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ABSTRACT

Herein, we present dual inhibitors of new targetb@®4 and HtdX for the first time.
In this work, eight compounds have been designgtthesized, characterized and evaluated
for bio-activities. Amongst them, six compounds é@hown inhibitory activities. Three of
them (2-14 demonstrate dual inhibition of both FabG4 and XHtat low micromolar
concentration. In addition, the dual inhibitors wh@ood anti-mycobacterial properties
against both planktonic growth and biofilm cultwieMycobacterium species This study is
an important addition to tuberculosis drug discgusgcause it explores two new enzymes as

drug targets and presents their dual inhibitorgcasl candidates for pre-clinical trials.
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INTRODUCTION

Tuberculosis (TB) still remains as one of the majdectious diseases worldwide;
approximately one third of global population is eafed by its causative agent,
Mycobacterium tuberculosis (Mtb) and 1.3 million died from the disease in 201Rue to
emergence of multi drug resistant (MDR) and extigrdeug resistant (XDRMtb strains, a
numbers of first line TB drugs such as isoniazithmpicin, pyraniazid, ethambutol and
streptomycin have failed in recent TB ca$desides, treatment of tuberculosis is a long-
time procedure that requires almost 6-9 months wtipte antibiotic therapies to avoid the
re-emergence of the disedsEhe reason behind this long treatment procedub@fim-like
pellicle growth byMtb which is distinct from planktonic growthThe pellicle shows
increased phenotypic resistance and harbors drigtaatMtb cells which persist despite
exposure of high concentrations of antibioticstHis persistent stagéJtb remains in slow
growing or non-growing state and leads to the asgmaptic latent infection. Thus, the
combined effects of both genetic and phenotypicstasce byMtb is forcing the scientific
community to come up with new drug targets andraédtie drugs which are crucial to stop

this ancient pathogen from further killing.

Mtb possesses lipid rich cell wall, produced by fattidasynthesis (FAS) pathway,
required for its survival within host celMtb cells become virtually impenetrable to the
antibiotics due to presence of the thick lipid rexhvelop. FAS pathway not only required in
planktonic growth but also implicated in the forinatof pellicle during the latent infection.
The FAS generally consists of two different pathsyayamely FAS-1 and FAS-fIFAS-I is a
multi-domain enzyme, involved in thde novo synthesis of short chain fatty acids. FAS-Il is
involved in the production of very long chain fatgids and composed of discrete mono-
functional enzymes. Apart from FAS | and FAS Il, ngabypass fatty acid biosynthetic
pathways are possibly presenthtib and these have been implicated to its drug resista
behavior’” ® ° Besides, the inherent redundancy of polygenic Mgiwork makes it
impossible to shut down a cellular pathway by tgkout a single target. Thus, the enzymes
involved in bypass pathways provide attractive éesdor alternate anti-TB drug discovery.
Our targets FabG4 (Rv0242c) and HtdX (Rv0241c)taresuch less explored enzymes that
belong to a single fatty acid metabolizing operbMib (Figure 1). This operon is conserved
among most actinobacteria and some lipid rich plmeteria and might be involved in
interlinked® CoA dependent fatty acid metabolism pathtfaipstead of traditional FAS

pathway. The FabG4, [aketoacyl CoA reductase, is recently reported t@abessential and
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functional protein for bacterial growth, survi¥ahnd fatty acid synthesté There are five
fabG genes present iMtb genome?® but only fabG1 (rv1483) andfabG4 (rv0242c) are
conserved among mycobacterial species. FabG4 shppsvolved in genetic resistance of
Mtb as it is over-expressed in sub-inhibitory concatiuns of streptomycift: It is also linked
with pellicle formation as it is over-expressedhiofilm mode of growth® Thus, it is a
potential target for alternative drugs that canaeninistered with frontline TB drugs to
shorten the TB treatment time. The other enzymétafest is HtdX (Rv0241c), a R)-
hydroxyacyl CoA dehydratase, is also a member ef dbnserved operon. The enzyme
functions in a dehydration step after reductiorketioacyl substrate by FabGEigure 1).
Alike FabG4, HtdX is also a physiologically funati and essential for the bacillus growth
and fatty acid productiotf. The enzyme is hypothesized to be involved in bygaty acid
synthesis pathway and in drug resistanceds.® *°¢ 1" ¥There are eleven putativ&)(
specific hydratase/dehydratase candidates ideshtifieMitb, but only HadB (Rv0636) and
HtdX are - (i) ubiquitous among every mycobacteara related mycolate-producing genera;
(i) contain characteristic and well conserved hkeiasequence, called ‘hydratase 2 motif'.
In vitro activity of purified HtdX has been checked andhas shown 3-hydroxyacyl
dehydratas#fans-2-enoyl hydratase activity with preference for Ca# carrier unit of the
acyl chait®. Also, HtdX and FabG4 can plausibly function witls shared pathway as they
both belong to single operdf.® This type of pair arrangement has been observethar
enzymes of FAS family, including FabG1 (Rv1483) amidA (Rv1484)° These reports and
facts have made HtdX a potential target for theydiiscovery along with FabG4. Recently,
the crystal structures of Fab®4nd HtdX®? have been solved which build up the platform to

design structure-based inhibitors against the eesytoncerned.

As FabG4 and HtdX are involved in consecutive stpRatty acid metabolism and
plausibly function within a shared interlinked pa#ly, a single inhibitor that can inhibit both
FabG4 and HtdX may result in synergistic effecouerall therapeutic efficacy. Moreover, a
single drug that can simultaneously interact withltiple targets (polypharmacolody)is
found to be more efficient against advance-stagggpaic pathologi€$ compared to a
combination drugs with high specificity for a difémt targets. Combination of drugs
(combination therapy) has several drawbacks likeydirug interaction, increased toxicities
compared to a single drug with multi-target effimi@s®® Additionally, multi-target single
therapeutic agent has more predictable pharmadakiaed pharmacodynamic properties

and less adverse effect due to administration sihgle drug® Inspired by these prospects,



we undertook the task to develop dual inhibitorbath FabG4 and HtdX for the first time.
The strategy to design dual inhibitors through dieg of structure-based and ligand-based
design is described. These designed hybrids haes lsgnthesized, characterized and
evaluated for their bio-activities. Inhibition piles have been analyzed by various
biophysical methods (inhibition kinetics, ITC, CB))d molecular docking study. In addition,
growth inhibition assays of these novel dual infoits has been checked against both

planktonic and biofilm growth d¥lycobacterium.
RESULTS AND DISCUSSION
DESIGN CONCEPT FOR DUAL INHIBITOR

Rational design of multi-targeting inhibitor remath as a challenging task for a
medicinal chemist, particularly for a combinatioh structurally divergent targets, namely
FabG4 and HtdX for the present case. A good desigategy determines the difference
between ‘targeted polypharmacology’ and ‘drug psmuity’.2 Considering this scenario,
the number of articles containing rational designof drugs with desired multi-target
profiles has increased steadily in recent timese €uch design strategy adopts combination
of common pharmacophore selection and moleculaidgstudy?* For our case, we adopt a

3-steps design strategy that combines both strertased and ligand-based designing.
Step 1: Target site analysis of FabG4 and HtdX

The crystal structure of FabG4 with co-factor NARAd substrate Hexanoyl CoA
(PDB ID: 3V1U) shows that the active site of Fabétild be accessed from two different
sides: a narrow minor portal and a wide major poifade co-factor NADH binds at the
relatively wide major portal, while thinner fattygy substrate accesses the active site via
minor portal Eigure 2).2> For NAD-dependent enzyme like FabG4 where sulestriiding
site (minor portal) is narrow and intrinsically rdruggable, NAD binding pocket (major
portal) can be a viable drug tarGeéThe NAD binding site can be divided into three staiss
the nicotinamide binding subsite (N-subsite), tderesine binding subsite (A-subsite) and
the pyrophosphate binding subsite (P-subsite)lifaand binds at all or any of these subsites,
it will selectively repel NAD and thus should ad an inhibitor of the enzyme. Based on
these structural insights, we targeted NAD bindpagket for inhibitor designing against
FabG4. In addition, the active site of FabG4 is posed catalytic tetrad Ser347, Tyr360,
Lys364 and Asn319. The active site is covered by tatalytic loops, namely loop-I and



loop-1l. Movement of these catalytic loops is calaluring the enzymatic action of FabG4.
Loop | consists of a conserved NAG triad (Asn295286, Gly297) which interacts with
pyrophosphate part of the NADH and directs the @ofatowards active site.

The crystal structure of HtdX (PDB ID: SWEW) showsat it has a characteristic
double hot dog fold (DHD) motif® Alignment of amino acid sequence of HtdX with
tuberculosis HadB, eukaryotic peroxisomal dehydrogenase anddtgsie 2 has shown that
the catalytic loop of HtdX consists of 26 aminodsc{Gly161-Gly185) Figure 3). In this
catalytic loop, active site residues Aspl162 andLBlfsprovide the conserved basic hydratase
2 motif consisting of [Asp]-x(4)-His] sequent&Couple of glycines at both terminals of the
catalytic loop governs the flexibility for the bimg of variable hydrophobic tails of
substrates. In addition, the active site cavityagered by hydrophobic lid comprising lle171,
Leul75, Phel76 and Phel/Mdure 3). The inner cavity of catalytic tunnel is negalyve
charged and acidic. Therefore, a ligand can inhi@t HtdX by occupying the hydrophobic
entrance and plugging the hydrophilic catalyticninvia interacting with the active site
residues. Based on these structural insights, mgeted catalytic loop of HtdX for inhibitor

designing.
Step 2: Selection of common pharmacophores

Based on structural knowledge of the target sies,chose pharmacophores from
ligand-based screening. For the enzymatic actidrotf FabG4 and HtdX, movements of the
loops (loop I-loop Il of FabG4 and catalytic loopHitdX) are essential. To restrict the loop
movements, we chose conformationally constrairfetictam moiety as a common
pharmacophore in our design. Besides, the carbgrolip at C-2 off-lactam ring can
interact with the protein residues and deliversripiglity to the binding site. Isoniazid (INH)
was chosen as another pharmacophore based on ifalaationale: Isoniazid is a bio-
isostere of nicotinamide ring due to structural armical similarity between the two.
Hence, Isoniazid is a potential N-subsite binderNADH binding site and a natural
pharmacophore of FabG4. Again, HtdX catalytic tunsenegatively charged and acidic;
while Isoniazid is basic and partially positivelhacged. Hence, Isoniazid is a potential
binder at the catalytic tunnel of HtdX due to fakahle charge interaction. Besides, Zhanhg
al have reported’ nicotinic hydrazide (isomer of isoniazid) linkedHif bases as competitive

inhibitor of another dehydratase enzymiplfabZ) involved in bacterial FAS II. In addition,



aromatic rings were also chosen as common pharrhacep in order to interact with the
hydrophobic lid of HtdX catalytic loop.

Step 3:1n silico selection

After selecting the common pharmacophores for bio¢htargets, we merged them to
obtain a small library. From the library, final chdates were selected using stepwise
docking studies. Following this procedure, we destyseven compoundd-{14, Figure 4) as
candidates for later parts of this work. Amongsénth compoundsl2-14 that contain
Isoniazid as a fragment of their structure, showesst promising docking results against
both FabG4 and HtdX. Additionally, compouhfl was designed through replacing Isoniazid
fragment of compounil2 by non-polar benzhydrazide fragment.

CHEMISTRY

The methodology to obtain the designed compounslsas/n inScheme land2. The
key step to obtain the designed compounds was Ksaigeactioff involving cycloaddition
between various nitrones anusitu generated copper acetylide from ethyl propiolakéctv
provided theB-lactam core. In this synthesis procedure, no ptiolg@ group was necessary

that reduced the number of steps and increasealtrall yield.

The various nitrones employed as the partner fougasa reaction were prepared
starting from the phenyl hydroxylamine which wasated with various aldehydes (4-
pyridinecarboxaldehyde/2-thiophenecarboxaldehyfi@@a  carboxaldehyde) in  dry
methanol that led to the desired nitron283(9. The Kinugasa reactions were performed in
between the respective nitrone and ethyl propidtaigresence of Cul (1 eq) in dry DMF to
obtainp-lactam estersy(6,7). The esters were hydrolysed carefully at low terajure using
0.1N LiOH in methanol-water (1:1) solvent to obtamrresponding-lactam acids§,9,10
(Scheme ). Additionally, compound.1 was synthesizedia reduction of compoun8@ with

sodium borohydride in methanol.

Subsequent treatment @flactam acids produced rest of deigned compounds as
depicted inScheme 2.lsoniazid linked compound§12-14) were synthesized by EDC-
mediated coupling di-lactam acids&-10) with Isoniazid. For the synthesis of compourt
benzhydrazide 1) was prepared from benzoic aacith chlorination followed by coupling
with hydrazine hydrate. Subsequent EDC-mediateglowg with B-lactam acid8 furnished
compoundL6.



All final compounds were characterized ¥y, **C NMR and mass spectra. Purity of
these compounds was checked through reverse-phabgieal HPLC (selective traces are
given in Sl). Finally, structure of one Isoniazidkled derivative was confirmed through X-
ray crystal structure determinationf (ORTEP shown ifrigure 5).

INHIBITION KINETICS
Inhibition of FabG4

Inhibition kinetics of compound3-14 and 16 was carried out against FabG4 at 25 °C
by monitoring the decrease in absorbance at 340duento the conversion of NADH to
NAD®. Half maximal inhibitory concentration (¥) values were evaluated by varying
inhibitor concentrations until full inhibition ocoed. Amongst the-lactam acids §,9,10),
only compound8 that contains pyridyl substituent at C-4 actam ring, inhibits the
enzyme at micromolar concentration {4€64.3+1uM). This result shows that pyridyl
substituent has significant influence on FabG4 hbitlwn as compared to thiophenyl/furyl
substituent and corroborates with the fact that IMABInding pocket is a good target of
pyridine nucleus containing natural product likeiggmycin?® Moreover, NADH is itself a
highly polar compound and its binding pocket ndtynarefers polar substituent like pyridine
ring than hydrophobic substituent like thiophendusan ring. Docking study of compoud
with FabG4 indicates that pyridine ring binds nélae N-subsite, whereas the adjacent
carboxyl acid group interacts with nearby active sésidue. Inhibition kinetics of compound
11 that contains pyridyl substituent at same positias used to crosscheck the finding.
Compound 11 also inhibits FabG4, but the inhibitory power is nimum
(IC50=666.1+20uM); that may be due to the replacemerdaoboxylic acid group o8 by
alcohol moiety adjacent to pyridyl ring.

All Isoniazid linked hybrids12,13,14 with most promising docking results inhibited
FabG4 at low micro molar concentrations. Amongstthhybrid12 that contains pyridine
substituent attached flactam ring showed highest inhibition ¢§515.2+0.5uM) of FabG4
enzyme. Although, thiophene and furan contairfidgctam acids 9,10 could not inhibit
FabG4 up to 1mM concentration, but their isoniazodipled products1@, 14 inhibited
FabG4 enzyme at low micromolar concentrations. Abogsult validates our designing
strategy that Isoniazid fragment plays a cruci& m binding of these compounds at NADH
binding pocket. Moreover, the benzhydrazide linkechpound 16) exhibited approximately
three times less inhibitory potency §§£39.9+2uM) than its Isoniazid bound analogg) (
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and that further elucidates the practical implmatof Isoniazid in FabG4 inhibition. Mode of
inhibition of the best found inhibitod @) was evaluated against FabG4 with varying NADH
concentration at three different concentrationmbibitor. The compound?2 was found to be
competitive with respect to NADH. Competitive inhibn also substantiates with designing
that these inhibitors target NADH binding site.

Inhibition of HtdX

The enzyme assay of HtdX was performed spectrophetrically (at 263 nM) in
presence of crotonoyl-CoA as substrafelnhibition kinetics of compound8-14 and 16
were carried out to screen their inhibition potesci The p-lactam acids &9,10 and
compound11l were found to be inactive against HtdX up to 1mbheentration. But
Isoniazid linked compounds12,13,14) demonstrated strong HtdX inhibition at low
micromolar concentrations. The hybid@ with aromatic thiophene substituent at C-4pef
lactam ring showed best inhibition @10.3+0.8uM) of HtdX; whereas the hybrid
compound12 with polar pyridine substituent at the same endwsd somewhat less
inhibition (1C5,=22.3+0.5uM). This inhibitory tendencies verifiearadesign strategy that
aromatic substituent linked f&lactam ring assist the inhibitor to bind at catialyoop via
hydrophobic aromatic interaction with the hydropicold at the entrance of the loop. The
benzhydrazide linked compoundd], the analogue of compouri® with benzhydrazide
fragment in place of isoniazid fragment, could mdtibit HtdX up to 1mM concentration.
The inability of compoundl6 to inhibit HtdX strongly demonstrates the sigrafice of
isoniazid fragment in HtdX inhibition and indicatpslar interactions with the isoniazid
fragment with the hydrophilic catalytic tunnel mses is the main driving force behind the
inhibitor binding. Additionally, mode of inhibitiorof the best found inhibitorl@) was
checked with varying crotonoyl-CoA concentration thtee different concentrations of
inhibitor. Compoundl3 is found to be competitive with respect to crotgdr@oA. This
competitive mode of inhibition supports our claihat the designed inhibitors bind at the

catalytic loop and prevent the fatty acyl substtatenter in to the catalytic tunnel.
Dual inhibition of FabG4 and HtdX

From the listedn vitro inhibition profiles of all designed and synthesizeinpounds
against FabG4 and HtdX &ble 1), it can be clearly seen that this study succédgdtads to

the identification of three novel compound® (13,14 as potent dual inhibitors of FabG4 and



HtdX with ICsgvalues in low micromolar range. Amongst them, commubl2 showed best

inhibition of FabG4; while compountB was found as best inhibitor of HtdX.
ISOTHERMAL TITRATION CALORIMETRY (ITC)
FabG4 titration

Isothermal titration calorimetry (ITC) of FabG4 twitthe best found inhibitor
(compoundl?2) was performed at 25 °C to obtain the thermodyogmrameters of binding.
To understand the binding nature of compod2dFabG442 titration was compared with
FabG4-NADH titration (as NADH was used as a substma inhibition kinetics). FabG4
exists as an inseparable homo-dimer in solutiontas@dNADH molecules bind sequentially
to each monomer with negative co-operativityhus, NADH binding to first monomer is
co-operative to NADH binding to second monomer &ne co-operativity effect carries
through dimeric interfac¥. The binding curve of FabGH2 titration fits well to the
‘sequential binding’ mode with number of bindinges(N = 2). Bindings of compountl2
with both the monomers of FabG4 dimer are sponiasmas indicated by negatiwés values
(Table 2). Moreover, negativaH andAS values signify enthalpically favoured bindingsi an
interactionsvia good hydrogen bonding and conformational chandé® first binding
constant (K = 2.98 x 16M™) is higher than second binding constans €K1.15 x 16M™)
which indicates negative co-operativity. Thus, datetry of compoundl2 with FabG4
reveals that it also binds sequentially to each onwer of FabG4 dimer with negative co-
operativity as followed in case of NADH. Therefotljs similarity in binding nature of
FabG4-NADH binding and FabGH2 binding with a distinct trend of negative cooperiayi
at two sites of FabG4 dimer supports that designkibitors binds at the NADH binding
pocket of FabG4.

Htd X titration

ITC was used to evaluate the parameters of binbdatgeen HtdX and its best found
inhibitor (compoundl3). HtdX-13 titration was carried out at 25 °C. The integrabawing
isotherm fits to the ‘one site’ binding model witimber of binding site (N) close to one.
The binding of compound3 with HtdX is spontaneous (negativgs) with high binding
constant (K = 4.21 x fov™) (Table 2). The overall binding process is enthalpically
favoured (negativeAH) that indicates the polar interaction dominatasbinding. The



negativeAH along with negative\S value indicates interactions via hydrogen bondind

conformational changes which support our desigrcepn
CIRCULAR DICHROISM (CD)

Circular dichroism (CD) was conducted to evaluate tchange in secondary
structures of proteins on binding of these dualbmdrs. For this, CD studies were carried
out between FabG4 ard@, and HtdX andL3 in Jasco-815 automatic spectropolarimeter at 25
°C. In both cases, the molar concentration ratie W& (protein:ligand) in the micromolar
range. Ligands were taken in reaction buffer (Tausdl used for baseline correction followed
by two separate runs; one is only protein and amwoih protein-ligand mixture. The CD
spectra of free proteins and their complexes amvshin supporting information. The
changes in secondary structures of FabG4 and HtuXhteraction withl2 and 13 were

analyzed and given ihable 3.

The percentage ai-helix of FabG4 increases on interaction with The helicity
enhancement is related with co-operatitfitgnd the change in secondary structure supports
our previous finding from ITC that Fab@4 binding is cooperative in nature. In case of
HtdX, helicity and turns slightly decrease, andcpetage of beta sheet increases on

interaction withl3.
MOLECULAR DOCKING STUDY

Molecular docking studies were carried out as & @adesign strategy. Here, docking
results of FabG4=2 and HtdX43 are described in details. Results of additionatkday

studies are included in supporting information

Isoniazid linked compounti2, best found inhibitor against FabG4, binds at thgoma
portal of FabG4 and blocks all three subsites BA;,N-) of NADH binding site. Moreover,
the Isoniazid fragment is directed towards the Nsge and interacts with catalytic residues
Tyr360 via hydrogen bonding interaction and with Lys3@4 cations interaction. The3-
lactam ring along withbis-amide linker binds loop | (P-subsite) and intesawfth crucial
Gly297 residue via hydrogen bonding interactiortse A-subsite of NADH binding site has
been occupied by the aromatic substituent linke@-tactam ring. In between them, the
pyridine substituent makes hydrogen bond with Adpz2ahd the phenyl substituent

experiences a sigmmatype interaction with Ala296 of loop Figure 6A).
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Isoniazid linked compound3, the best found inhibitor against HtdXinds at the
catalytic loop of HtdX. The aromatic substituemtkiéd top-lactam ring interacts with the
hydrophobic outer lid; while the isoniazid fragmelntects towards the inner side of catalytic
tunnel. The phenyl and thiophene substituents antl 4- position of lactam ring interact
with Phel78 via hydrophobic aromatic interactiortse carboxy goup at 3-position of lactam
ring makes hydrogen bond with terminal Gly185, @il residue for the flexibility and right
conformation of the catalytic loop. Finally, theomsazid fragment interacts with catalytic
residue Hisl67via hydrogen bond formation and with Aspl62 via changeractions
(Figure 6B).

MINIMUM INHIBITORY CONCENTRATION (MIC ASSAY)

Anti-mycobacterial activity of the found dual inftilys was evaluated against
Mycobacterium smegmatis using aerobic resazurin microplate reduction ag&sMA).>
The M. smegmatis is hon-pathogenic, fast growing and contains a4 andhtdX genes
in its genomic sequence with high degree of comsiEms™ '° For these reasondd.
smegmatis mc®155 strain was chosen as a model organism for thislystlihe assay
conditions were standardized using different cotreéions of inoculum, resazurin indicator
and reference compound isoniazid (INH). Concemnatiof dual inhibitorl2, 13 and 14
were screened in the range of 0 ugd. 100 pg mrt. Dual inhibitors of FabG4 and HtdX
has shown good anti-mycobacterial activities wittCMalue 15 pg mt: (for 12), 20 pg mL
! (for 13) and 15 pg mt (for 14), whereas the MIC of reference compound Isoniéid

found to be 10 pg mt(REMA plate image is included in supporting infation).

It may be mentioned that MIC of synthesized compisus probably not due to free
Isoniazid liberated through breaking of amide b¢atdC-3 ofp-lactam) in cellular condition.
Because, amide bond at C-3 [sfactam ring is generally considered as stableeitular
condition as many commercififlactam antibiotics (such as Penicillin G, Amoxiailetc.)
contain amide linker at same position in their dinees. Amongst them, Amoxicillin is
reported to be functional inside mycobacteciell.>* Also, the monocycli@-lactam rings are
more stable than bicyclif-lactam ring® and they are least prone to nucleophilic ring
opening when no electron withdrawing group is diéac to N-1.To crosscheck this
possibility,we separately incubated the dual inhibit@in culture media in presence bf.
smegmatis for 24 h afterwhich, the culture was lyophilizedissolved in solvent and
subjected to HPLC. No trace of Isoniazid was seeiPLC (traces are included in Sl).
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Above data supports that anti-mycobacterial agtigit synthesized dual inhibitors is due to

the activity of intact compound and not due to eglgase of isoniazid during incubation. .
BIOFILM INHIBITION ASSAY

As already mentioned FabG4 is over-expressed dimiofym formation and linked
to latent infection. It is also probable that Fab&#d HtdX, members of same operon,
function through interlinked pathway. Hence, we éascreened the synthesized dual
inhibitors of FabG4-HtdX pair against biofilm forti@n by Mycobacterium species. Again,
non-pathogenidl. smegmatis has been chosen as model organism as it contathgdng4
andhtdX genes in its genome sequence’Besides, biofilm formation itM. smegmatis is
well characterized>**Compoundl2 was chosen for this study and its MIC againstilipf
formation was determined. It showed complete intmbi of biofilm formation at
concentration of 20 pg mil(plate image is included in SI). The result is fagting in view

of reported resistance bf. smegmatis biofilm culture against Isoniazig
CONCLUSION

This is the first report of dual inhibitors againBabG4 and HtdX. Possible
involvements of FabG4 and HtdX in bypass fatty agyidthesis pathway, drug resistance and
latent infection have implicated them as alterreatargets in anti-tuberculosis research due to
the unavailability of drugs that can act againsigdresistantMtb strain or latent stage
tuberculosis. Hence, the dual inhibitor of FabGd BitdX has immense potential to be used
in pre-clinical trials In addition, polypharmacoipgf these dual inhibitors may also results in
therapeutic synergin vivo as both FabG4 and HtdX enzymes belong to singleoapand
involve in successive steps of fatty acid metalidizorocedure. The dual inhibitors have
been designed, synthesized, characterized andagedldor bio-activities. These hybrids
inhibit FabG4 and HtdX at low micromolar conceritsatand show good anti-mycobacterial
property against both planktonic growth and biofidmiture. Thus, this study successfully
explores FabG4 and HtdX as new anti-TB targets para$ents their dual inhibitors as

possible lead compounds against the resistant/danmgcobacterial strain.

EXPERIMENTAL SECTION

Molecular docking
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Advanced and widely used molecular grid-based dhackirogram Autodock4.2 was
used for molecular docking studies. The X-ray @lysbordinates of FabG4 (PDB ID 4FW8)
and HtdX (PDB ID 3WEW) were obtained from the PioteData Bank
(http://www.rcsb.org). Prior to dockings, recepstructures were edited by adding hydrogen
atoms and gasteiger charges in autodocktools ttecieDBQT files. Crucial residues at
probable binding sites of receptors were selectedlexible residues to perform flexible
dockings. Ligand PDB structures were built up usfgelrys Discovery studio 3.1 client.
Energy minimization of ligand structures were cadriout using CHARMmM force field.
Ligand PDB files were edited in autodocktools byirdag root center, aromatic carbons,
torsions and saved as PDBQT files. In grid selestidhe whole receptor structures were
selected for autogrid calculation with 0.375 A dpgcto perform blind dockings. Finally,
docking studies were carried out using Lamarckiamegic algorithm based on the grid maps
of all atoms present in the receptors and ligaftrameters were used with an initial
population of 150 randomly placed individuals, aximaum of 2.5x10energy evaluations,
cluster tolerance of 2 A (rms), output level 1 améximum of 2.7x1H numbers of
generations. After each docking execution, thekddcconformers were analyzed by
autodocktools, pymol and discovery studio 3.1 ¢lifiine images were made using pymol

viewing software.
Chemical synthesis and analysis

All common reagents were commercial grade reagants used without further
purification unless necessary. All reactions wereducted with oven-dried glassware under
an atmosphere of argon (Ar) or nitrogen)Mhe solvents were dried by standard methods
and purified by distillation before use. Silica 6D—120 and 230-400 mesh) and alumina
(neutral and basic) were used for column chromafdyy. TLC was performed on
aluminum-backed plates and UV-lamp chamber s#bldwerwas used as the TLC spot
indicator. The NMR spectra were recorded at Bri@» MHz and 400 MHz machine. The
following abbreviations are used to describe pestkepns where appropriate: s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet & double doublet, ABg = AB quartet.

General procedure for the synthesis of nitrones (3,4)
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A solution of the aldehyde (4-pyridine carboxalded&hiophen-2-aldehyde/furfural,
10 mmol) and phenyl hydroxyl amine (10 mmol) in amgthanol (30 mL) was stirred in
room temperature for 12 h under argon atmosphepenltompletion of the reaction as
indicated by TLC, the solution was dried undacuo to leave a residue from which pure
nitrones were isolated by flash column chomatogydpleutral alumina fo, Si-gel for3, 4
using 2:1 PE/EA as eluent. Spectral characteristithe purified compounds are mentioned

below:

Compound 2: Yield: 80%; State: light yellow solid; mp: 145 °Gy (CDCI3, 200 MHz):
8.75 (2H, d, J =7.1 Hz), 8.17 (2H, d, J = 5.4 Hz%6 (1H, s), 7.74-7.79 (2H, m), 7.49-7.53
(3H, m);d¢c (CDCI3, 50 MHz):150.5, 136.9, 132.4, 132.4, 13029.3, 121.7, 121.6.

Compound 3 Yield: 85%; State: light yellow solid; mp: 75 °; (CDCI3, 200 MHz): 8.48
(1H, s), 7.75-7.80 (2H, m), 7.37-7.58 (5H, m), 714, m); dc (CDCI3, 50 MHz):146.3,
132.9, 131.2, 130.0, 129.8, 129.1, 129.0, 127.0,912

Compound 4 Yield: 89%; State: light yellow solid; mp: 78 °&; (CDCI3, 400 MHz): 8.17
(1H, s), 8.02 (1H, d, J = 3.6 Hz), 7.60-7.80 (2B, ™59 (1H, s), 7.45-7.51 (3H, m), 6.65-
6.66 (1H, m):5c (CDCI3, 50 MHz):147.6, 144.9, 130.1, 129.4, 12471.2, 116.9, 112.9,
112.7.

General procedure of Kinugasa reaction for the syrtesis offf-lactams (5,6,7)

To degassified dry DMF (20 mL), ethyl propiolat®Q5uL, 5 mmol), Cul (1.9 g, 10
mmol) and EN (1.4 mL, 10 mmol) were sequentially added andestifor 30 min at 0 °C.
To this mixture, degassified solution of nitron2s4( 2.5 mmol) in DMF (20 mL) was added
and stirred for 24 h at room temperature underrargibe mixture was then poured in water
and filtered through celite. The celite bed wagakghly washed with EtOAc. The combined
filtrate was taken in a separatory funnel and th@A€ layer was repeatedly washed with
satd. NHCI and brine and dried over p&0y. The solvent was removed and the residue upon
flash column chomatography (Neutral alumina %0rSi-gel for6, 7) using 1:1 PE/EA as
eluent afforded the targ@tlactams. Spectral characteristics of the puritedhpounds are

mentioned below:

Trans [N-phenyl-3-ethoxycarbonyl-4(4-pyridyl)]-2-aztidinone (5)
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Yield: 70%; State: red gummy liquidy (CDCl, 200 MHz): 8.61-8.58 (2H, dl = 6 Hz),
7.29-7.01 (7H, m), 5.31 (1H, d,= 2.6 Hz), 4.25 (2H, ) = 7.1 Hz), 3.94 (1H, d) = 2.6
Hz), 1.29 (3H, tJ = 7.2 Hz);5¢c (CDCk, 50 MHz): 165.6, 158.4, 150.7, 145.3, 136.6, 129.2
124.7, 120.9, 116.9, 62.9, 62.4, 56.0, 14.1. HRNES+H): Calcd. For GHi1gN,Os+H"
297.1239, found 297.1344.

Trans [N-phenyl-3-ethoxycarbonyl-4(2-thienyl)]-2-aztidinone (6)

Yield: 75%; State: reddish-yellow gummy liquig; (CDCl;, 200 MHz): 7.37-6.98 (8H, m),
5.62 (1H, dJ = 2.6 Hz), 4.30 (2H, q] = 7.2 Hz), 4.14 (1H, d] = 2.6 Hz), 1.33 (3H, t] =
7.2 Hz);5c (CDCl, 50 MHz): 166.0, 159.0, 140.0, 137.0, 129.2, 12726.8, 126.5, 124.6,
117.3, 64.5, 62.3, 53.6, 14.2. HRMS (ES+): CalatCfeH1sNOsS+H" 302.0851, found
302.0867.

Trans [N-phenyl-3-ethoxycarbonyl-4(2-furyl)]-2-azetdinone (7)

Yield: 73%; State: Yellow gummy liquidiy (CDCk, 400 MHz): 7.41-7.25 (5H, m), 7.10-
7.06 (1H, m), 6.54-6.53 (1H, m), 6.39-6.37 (1H, ;g7 (1H, dJ = 2.8 Hz), 4.32 (1H, d] =
2.4 Hz), 4.28 (2H, qJ = 7.2 Hz), 1.33 (3H, tJ = 7.2 Hz) 6c (CDCl, 100 MHz): 166.2,
159.1, 148.7, 143.7, 137.4, 129.2, 124.6, 117.0,8,1110.7, 62.3, 60.5, 50.9, 14.3. HRMS
(ES+): Calcd. forgsH1sNOs+H* 286.1079, found 286.1123.

General procedure of the ester hydrolysis for theythesis of 8-10

To a solution of este5¢7, 0.5 mmol) in methanol (20 mL) at 0°C, 0.1 N LiOH (5
mL) was slowly added and the mixture was stirre@@fC for 6 h. It was then carefully
acidified using 0.5 N HCI at ice-cold condition. & mixture was partitioned between EtOAc
and water (50 mL each). The aqueous layer was batrlcted with EtOAc (3 x 50 mL).
Combined organic layers were dried oven3a, and evaporated under reduced pressure to
produce the target compounds which were purifieddpeated precipitation from EtOAc-

hexane. Spectral characteristics of the purifiedpounds are mentioned below:
Trans [N-phenyl-4(4-pyridyl)]-2-azetidinone-3-carbylic acid (8)

Yield: 60%; State: red sticky mas&; (Acetone-d, 400 MHz): 8.63 (2H, m, Ar-H), 7.50
(2H, d,J = 4.4 Hz, Ar-H), 7.35-7.27 (4H, m, Ar-H), 7.12-7.{0H, m, Ar-H), 5.45 (1H, dJ
= 2.8 Hz, H-4), 4.23 (1H, d} = 2 Hz, H-3);5¢c (Acetone-¢d, 100 MHz): 167.4, 159.8, 151.0,
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147.0, 138.1, 130.0, 125.2, 122.5, 117.7, 63.7,9;56dRMS (ES+): Calcd. For
C1sH12N,0s+H" 269.0926, found 269.0948.

Trans [N-phenyl-4(2-thienyl)]-2-azetidinone-3-carbaylic acid (9)

Yield: 65%; State: reddish yellow sticky ma8g;(Acetone-d, 400 MHz):7.45-7.27 (6H, m),
7.08-7.03 (2H, m), 5.74 (1H, bs), 3.67 (1H, b%);(Acetone-g, 100 MHz): 170.9, 168.0,
141.6, 138.3, 130.0, 128.3, 128.2, 127.3, 125.7,9160.6, 52.4; HRMS (ES+): Calcd. For
C14H11NO3S+N4d 296.0357, found 296.0400.

Trans [N-phenyl-4(2-furyl)]-2-azetidinone-3-carboxyic acid (10)

Yield: 68%; State: dark yellow sticky masg; (CDCl, 400 MHz): 9.03 (1H, bs), 7.40-7.24
(5H, m), 7.10-7.06 (1H, m), 6.55 (1H, &= 2.8 Hz), 6.37 (1H, g} = 2 Hz), 5.39 (1H, d) =

2 Hz), 4.39 (1H, dJ = 2.4 Hz);6c (CDCl, 100 MHz): 170.1, 159.1, 148.1, 143.8, 137.1,
129.2, 124.9, 117.2, 110.9, 110.9, 60.0, 51.1; HR(ES+): Calcd. For GH1:NO4+Na"
258.0766, found 258.0804.

Synthesis of Trans [3-(hydroxymethyl)-1-phenyl-4-(4yridyl)]-2-azetidinone (11)

To a solution of8 (70 mg, 0.24 mmol) in methanol (10 mL), NaBH9 mg, 0.5
mmol) was added pinch-wise and stirred for 30 miiroam temperature. After completion of
the reaction as indicated by TLC, the reaction orxtwas quenched with satd. MH
solution and extracted with EtOAc. The organic fayeas washed by brine, dried over
NaSO, and evaporated under reduced pressure. The resighom flash column
chromatography (neutral alumina, 2:1 PE-EA as d)uefforded the pure compounds.

Spectral characteristics of the purified compousr@smentioned below:

Yield: 72%; State: red sticky masg;j (CDCl, 400 MHz): 8.62 (2H, bs), 7.32-7.24 (6H, m),
7.11-7.07 (1H, m), 5.06 (1H, d,= 2.4 Hz), 4.18 (1H, dd] = 12 Hz, 4.8 Hz), 4.05 (1H, dd,
=12 Hz, 4 Hz), 3.37 (1H, § = 5.2 Hz), 3.28 (1H, bshc (CDCk, 100 MHz): 164.9, 150.5,
147.3, 137.1, 129.4, 124.6, 121.1, 117.0, 62.27,586.2; HRMS (ES+): Calcd. For
C15H14N,O0+H" 255.1134, found 255.1106.

General procedure of EDC coupling reaction for thesynthesis of 12-14
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In dry DCM (10 mL), compoun@-10 (0.2 mmol), EDC-CI (26 mg, 0.2 mmol), HOBt
(27 mg, 0.2 mmol) were added and stirred at 0 ¥ %omin. Isoniazid (23.3 mg, 0.17 mmol)
and DMAP (24 mg, 0.2 mmol) were then added and rtiveture was stirred at room
temperature for 16 h. The mixture was then parnéd between water and DCM (50 mL
each) and washed with brine. The organic layer dveesl with NaSO, and evaporated under
reduced pressure to leave a residue from whichatfget compounds were purified by flash
column chromatography (neutral alumina) using 1D@M-methanol as eluent. Spectral
characteristics of the purified compounds are noaetil below:

Trans [N'-isonicotinoyl-2-oxo-1-phenyl-4-(4-pyridyl)]-azetidine-3-carbohydrazide (12)

Yield: 75%; State: reddish sticky mass; (Acetone-¢d, 400 MHz): 8.77 (2H, dJ = 5.6 Hz),
8.64 (2H, dJ = 4.6 Hz), 7.82 (2H, d] = 6 Hz), 7.50 (2H, dJ = 5.6 Hz), 7.33-7.31 (4H, m),
7.13-7.09 (1H, m), 5.47 (1H, d,= 2.4 Hz), 4.26 (1H, d) = 2.4 Hz);6c (Acetone-¢, 100
MHz): 164.8, 164.8, 160.7, 151.4, 151.3, 146.8,.44038.1, 130.1, 125.2, 122.2, 122.0,
117.7, 63.0, 56.8; HRMS (ES+): Calcd. Foxldi/NsOs+H" 388.1410, found 388.1417.

Trans [N'-isonicotinoyl-2-oxo-1-phenyl-4-(2-thieny)]-azetidine-3-carbohydrazide (13)

Yield: 80%; State: reddish-yellow sticky masg; (CDClL, 400 MHz): 8.62 (2H, d) = 4.4
Hz), 7.62 (2H, dJ = 5.2 Hz), 7.27-6.92 (8H, m), 5.75 (1H,H= 1.6 Hz), 4.36 (1H, dJ =
2.4 Hz);6¢c (CDCls, 100 MHz): 163.6, 163.2, 160.8, 150.4, 139.4, 63836.6, 129.2, 127.5,
127.4, 126.7, 125.1, 121.4, 117.5, 63.0, 53.4; HR|AS+): Calcd. For &H1eN4OsS+H'
393.1021, found 393.1018.

Trans [N'-isonicotinoyl-2-oxo-1-phenyl-4-(2-furyl)]-azetidine-3-carbohydrazide (14)

Yield: 79%; State: reddish-yellow sticky masg;(Acetonitrile-c, 400 MHz): 8.57 (2H, dJ
= 4.4 Hz), 7.52 (2H, d) = 6 Hz), 7.37 (1H, s), 7.22-7.14 (4H, m), 6.98-6(2#, m), 6.56
(1H, d,J = 3.2 Hz), 6.31-6.29 (1H, m), 5.30 (1H,Xs 3.2 Hz), 4.29 (1H, d] = 2.4 Hz);5¢
(Acetonitrile-d5, 100 MHz): 165.2, 165.2, 161.1, 151.4, 149.5, 94440.1, 138.0, 130.1,
125.5, 122.1, 117.7, 112.1, 111.8, 59.9, 51.4; HRMES+): Calcd. For &HieN4Os+H"
377.1250, found 377.1251.

Synthesis of Trans [N'-benzoyl-2-oxo0-1-phenyl-4-(pyridyl)]-azetidine-3-
carbohydrazide (16)
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To a solution of compound (0.2 mmol) in dry DCM, HOBt (27 mg, 0.2 mmol) and
EDC-CI (26 mg, 0.2 mmol) were added and stirredl®smin at O °C. Benzhydrazidé, 0.2
mmol) and EN (20 pL, 0.2 mmol) were then added and stirredLfbh at room temperature.

It was then partitioned between DCM and water, diganic layer was washed with brine.
The organic layer was dried over 488, and evaporated at reduced pressure. The residue
upon flash column chromatography (Si-gel, 10:1 D@dthanol as eluent) furnished the
target compounds. Spectral characteristics of thiig¢d compounds are mentioned below:

Yield: 70%; State: red-yellow sticky mass; (Acetone-d, 400 MHz): 8.64 (2H, d) = 4.4
Hz), 7.98 (2H, dJ = 7.6 Hz), 7.61-7.49 (5H, m), 7.32-7.31 (4H, m%,07(1H, m), 5.51 (1H,
d,J = 2.4 Hz), 4.17 (1H, dJ = 2.8 Hz);5. (Acetone-g, 100 MHz): 167.3, 167.0, 159.9,
151.0, 147.1, 138.1, 133.9, 132.7, 130.1, 129.8.312125.2, 122.5, 117.7, 63.6, 56.9;
HRMS (ES+): Calcd. For £H1gN,Os+H" 387.1457, found 387.1507.

Protein purification and Inhibition kinetics

FabG4 purification and inhibition kinetics: Detailed procedure of protein purification had
been described elsewhéfeThe inhibition studies were carried out by measyrthe
decrease of OD340nm due to the conversion of NADHAD+ in Evolution™ 300 UV—-
Visible spectrophotometer (Thermo Fisher scientitt 25 °C. The assay was done in
HEPES buffer (50 mM, pH=7.4) in a volume of 500 [The acetoacetyl-CoA arfiNADH
were purchased from sigma and dissolved in miliQew#o desired stocks concentrations.
The inhibitor compounds were dissolved in HPLC graaethanol to a primary stock of 10
mM concentration. From that various diluted stoeksre prepared using methanol and
exactly 25 pL of inhibitor solution was added toO50L reaction mixture to maintain the
same percentage of methanol (5%) in every assag.5Phh methanol was also added to the
controls to nullify the effect of methanol on intibn kinetics. The typical reaction mixture
contained 25 pL of inhibitor solution in methanBls mM acetoacetyl-CoA, 0.2 mif-
NADH, 1 uM of FabG4 and remaining HEPES buffer in the fimalume of 500uL. A
mixture of 25 pL inhibitor in methanol, 0.5 mM agatetyl-CoA and 1M FabG4 in 500 pL
buffer was used for baseline correction (negatorgrol) before each assay; while mixture of
25 pL methanol (without inhibitor), 0.5 mM acetogt€CoA, 1uM FabG4 and 0.2mMs-
NADH in 500 pL buffer was used as positive contrbhe reaction was initiated by the
addition of acetoacetyl-CoA. The decrease in alasurd was recorded in every 2 min
interval. IGo values were determined by varying inhibitor coricaions until full inhibition
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occurred. Enzyme activities were measured with imgryNADH concentrations at three
different concentrations of inhibitor to determititee mode of inhibition. The Kz values
were calculated graphically from dose-responsespidiodes of inhibition were determined

from Lineweaver-Burk plots.

HtdX purification and inhibition kinetics: The details of HtdX purification has been
described previously from this groth. Inhibition kinetics were performed
spectrophotometrically at 263 nm by using crotor@gA as substrate in Evolution™ 300
UV-Visible spectrophotometer at 25 °C. The assagsevdone in HEPES buffer (50 mM,
pH=7.5) in presence of 100 mM NaCl with a final wole of 500 pL. The crotonoyl-CoA
was purchased from sigma and dissolved in miliQewsd desired stock concentration. The
inhibitor solutions were prepared as described &G4 inhibition kinetics section and
similarly 25 pL of inhibitor solution was added 500 pL reaction mixture to maintain the
same percentage of methanol (5%) in every assag.5Plh methanol was also added to the
controls to nullify the effect of methanol on inhibn kinetics. The typical reaction mixture
contained 25 pL of inhibitor solution in methanb, uM crotonoyl-CoA, 100 nM HtdX and
remaining buffer in the final volume of 500. A mixture of 25 pL inhibitor in methanol and
100 nM HtdX in 500 pL buffer was used for baselowgrection (negative control) before
each assay; while mixture of 25 uL methanol (withotibitor), 10 uM crotonoyl-CoA and
100 nM HtdX in 500 pL buffer was used as positisateol. The reaction was initiated by the
addition of crotonoyl-CoA. The decrease in absotkamas recorded in every 2 min interval.
ICs0 values were determined by varying inhibitor coricarons until full inhibition occurred.
Mode of inhibition was measured by varying crotdr@gA concentrations at three different
concentrations of inhibitor. The igvalues were calculated graphically from dose-raspo

plots. Modes of inhibition were determined from éweaver-Burk plots.
Methods of ITC study

FabG412 and HtdX43 ITC studies were carried out in Microcal I7Igginstrument at
25 °C. Reference power of 5 pcal / sec, stirringesipof 500 rpm, duration of each injection
0.8 sec, filter period 5 sec with 120 sec spaciegevgelected as parameters for these studies.
FabG4 stock solution was prepared in 50mM HEPE$eb@bH 7.4); while HtdX solution
was prepared in HEPES buffer (50 mM, pH=7.5) inspree of 100 mM NaCl. Compound
stock solutions were prepared in 5 % methanol-i&@smebuffers. This extra methanol was

also added to the sample cell to avoid large hkahge due to solvent mismatch (Getting
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Started, MicroCal ITC200). All stock solutions wetegasified properly before performing
experiments. Finally, 4.5 uM FabG4 solution waetakh sample cell and titrated with 500
KM compoundl?2 solution. Similarly, 10 pM HtdX solution (in sampéell) was titrated
against 500 uM compountB solution. Separate buffer-ligand titrations weagried out in
each case as reference runs by taking buffer isdhgple cell. These reference values were
subtracted from the protein-ligand titrations tdlifuheat of dissolution. One injection of 0.4
pL followed by nineteen injections of 2 pL of lighrsolutions were titrated into protein
solutions in both cases. The data were solved WingCal, LLC ITC 200 software.

Methods of CD study

CD measurements were carried out on a Jasco-81Bmatit recording
spectrophotometer, using a path length of 10 mgb4C. The spectra were recorded in the
range of 195-240 nm with a scan rate of 50 nm /amitha response time of 1 s. For baseline
correction, CD spectra of buffer (10 mM tris bufigr pH 6.8) containing 50 uM ligands
were collected and were subtracted from each saspg®etra. The CD spectra of protein-
ligand complexes were collected at protein to Idamolar ratio 1:5. The ligand
concentrations were maintained at 50 uM with tleggin concentration at 10 uM. Secondary
structures analysis were carried out using DICHR@/®Ean online server for protein

secondary structure analysis from CD spectrosaiguia.
Methods of MIC assay

Mycobacterium smegmatis mc®155 strain was grown in Middlebrook 7H9 broth with
0.2 % glycerol and 0.05 % Tween 80 for 20 hour87atC with shaking at 120 rpm till the
cells reached mid-logarithmic phase (£4>- 0.5). Reference compound isoniazid (INH) was
dissolved in distilled water to primary stock sadat (5 mg/mL) and serially diluted in MB
7H9 media to working stock solution (0.5 mg/mL)! 8ynthesized inhibitors were dissolved
in DMSO to an initial stock of 5 mg/mL and two fotiluted in MB 7H9 media to working
stock solution (0.5 mg/mL). Resazurin sodium sadtswurchased from Sisco Research
Laboratories, India. 0.5 % (w/v) stock solutionre§azurin was prepared in distilled water,

filter sterilized and diluted to 0.02 % in distdlevater.

The inoculum was omitted from row A (negative cobronly 50 puL of media were
added to each well. Inhibitor and isoniazid werattad from row B (growth control), 50 pL
media and 50 pL of diluted culture (@49= 0.0005) were added to each well. The media,
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reference compound isoniazid (INH) and culture watded in row C (positive control). In
rows D-F, compound?2, 13and14 were added instead of INH along with culture andliae
The total volume in each well was 100 pL. Afterturs of post-drug incubation at 37 °C,
30 pL of 0.02 % resazurin solution was added td @&l and incubated again for 40 mins at
37 °C. Color change from blue (resazurin) to pim&sérufin) indicated the growth of
bacteria. The lowest concentrations of drugs wipcbvented such colour change were
recorded as MIC. The assay was repeated twice aghge of both the experiments was
calculated to find the MIC values.

Methods of biofilm assay

Biofilm of M. smegmatis mc?155 was grown in 6-well flat bottomed plate by
inoculating 30 uL (1%) of planktonic culture (grédwbf M. smegmatis planktonic culture
already described in previous method) in 3 mL Saigtminimal media (without Tween-80).
Well 1 was used as negative control without anybimbr, while we added inhibitot2 at
increasing concentration of 5, 10, 20, 50 and 1§amL* respectively in well 2 to well 6.
The plate was sealed with grease, wrapped up Wafilparand incubated at 37 °C without
shaking for 4 weeks. Biofilm formation was easilgtetted using naked eye. The lowest

concentration of inhibitor that prevented biofilorination was recorded.
SUPPLEMENTARY DATA

'H and™*C NMR spectra of synthesized compounds, mass spaett HPLC traces of
found dual inhibitors, inhibition kinetics data,dTdata, CD data, additional docking studies
and MIC plate images are included in supportingrimiation.
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Figure 1. A. The genomic arrangement of Rv0242c (FabG4) Bw@241c (HtdX) in
conserved putative fatty acid metabolizing ope©@pgronDB, confidence = 84, n = 57); B.
Basic functions of FabG4 and HtdX; FabG4 and HtdXiavolved in two consecutive steps
of fatty acid metabolism.

Figure 22 NADH bound FabG4 structure with close view ofatgtic tetrad (Asn319, Ser347,
Tyr360, Lys364) and catalytic loops (I and 1l). NACbinds at wide major portal (green),

minor portal (magenta) is narrow.

Figure 3. (at top) Alignment of amino acid sequence ofdhtalytic loop ofM. tuberculosis
HtdX (BWEW) with C. tropicalis 2-Enoyl-CoA hydratase 2 (1PN2), peroxisomal
dehydrogenase/hydratase 2(1S9@), capsici Mao-C like dehydratase (3KH8) andl.

tuberculosis HadB. Red boxes indicate highly conserved residues;

(at below Overall structure of HtdX with close view of catié¢ loop. Active site residues
Aspl62 and Hisl67 are inside the active site tynihel outer hydrophobic lid consists of
llel71, Leul75, Phel76 and Phel78. Vacuum eleaticsicontact potential of catalytic loop
(from the same face) shows that the deep of catdlytnel is highly negative charged (red).

Figure 4: Eight designed compounds as possible inhibitbFRabG4 and HtdX.
Figure 5. ORTEP image 04 (CCDC number 1042896)

Figure 6: A. FabG412 docking results: compount? binds at major portal of FabG4 and
interacts with Tyr360 (catalytic residue), Lys36dat@lytic residue), Gly297, Ala296,

Asp244;B. HtdX-13 docking results: compount3 binds near catalytic loop and interacts
with Gly185, Phel78, His167 (catalytic residue) &sg162 (catalytic residue). More images

are included in supporting information.
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TABLES.

Table 1: Inhibition profiles of designed and synthesized poomds

ICsp against | 1Csg against ICso against | ICso against
Compound Mtb-FabG4 | Mtb-HtdX Compound Mtb-FabG4 | Mtb-HtdX
(in pM) (in pM) (in pM) (in pM)
No
64.3+1 _r 15.2+0.5 22.310.5
Inhibition
No No
Inhibition |  Inhibition 26.1:1.5 | 10.3:0.8
No No
Inhibition |  Inhibition 21.6+1 17.620.9
No No
+ +
666.1:20 Inhibition 39.922 Inhibition

Table 2: Mode of bindings, binding constants and thermodyingrmarameters from FabG4-
12 and HtdX43 titrations

Titration

Mode of Binding

Binding constant
K

Thermodynamic parameters

(Mol AH AS AG
(Kcal/Mol) (Cal/Mol/K) (Kcal/Mol)
Sequential binding - _ 5 g5, 1 AH, = -15.7 AS,=-27.8 | AG,=-7.4
With number of
FabG4412 binding
Sites (N) = 2 K,=115x18 | AH,=-4.8x1G | AS,=-1.6x1C0 AG, = -4.0
HtdX-13 One site binding K=4.21x 10 AH = -66.2 AS =-196 AG=-738
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Table 3 The changes in secondary structures of FabG4H&hd on interaction witHL2 and
13respectively.

FabG4-12 HtdX-13
FabG4 HtdX
(1:5) (1:5)
Helix (%) 25.9 30 Helix (%) 12.2 11.1
B-sheet (%) 6.0 57 B-sheet (%) 40.1 50.6
Turns (%) 34.6 29.8 Turns (%) 12.6 2.6
Unorderd (%) 33.5 34.4 Unorderd (‘To) 35/2 35.7
Figure 1
Rv0241c Rv0242c
A | < |
289812 290654 200665 292029
NADH NAD* H,0
R CoA R CoA R~ CoA
B \"/\n/ ‘—:: Ho>(H\[c])/ ‘71 \/\IO]/
o O FabG4 (Rv0242c) HtdX (Rv0241c)
ketoacyl-CoA Hydroxyacyl-CoA Enoyl-CoA
Figure 2
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Figure 3
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Figure 5

Figure 6

SCHEMES
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Reagents and conditions: i) Zn dust, NH4Cl, H50 (s), 50 C, 15 min; ii) Respective aldehydes,
methanol (s), 12 h; iii) Ethyl propiolate, Cul, EtzN, DMF (s), 24 h; iv) 0.1 N LiOH, methanol (s),
20 C, 6 h; v) NaBH 4, Methanol (s), 30 min

Scheme 1General synthetic scheme for the synthesis of dedigflactam compounds
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e L
COOH )
i
—_—

Reagents and conditions: i) Isoniazid, EDC-CI, HOBt, DMAP, dry DCM (s), 16 h ii) SOCI,, N,H4-H,0
10 min, 0 °C; iii) EDC-CI, Et3N, HOBt, DCM (s), 12 h

Scheme 2 Synthesis of designed hybrid compounds
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HIGHLIGHTS

» Mycobacterium FabG4 and HtdX are selected as new anti-TB targets

» Dua inhibitors are designed through structure-based and ligand-based approaches

* Accomplishment of synthesis of designed compoundsis reported

» Inhibition kinetics, ITC, CD measurements demonstrated the target enzyme inhibition

* MIC and biofilm inhibition assays highlighted the potentia as new class of anti-TB
agents.



Design, synthesis and characterization of dual inhibitors against new targets FabG4 and

HtdX of Mycobacterium tuberculosis
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HRM S spectra of dual inhibitors (12-14)

10-Jan-2013 XEVO-G2QTOF#YCA288 10:52:41
AB SB 179
IITKGP_Chemistry_836 118 (0.594) AM (Top,4, Ar,10000.0,0.00,0.00); Cm (102:149) 1: TOF MS ES+
100+ 3884417 s 2.43¢6
ol
o
153.1367
B
N~
=
194.5704
663.4592
195.0734 301.1441 poe1ze
‘ 1 371.7131 544 7689 4662
o bbbl Mot g e e UL 480.9108. 3 : 727.5103  857.5328 9636014 10506056 1188.7473,
100 200 300 400 500 600 700 800 900 1000 1100
g [02-Jun-2013 XEVO-G2QTOF#YCA288 23:05:04
ab db 223
IITKGP_Chemistry_1305 113 (0.572) AM (Top,4, Ar,10000.0,0.00,0.00); Sm (SG, 1x1.00); Cm (74:193) 1: TOF MS ES+
100 393.1018 1.05e7
*
M +H)
O
s
N~
;2_
/\
137.0100 e
l294.1050
301.1431 1055
o Jeser ] ra 5472501 6474661 68’5'4418| 8231586 ‘8‘70}575? 9299809 10565369 15816
100 200 300 400 500 600 700 800 900 1000 1100
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20-Aug-2013 XEVO-G2QTOF#YCA288 12:45:04
AB DB 235
IITKGP Chemistry 1591 31 (0.170) AM (Top,4, Ar,10000.0,0.00,0.00); Cm (31:65) 1: TOF MS ES+
377.1261 5.36e7
100, +
L8
Capiliary (V) =3.00
4 Sampling Cone (V) = 30
Extraction Cone (V) = 3.0
iSource Temp = 120 C
[Desolvation Temp = 300 C
Lock Spray Capillary (kV) = 3.0
[Solvent = MeCN:H20:CH202
R’3h'0= 50:50:0.1%
0]
O
N~
=
121.0311
378.1316
258.0902
753.2411
1720810 P— 379.1315 754.2473
B 206.0608 |~ 4491498 932683  gurunig "0 _mrszigr 108 1039.5696 _ 1129.3654 /' 2004
Ik T T T T 7 T T T Tt | PR H
100 200 300 400 500 600 700 800 900 1000 1100
HPL C traces of dual inhibitors (12-14)
Barple Mame: ab/db/17%
Acg. Operator : debranjan
Acg. Instrument : Instrumesnt 1 Location : i
Injection Date : Z/23/2013 4:16:21 BM
Rog. Method s O NCHEM22W1\METHODS\TEST .M
La=t changed : 2/23f2013 4:35:57 EM by dekbranian
[modified after loading)
Bnalysi= Method : C:%CHEM3Z\1\METHODS\TE3T.M
La=t changed = 2/zafz01a 4:38:27 EM by dekranian
[modified after loading)
Sample Info - 100% methanol Iml/m
WWIOT A, Wavelangi=254 nm {DEE12TH FEB2I1SINHELACTAM.O
mad o =]
1200
1000
800
N
500 |
N~
00 4
200 4
2 x)
fo ams
a —T,
T T T T T T T T T
3] K B & Ll 10 12 14 18 18 '112!
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Pample Hame: ab.db.Z23

Acg. Cperator =
Zog. Instrument :
Injection Date
Aog. Meathod =
La=t changed =

Enaly=is Method :
La=t changed 3

SJample Info =

Debranjan

Instrumsnt 1 Location - x
1172003 12:-55:35 BAM
C:\CHEM3Z\1\HMETHODI\TEST .M

1/1/2002 12:54:349 & by Debranian

[modified after loading)

C: \CHEM32)\ A\HMETHODSYTEST .M

1142008 1:25:40 AM by Debranjan

[modified after loading)

1008Me0H, i1mlim

Injection Date
Acg. Method =
La=t changed £

Analy=sis Method -

Last changed s

Sample Info -

4/3/2003 S:36:31 BM

Co\CHEMAZN INMETHODS\TEST . M
4/3/2002 9:52:06 FM by Debranjan
[modified after loading)
C:\CHEM224 1\ METHCOD3\TEST M
4/3f2002 59:56:27 P¥ by Debranjan
[modified after loading)
100%H=0H, 1ml/m

WD A, Wavelengin=254 nm (DEWORH2UNH-TH.D)
2200
2000 4
1203
B
1000
500
et @
S = o
- = o =
T T T T T
a 5 i1} 12 20 25 min
Pample Hame: ab.db_ Z235purel
Aog. Operator : Dekbranian
Acg. Instrument - Instrument 1 Location : tx

WD A, W

=254 am i DEWORKIINH-FUZ0)
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FabG4 inhibition kinetics data

Dose-response plots

A Equation y = A1+ (A2-A1)/(1 + 10*((LOGx0 B
X)'P))
164 Adj. R-Squ  0.97744 124
14 Value Standard Er
o Al 00408 007199 -
—_ Ul A2 15175  0.08296 104 =
S 124 0.03709 3
= 0.48593 = .
o o 8- .
g 0.8 - < Equation y = A1 + (A2-A1)/(1 + 10(LO
[s2] Gx0-x)*p))
o 06| o 064
Q O Adj. R-Sq  0.95876
o 0.4 - e 04 Value Standard
Z © %1 s A1 0133 0.04821
= 024 Z B A2 0971 0042
> >_ 02 B LOGX0  1.182  0.02002
0.0 24
B p -6.853  2.09936
B EC50 15.22
0.2 T T T T T T T T 1
08 10 12 14 16 18 20 22 24 26 0.0 T T T T !
05 0.0 0.5 1.0 15 20
log [ Inhibitor ] uM -
log [Inhibitor] uM
Equation  y = A1+ (A2-A1)/(1 + 10((LOGX0-x Equation y = A1+ (A2-A1)/(1 + 10°((L
P) 0GX0-x)'p))
1.0 4 Adj R-Squa 090715 )
Value  Standard Err 1.4 - EOJIRISqINO-87S49
B A1 00415 013317 Value Standard
08 L B A2 0.71459 00522 B A1 -0.026  0.0785
< B LOGx0 1.41707 0.07425 124 B A2 1.288 0.05245
— - B P -2.9298 1.50533 - B LOGx0 1.441 0.05706
> 8 ECS0 261259 = 104 8 P 1450 029247
C 06 c 8 ECS0 2765
o Q os4
3 3
O 044 0O o5
% < 04
2 g,
= = 0.2
0.0 - .
0.0
T T T T T T T T T T T T
0.0 05 1.0 15 20 05 0.0 05 1.0 15 20 25
log [Inhibitor] uM log [Inhibitor] uM
104 = 1.0
—
s 0.8 ~ 08
c =
c
Qoo S
™ Equation y = A1 + (A2-A1)/(1 + 10%(LOG F 06
=) X0-x)°P); ™ Equation y= Al + (A2-A1)/(1 + 10(LOGXOX g
04 a P
(@) . Adj.RSq  0.97639 o
‘6 Value  Standard E = 04+ |agRSqua 097268
B At 01813 0.21508 o Value  Standard Err
2 024 B A2 09776  0.04245 > ] A1 02116 0.38964
>_ B LOGX0 28236  0.0505 = o024 B A2 10239 0.06429
B8 P 37143 1.04196 . > B LOGX0 16012 024471
0.0 B EC50 666.18 : :c5o -;;gg: 0.45474
T T T T T T 0.0 T T T T
2.0 22 24 26 28 3.0 00 05 1.0 15 20
log [Inhibitor] uM log [Inhibitor] uM

Dose-response plots of compouh@), 12 (B), 13 (C), 14 (D), 11 (E) and16 (F)
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Lineweaver-Burk plot of 12

1V (OD340nmisec)

N

500

400

300 +

200

[1] =30uM

(1] = 20 uM

[1=10uM

T
500

T T T
1000 1500 2000

1/[NADH] mM-’

T
2500

Compound!l2 is a competitive type inhibitor of FabG4 with respto NADH. The double-reciprocal
plot of 1/V versus 1/[NADH] at different concenticats of12 intercepted at 1/V axis.

HtdX inhibition kinetics data

Dose-response plots

Dose-response plots of compout®i(A), 13 (B) and14 (C)

A B Equation  y = A1+ (A2-A1)/(1 + 10%(LOGx0-
X)'p))
12 1.2 n Adj.R-Squ  0.95613
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=
=
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B 17616
™
©
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(]
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S
= 024
> s
0.0
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Lineweaver-Burk plot of 13

1] = 30 uM

-1

[1] = 20 uM

[I] = 10 uM

1/V (ODog3nM/s€0)

T T v
-0.05 0.00 0. 05 0. 10 0. 15 0. 20 1 0.25

1/ [Crotonyl CoA] uM

Compoundl3 is a competitive type inhibitor of HtdX with respeo crotonoyl-CoA. The
double-reciprocal plot of 1/V versus 1/[crotonoybA] at different concentrations df3
intercepted at 1/V axis.

A Time (min) B Time (min)
0 10 20 30 Y 20 30 40
0.05 T
0.00 f . 5001 ’ I l T
m : Al lm
- 0.00 T 1/\! v Nk —
g -0.104 1 2 [ ’ '
3 @
8 -0.154 4 8 5004 i
=8 =
0.20 -
-10.00 -
-0.25 4
0.00 T T T T T 10.00 T T T T T T
0.00 4 n L -
n
i =
€ o004 | § 10004 -
* o
S 0 -20.00 - . B
= Model: Sequential Binding Sites = Model: OneSites
5 Chi"2/DoF = 3.855E4 ‘%5 -30.00 4 Chi*2/DoF = 6.872E6 7
- 007 K1 2.98E5 +1.1ESM' T 4000 N 1.55+0.118 Sites
) AH1  -1.575E4+2.19E3 cal/mol © -40.00 4 P
E AS1  -27.8 calimolideg £ K 4.21ES5 +1.42ES M
8 ool K2 115E3 294E2M" | g AH  -6.621E4 6800 cal/mof
= AH2  -4.898E5+3.42E5 cal/imol X 60004 AS -196 cal/mol/deg
; ; AS2 |-1 .63E3|ca|/mollqeq . T Y . . r
0 5 10 15 20 25 0 2 4 6 8 10 12
Molar Ratio Molar Ratio

Calorimetric titrations raw data (upper panel) aesulting integrated binding isotherms of —
A. FabG4-12 titration; B. HtdX- 13 titration.
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CD SPECTRA

80 - 7
A %] FabG4 B " HtdX
—— FabG4.5a 1 HtdX5b|
60 10 4
40 5 ]
5 20
EX & ]
E =N
0
. £ <
-20 D
-10 4
40 -
-15 4
-60 1
204
-80 T T T T T T T " ! j
200 210 220 230 240 200 200 20 2% 240
Wave length (M) Wave length (nM)

CD spectra of FabG42 (A) and HtdX413 (B)
ADDITIONAL IMAGES OF FabG4-12 AND HtdX-13 DOCKING STUDIES

Ala296
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A. Docked conformation of compouri@ is overlaid on co-crystallized NAD and depicts that
12 will compete with NAD for all three binding subsit at major portal;the isoniazid
fragment is directed towards N-subsiBe;Residue-wise interactions (with distances in A) of
compoundl2 with FabG4;C. compoundl3 (red) binds near the catalytic loop of HtdX:
Residue-wise interaction (with distances in A) ofmpound13 with the catalytic loop of
HtdX

ADDITIONAL DOCKING STUDIES
FabG4-compound 8 docking study

FabG4-compoun@ docking study depicts that compouidhinds at the N-subsite of NADH

binding site. The pyridine substituent makes hydrolgond with 1le225; while the keto group
at 2-position off-lactam ring and adjacent 3-carboxilic acid groogeliact with active site

residues Tyr360 and Lys364 via hydrogen bonds. Mae compound has shown much

less interaction compare to than found dual inbrsitwhich corroborates with its relatively
higher 1G value.

i~y ﬂ B 225

i'. i | n W 1
P\ Ty e
|\ ' .,'- ; ~ o ,__.-.-‘\\\

Lys364

A. Docked conformation of compourgdis overlaid on co-crystallized NAD and depicts that
8 will compete with NAD for N-subsiteB. Residue-wise interactions of compoudavith
FabG4.

FabG4-compound 16 docking study:

The hybrid16, the isoniazid replaced analogue of compoi2calso binds at major portal of
FabG4 and cover N- and P-subsites of NADH binditgy &lthough the isoniazid fragment
in compoundl12 is found to be directed towards N-subsite in Fali@4locking study, but
the benzhydrazide fragment in compoudf is directed in opposite direction. The
benzhydrazide moiety binds over loop | via intaragtwith Asn295 and Gly226. The
pyridine substituent linked tf-lactam ring is directed towards N-subsite and rgadato
interact with catalytic residue Lys364 via hydrodaonding. The 2-keto of-lactam ring
makes additional interaction with Thr395. Moreovampound 8 covers N- and P-subsites
of NADH binding site and interacts with active siesidue but the overall interactions is less
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than its isoniazid bound analogue (compoud@yl which supports the experimental finding
that compounds6 is three time less potent that compod@d

A Thr39s

Asn295

A. Docked conformation of compourié is overlaid on co-crystallized NAD and depicts that
16 will compete with NAD for N-subsite and P-subsit#; Residue-wise interactions of
compoundl6 with FabG4.

MIC DATA

Na* ‘O\@ijo Na* O ) @)

Reduction by viable cell

Resazurin (Blue) Resorufin (Pink)
Principle of REMA assay

—p =

Resazurin assay plate. Pink colour indicates growth and blue indicatgsbition. Row A =
only media, negative control; Row B = only cultugeowth control; Row C = culture + INH,
positive control; Row D = culture + compouf#;, Row E = culture + compountB; Row F
= culture + compound4.
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COMPOUND STABILITY IN CULTURE

To check the stability of synthesized dual inhilsto culture, we separately incubated dual
inhibitor 12 in culture media in presence M. smegmatis for 24 h at equal condition. After

that, culture was lyophilized, dissolved in solvant subjected to HPLO (ace 2). We have

looked for trace of Isoniazid in culture media. 8@ separately take another trace from a
mixture of compound?2 and IsoniazidTrace 1). From the comparison of these two traces, it
could be clearly seen that there was no trace afidgid in culture media. This study

concludes that Isoniazid is not getting liberateoif synthesized compounds in cellular

condition.
1 HEM TA\DB TRACE
ple Name I
q. Opera
]J. Instrument n -
ection ate
j. Meth
La changed
lysis 4
Last changed jar
A i1 1arl I i
VWD1 A, Wavelength=254 nm (DB2015\TRACE.D)
mAU &
¢ Compound 12
800
600 INH g
@
400
200
o~ ©
g3 2 3
0 N~ = <
0 2 4 ] 8 10 12 14 18

HPLC trace of compount + INH mixture,
Eluent: 100 % methanol,
Flow rate: 1.2 ml /min,

Ret. Time for compouni2: 9.8 min, Ret. Time for INH: 9.0 min.
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ACCEPTED MANUSCRIPT

Sample Name: CULTURE+COMPtrace

Acq. Operator : debranjan

Acq. Instrument : Instrument 1 Location : -
Injection Date : 1/1/2003 3:21:36 AM

Acq. Method : C:\CHEM32\1\METHODS\TEST.M

Last changed : 1/1/2003 3:20:18 AM by debranjan
{modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\TEST.M

Last changed : 1/1/2003 3:41:42 AM by debranjan
{modified after loading)
Sample Info : 100% methancl, 1.2 mL/min

VWD1 A, Wavelength=254 nm (DB2015TRACE.D)
mAU
% Compound 12
2000 -
1500
1000
No INH g
500 - e
\"H
: e 8
o o - R \F 8
o 2 a s 8 10 2 14 18 R o

HPLC trace of compount® after 24 h incubation in culture
Eluent: 100 % methanol

Flow rate: 1.2 ml /min

Ret. Time for compouni2: 9.8 min

No trace of INH.
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BIOFILM ASSAY PLATE

Well 1 was used as negative control without anybimbr, while we added inhibitoi2 at
increasing concentration of 5, 10, 20, 50 and 1§0nl” respectively in well 2 to well 6. No

formation of biofilm was seen from well 4.
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