: Diagrammatic representation showing interactiorfA)f M-2 compound(C) M-5 compound, and
(E) mangiferin compound withdODC. The compounds are interacting with some ofrttaén
amino acids which are involved in making activee siff the enzyme. Vacuum electrostatics
(qualitative) surface representation is also shtawh.dODC in the region where inhibito(8) M-

2 compound,(D) M-5 compound, andF) mangiferin are interacting. Positive and negative
potentials are coloured in blue and red, respdgtive

4.4.3 Antileishmanial activity assay: All compounds that have shown inhibitory effect on
recombinantLdODC were tested for antileishmanial effect lbndonovanipromastigotes
cells using MTT cell proliferation assay. Thed®alue for compound M-2 was found to be
350 uM (Figure 4.3A).Leishmanicidal effect on promastigotes stage bypmmd M-5was
also evaluated (Figure 4.3B)he 1G;, value for compound M-5 was found to be 125 uM.
The 1G; values for the mangiferin tested agaibhsdonovanipromastigotes was calculated

by plotting percentage cell viabilitys. concentration and were found to be 950 uM shown in
86
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Figure 4.3C. In the case of all inhibitorsl@lODC, except compound M-5, dgvalues were
several folds higher thaKi values. In case of compound M-5¢@alues was less thefi

value making it most effective anti-leishmanial gmund.

4.4.4 Intracelular Putrescine and Spermidine level detection by HPLC: As LdODC is
involved in synthesis of putrescin@ vivo inhibition of the enzyme should decrease
putrescine Leishmaniapromastigotes were incubated withsd@oses ofLdODC inhibitors
and putrescine level were measured as mentionewihod section. Further as putrescine is
used for synthesis of spermidine, level of sperma@divas also estimated in the same
condition. As shown in Figure 4.4A, putrescine camcation was decreased by almost 40%
by both compounds; M-5 has shown comparatively nefiect. The decrease in putrescine
concentration confirms target specificity of thaibitors. In case of compounds M-2 and M-
5, decrease in the spermidine level was not as ascit was expected from decrease in
putrescine level. The decrease in spermidine leas only ~20% compared to decrease in
putrescine level ~40% (Figure 4.4B). In case of kMpecific inhibitor of ODC, decease
in putrescine and spermidine levels were almosaleigpu~50%.

445 Expression level estimation of Spermidine synthase: Treatment ofLdODC novel
inhibitors identified in the study do not decreapermidine level as much as it was expected
from decrease in putrescine level. Standard itdriof ODC, DFMO has same effect an
vivo spermidine and putrescine levels. To understanttcular basis of difference in the
effects, spermidine synthase expression aftemteyait of these compounds were studied. As
shown in figure 4.5, treatment of compound M-5 basregulated the gene by two fold.
Compound M-2 has also shown up-regulation of gddEMO has no effect on the

expression of spermidine synthase gene.
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Figure 4.3: (A) Leishmanicidal effect on promastigotes stage bypmmd M-2using MTT cell proliferation
assay. The Ig value for compound M-2 was found to be 350 (B). Leishmanicidal effect on
promastigotes stage by compound M-555l@alue for the same was found to be 125 |(@). The
leishmanicidal efficiency was assayed using Mamigifey MTT cell proliferation assay, the &
value found to be 950uM. Values are the averadbret independent experiments.
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Figure 4.4: Putrescine and Spermidine level detection of prdigiate by HPLC: (A) putrescine level in treated
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cells was decreased by 40% after treatment; (Bjndgine level decreased by 20% aftersdC
treatment. DFMO was used as positive control; des@dn putrescine and spermidine level was
more in case of DFMO than M-2 and M-5 compound.
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Figure 4.5: Expression level of spermidine synthase level iased by two fold after M-5 compound treatment
and one and half fold by M-2 compound treatment.ddange in expression level was seen after
DFMO compound treatment.

4.4.6 Estimation of decrease in the level of thiol by DTNB: Representative inhibitor,
compound M-2 and mangiferin compounds have showsredse in total free thiol as
estimated by DTNB assay, which indicates decreaseintracellular thiol level of
Leishmania Compound M-2 treated.eishmania promastigotes for 24 hrs has shown
decrease in thiol level by almost 27% (Figure 4.5A3 mangiferin has shown decrease in
thiol level by 30% within 3 hrs. However, in cadenmangiferin treated cells, regain of thiol
level by 10 % was observed after next 3hrs (Figubsd).

Ornithine decarboxylase (ODC) is involved in th{glutathione and trypanothione)
biosynthesis Krauth-Siegel and Comini 2008; Rai et al. 2D130 inhibition of ODC may
lead to depletion of thiol level. The results fenthconforms target specificity of the
compounds. However, interestingly, compound M-5 i show any change in thiol

concentration.
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Figure 4.6: Estimation of free (reduced) thiol aftersj@alue of(A) M-2 compound treatment for different time
intervals, (B) Mangiferin. Free thiol was estimated by DTNB assbntreated promastigotes
Leishmaniacells was used for control.

4.4.7 Measurement of reactive oxygen species in Leishmania promastigotes: As the
inhibitors compounds have changed vivo concentrations of putrescine and spermidine
levels as well as total reduced thiol, they mayufisredox homeostasis of the parasite. The
reactive oxygen species (ROS) level is monitoreth whe help of a cell permeable dye
called DCF. More the ROS generation more will beféescence. Increase in ROS level was
recorded after treatment b&ishmanigpromastigotes for different time scale with M-244
dose of inhibitor concentration) and mangiferin {®0uM) compounds separately (Figure
4.6). Florescence microscopic images showing iseréa ROS level after treatment of M-2
compound (Figure 4.6A). Florometric reading hasssht-2 compound treatment increased
ROS level by around ~18 % after 24 hours, althduglhthe level of it was attained after 12
hrs (Figure 4.6B). Mangiferin treatment has shomereased ROS level of upto ~11% in 3
hrs which did not increase after further treatn{€igure 4.6C). Surprisingly, compound M-5
fails to generate ROS.

4.4.8 In vitro cytotoxicity on macrophage cell: The human macrophage cell line U937 was
made adherent by using 100 ng/ml phorbol-12-myasi3-acetate (PMA) treatment for

overnight. Effect of compounds on the cell linedstermined by MTT method. Data

represent the mean = SD of three independent ewpats. There was no significant toxicity
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shown by the compounds on the cells even at highecentration up to 500 pM, indicating

the compounds selectively inhithieishmaniacells (Figure 4.8).
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Figure 4.7: Reactive oxygen species (ROS) analysis(By Fluorescent microscopic images: M-2 compound
treatedleishmaniawith the help of HDCF dye (cell permeable), which becomes floresediar
exposing with ROS(B) Fluorometric readings after treating with M{&) Fluorometric readings
after mangiferin treatment.
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Figure 4.8: Cytotoxicity assay: The compounds have shown notaeyicity towards human macrophage cell
line (A) Compound M2(B) Compound M5.
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4.5 Conclusion

In silico studies have shown good interaction of top hit coumgls with active site of
LdODC enzyme. Systemic screening of inhibitory efeatin silico identified compounds
against functionally active recombinant ornithirecarboxylase fronh.. donovaniconfirms
inhibitory action of threen silico predicted compounds. Compounds M-5 has shownrbette
anti-leishmanial activity but it fails to genera®OS and there is no change in level of
reduced thiol level. Compound M-2 and mangiferis Bhown some effect on ROS and thiol
level. Only minor effect on redox balance of pa#mgeven at concentration of inhibitor that
is several folds higher thdi value, indicates existence of other mechanism tpamsate
inhibition of LAODC. The spermidine synthase expression level paggulated by these
compounds, due to which decrease in spermidin®ti@® much as it is expected based on
effect on putrescine concentration. The mechanignower expression of spermidine
synthase by these compounds remains elusive wbiith mentioning that another inhibitor
of LdODC, DFMO is not able to over-express spermidingl&gse indicating that decrease in
putrescine concentration is not solely respondini¢he over expression. The most effective
anti-leishmanial inhibitor identified in the studsompound M-5, decreases putrescine (~40
%) and spermidine (~20%) and shows over expressfi@permidine synthase by two fold.
However, it fails to show any effect on ROS, anduaed thiol. This shows alteration in
some other gene expression to maintain reducebdtmzentration. Further, anti-leishmanial
effect of LAODC inhibitor, compound M-5, is unrelated to RO&ss$. Overall, the studies
have identified differential effect of DFMO, wellharacterized inhibitor of ornithine
decarboxylase, and three novel inhibitors indesdifin the current studies. These detail of

molecular mechanism of the differential effect tgebe deciphered.
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CHAPTER YV

Novel leads against miltefosine unresponsitesishmania donovani.*

5.1 Abstract

Viceral leishmaniasis is an endemic deadly disealeere are few drugs against
leishmaniasis but have numerous side effects. oresveness of only available oral drug
miltefosine posses a big challenge for the thertigeof the disease. Combination therapy is
an important mode of treatment for various typeslistases including infectious diseases.
Combinatorial therapy may be a better option whics lower side effects and less
occurrence of drug resistance problem. We repoot mavel molecules, PS-203 (4-(4,4,8-
Trimethyl-7-0x0-3-oxabicyclo[3.3.1]non-2-yl)-benzoacid methyl ester) and mytomycin C,
as very effective against miltefosine unresponssteain of the parasite. Further,
combinations of PS-203, mytomycin C with miltefasiwere also evaluated that shows

promising results against miltefosine unresponstvan.

Keywords: Leishmaniasis; Drug resistance; Drug combinations

*Part of the review is communicated for publication
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5.2 Introduction

Available drugs of Leishmaniasis suffer from higixitity and drug resistance. Failure of
miltefosine, the only oral drug, especially in lads a big threatGroft, 200§. Combination

of available drug needs to be considered apart fdisnovery of novel drug candidates
effective on available drug unresponsive strdlial{ezou, 2009 Combination of imiquimod
and meglumine antimonite for cutaneous leishmasidg®atment reduced the amount of
meglumine antimonate needed, reduced both the dinteeatment and the occurrence of
drug resistance due to antimony based therApgvglo et al., 2001 Further, combination of
miltefosine and paromomycin has proved to be thetrost effective treatment strategy in
India in recent timesMeheus et al., 20)d0Combinatorial therapy is an important mode of
treatment for various types of diseases includnigatious diseases. To decrease the duration

of therapy, a combination of two or more effectaugi-leishmanial compounds would be a

better idea. As shown in figure 5.1, combinatioeréipy has several advantages.

s

) ()

) L‘J

Figure 5.1 Schematic representation showing benifits of dmmgmbinations used for treatment of
leishmaniasis: increases the efficacy of drug,eport of occurance of drug resistance, decrease
of duration of treatment, decrease toxic effeadrofg etc.
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Several other combinations of the drug againstrireat of the parasite were reported to be
more efficient (Table 5.1). However, not much at¥srhave been made against miltefosine

unresponsive strain

Table 5.1 List of various drug combinations used againshi@aniasis:

Drugs in combinations References
1  Sodium stibogluconate + Paromomycin Jha, 2006
2 Interferon gamma + SbV Jha, 2006
3 Amphotericin B + Miltefosine Jha, 2006
4  Miltefosine + Paromomycin Freitas-Junior et al., 2012
5 Amphotericin B + Paromomycin Griensven et al., 2010
6 Miltefosine + Sodium stibogluconate Seifert et al., 2007
7  Miltefosine + Sitamaquine Seifert et al., 2007
8 Rifampin + Quinolones Seifert et al., 2007
9 Amphotericin B + BSO + DFMO Purkait et al., 2012
10 Amphotericin B + Verapamil Purkait et al., 2012
11 Azoles + allopurinol Bryceson et al., 2001

Our group has earlier reported oxabicyclo deriagti®S-203 (4-(4,4,8-Trimethyl-7-0x0-3-
oxabicyclo[3.3.1]non-2-yl)-benzoic acid methyl ejteas good anti-leishmanial agent with
minimum toxicity, bothin vitro andin vivo models Saudagar et al., 2013; Saudagar et al.,
2014. In this report, we have evaluated efficacy &3 compound against miltefosine
unresponsive strain. Further, combinations of P$&ith other anti-leishmanial compounds

were tested against miltefosine unresponsive strain
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5.3 Materials and Methods
531 Parasites, cdl lines and chemicalss The Leishmania donovani
(MHOM/IN/2010/BHU1081) and miltefosine unresponsilzeishmania donovan{BHU-
1155) was obtained from Prof. Shyam Sundar, Ban&timslu University, India and
cultivated in M199 liquid media supplemented wit?d heat-inactivated fetal bovine serum
(FBS), 100 U mit penicillin and 100 pg i streptomycin. BHU-1155, a miltefosine
unresponsive isolates, obtained after a month tiéfosine treatment from patient (18 years
old male with no past history of the disease) spteenaterial. The procedure is optimized
and working in our laboratoryS@udagar et al. 2013Shukla et al. 2031Saudagar et al.
20171 Shukla et al. 2012

All other chemicals used in the experiments weréhefhighest grade procured from

Sigma-Aldrich or Merck.

5.3.2 Anti-leishmanial effect of compounds: Anti-leishmanial effect of successful inhibitors
were investigated by MTT [3-(4,5-dimethylthiazolyB-2,5-diphenyltetrazolium bromide]
assay as described earlibtqssman 1983; Saudagar et al. 2D1Bromastigote cells 1 x 40
cells were allowed to grow for 24 hours in preserfedifferent concentrations of
compounds. Cells were centrifuged and then afteloveng media, MTT (0.5 mg/ml) was
added and incubated for 4 hours. Again centrifuge done and DMSO added. Reading was
taken at 570 nm. Amphotericin B (1 pM), a standart-leishmanial compound, was used as
positive control. The reading of positive controasvsubtracted from experimental data

values at different concentrations of test compsund

5.4 Results and discussion

Miltefosine responsive and unresponsive strainsewgnown in our lab and sensitivity
towards miltefosine was reconfirmed by MTT basedthoé (Figure 5.2). The data re-
confirms that the strain is miltefosine unrespoeasivlaboratory condition as well. We tested
effects of various compounds on miltefosine unraspe strain. Recently a report from our
lab has proved that oxabicyclo derivative (for dicify we named it as PS-203) has proved
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to be an efficient anti-leishmanial agent as itsemuapoptosis by generating ROS, changes
mitochondrial membrane potential, and inhibits sedozymes (TryS and TryR) in wild type
strain ofLeishmania(Saudagar et al., 2023Another report proved that the compound has
shown noin vivo toxicity in mice.In vivo studies on hamster model further confirmed anti-
leishmanial effect of the compoun&audagar et al., 20)4 Effect of PS-203 was also
evaluated on miltefosine unresponsiteishmania donovan(BHU-1155) as well as
miltefosine responsiveeishmania donovarfBHU-1081) in similar laboratory condition for

a comparison (Figure 5.3). The data indicates tbatpound PS-203 is equally effective
against miltefosine unresponsive strain witlgolZalue of 4.0 £ 0.5 uM.

@
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Figure 5.2 Miltefosine treatment t¢A) wild type L. donovanipromastigotd.d1081. The estimated igvalue
for Ld1081 strain was 2pM (B) miltefosine unresponsive strdin donovanipromastigote.d1155.
The 1G, value forLd1155 strain is 10QM. The data confirms that tHed1155 strain is miltefosine
resistant strain.

We have also explored the combination of PS-203 wiltefosine in both miltefosine
responsive and unresponsive strairLeishmania(Figure 5.4). The data shows that PS-203
shows improved efficacy in combination with miltsfiee. The 1G, value of PS-203 was >1
UM. Interestingly as shown in figure 5.4A, 25 pMtefosine without PS-203 (0 uM on x-
axis) can kill only 60%Leishmaniapromastigote but in the presence of 1 uM PS-203
efficacy is significantly higher. Similarly, comkdtion of PS-203 with miltefosine has
decreased the promastigote viability of unrespansitrain improving efficacy of PS-203
(Figure 5.4B). Combination of 25 pM miltefosinetlv2.5 uM PS-203 has decreased the

98

TH-1401_10610621



CHAPTER V

promastigote viability. The viability further deased with increase in miltefosine

concentration.
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Figure 5.3: Effect of PS-203 compound dm1081 and_d1155 strains of. donovani.The data indicates that

the compound is equally effective on both strais.ICsy value of PS-203 again&d1081 and
Ld1155 strains is 4.0£048M which is marginally low compared to our earlitwdies Saudagar et
al., 2013. Chemical structure of PS-203 compound (4-(4,4,8-Trimethyl-7-0x0-3-
oxabicyclo[3.3.1]non-2-yl)-benzoic acid methyl e¥te shown in inset of Figure. Experiments are
done in triplicate and data shown is average @&elimdependent experiments.
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Figure 5.4: Miltefosine and PS-203 combination on miltefosinarasponsive strain of. donovani
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promastigote (BHU 1155) as well as miltefosine ogsive strain ol. donovanipromastigote
(BHU 1081)(A) PS-203 shows significantly improved efficacy ing@ece of miltefosine against
Miltefosine responsive straifB) miltefosine unresponsive strain treated in preseiceS-203
alone and in combination with PS-203 with miltefesi(10 uM, 50 puM, 100 pM). The
combination of drug has shown improved efficacyp@&iments are done in triplicate and data
shown is average of three independent experiments.
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Another report also proved that mitomycin C is al@otential anti-leishmanial agent
(Shukla et al., 2001 Therefore, we checked the effect of the compoandmiltefosine
unresponsive strain and our data proved that mitom§ is also equally effective towards
miltefosine unresponsive strain (Figure 5.5). Tyicssue related to mitomycin C limits its
applications hence if we employ this compound irmbmation with other effective
compounds then it will reduce the toxic effect otamycin. A significant inhibition of
miltefosine unresponsive strain was observed afw@ng the cocktail of mitomycin C,
miltefosine and PS-203 (Figure 5.6).
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Figure 5.5: Effect of mitomycin C orl.d1081 and.d1155 strains oE. donovani.The compound is marginally
more effective orLd1155. 1G, Values of mitomycin C againdtd1081 andLd1155 strains are
15.03uM and 12.8uM, respectively.
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Figure 5.6: Combinations of Mitomycin C, Miltefosine and PS32@ere eveluated for effect on milefosine
unresponsive strain dfeishmaniapromastigote. The bar with green colu) {ndicates 25 uM
miltefosine treatment.

5.5 Conclusion

Control of worldwide spread of leishmaniasis islErmged by emergence of drug resistance,
which is a matter of concern. Changing responsée¥hmaniatowards existing drugs
necessitates continuous discovery of new drugsituré. Combinatorial regimen would be
more effective in resistant strain because of itstirtarget property. Similarly, novel drugs
may also be useful. Miltefosine (hexadecylphospbbobl) was a major breakthrough for
treatment of leishmaniasis. Miltefosine unrespogisess is a greater challenge in the
management of the disease. We have identified BS@Mhpound as very effective against
miltefosine unresponsive strain. Further, our datggests that combination of PS-203 and
miltefosine could be a great strategy against Wbdihefosine unresponsive as well as

Miltefosine responsiveLeishmania donovaniCombination of miltefosine, PS-203 and
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CHAPTER V

mytomycin C has shown more encouraging result stggea good combinatorial regimen

to treat miltefosine resistant strain (Figure 5.7).

PS-203+MIL+MIT

PS-203 / MIT

MIL

% Viability of promastigote

Miltefosine resistant strain

Figure 5.7: Schematic representation showing decrease in mitefaunresponsive promastigote viability by
treatment of PS-203 compound and mytomycin C sépatombination of miltefosine, PS-203
and mitomycin C has shown significant decrease rompstigote viability, suggesting a good
combinatorial regimen to treat miltefosine resisttrain ofLeishmania
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SUMMARY AND FUTURE SCOPE

Significant findings are listed below:

1. Microarray experiments has shown list of up-regedatnd down-regulated genes in
miltefosine unresponsive strain compared to miigfe responsive strain. For my Ph.D.
work, | selected the processes involved in oxidatwetabolism of parasite. We have
found that miltefosine unresponsive strain accutesla ROS under conditions that are
sufficient enough to cause ROS-induced mitochohdnambrane potential damage,
apoptotic death and release of’Caf miltefosine responsiveeishmania Unresponsive
strain has also shown up-regulated redox enzynmapaxed to responsive strain.

2. Cloned, expressed and purified full length and ¢ated (without N-terminal extension)
form of ODC. | have reported that JdODC is more stable thahdODC. Detailed
biochemical and biophysical characteristics ofeheyme (full length and truncated form)
were analysed to understand role of N-terminalresits. The data suggest that the N-
terminal extension helps in folding of the enzymeactive conformation at the cost of
activity, and this is a good example of activitgtstity trade off.

3. Further, usingn silico computational method we have identified three havabitors of
LdODC, which has shown good interaction with actiite ef the enzyme. The effect of
compounds are tested on recombinant enzyme andothé¢he parasite. One compound
has shown better anti-leishmanial activity, butpsisingly it fails to generate ROS and
there is no change in level of reduced thiol lefRdst two compounds have shown some
effect on ROS and thiol level. Only minor effect mdox balance of pathogen, even at
concentration of inhibitor that is several foldgter tharKi value, indicates existence of
other mechanism to compensate inhibition ldlODC. The spermidine synthase
expression level has up-regulated by these commoudde to which decrease in
spermidine level is not as much as it is expectadetd on effect on putrescine
concentration. The mechanism of over expressiorspdrmidine synthase by these
compounds remains elusive and these detail of mi@emechanism yet to be deciphered.
This part of the work is submitted for publication.

4. We report a novel molecule PS-203 (4-(4,4,8-Trimkethoxo-3-oxabicyclo[3.3.1]Jnon-2-
yl)-benzoic acid methyl ester) and mitomycin C dan a good anti-leishmanial agent
against miltefosine unresponsive strainLeishmania Combination of miltefosine, PS-
203 and mitomycin C further decreased the promatgtigiability to a significant level
and this may be an effective strategy to tackleafasine resistant strain.
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104

TH-1401_10610621



7
~

7
Forward —
( J ® \
Thinking &

Based on the observation of our results we cangsame new experiments:

U Detail structural analysis dfdODC and TEdODC can be done by using X-ray
crystallography to get further insight into struetibasis of activity-stability trade off
property of the enzyme.

U Microarray data can be further compared with Reaé tPCR data, to identify drug

potential targets for therapeutic intervention @idhmaniasis caused by miltefosine

resistant strain.
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