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Abstract

Leishmanial methionine aminopeptidaseL@iletAP1) is a novel antileishmanial target for
its role in vital N-terminal methionine processingfter LdMetAP1 expression and
purification, we employed a series of biochemicsagys to determine optimal conditions for
catalysis, metal dependence and substrate pretsrdacthis ubiquitous enzyme. Screening
of newly synthesized quinoline-carbaldehyde derrest in inhibition assays led to the
identification of HQ14 and HQ15 as novel and spedihhibitors for LdMetAP1 which
compete with substrate for binding to the catalgitive site. Both leads binddMetAP1
with high affinity and possess druglikeness. Biouleal studies suggested HQ14 and HQ15
to be comparatively less effective against purifisiletAP1 and showed no or less toxicity.
We further show selectivity and inhibition of leguhibitors is sensed through a non-catalytic
Thr residue unique tbdMetAP1. Finally, structural studies highlight keljfferences in the

binding modes of HQ14 and HQ15 tdMetAP1 andHsMetAP1 providing structural basis



for differences in inhibition. The study demonstsathe feasibility of deploying small drug
like molecules to selectively target the catalgativity of LdMetAP1 which may provide an

effective treatment of leishmaniasis.
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1. Introduction

Leishmaniasis is a major parasitic burden afteramland appears in three major forms -
visceral (also known as kala-azar and the mostregeem), cutaneous (commonest form),
and mucocutaneous form. Visceral form is oftenrreféto as the disease of the poor and is
associated with malnutrition, bad housing, popatatdisplacement and weak immune
system. This disease is also connected to enveatahchanges, rampant urbanization and
is caused by the dimorphic parasites of gehashmania which are disseminated into
mammalian hosts through the bite of sandfly

(http://www.who.int/mediacentre/factsheets/fs375/efhe major symptoms of leishmaniasis

include ulcerative skin lesions, fever, low RBC gglenlargement of spleen and liver which
makes it life-threatening. Nearly one million neases and about 30,000 deaths are reported
annually in over 80 countries around the globe Mljsence of any significant vaccination
accompanied with the reports of toxicity [2] andsistance against the current line of
antileishmanials [3], there is a pressing need dentify newer molecular targets for
therapeutic intervention against leishmaniasis.

Aminopeptidases are metal dependent exopeptidas¢leave amino acids from the N-

terminal end in proteins and peptides [4]. Theiaaltroles played by these enzymes in



nutrient acquisition [5] and the maintenance oftgiro turnover [6] makes them vital.
Methionine aminopeptidases (MetAPs) remove initiah@thionine from the N-terminus of
nascent polypeptides either co-translationallyastyranslationally [7-8] to enable necessary
post-translational modifications [4,9]. MetAPs ataquitous, highly conserved and require a
divalent metal cofactor for activity [4,7,10]. Tleesnzymes are often seen as Co(ll) activated
metallo-enzymes with a dinuclear metal binding\ecsite surrounded by residues DDHEE
[7,10,11]. Apart from Co(ll), other divalent metains like Fe(ll), Mn(ll) and Mg(ll) are
major activators [12]. However, the physiologicelieator appears to be Fe(ll) [13].
Methionine aminopeptidases are grouped into twegmates: type | and type Il MetAP based
on the presence of an additional amino acid ir@meraf nearly 60 amino acids residues
towards the catalytic domain in the C-terminusypket 1| MetAP [8,14]. Prokaryotes express
only MetAP1 whose deletion is reported to be lefial. Eukaryotes express both types of
MetAPs and develop lethality if either one or batAP genes are deleted [16]. Therefore,
MetAPs have received attention as molecular tar@gtdrug discovery against parasitic
diseases [17] and severe adversaries like can8gr [1

Our study reports the expression, purification andetailed characterization of methionine
aminopeptidase 1 frorh. donovani (LdMetAP1). We have also synthesized and screened a
library of quinoline-carbaldehyde derivatives tadinovel inhibitors fol.dMetAP1. Using
molecular, biochemical, biophysical and computal@approaches, we show key differences
betweenLdMetAP1 andHsMetAP1 and explain their differential inhibition kyuinoline-
carbaldehyde derivatives. We finally come up withotlead compounds with high
druglikeness that may guide the development ofliaighecific and potent inhibitors against

LdMetAP1 and find use to combat leishmaniasis.



2. Results

2.1 Identification of LdMetAP1gene homology modelling and protein purification

To find genes responsible for methionine excisiothe genome df. donovani, we searched
for LdMetAP genes that were homologoudHsMetAP1. We found a copy of both classes of
methionine aminopeptidases (MetAPs) encoded bgpaties ofleishmania. Amongst the
two MetAPs, one belongs to MetAP2 class based enptiesence of an extra C terminal
insertion near the catalytic domain while as, otli&tAP belongs to the MetAP1 class of
methionine aminopeptidases. BdtdMetAP1 andLdMetAP2 show high homology to their
respective human counterparts and display a twoadomrganisation which is typical of
M24 aminopeptidases (Fig. 2A). The analysi¢di¥letAP1 sequence revealed this protein to
be 392 residues with its approximate molecular Wteppised at 43.20 kDa. Since full length
LdMetAP1 could not be purified, we removed the ihi6@ amino acid residues from the
LdMetAP1 ORF from the N-terminal non-catalytic domand expressed and purified a
truncated functional 38 kDladMetAP1. The truncation was done knowing that thglewted
N-terminal 60 residues are far-off from the C-teralicatalytic domain and have no role in
LdMetAP1 catalysis.

A homology model of 38 kDd.dMetAP1 was built and validated (Fig. 2B). RMSD
differences betweehdMetAP1 andTbMetAP1 were 0.2 A asserting the two structureseto b
very similar due to high sequence homology and dame pita-bread fold organization.
Furthermore, overlay of the modelledMetAP1 andHsMetAP1 showed RMSD converge to
0.51 A suggesting high structural similarity betwesdl MetAP1 enzymes. The secondary
structural composition ofdMetAP1 resembles more wiffbMetAP1 thanHsMetAP1. In
fact, secondary as well as tertiary structuresLdMetAP1 and TbMetAP1 are highly
redundant. LikeTbMetAP1, the active site didMetAP1 is located in the pita-bread fold

bearing two metal ions and surrounded by two largeelices and tw@g-sheets (Fig. 2C).



The metal ions are indispensable for catalysis Umxaf their role in the generation of a
strong nucleophile to break the sessile peptidalvamle acting on nascent polypeptides or
peptide substrates. Even thougtiMetAP1 is somewhat symmetrical in nature, its caital
site is asymmetrically located in the highly coneer N-terminal domain. Besides, sequence
alignment highlighted the evolutionary conservatioh LdMetAP1 active site and high
sequence conservation with all MetAP1 class enzymaading theHsMetAP1 (Fig. 2D).
High resemblance dfidMetAP1 to HsMetAP1 is also evident from the presence of zinc-
finger motif in the N-terminal extension of bothzgmes.

Recombinant.dMetAP1 was amplified from the genomic DNA bf donovani and cloned
into the expression vector pET28a. After expressida. coli BL21 (DE3) cellsLdMetAP1
was purified to homogeneity by Ni-NTA affinity chratography and gel filtration
chromatography (Fig. 2E). Other recombinantly egpeel proteins T291A (lanes 3 and 4 in
Fig. 2E) andHsMetAP1 (Fig. 2F) were purified in a similar fashiofhe quality of all
purified proteins was assessed by 10% (w/v) SDSPAGIich demonstrated all proteins to
be highly homogenous. Furthermore, comparative yaizalof the LdMetAP1 partition
coefficient (k) with those of the standard set of proteins suggeshis enzyme to be

monomeric in solution (Fig. 2G).

2.2 Determination of secondary structure and thermbstability

CD spectroscopy was employed to determine the slacgrstructure content afdMetAP1
and establish whether the average secondary steuctuhis enzyme changes after mutating
Thr291 to Ala. The results of Far-UV spectra showa#decombinant proteins expressed in
properly folded form withLdMetAP1 composed of 21%-helices and 24%-sheets and
T291A carrying 17%u-helices and 299%-sheets (Fig. 3A). Therefore, T291A had slightly

lesser a-helices and morgl-sheets thanLdMetAPl. Heat denaturation assays in the



temperature range of 293 to 380 K indicated blotivietAP1 and T291A to have high
thermostability. However, natiiedMetAP1 showed higher thermostabilityy(1354.5 £ 0.3

K) than T291A (Ty 347.5 £ 0.3 K) possibly due to more helices (Big).

2.3LdMetAP1 is a Fe(ll) dependent methionine aminopeptidse

Methionine aminopeptidases are exopeptidases iatptic in the excision of initiator
methionine residue from nascent polypeptides. Toereamidolytic activity ofLdMetAP1
was assessed using a synthetic substrate L-matkidamethyl-coumaryl-7-amide in the
presence of different metal chlorides. The kingiarameters determined with different
metals at the physiological pH (Supplementary Ef) revealedLdMetAP1 to be highly
activated by divalent cobalt (Fig. 3C). HowevedMetAP1 showed highest affinity for
fluorogenic substrate when it was supplemented diialent iron (K, = 40.4 £ 5.4uM) in
the assay buffer. This points towards thietAP1 being an iron-dependent aminopeptidase
(KeafKm= 114.71 + 16.28 x TM'min™) than a cobalt-dependent aminopeptidasg/Kl=
67.62 + 4.73 x DM ™min™Y). The other major activators dfdMetAP1 were divalent
manganese (k/Km= 41.71 + 3.85 x 10M'min™) and magnesium {¢Kn= 23.36 + 2.92 x
10* M min™), while zinc didn’t prove to be a good activator the amidolytic activity of
LdMetAP1 (Table 1).

While assessing whethedMetAP1 can cleave other residues from the synttsetixstrates,
we tested other fluorogenic substratesnivitro aminopeptidase assay. UnlikeMetAP2,
the enzymd_.dMetAP1 doesn't prefer the cleavage of smaller andni residues like Ala
from Ala-AMC (Fig. 3D). In fact,LdMetAP1 didn't cleave alanine at all. However,
LdMetAP1 hydrolyzed Leu from L-leucine-4-methyl-coutyla7-amide and showed minimal
activity for di- and tripeptides. The results susfgelLdMetAP1 to be specific to methionine

hydrolysis and highlighted the bigger residue peiee of this enzyme for activity.



2.4 ldentification of selective LdMetAP1 Quinoline-carbaldehyde core bearing
inhibitors

We synthesized 20 Quinoline-carbaldehyde derivatifig. 1) and screened them in
aminopeptidase assays. Synthesis of the target amomdg!l was carried out in 2 steps as
illustrated in Scheme-1. In the first step, the owercially available 8-Hydroxy-2-
methylquinoline {) was subjected to oxidation with Se@ obtain the corresponding 8-
hydroxy-2-quinoline carbaldehyd@)(by using the reported method [19]. Subsequegtly,
hydroxy-2-quinoline carbaldehyd@)(was subjected to cyclization reaction with subgtd
anilines and thioglycolic acid as per the literatueport [20] to afford the final product |
(HQ1-HQ20)]. The purity analysis by HPLC has demonstrated @hmounds to be highly
pure except HQ1l1l which possessed degradative tepd@&upplementary Table 1). The
newly synthesised compounds were confirmed andacterized by spectroscopic techniques
such as’H-NMR and™*C-NMR etc. The'H-NMR spectra demonstrated characteristic peaks
around 3.8 ppm and 4.1 ppm region which corresptmdH, of the 4-thiazolidinone ring.
Whereas, the peak at 7.26 ppm as singlet corresgortie CH attached to quinoline ring. In
13C-NMR, peaks around 3.94 ppm and 65.53 ppm areetlbsA-thiazolidinone carbons
while, a peak at 171 ppm corresponds to the caftbmamnpon of the 4-thiazolidinone. The
DEPT *C-NMR studies were performed for the three mosvaatompounds HQ13, HQ14
& HQ15 to confirm the final products. DEPT spectrh compound 14 demonstrated a
characteristic negative peak at 33.13 ppm whicliesponds to CHof 4-Thaizolidinone
ring, whereas the positive peak at 66.35 is du@Hwf 4-Thiazolidinone and peak at 20.97 is
due to CH of aromatic rings (Supplementary material). Thaaming peaks are that of the
aromatic ring. Four promising compounds showingoengging inhibition ofLdMetAP1
were identified and their relative potency for tegecific inhibition of LdMetAP1 was

determined by enumerating thes§@alues in inhibition assay (table 2). The most pbte



inhibitors (HQ11, HQ13, HQ14 and HQ15) were theniadested for selectivity using both
LdMetAP1 and HsMetAP1 enzymes. While as, HQ1l showed a similarempot for
LdMetAP1 andHsMetAP1 enzymes, inhibitors HQ13, HQ14 and HQ15 weghly specific

to LdMetAP1 (Fig. 4A-D and Supplementary Fig. 3A). Usiinge course assays of 30 min,
we determined the mode of inhibition of promisimdibitors of LdMetAP1. HQ11 which
inhibits LdMetAP1 (IG 8.8 uM) and HsMetAP1 (1G5, 8.9 uM) with almost equal potency
was found to inhibitdMetAP1 in an uncompetitive manner as both &d \f,.x decreased
with soaring HQ11 (Fig. 4E). Other hit compoundQ@3, HQ14 and HQ15) inhibited
LdMetAP1 through a competitive mode of inhibition s showed an increase and,¥
stood steady with an increase in the concentratibrthese inhibitors (Fig. 4F-H). A
substitution at the C4 position of the six carbmg rappeared to be essential for potency as
other substitutions didn’t seem to contribute dyetd the inhibitor potency. Interestingly,
barring a —CN group substitution at C3, other stligins made at this position didn’t seem
to add to inhibitor potency. In contrast, all suiosions made at C4 contributed to potency.
Hence, different analogs bearing different group€4 position were synthesized (Fig. 1).
Positioning of a chloride atom at C4 position asH@Q15 increased the inhibitor potency
greatly rendering HQ15 as the most potent inhib{t@so 1.1 uM) of LdMetAP1 in this
library (Fig. 4D). Substitution of smaller electemative atom amongst halogens like fluorine
(IC5045.4 uM) or a bigger atom of the same group like brom{@s, 251.6 uM) at C4
position was found inefficient in inhibition assajfaupplementary Fig. 1B). Addition of a -
CHz group as in HQ14 (161.3 uM) showed good potency as well (Fig. 4C).

We next determined the toxicity of hit compoundshwWTT assay and found all compounds
except HQ11 exhibiting low toxicity. While deterrmg whether the identified hits have

druglikeness, we determined physiochemical propediong with the parameters like LogP,



LogS and GI absorption. We found all hits possesssing druglikeness as none of them

violated the Lipinski’'s rule (Table 3).

2.5 Lead molecules HQ11, HQ13, HQ14 and HQ15 bind t dMetAP1 with high affinity
Physical interactions of enzymedMetAP1 andHsMetAP1 with HQ11, HQ13, HQ14 and
HQ15were monitored using Surface plasmon resoné®ie®) binding assays. Sensorgrams
showed a direct interaction between HQ compoundssracombinant enzymes with HQ11
binding (Fig. 5A and B) with high affinity to bothdMetAP1 (Ko 1.61 x 10'°M) and
HsMetAP1 (K5 1.52 x 10'°M). Other leads HQ13, HQ14 and HQ15 had highedibin
affinities (Table 4) fol.dMetAP1 (Fig. 5C, E and G) thadsMetAP1 (Fig. 5D, F and H).
Indeed, lead inhibitor molecule HQ15 showed compaely lesser affinity forHsMetAP1
(Kp 3.61 x 10’ M) and higher affinity fol.dMetAP1 (Kp 1.50 x 16 M) which explains its
poor inhibition ofHsMetAP1. Meanwhile, fluorescence spectroscopicspttowed all lead
molecules HQ11l, HQ13, HQ1l4 and HQ15 quenching therdscence emission of
LdMetAP1 in a concentration dependent manner (Supgiéany Fig. 2A-D). Determination
of the binding parameters using modified Stern-V@imlots showed all lead molecules to
have high binding affinity fol.dMetAP1 which corroborates with the surface plasmon

resonance results.

2.6 Quinoline-carbaldehyde specificity and potencys majorly mediated through a Thr
residue unique toLdMetAP1

Quinoline-carbaldehyde core bearing compound lbs&ilowed specificity thdMetAP1 and
not toHsMetAP1 even thoughdMetAP1 andHsMetAP1 have high structural similarity and
an identical domain and fold organization. Howewaenjno acid sequencesladMetAP1 and

HsMetAP1 carry key amino acid differences at S1 afd stb-sites (Fig. 2D). Molecular



docking of hit compounds withdMetAP1 suggests Thr291, His300 and Asn304 to be the
key residues involved in inhibitor binding. Sincés8D0 and Asn304 are conserved in both
LdMetAP1 and HsMetAP1 enzymes, we reasoned they may not be the r&sglues
conferring inhibitory specificity. However, Thr29& unique toLdMetAP1, and is replaced
by Cys inHsMetAP1. Mutation of Thr291 with either Ala or Vaésulted in the loss of
affinity of specific inhibitor HQ15 toLdMetAP1 from -7.4 kcal/mol to -6.8 kcal/mol in
computational assays (Fig. 6E-G). We followed umpotational assays by site directed
mutagenesis and mutated Thr291 to Ala. While datengm whether there was a change in
the catalytic efficiency ofLdMetAP1l after mutating Thr291 to Ala, we performed
aminopeptidase assay of mutazyme T291A and fouaatalytically less efficient (Fig. 6A).
Moreover, there was a remarkable loss in affinityT@91A for substrate (K 969.7 *
215.1uM), indicating Thr291 to be an important stdie binding residue focdMetAPL1.
Intriguingly, inhibition assays ofdMetAP1 and T291A with inhibitors HQ13, HQ14 and
HQ15 suggested T291A to be very less prone to mbribby specific inhibitors than the
nativeLdMetAP1 (Fig. 6B-D and Supplementary Fig. 3B). Tismonstrated Thr291 to be a
crucial specificity conferring residue for the ibhion of LdMetAP1 by Quinoline-

carbaldehyde core bearing competitive inhibitors.

2.7 Structural basis of inhibition of LdMetAP1

In an attempt to unravel the atomic interactiondeald compounds witlhhdMetAP1, we
performed molecular docking studies. For analyisésdonformation of ligands with protein
having the highest binding affinity was chosen.sty; the ligand binding site of HQ11
(uncompetitive inhibitor ofLdMetAP1) was predicted. HQ11 was found interactinthw
LdMetAP1 exclusively via hydrophobic interactions ahxing residues Argl07, Gly108,

Aspl06, Pro240, Thr291, Gly292, His293, Thr301,382 and Asn304 (Fig. 7A). HQ13 had

10



a lone hydrogen bond with Thr291 and hydrophobieractions with residues Tyrl185,
Tyr290, Gly292, His293, His300, Glu326 and Trp34#83( 7B). Furthermore, both HQ14
and HQ15 interact with Thr291, His300 and Asn30rbulgh hydrogen bonding and have
hydrophobic interactions with residues Arg107, BE1Tyr186, Ser289 and Tyr290 (Fig 7C
and D). Therefore, lead molecules HQ14 and HQ1% hidMetAP1 via three hydrogen
bonds while as, HQ13 and HQ11 bind tdMetAP1 via one and no hydrogen bonds,
respectively. The binding site and binding modeH@i11 was contrastingly different from
those of HQ13, HQ14 and HQ15 which bind at thelgataactive site providing a structural
basis for the differences in the mode of inhibitidteanwhile, all leads boundsMetAP1
with different binding modes and lower affinity @pt HQ11l) which may be a major
contributing factor to the exceptionally lower potg of HQ13, HQ14 and HQ15 against

HsMetAP1 (Fig. 7E-H).

2.8 Lead inhibitor HQ15 forms a stable complex with_.dMetAP1

After molecular docking of all lead compoundsMetAP1 and T291A were simulated alone
and in complex with lead molecule HQ15 for 30 nBIFD of backbone atoms used to assess
the convergence of structure to equilibrium aft€p23 binding suggesteddMetAP1 and
T291A to be stable as there was no significantaten in the RMSD. The binding of HQ-15
to bothLdMetAP1 as well as T291A increased the RMSD by axiprately 0.8 A (0.08 nm)
suggesting a minor change induced in the proteirctstre after ligand binding (Fig. 8A).
This matches with the fluorescence spectroscopities where HQ15 binding quenched the
fluorescence but didn’'t affect the protein foldiggeatly as neither a ‘blue shift’ nor ‘red
shift’ was observed (Supplementary Fig. 2D). MeaifeytbothLdMetAP1-HQ15 as well as
T291A-HQ15 complex reached equilibrium one afterothar with former assuming

precedence.
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The flexibility of unbound and HQ15 bound enzymasing the 30 ns MDS run was
assessed by plotting RMSF. Other than the majatuations occurring in the C-terminal
region (residues 310-315) and with non-catalytgichees Cys221 and Ser250 (of truncated
LdMetAP1) which are far off from the catalytic pockeatl systems were highly rigid (Fig.
8B). Specific fluctuations in the loop region todsrC-terminal end possibly indicate the
occurrence of slight conformational changes afted B binding.

Unbound and HQ15 bound enzyme structures wereaalatyzed using Rg which describes
compactness by measuring the mass of atoms reladivihe mass of whole complex.
LdMetAP1 showed relatively more compactness than A2%urthermore,LdMetAP1-
HQ15 complex had higher compactness than T291A-H@a&Bplex. Therefore, the
compactness and stability bMetAP1 increased dramatically after complex form@ativith
HQ-15 (Fig. 8C). The MD simulations afdMetAP1 and T291A and its complexes with
HQ15 assert the complexes to be stabilized by cordbonal rearrangements and that HQ15
like other lead molecules is held withiMetAP1 by hydrophobic interactions and hydrogen

bonding. Similar results were observed through mdér docking.

3. Discussion

The removal of initiator methionine from nascenlypeptides by MetAPs is an evolutionary
conserved process essential for growth, proliferaind survival of both prokaryotes and
eukaryotes. Like human and yeast genome, the laisiangenome encodes both type | and
type Il forms of MetAPs. Deletion of MetAPs frometlyeast or other eukaryotic genomes
causes growth and developmental abnormalities eadsl to lethality [16,21]. Moreover,
specific inhibition of MetAPs with small moleculahibitors leads to immune suppression
[22] and blockade of angiogenesis in humans [2B&c8ic and potent inhibition of MetAPs

has also been used to evade and eliminate parasiéictions [24] suggesting specific
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inhibition or inactivation of leishmanial MetAPs wWld become a mainstream strategy to
block the growth and proliferation &f donovani. We cloned, expressed and purified both
LdMetAP1 andHsMetAP1 and established that both of these recombnaxpressed
enzymes are active under physiological like coodgi against a synthetic fluorogenic
substrate L-methionine-4-methyl-coumaryl-7-amidedely used to determine activity of
MetAPs and inhibitor screenirigiMetAP1 showed high catalytic efficiency theisMetAP1
[25] and TbMetAP1 [26] at physiological pH. While screeninghet synthetic substrates
carrying a smaller or bigger'Pesidue (such as, Ala or Leu), we foundMetAP1 either
inactive or marginally active suggesting its higiedficity for the hydrolysis of Met. Like
other type | MetAPsLdMetAP1 was highly activated by divalent cobalt whican be
attributed to the ability of this metal to act abad Lewis acid [27] as a result of which it
attains high affinity for hard bases like water lgrdroxide ions that are involved in the
catalytic mechanism [28] of MetAPs. Furthermoreyalbhas a partially filled 3d orbital and
thence preferred oxidation states of +2 and +3 lwlallow it to form low-spin trigonal
bipyramidal, high-spin octahedral and low-spin betdral complexes [26]. Because of the
higher stability of cobalt’s low-spin and high cdoration number complexes, the metal ion
charge intensifies which leads to higher substlateling and the stability of reaction
intermediates. Such chemical properties result ighdr catalytic efficiency of cobalt
activated MetAPs. Although highly activated by @p(LdMetAP1 had highest affinity for
substrate when activated by Fe(ll) much IkeMetAP1 [13]. In fact,LdMetAP1 seemed
specific to Fe(ll) as the substrate binding incegasdramatically. Interestingly, the
concentration of cytosolic Fe(ll) increases whihe tconcentration of Co(ll) stays steady
whenEcMetAPL1 is over-expressed i coli which further supports the narrative that iron is
the physiological activator of type | MetAPs. LikbMetAP1 [26],LdMetAP1 didn’t show a

noticeable activity with Zn(ll) against L-methiom##-methyl-coumaryl-7-amide. Whether or
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not LdMetAP1 can be activated by Zn(ll) likKEboMetAP1 [26] against other substrates that
resemble physiological substrates of MetAPs likg-Kb-Met-Met remains to be seen. Zinc
is the second most plenteous metal in human bo@lyd@d is resistant to redox changes at
biological potential [30]. Therefore, it is diffiitto rule out the possibility of zinc being one
of the major physiological activators of MetAPs.truSturally, MetAPs are very similar;
therefore, different metal preferences can be dwertino acid substitutions near the catalytic
site allowing slight rearrangement of active sisidues which alter metal preferences and
metal dependence. As suc¢tsMetAP1 could be highly activated by Co(ll) due teraaller
active site [31]. All type 1 MetAPs includinglMetAP1 are monomeric in solution and have
a two domain organization i) N-terminal domain whieportedly binds to ribosome [32] to
take up the N-terminal methionine processing ofceas polypeptides and ii) C-terminal
catalytic domain which carries catalytic residudBHEE embedded with two divalent metal
ions indispensable for catalysis [7,28]. ModelledMetAP1, like the crystal structure of
TbMetAP1 carries mor@-sheets tham-helices. This in turn matches with the Far-UvV CD
spectroscopic data whose analysis suggested.thetAP1 carries 21%-helices and 24%
B-sheets.

While screening inhibitor libraries of distinct wttural classes, we identified quinoline-
carbaldehyde core bearing inhibitors HQ14 and HQ4bich inhibited LdMetAP1
specifically. Most inhibitors of this library exceplQ11 showed remarkably high specificity
towardsLdMetAP1 thanHsMetAP1 possibly due to crucial amino acid subsbid near the
catalytic site. The key structural element necgskarinhibitors to carry potency was the C4
position of the 6-carbon ring linked to the quinelicarbaldehyde core by a Nitrogen atom of
pentameric ring. Multiple substitutions with diféert groups revealed —CI substitution to be
most efficient for potency while —GHsubstitution was equally efficient. Thr291 of

LdMetAP1 appeared to be directly interacting withdeand crucial to mediate inhibitor
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potency as mutazyme (T291A) carrying Ala at thecglaf Thr was less susceptible to
inhibition by competitive inhibitors HQ13, HQ14 andQ15. Thr291 is an important
substrate binding residue whose mutation to Al&@rcaused rotameric flipping of active
site residues and the residues surrounding acii@dilee Arg107, Tyrl85, Tyr290, His293
and Asn304 which potentially alters inhibitor patgninterestingly, Thr is replaced by Cys
in HsMetAP1 and is not prone to inhibition by HQ13, HQddd HQ15. Meanwhile, T291A
was comparatively less thermostable thaivietAP1 possibly due to a slight decline in the
percentage ofu-helices. Decline ino-helices tends to destabilize protein structured an
renders them vulnerable to denaturation [33]. Furttore, time course biochemical
experiments suggested inhibitor HQ11 which camidéisiorine substitution at the C3 position
of the 6-carbon ring linked to the quinoline-cadeiyde core bindingdMetAP1 at a site
other than the active site. Similar observationgewmade with molecular docking. This
could be due to the highly electronegative natdrluorine [34] that enables the inhibitor
(HQ13) to either bind at multiple sites to the emeyor bind away from the active site rich in
highly reactive residues as depicted by molecutankohg studies. Interestingly, HQ11 was
equally potent againstdMetAP1 andHsMetAP1 with similar binding affinities implying it
could have a common binding site in both enzyméss TS indeed possible dasiMetAP1
andHsMetAP1 carry a high sequence homology in the CHteahrcatalytic domain and have
almost identical structures. In contrast, inhilsteétQ13, HQ14 and HQ15 seemed specific to
LdMetAP1 and inhibited it competitively with simildminding modes and encouragingsdC
values. Surface plasmon resonance and fluoressgemroscopic measurements suggested
all lead inhibitors binding-dMetAP1 with higher affinity tharHsMetAP1 except HQ11
which binds to both enzymes with high affinity. HQAlso carries toxicity possibly because
of off-target binding due to the presence of re&cfiuorine in the hexameric ring. Other lead

molecules specific td.dMetAP1 viz HQ13, HQ14 and HQ15 showed comparatively low
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toxicity and drug likeness. Importantly, lead malecHQ15 also formed a stable complex
with LdMetAP1 in a 30 ns MDS run suggesting this to bamportant lead for inhibitor
development againstdMetAP1. The molecular basis of remarkably high poye and
specificity of HQ14 and HQ15 towardsdMetAP1 and notHsMetAP1l remains largely
unknown. However, specificity may manifest due tac@al amino acid differences between
LdMetAP1 andHsMetAP1 within 6 A distance from the catalytic siféhe differing residues:
(LdMetAP1 vs.HsMetAP1) Val220 vs. lle221, Ser221 vs. Thr222, Thr28. Cys292 render
HsMetAP1 catalytic site compact due to bulkier sideains which possibly makes it
inaccessible to quinoline-carbaldehyde core coimgimeads and thus, less vulnerable to
inhibition.

Specific inhibitors ofLdMetAP1 have a potential to circumvent the mayhemdnig
resistance to current regimen of antileishmanidieckvhas also been a major roadblock for
the effective elimination of leishmaniasis. Ideication of specificLdMetAP1 inhibitors
have a potential to aid the development of newlastimanial agents. Moreover, specific
inhibitors of LdMetAP1 like HQ14 and HQ15 may also be used to ihhhe growth and
proliferation of both promastigotes and amastigateEdMetAP1 is a vital house-keeping
enzyme expressed in both life formsLefshmania species thereby extending the importance
and efficacy of specifitdMetAP1 inhibitors. Improvement to lead moleculé®IHQ14 and
HQ15 along with other quinoline-carbaldehyde cagaring inhibitors in their selectivity and
potency toward.dMetAP1 overHsMetAP1 may thus lead to the development of a novel

class of antileishmanial agents.
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4. Experiments
4.1 Sequence analysis and Homology modelling
LdMetAP1 sequence was identified through HMMER web rvese

(https://www.ebi.ac.uk/Tools/hmmer/) which also ésed this enzyme to be a member of

M24 aminopeptidases. The sequence was further sethlyith web based SMART server
[35] for motif analysis, domain organization andegence of signal peptide and internal
repeats. For physico-chemical properties ProtParartool was used

(https://web.expasy.org/protparam/). Homology marfdldMetAP1 was generated with the

program Modeller 9.15 version [36] using the stouak coordinates of. brucei methionine
aminopeptidase 1 (PDB code: 4FUK) as a templatuéece identity, 70%). The loops and
Ramachandran outliers were fixed and the modeliecttsire was energy minimized with
Gromacs 4.6.3 [37]. The geometry of model was ae#id with RAMPAGE [38] and the

structure was visualized in PyMOL [39].

4.2 Cloning and site directed mutagenesis

Gene sequence encoding for functiondMetAP1 was amplified from the genomic DNA of
Leishmania donovani DD8 strain using primers specific forLdMetAP1 (5'-
ATTGGATCCATGGTGGACGAGCGGCTCTTCAAC-3' and 5'-
AGCAAGCTTTCAGATTTTGATTTCGCTGGGGTC-3'). Likewise, OR of HsMetAP1
containing 1161 nucleotides was amplified from ti@NA (generated from the mRNA
isolated from human fibroblasts) using primers (5-
TTAGGATCCATGGCGGCCGTGGAGACG-3'and 5-
AGGCTCGAGTTAAAATTGAGACATGAAGTGAG-3’). The PCR prodzts of both genes
were cloned in the expression vector pET28a in éramth an N-terminal 6x-Histidine tag

between the siteBamHI and Hindlll, and BamHI and Xhol, respectively. Both clones were
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confirmed by restriction digestion and DNA sequagciMeanwhile, Thr291 positioned at
the active site ofL.dMetAP1 structure was mutated to Ala in a PCR reactising primers
containing a mutation (5-GATACCATGCCCGGCGTAGCTGCACTA-3' and 5'-
TAGTGCGCAGCTACGCCGGGCATGGTATC-3'). The PCR was penied as follows: 98
°C for 30 sec, 98C for 30 sec, 60C for 1 min, 72°C for 6 min 30 sec and 7Z for 10
minutes. Methylated template plasmid DNA was digéstithDpnl for 1 hr at 37°C and the
reaction was transformed into XL1-Blue cells. Thansformants observed on plate were

grown in LB media for plasmid extraction to confithee mutation with DNA sequencing.

4.3 Expression and purification of recombinant enzgnes

For LdMetAP1, T291A andHsMetAP1 expressiort. coli BL21 (DE3) cells were used and
the protein expression induced with 0.5 mM IPTG &fr hours at 18°C in a shaking
incubator. The IPTG inducegl coli BL21 (DE3) cultures expressinglMetAP1, T291Aand
HsMetAP1 were harvested by centrifugation at 4°C sexlispended in the lysis buffer (50
mM Tris-HCI pH 8.0, 250 mM NaCl and 25mM imidazol€gells were lysed by sonication
and the cell lysate centrifuged at 14000 rpm at #tCl5 minutes. The resultant supernatant
was loaded onto a pre-packed His-Trap column (GElthieare) equilibrated with the lysis
buffer for protein binding on an AKTA purificatiosystem (GE Healthcare). After extensive
washes, all enzymes were eluted out with a buféaribg 50 mM Tris-HCI (pH 8.0), 250
mM NaCl & 250 mM imidazole. The protein size andaliy was checked on 10% (w/v)
SDS-PAGE. The purest fractions bfiMetAP1 were concentrated and loaded onto a pre-
calibrated Superde00 column (GE Healthcare) for size-exclusion chatography. The
protein concentration was estimated photometricallyNano drop (Thermo Scientific) using
molar absorption coefficient and molecular weight6380 mol* cmi* and 41480 Da for

LdMetAP1 and 55350 mol cm ‘and 46252Da foHsMetAP1, respectively.
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4.4 Circular Dichroism (CD) measurements

Far-UV CD spectra oEdMetAP1 and T291A (1M each in 10 mM Potassium phosphate
buffer, pH 7.2) were recorded in a quartz cell & Om path length on JASCO-J1500 CD
spectropolarimeter. For thermo-stability assaygcspl changes didMetAP1 and T291A
were analyzed in the temperature range of 293 @K38nd the data fitted into the two-state
equilibrium unfolding model to enumerate thermodwyia parameters in Sigma plot 12.0
(San Jose, USA). CD spectral data was analyzedthatiprogram DICHROWERB to predict

secondary structures bfiMetAP1 and T291A.

4.5 Aminopeptidase activity assay

TheLdMetAP1, T291A andHsMetAP1 activity was estimated by measuring the &®ai of
L-methionine from fluorogenic substrate L-methiait-methyl-coumaryl-7-amide (Sigma
Aldrich, USA) using InfiniteM200 Pro spectrofluora@ter (TECAN, Switzerland) with a
wavelength pair of 355 and 460 nm used for exatand emission, respectively. The
aminopeptidase activity assay buffer was suppleatemtith a metal chloride and OV
LdMetAP1. After incubation at 37°C for 30 minutese thubstrate was added up to a final
concentration of 20QM and the activity recorded in a 30 minute kinetycle with a break
of 1 min between measurements. To test whetludetAP1 cleaved other amino acid
residues, fluorogenic substrates L-alanine--4-matbymaryl-7-amide, L-leucine-4-methyl-
coumaryl-7-amide, L-arginine-4-methyl-coumaryl-7ide  L-lysine-alanine-4-methyl-
coumaryl-7-amide, L-alanine-alanine-phenylalanin@ethyl-coumaryl-7-amide, L-alanine-
leucine-lysine-4-methyl-coumaryl-7-amide and L-at@ralanine-phenylalanine-4-methyl-
coumaryl-7-amide were tested in aminopeptidaseyasdauorescence emission due to
peptide bond hydrolysis was converted into prodaohation (AMC) and the steady state

kinetic parameters determined in Graphpad Prism.
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4.6 Chemistry

General procedure for the Synthesis of compound 2: (8-Hydroxxy-2-
guinolinecarbaldehyde)

8-hydroxy-2-methylquinoline 1) (2g, 12.4 mmol.), selenium dioxide (1.74g, 15.&ol),
300 ml of degassed 1, 4-dioxane, and 1.5 ml of maere mixed and stirred in a 1L round
bottom flask. The resulting solution was then nedld for 24 hours and the reaction was
monitored until completion using TLC method. Thaaton mixture was then filtered off,
and the selenium metal was washed with dichloroamethand the combined filtrates were
then evaporated off under reduced pressure. Thiegutoduct was purified by sublimation
under reduced pressure or by silica gel columnmhbatography to yield pure yellow needle
crystal. Yellow solid; Yield = 74.5%; Melting point 97.0-98C; *H NMR (500 MHz,
CDCl3) & 10.22 (s, 1H), 8.32 (d, J = 8.5 Hz, 1H), 8.171(), 8.06 (d, J = 8.5 Hz, 1H), 7.63
(t, J = 8.0 Hz, 1H), 7.44 (dd, J = 8.3, 0.8 Hz, 1AHP9 (dd, J = 7.8, 1.0 Hz, 1HC NMR
(125 MHz, CDCk) & 192.72 (s), 153.02 (s), 150.17 (s), 137.81 (s),.4%3 (s), 130.96 (s),
130.44 (s), 118.04 (d, J = 11.5 Hz), 111.26 (s).

General procedure for one pot synthesis of 8-Hydropquinoline-substituted 4-
Thiazolidinones [4 (HQ1-HQZ20)]

To a solution of substituted anilines (0.867 mmbéqg) in Dichloromethane at 0°C, 8-
Hydroxy-2-Quinolinecarbaldehyde2)( (1.300 mmol, 1.5eq) was added and the mixture
stirred for 5 min. Thioglycolic acid (1.734 mmok@ was then added to the above reaction
and stirring was continued for another 5 min at @kowed by the addition of silica gel (0.5
g, 100-200 mesh) as shown in Scheme 1. The reagtem stirred for 4 hr at room
temperature and the reaction progress monitore@lUy, After completion of the reactions
as indicated by TLC, the reaction mixture was etéd with DCM and the extract was

washed with sodium bicarbonate solution. The DCiéidavas collected and concentrated to
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give the crude product which was purified by usistdica gel (100-200) column
chromatography by using 5% ethylacetate-hexandéuasteto get the pure produet [HQ1-

HQ20)] with 60-75% vield (Table 5).

Ar-NH, (3)
A SeQ X thioglycolic acid, silicgygo-200) N
z Dioxane, reflux A0  DCM,rt12h, (60-75%) Z s
N" CHs oah 70% N N
OH OH OH N
8-hydroxy-2- 8-hydroxy-2- = 0]
methylquinoline quinolinecarbaldehyde \/ Y
1 2 R

4 (HQ1-20)
Scheme 1General synthesis scheme of new target molecdjes (

For purity analysis, all HQ molecules were subjécte HPLC by employing Isocratic
method and Phenomenex C8 150 X 4.6 column on Wa2895 module with quaternary
solvent manager system using mobile phase [0.1 #iE@acid and Acetonitrile (30:70)] for
a run time of 10 min at 25°C. All the compounds eveharacterised by spectroscopic
methods and the spectral data is given in supplemematerial. Spectral data for the
selected compounds HQ13, HQ14 and HQ15 are givienwbe

HO13 (3-(2-(8-hydroxyquinolin-2-yl)-4-oxothiazolidn-3-yl)benzonitrile): Yield;70% ,

white solid, MP;175-178°C; IR(ATR); 3416.79, 2973,12889.70, 2233.18, 1681.40,
1601.18, 1393.28, 1046.46 ¢ntH NMR (500 MHz, CDGJ) § 8.21 (d, J = 8.5 Hz, 1H), 7.75
(d, J = 6.9 Hz, 2H), 7.57 (ddd, J = 8.1, 2.1, 18 #H), 7.40 (dddd, J = 18.8, 12.1, 9.0, 4.4
Hz, 5H), 7.21 (dd, J = 7.6, 0.9 Hz, 1H), 6.34 (d),14.06 (dd, J = 16.0, 1.1 Hz, 1H), 3.87 (d,
J = 16.0 Hz, 1H)»*C NMR (125 MHz, CDGJ) § 171.38 (s), 156.06 (s), 151.92 (s), 138.66
(d, J = 9.0 Hz), 137.13 (s), 130.06 (d, J = 11.0, Hi28.72 (s), 128.06 (s), 127.32 (s), 118.43
(s), 117.95 (d, J = 14.9 Hz), 113.40 (s), 111.42 €6.53 (s), 32.94 (s); HRMS; m/z
calculated for GH13N30,S [M+H]+ :348.0807; found : 348.0804°C NMR (DEPT) (126
MHz, CDCk) & 138.68 (s), 130.06 (d, J = 10.8 Hz), 128.71 (8R.08 (s), 127.34 (s), 118.45

(s), 118.01 (s), 111.42 (s), 65.54 (s), 32.94 (s).
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HO14 (2-(8-hydroxyqguinolin-2-yI)-3-(p-tolyDNthiazolidin-4-one): Yield; 72%, white solid,

MP;123-125°C; IR(ATR); 3422.63, 2917.71, 1683.6802.03, 1329.42 cth *H NMR (500
MHz, CDCk) & 8.16 (d,J = 8.6 Hz, 1H), 7.91 (s, 1H), 7.49 (s, 1H), 7.47X¢ 4.8 Hz, 1H),
7.44 (d,J = 8.0 Hz, 1H), 7.31 (t, J = 8.6 Hz, 1H), 7.261(l), 7.18 (dJ = 8.4 Hz, 3H), 7.07
(d, J = 8.3 Hz, 2H), 6.33 (s, 1H), 4.06 (dil= 15.8, 1.5 Hz, 1H), 3.88 (d,= 15.8 Hz, 1H),
2.23 (s, 3H)*C NMR (125 MHz, CDGJ) & 171.21 (s), 157.22 (s), 151.92 (s), 138.33 (s),
137.18 (s), 134.81 (s), 129.93 (s), 128.44 (s),ARgs), 124.90 (s), 118.80 (s), 117.88 (s),
111.23 (s), 66.16 (s), 33.13 (s), 20.97 (s); HRM®; calculated for GH1sN-0,S [M+H]"
:337.1011; found : 337.1014.

HO15 (2-(8-hydroxyquinolin-2-y)-3-(4-chlorophenylthiazolidin-4-one): Yield; 80%,

pale yellow crystals, MP;133-135°C; IR(ATR); 347D.03203.07, 2900.07, 1689.91,
1596.44, 1490.38, 1328.08, 769.62 %rtH NMR (500 MHz, CDCJ) & 8.17 (d, J = 8.6 Hz,
1H), 7.84 (s, 1H), 7.46 (dd, J = 17.7, 8.2 Hz, 2HR3 — 7.26 (m, 3H), 7.25 — 7.18 (m, 3H),
6.32 (s, 1H), 4.05 (dd, J = 15.9, 1.3 Hz, 1H), 3&7J = 15.9 Hz, 1H)*C NMR (125 MHz,
CDCly) ) & 171.22 (s), 156.65 (s), 151.92 (s), 138.46 (s5.93 (s), 136.08 (s), 132.52 (s),
129.40 (s), 128.59 (s), 128.02 (s), 125.81 (s),.8A8s), 117.94 (s), 111.32 (s), 65.91 (s),
33.05 (s); HRMS; m/z calculated fordEi13CIN,O,S [M+H]+ :357.0465; found : 357.0463.;
3C NMR (DEPT) (126 MHz, CDG) & 138.35 (s), 129.39 (s), 128.54 (s), 125.83 (s3.64

(s), 117.95 (s), 111.20 (s), 66.00 (s), 33.06 (S).

4.7 LdMetAPL1 in vitro inhibition assay

Twenty Quinoline-carbaldehyde derivatives (Fig. tl)ssolved in 100% DMSO, were

screened as inhibitors fadMetAP1 andHsMetAP1 (as control) in 96-well plates to identify
hits. Initially, the enzyme present in the assaffdsualong with the metal supplement was

incubated for 30 minutes. Post-incubation, substiatmethionine-4-methyl-coumaryl-7-
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amide (125 uM) was added and the fluorescence recorded withnileM200 Pro
spectrofluorometer (TECAN, Switzerland). The netcpatage decrease in fluorescence in
comparison to the control enzymatic reactions a&ert as percentage inhibition for every
compound tested. The 4§obtained for each compound with different concgidns was
then used to identify and rank hits in the orderpotency. For mode of inhibition, hit
compounds were incubated with enzyme @\ in Fe (Il) supplemented assay buffer for
30 minutes at 37 °C. Subsequently, the substrateadded from 0-20QM and the activity
measurements recorded in a time course reactioB0Ofoninutes. The mode of inhibition was

determined by Lineweaver-Burk plots.

4.8 Cell viability assay and assessment of druglikess

For cell viability using MTT (3-(4,5-dimethylthiak@-yl)-2,5-diphenyltetrazolium bromide)
assay, mouse embryonic fibroblast cells were in@tha media containing 0, 50, 100 and
200 uM concentration of compounds HQ11, HQ13, HQ14 ar@il bl for 48 h in 96-well
plates. This was followed by the addition of MTTlwmn (5mg/ml) to each well and an
incubation of 4 h at 37°C. Post incubation, therfazan crystals developed were dissolved
by adding DMSO and gentle shaking at 37°C. Cellbiity was determined
spectrophotometrically by absorbance measurements5a0 nm. Furthermore, program
SwissADME [40] was used for assessing physicochanpioperties and druglikeness of all

leads.

4.9 Surface Plasmon Resonance (SPR) binding assaysl Fluorescence Spectroscopy
Enzymes (ligands).dMetAP1 andHsMetAP1 were coupled to CM-5 dextran chip (GE
Healthcare) with amine coupling. Binding assaysenmrformed using common running and

injection buffers composed of 1X PBS (pH 7.4) ar@b@ P-20. Analytes (HQ compounds)
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dissolved in 2% DMSO were then passed over the ibilired enzymes to measure response
units (RU) as a function of concentration of anedyt After solvent correction, kinetic
analysis was carried out following a 1:1 Langmuirding model in Biacore T200 evaluation
software 2.0.

For Fluorescence measurementyiM final concentration oLdMetAP1 was taken in the
buffer containing 20 mM Tris-HCI (pH: 7.5) and 50MmNaCl at 25°C. Using five
tryptophan residues afdMetAP1 as intrinsic fluorescent probes, the confitranal changes
of LdMetAP1 with hit compounds were recordé@y~ 295 nm,Agm~ 300-400 nm) using
the Jasco ETC J-815 fluorescence spectrophotor(ietéryo, Japan). After gentle mixing,
LdMetAP1 was incubated with hit compounds for 30 ratn25°C prior to fluorescence
measurements. The relative fluorescence intensitgireed by (6/F1), where i and k are
the fluorescence intensities in the absence ansepce of hits, was plotted against the hit
concentration and the Stern-Volmer quenching comgi&s,) calculated by linear regression
in Graphpad Prism. Binding parameters of all conmgisuwere calculated with modified

Stern-Volmer plot as reported previously [41].

4.10 Molecular docking and Molecular Dynamics Simudtions

For molecular docking with AutoDock Vina 1.1.2 [42¢rsion using Lamarckian genetic
algorithm, inhibitor coordinates were drawn manuadind energy minimized. Docking
studies were conducted following a grid based e as reported previously [7] with
modifications in parameters and wherever necessary.

Molecular dynamics simulations consider receptexibility; therefore, this powerful method
was used to assess the stability and rigidityLdfletAP1 and T291A separately and in
complex with HQ15 using group parameters root nsgprare deviation (RMSD), root mean

square fluctuation (RMSF), radius of gyration (Ray)d free energy calculations with
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MM/PBSA method. The 30 ns production run was penfedt with Gromacs 4.6.3 [35] using
GROMOS 96 43al as a force field. For complexes, H@pology was built with PRODRG

server [43] and the docking conformation with higthaffinity was taken. Before production
run, the topology of HQ15 was merged with bbttiMetAP1 and T291A separately and the
simulations conducted following SPC model in a culmx with water as a solvent. All other

procedures used for 30 ns production run were addpdm our previous study [7].
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Tables

Table 1. Steady-state kinetic parameters lafMetAP1 with metal chlorides against L-

methionine-4-methyl-coumaryl-7-amide. Data représemean + SD from three experiments.

Metal Km (UM) Kea(Min™) | Kea/ Kmx10® (M min™)
FeCh |40.36+5.43 4.63+0.21 114.71 + 16.28
CoCh [111.2+7.01 7.52 +0.23 67.62 +4.73
MnCl, |145.5+11.80 | 6.07 +0.27 41.71+3.85
MgCl, |95.88+10.87 | 2.24+0.12 23.36 + 2.92
CaCh |244.7+48.15 | 2.79+0.43 11.40 £ 2.84

Table 2.1Cs5 values of HQ1-HQ20 againstiMetAP1 and its human ortholdg¢sMetAP1

Compound | LdMetAP1 ICso(uM) HsMetAP1 ICso(uM)
HQ1 251.6 very far
HQ2 62.5 104.7
HQ3 39.71 very far
HQ4 45.49 143
HQS 79.87 116.1
HQ6 46.36 very far
HQ7 54.10 107
HQ38 26.44 10.94
HQ9 12.94 61.4
HQ10 18.42 12.58
HQ11 8.80 8.90
HQ12 18.42 98.70
HQ13 11.70 217.2
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HQ14 1.31 very far
HQ15 1.10 284.0
HQ16 43.80 127.5
HQ17 36.77 104.2
HQ18 46.14 112.7
HQ19 37.38 174.6
HQ20 27.91 126.8

Table 3. Predicted ADME properties of hit compounds and cadlbility analysis for
assessing toxicity.
Compound MW LogP | LogS | Pharmacokinetics| Drug Cytotoxicity
(g/moal) likeness (ICs0)
HQ11 340.37 293 -4.406 High Yes ~ 1,20
HQ13 347.39 2.76 -4.24 High Yes > 2501
HQ14 336.41 299 -4.60 High Yes > 2001
HQ15 356.83 | 3.08 -4.90 High Yes >2(001
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Table 4.Equilibrium dissociation constants Kof LdMetAP1 andHsMetAP1 with hit

compounds. Data represents mean of two indepeeapptiments.

Enzyme Analyte | Kp (M)

LdMetAP1 HQ-11 | 1.6310™"
LdMetAP1 HQ-13 | 1.5410°
LdMetAP1 HQ-14 | 2.1510°
LdMetAP1 HQ-15 | 1.50 10°
HsMetAP1 HQ-11 | 1.5210%
HsMetAP1 HQ-13 | 3.5310°
HsMetAP1 HQ-14 | 8.5210°
HsMetAP1 HQ-15 | 3.61x 10’

Table 5. Percentage yield of Compounds 4 (HQ1-20)

S. No | Compound R Yield %*
1 HQ1 4-| 68
2 HQ2 4-OCH; 65
3 HQ3 3-OCH; 70
4 HQ4 4-F 70
5 HQ5 4-H 72
6 HQ6 3-OCHR 70
| HQ7 ACK; 69
8 HQ8 3,4(di)OCH |65
9 HQ9 3,4,5(tr))OCH; | 69
10 HQ10 3,5(di)OCH; | 60
11 HQ11 3-F 65
12 HQ12 2-OCH; 67
13 HQ13 3-CN 70
14 HQ14 4-CHg 72
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15 HQ15 4-ClI 80
16 HQ16 4-OPh 73
17 HQ17 4-Br 72
18 HQ18 3-Br 70
19 HQ19 4-CH(CHs), |70
20 HQ20 3-CHs 74

*Yield % is the isolated yield
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Figure legends

Fig. 1: Chemical structures of 8-Hydroxyquinoline-subsétl 4-Thiazolidinones4 (HQ1-
HQ20)].

Fig. 2: Domain organisation, sequence analysis ammlrification. (A) Domain architecture
of LdMetAP1 showing its two domains. NTD (grey) and CTQiue) stand for N-terminal
domain and C-terminal catalytic domain, respecyivéB) Modelled structure dfdMetAP1
depicting the pita-bread fold organization typicél MetAPs. Helices are shown in olive,
sheets in blue and loops in black. Green sphesgayi the two divalent metal ions requisite
for catalysis. (C) LigPlot showing the metal intediag residues DDHEE oEdMetAP1.
Residues are numbered according to the full lesgiiuence of.dMetAP1 (D) Multiple
sequence alignment afiMetAP1 with its ortholog sequences frdmbrucel andH. sapiens.
Secondary structure found in the modelled structdiledMetAP1 is highlighted. Conserved
and similar residues are shown in red and yellolwo respectively. Blue stars indicate
conserved catalytic metal interacting residues. RHjification of recombinantdMetAP1
(lane 1 and 2) and mutazyme T291A (lane 3 andH))P(rification ofHsMetAP1 (lane 1
and 2). Lane M represents the pre-stained markgy. Gel filtration chromatogram of
LdMetAP1 highlighting the monomeric state of this yne in solution.

Fig. 3: Biophysical and biochemical characterizatin of LdMetAP1. (A) Far-UV CD
spectra olLdMetAP1 and mutazyme T291A. (B) Heat-denaturatiastgpbf LdMetAP1 and
T291A. (C) Michaelis-Menten fit for the aminopegs® activity oLdMetAP1 with different
metal chlorides. (D) Relative activity aiMetAP1 against different peptide substrates. Data
indicates mean * SD of three experiments.

Fig. 4: Inhibition of aminopeptidase activity of LdMetAP1 and HsMetAP1l. (A-D)
Differential inhibition ofLdMetAP1 andHsMetAP1 with inhibitors HQ11, HQ13, HQ14 and

HQ15. (E) Lineweaver-Burk plots depicting the ungatitive mode of inhibition of HQ11.
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Figures (F-H) depict the competitive mode of inhdn of HQ13, HQ14 and HQ15. Data
indicates mean + SD of four experiments perfornmetliplicates.

Fig. 5: Binding interaction of LdMetAP1 and HsMetAP1 with inhibitors. (A-D) SPR
sensorgrams showing binding interaction betwediMetAP1 and inhibitors HQ11, HQ13,
HQ14 and HQ15. (E-H) Binding interactions &fsMetAP1 with inhibitors. The data
presented is a mean of two independent experinpentsrmed at room temperature.

Fig. 6: Biochemical digressions after mutagenesisnd molecular docking. (A) Plot
showing the high catalytic efficiency didMetAP1 over mutazymeT291A. Statistical
analysis was performed with two-tailed studenttest. Catalytic efficiency was considered
statistically significant wherP< 0.05. (B-D) Differential inhibition ofLdMetAP1 with
specific inhibitors HQ13, HQ14 and HQ15 after mutatof Thr291 to Ala. Data indicates
mean * SD of three experiments performed in trgiés. (E-G) Rotameric flipping of
residues surrounding the active site after mutationhr291 to either Ala (F) or Val (G) and
atomic interactions of HQ15 withdMetAP1 and mutazymes T291A and T291V. HQ15 and
interacting residues are given in sticks. Discardis black lines in the figure display
hydrogen bonding. Other residues shown in the égum sticks have hydrophobic
interactions with HQ15.

Fig. 7: Structural basis of inhibition. (A-D) LigPlots showing the hydrogen bonding and
hydrophobic interactions of inhibitors wittdMetAP1. (E-H) LigPlot analysis displaying the
inhibitor interactions wittHsMetAP1. Structures didMetAP1 andHsMetAP1 are shown as
a surface with binding poses of HQ11 (black stickk)13 (Red sticks), HQ14 (cyan sticks)
and HQ15 (blue sticks).

Fig. 8: Molecular dynamics. Figures(A), (B) and (C) show the group parameters RMSD,

RMSF and Rg oLdMetAP1, T291A and their complexes with lead intobiHQ15.
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Supplementary figure legends

Supplementary Fig. 1:(A) Effect of varying pH on the amidolytic activityf LdMetAP1.
(B) Inhibition of LdMetAP1 with HQ1 and HQ4 molecules. Data indicatesam+ SD of
three experiments.

Supplementary Fig. 2:(A-L) Fluorescence spectra, Stern-Volmer plots aradlified Stern-
Volmer plots ofLdMetAP1 with inhibitors HQ11, HQ13, HQ14 and HQ15.
Supplementary Fig. 3:(A-B) Non-linear regression fit for the determiratiof inhibition
constant (K of HQ13, HQ14 and HQ15 withdMetAP1 and mutazyme T291A. The
parameters highlight high affinity and potency efid molecules fot.dMetAP1l. Data

indicates mean = SD of two experiments performetdiphicates.
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Supplementary Figure 1
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Supplementary Figure 2
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Supplementary Figure 3

A - LdMetAP1 with HQ13; K, = 8.78 4.0 ; R?= 0.90 B - T291Awith HQ13; K, = 128 + 25 ; R?= 0.93
1207 = LaMetAP1 with HQ14; K, = 0.91+ 0.4 ;R?= 0.8 120, % T291Awith HQ14;K; = 84.9 + 23; R®= 0.92
1009 g “*- LdMetAP1 with HQ15; K; = 0.28 + 0.09; R*= 0.96 100 ~%- T291Awith HQ15; K; = 403 + 160; R* = 0.63

§ g 80
2
3 £ &0
b =
< &’ 40
20
| L R BB B LR AL L -
0 50 100 150 200 0 50 100 150 200

Inhibitor (M) Inhibitor (1M)



Highlights

Leishmania methionine aminopeptidase (LdMetAP1) is a monomeric metal dependent
methionine excising enzyme.

Unlike its human counterpart, LdMetAPL is potently inhibited by two quinoline-
carbaldehyde derivatives (HQ14 and HQ15).

Specific inhibitors HQ14 and HQ15 inhibit LdMetAP1 competitively and exhibit high-
order binding along with druglikeness.

Different amino acid composition of LdMetAP1 and HsMetAP1 near the conserved
catalytic site provides structural basis of inhibition.



