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1.Introduction  

1.1 iTuberculosis i 

Tuberculosis i(TB) iis ia ihighly iinfectious idisease. iIt iis icaused iby ithe ipathogen 

Mycobacterium ituberculosis i(Mtb). iTB ihas ibeen ia iscourge ion ihumankind ifor icenturies. 

The iearliest ipredecessor iof iMtb idates iback iapproximately ithree imillion iyears, 

reportedly ioriginating ifrom iEast iAfrica i11. iMtb ihas ibeen iclassed ias ithe imost  

dangerous imicrobial ipathogen, ikilling imore ipersons ithan iany iother imicrobial ispecies i. 

In i2015, ithe iWorld iHealth iOrganization i(WHO) ireported ia iglobal imortality iof i1.5 

million ipeople idue ito iTB iinfection. iIn ithe isame iyear i9.6 imillion ipeople iwere idiagnosed 

with ithis iinfection. iThe idisease inow iranks ialongside iHuman iImmunodeficiency iVirus 

(HIV), ias ithe imain icause iof ideath ifrom ia isingle iinfectious idisease. i i iAfrica iand iAsia 

were irecorded ito ihave ithe ihighest iincidence iof iTB iestimating ione-third iof ithe iTB cases 

globally. i i iAfrica, istill iremains ithe ihighest-ranking icontinent ifor ipatients icoinfected  

with iTB iand iHIV iand iaccounts ifor i32% iof ithe itotal ireported icases iof iTB iand iHIV ico-

infections iworldwide. i i iIn iview iof ithe iimpact iof iTB ion ia iglobal iscale, iit iis ievident that 

this idisease ipresents ia isubstantial ipublic ihealth ichallenge . i i i 

 

TB iis ian iairborne idisease ithat iis iidentified iby isimple iculture. i i iThe imechanism iof 

transmissibility iand iidentification iare ithe ievolutionary icontributions iof iresearchers 

JeanAntoine iVillemin iand iRobert iKoch, irespectively. i i iTransmission iof ithe idisease 

occurs ipredominantly ithrough ithe iinhalation iof iinfected idroplets. iAlthough ithe iprimary 

site iof iinfection iis ithe ilung i(pulmonary), iinfection ican ialso ipresent iat iother isites  

(extra-pulmonary iTB). iThe iextent iof ithe iinfection idepends iprimarily ion ithe istatus iof 

the ihost’s iimmune isystem, ithereby iresulting iin icure, ilatent/dormant ior iactive 

TB.iActive ipulmonary iTB ioften ipresents ias ia ichronic iproductive icough, iweight iloss, 

anorexia, ifever, inight isweats iand ihaemoptysis. i iIt iis iestimated ithat ione-third iof ithe 

world’s ipopulation iis iinfected iwith ilatent ituberculosis i(LTB).  iPatients iwith ilatent 

tuberculosis iinfection i(LTBI) iare iclassed ias ihigh irisk, ias ithere iis ialways ia ipossibility iof 

LTB iprogressing iinto iactive iTB iat ia ilater istage. i i iLTB ipatients ialso ibecome ireservoirs 

for itransmission, ithus iit iis iessential ito itreat ithese ipatients ieffectively iso ias inot ito 

progress iinto iactive iTB.  

streptomycin iwas ithe ifirst ianti-tuberculosis iagent ito ibe idiscovered. i iThe ifirst ilarge 

scale iclinical itrial iof ithe idrug iwas iperformed iin i1948. i i iThis istimulated ia i‘rolling   

stone’ ieffect iwith ithe isubsequent irelease iof ithiacetazone iand ipara-aminosalicylic iacid 

(PAS), ionto ithe imarket . i iThe icombined iuse iof iboth idrugs ireported ihigh icurability  

rates iand ireduced ipropensity ifor iantibiotic iresistance. i i iHowever, ithe ivast iappearance 

of idrug-resistance ito istreptomycin iperpetuated ithe idesign, idiscovery iand idevelopment 

of inew ianti-TB idrugs . i i iThese iinclude: iisonicotinic iacid i(isoniazid-INH) i– idiscovered iin 

1951, ipyrazinamide i(PZA) iand icycloserine i– i1952, iethionamide i- i1956, irifampicin 

(RIF)1957, iand iethambutol i– i1962. i 
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Current ianti-TB itherapy iprotocols icomprise ia isix-month icombination icourse iof ifour 

drugs: iINH, iRIF, iPZA iand iethambutol. i(Figure i1, iTable i1). i i iThe ifirst itwo imonths iare 

known ias ithe iintensive iphase. i i iDuring ithis itime iall ifour idrugs iare itaken. i i iIn ithe  

last ifour imonths i(the icontinuation iphase) ionly iRIF iand iINH iare itaken. iThe ilength iof I 

treatment iis icrucial ifor ithe ieffective iand icomplete ieradication iof ithe idifferent isub- 

populations iof ithe iTB ibacilli. i i iSide ieffects iand iadverse idrug ireactions i(ADRs) iof    

current ianti-TB idrugs icoupled iwith icombination idrug iregimens iand ilengthy itreatment 

durations ioften icomplicate ithe itherapy. i i iDrug-resistance ito ithe iavailable ianti-TB idrugs 

has ialso ibecome ia imajor ipublic ihealth iproblem. i i iDrug-resistance iis ia icomplex iissue, 

and ican irange ifrom iresistance ito ione idrug itoresistance itoward imany idrugs, ii.e. i imulti-

drug iresistant i(MDR) iTB; iextensively idrug-resistant i(XDR) iTB; ior itotally idrug-resistant 

(TDR) iTB. i i i 

 

                                                                    

          Isoniazid                                       pyrazinamide                                 ethambutol  

 

 

 

                        rifampicin 

                    Figure 1.  First-line anti-tubercular drugs used in clinical therapy. 

Fi 

MDR-TB ihas ibeen idefined ias ian iinfection ithat iexpresses iresistance ito iINH iand iRIF, 

two iof ithe imain ifrontline ianti-tuberculosis iagents. i i iThus ithe idrug iregimen iused ito 

treat iMDR-TB irequires ia ilonger iduration i(6 i– i9 imonths) iwith ia icombination iof idrugs 

(Figure i2, iTable i1). i i iXDR-TB iis idefined ias iMDR-TB iwith ian iadditional iresistance ito 

fluoroquinolones iand ito iany ione iof ithe ifollowing isecond-line iinjectable iagents: 

amikacin, icapreomycin ior ikanamycin. i i iRecently, ithere ihave ibeen ireports iof ifew icases 

in iwhich ipatients ihave ibeen iresistant ito iall iavailable ianti-TB idrugs, ii.e iTDR-TB. i i iCases 
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of iTDR-TB iresistance ihave ibecome iprevalent iin iChina, iIndia, iAfrica iand iEastern iEurope. 

The iU.S iFood iand iDrug iAdministration i(FDA) ihave icommissioned ithe iuse iof idrug 

delamanid, ias ia iform iof icompassionate icare ifor iindividuals idiagnosed iwith iXDR-TB iand 

TDR-TB. i i i i 

 

1.2 iCurrent idrug itherapies i 

First-line idrugs i(Figure i1, iTable i1) iused iin ithe itreatment iof iTB iare iINH, iRIF, iPZA iand 

ethambutol. iSecond-line idrugs i(Figure i2, iTable i1) iinclude istreptomycin, iofloxacin, 

kanamycin, icapreomycin, iamikacin, iethionamide, iPAS iand icycloserine. iLinezolid i(PNU-

100480) i(Figure i2, iTable i1) ia ibroad ispectrum ioxazolidine iantibiotic i30, ihas ibeen 

approved ifor ithird-line itreatment iin iSouth iAfrica. i i i iThe iWHO irecommends ia ifurther 

classification iof ianti-TB idrugs iinto ifive igroups i(Table i2). i iThe igrouping isystem iis 

constructed ibased ion idata ifor isafety, iefficacy, iadministration iand idrug iclass. i i i i 

 i 

INH i(Figure i1, iTable i1 i& i2) ihas ibeen ithe istaple icomplement iof ithe iMtb itreatment. 

Despite iINH ihaving ia isimple ichemical iprofiles i(pyridine iring iand ia ihydrazine igroup), 

the imechanism iof iaction iof iINH iis icomplex. i iIt iis ia iprodrug, iwhich irequires icatalytic 

activation iby icatalase/peroxidase, ian ienzyme iencoded iby ithe igene ikatG. i i iThe 

activated idrug iinterferes iwith ithe isynthesis iof iessential imycolic iacids i(MA) iby  

inhibiting ithe iNADH-dependent ienoyl iacyl icarrier iprotein ireductase, iwhich iis iencoded I 

by iinhA. i i iThus itwo imolecular imechanisms iof iINH-resistance ihave ibeen iidentified idue 

to imutations iin ikatG iand imutations iin iinhA. i i 

 i 

RIF i(Figure i1, iTable i1 i& i2) iis ianother ipowerful ifirst-line ianti-TB idrug. iIt ihas ibeen 

classed ias ia ilipophilic iansamycin, itargeting ithe iβ-subunit iof iRNA ipolymerase, iwhere iit 

binds iand iinhibits ithe itranscription iof imessenger iRNA i(mRNA). i i iAn iexceptional 

characteristic iof iRIF ilies iin iits iability ito iexert iits ieffect iupon iboth iactively igrowing iand 

slowly imetabolising ibacilli. i i iResistance ito iRIF ihas ibeen iattributed ito imutations iin ithe 

rpoB igene, iencoding ithe iβsubunit iof iRNA ipolymerase. i i iIt ihas ibeen ifound ithat ialmost 

all iRIF-resistant iTB istrains ihave idemonstrated iresistance ito iother idrugs, iparticularly ito 

INH, imaking iRIF-resistance idetection ias ia iproposed ialternate imolecular imarker ifor 

MDR. 
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          Streptomycin                                                                                capreomycin                                                                

 

 

                                                               

Ethionamide                                         cycloserine                                p amino salicyclic acid 

 

 

                                                                             

                                                                               linezolid 

 

             Figure 2.  Second- and third-line anti-tubercular drugs used in clinical therapy. 
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First line drugs used for TB: Table : 1(a) 

Drug  target Mechanism of action  

Isoniazid 

 

 

 

 

 

 

Having multiple targets. 

Acts onienoyliacyl carrier 

reductasee 

Inhibitsimycoliciacidiisynthesis. 

(affects DNA, lipids, 

carbohydrates) 

Rifampicin 

 

 

 

Acts on ib-subunit of 

RNAi polymerasei 

Acts by Inhibiting 

RNAiisynthesis 

Pyrazinamide 

 

 

 

 

 

 

 

 

S1 component of the 30S 

ribosomal subunit 

Membrane energy 

potential and membrane 

transport. 

Inhibits protein translation  

 

 inhibits Coenzyme A synthesis 

 

 Inhibits PDIM synthesis  

 

Ethambutol 

 

 

 

Arabinose transferases Inhibits cell-wall 

arabinogalactan synthesis 

 

 

 

Drugs used in secondiline treatment of TB Table : 1(b) 

Streptomycin 

 

 

 

 

S12 protein and 16S rRNA 

components of 30S 

ribosomalisubunit 

Inhibitsiprotein synthesis 

Kanamycin, Amikacin 

 

 

 

30Siribosomalisubunit Inhibitsiproteinisynthesis 

PAS 

 

 

 

 

Dihydropteroate synthase Inhibits folate biosynthesis 



 

HONEY PATEL , INSTITUTE OF PHARMACY , NIRMA UNIVERSITY  

RECENT ADVANCES IN ANTI TUBERCULOSIS AGENTS 

11 

Linezolid 

 

 

 

50s ribosomalisubunit Inhibits protein synthesis 

Cycloserine 

 

 

 

D-alanine eiracemase and 

ligasei 

Inhibitsipeptidoglycan synthesisi 

Ethionamide 

 

 

 

 

NADH-dependent 

enoyliacylcarrieriprotein 

reductase (InhA) 

inhibits mycolic acid synthesis 

Ofloxacin 

 

 

 

 

 

DNA gyrase and DNA 

topoisomerase 

Inhibits DNA isupercoiling 

Capreomycin 

 

 

 

 

Interridge  B2aibetween 30S 

and 50S ribosomalisubunits 

Inhibitsiprotein synthesisi 

 

PZA i(Figure i1, iTable i1 i& i2) ihas ibeen ian iessential ifirst-line idrug isince ithe i1950’s. i 

It iis ia iprodrug ithat irequires ihydrolysis ito ireveal ithe ibioactive iform, ipyrazinoic iacid 

(POA). i i iPZA ihas ian iin ivivo iaccelerated ilesion isterilisation ieffect, iby iinterfering iwith 

the isynthesis iof ia ivirulence ifactor, ihighlighting iits ipotent iantibacterial iactivity. i i iGopal 

et ial. i isuggested ithat iPZA/POA ihas itwo imechanisms iof iaction iand iresistance. i i iThe 

first imechanism iinvolves ithe idepletion iof ico-enzyme iA i(CoA), iwhereby iresistance iis 

perpetuated iby imutations iin ithe iaspartate idecarboxylate ipanD, iwhich iprevents ithe 

depletion iof iCoA. i i iThe isecond imechanism iimplicates ithe iphenolthiocerol 

dimycocerosate i(PDIM) isynthesis. i i iResistance iis iconferred iby ithe iloss iof ifunctional 

mutations iin ithe isynthesis iof iPDIM igenes imas i(mycocerosic iacid isynthase) iand ippsA-

E i(phenolthiocerol isynthesis itype-I ipolyketide isynthases-Pks). i i i i i 

  

The ifirst iimplementation iof iethambutol i(Figure i1, iTable i1 i& i2) iagainst iTB iwas iin 

1966. i i iThe idrug iis iactive iagainst imultiplying ibacilli iby iinhibiting ithe ibiosynthesis iof 

arabinogalactan i(AG) iin ithe icell iwall. i i iIt ihas ibeen ipostulated ithat ipossible iresistance 

toward iethambutol imay ibe iconferred iin isome icases ithrough imutations iin ithe iembCAB 

gene. iThe iembCAB igene iencodes ifor ithe ienzyme imycobacterial iarabinosyl itransferase. 

The icenters ifor idisease icontrol iand iprevention i(CDC) ihave ideveloped ia imolecular 

screen ifor idetecting idrugresistance ito iethambutol. i iThe iresistance imechanism ihas ibeen 

attributed ito istructural ichanges iin ithe iE-binding isite iof iarabinosyl itransferase iimposed 
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by imutations iin ithe iembB igene. iArchitectural ialterations idisrupt ithe idrug-protein 

interactions iconferring igenotypic iand iphenotypic iresistance. i i 

WHO grouping of anti-TB drug: (Table 2) 

Group 1.  First-line oral                      

agents 

Isoniazidi 

 Rifampicin  

Ethambutoli 

Pyrazinamidei 

 Rifabutin  

Rifapentini 

Injectableidrugsi Streptomycini 

Kanamycini 

Amikacini 

Capreomycini 

  Fluoroquinolones  Levofloxacin 

 Moxifloxacin 

 Gemifloxacin 

 Oral bacteriostatic                   

second-line drugs 

Ethionamidei 

 Prothionamidei 

 Cycloserinei 

Terizidonei 

 para-amino salicylic acid 

Group 5.  Drugs with limited                  

data on efficacy                     

and long-term                   

safety 

Bedaquilinei 

 Delamanidi 

Linezolidi 

Clofazimine Amoxicillin 

clavulanate 

Imipenem/cilastatin 

ThioacetazoneiClarithromycini 

 

Streptomycin i(the ifirst iantibiotic iused iin ithe itreatment iof iTB) i(Figure i2, iTable i1 i& 

2) iis ia isecond- iline ianti-TB idrug. iIt iis ian iaminocyclitol iglycoside ibased iantibiotic 

which iwas iisolated ifrom ithe isoil ibacterium iStreptomyces igriseus. i iThe idrug’s  

inhibitory iactivity iprevents ithe iinitiation iof iprotein itranslation iby ibinding ito ithe i16S  

rRNA. i iThe iresistance iof iMtb ito ithe iinhibitor ilies iin imutations iin ithe irrs, igidB 

(encoding ia iconserved i7-methylguanosine imethyltransferase) ior irpsL igenes. i iThe 

presence iof imutations iin ithese iregions ialter ithe ibinding isite iof istreptomycin. iThe imost 

common imutation iis ithe iK43R iwhich ioccurs iin irpsL. i i i 

 i 

Fluoroquinolones ihave ibeen iclassed ias isecond-line ianti-TB idrugs. i iThe ifirst ianalogue 

was ifound iby ichance ias ia iby-product iin ithe ipurification iof ithe iantimalarial, 

chloroquine, iin i1965. i iSince ithen isynthetic iderivatives inalidixic iacid, iciprofloxacin iand 

ofloxacin i(Figure i2, iTable i1 i& i2) ihave ibeen idiscovered. i iFluoroquinolones ispecifically 

target ithe itype iII itopoisomerase i(Deoxyribonucleic iacid-DNA igyrase) iin iMtb i(Figure 2, 

Table i1 i& i2). i iReported iresistance ito ithis idrug iclass ihas ibeen iassociated iwith 

mutations iin ithe ibinding iregion iof igyrA ior igyrB. i i i 
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 i 

Kanamycin iand iamikacin i(Figure i2, iTable i1 i& i2) iare iaminoglycosides iwhich iact ion 

the i30S iribosomal isubunit iinhibiting iprotein isynthesis. iCapreomycin iand iviomycin iare 

cyclic ipeptide iantibiotics. i iThese iare isecond-line idrugs iused ithe itreatment iof iMDR-

TB. iAminoglycosides iand icyclic ipeptides iexert itheir iinhibitory ieffect iat ithe ilevel iof 

protein itranslation. i iA icommon imechanism iof idrug-resistance ihas ibeen iattributed ito 

mutation, iA1401G, iin ithe irrs igene. i iDue ito ithe istructural isimilarity, icross-resistance 

has ialready ioccurred ibetween icapreomycin iand iviomycin. i iMutations iin ithe igene itlyA, 

have ibeen iimplicated iin ithe iemergence iof iresistance. i i 

 i 

Ethionamide i(Figure i2, iTable i1 i& i2) iis ia ipro-drug irequiring iactivation iby iethA-

encoded imono-oxygenase. i iThe iactivated idrug iforms ian iadduct iwith iNAD ithus 

inhibiting iNADHdependent ienoyl iacyl icarrier iprotein ireductase. i iThe iemergence iof 

resistance itoward ithis idrug ican ibe irelated ito imutations iin ithe iethA iand iinhA igenes. i 

 i 

p-Amino isalicyclic iacid i(PAS) i(Figure i2, iTable i1 i& i2) iwas ithe ifirst idrug ito ibe iused 

in ia icombinatorial idrug iregimen iand iis istill ieffective iagainst iTB. i iIt ihas ibeen 

suggested ithat iPAS iis ia icompetitive iinhibitor iof idihydropteroate isynthase, ian ienzyme 

which iis iessential ifor ifolate ibiosynthesis. i iMutations iin ithe ithyA igene, iencoding 

thymidylate isynthase iA, ihave ishown idistinct iresistance itoward ithe idrug. i iMacrolides 

have ialso ibeen iused ito itreat iMycobacterium iinfections. i iResistance ito imacrolides ihas 

been iassociated iwith ilow icell-wall ipermeability iand iexpression iof ithe ierm37 igene. i 

This igene iencodes ithe ienzyme ithat imethylates ia ibinding isite iin ithe i23S irRNA, ithus 

preventing iactivity iof ithe idrug. i 

 i 

Cycloserine i(Figure i2, iTable i1 i& i2) iis ian ianalogue iof iD-alanine. i iThe idrug iinhibits 

the isynthesis iof ipeptidoglycan i(PG) iby iinterfering iwith ithe iaction iof iD-alanine: iD-

alanine iligase i(Ddl). i iIt ialso iinhibits iD-alanine iracemase i(Alr) iwhich iis ian iintegral 

component iin ithe iinterconversion iof iL-alanine iand iD-alanine ii.e. ia isubstrate iof iDdl. i 

Overexpression iof ialrA iconveys iresistance itoward icycloserine i. i i 

 i 

Linezolid i(Figure i2, iTable i1 i& i2) ibelongs ito ithe ioxazolidinone ichemical iclass iof  

third-line ianti-TB idrugs. i iThis ichemotherapeutic iagent iinhibits ithe iearly istage iof  

protein isynthesis iby ibinding ito ithe iribosomal i50S isubunit. i iAlthough, iMtb iresistance 

to ilinezolid iis irare, iresistance ihas ibeen ireported. iThe imutations iG2061T iand iG2576T 

in ithe i23 irRNA igene ihave ibeen iimplicated iin ithe imechanism iof iresistance. i 

 i 
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1.3 iOverview i 

The iintroduction iof ieffective ifirst-line itreatments iin ithe ifirst ihalf iof ithe i20th icentury, 

together iwith iimproved isanitation iled ito ia idramatic idecline iin ithe inumber iof ideaths 

from iTB iinfection iworldwide. iThis ioccurred iespecially iin ideveloped icountries iwhich 

led ito ia ihalt iin inew iantiTB idrug iresearch. i i iFor ia ilong itime, ithere iwas ilittle   

incentive ifor iinvestment iin ianti-TB idrug iresearch. i i iGlobalisation ihas ibeen ia imajor 

contributor ito ithe ispread iof iinfectious idiseases. i i iThis itogether iwith ithe iHIV iepidemic 

further ifuelled ithe ispread iof iTB. iSince ithe i1990’s, ithere ihas ibeen ia iresurgence iof 

interest iin inew ianti-TB idrug idevelopment, ias iTB ionce iagain ibecame ian iinternationally 

significant ipublic ihealth irisk. iThe irapid iappearance iof iresistance ito ithe iavailable idrugs, 

bacterial ipersistence, ilatency, ias iwell ias ilong-treatment idurations iresulting iin ipoor 

adherence, ifurther iemphasized ithe iurgency iof inew idrug idevelopment iin ithis iarena. i i 

It ihas ialso ibecome iincreasingly iapparent ithat ithe idevelopment iof inew idrugs, 

necessitates inew itarget iidentification. i i iThe inew iregimen ishould iideally ihave: ia) ia 

shorter itreatment iduration, ib) ia igood ibactericidal iand isterilizing iactivity iagainst iall iTB 

bacterial isub-populations, ic) ia ibetter isafety iand itolerability iprofile ithan iexisting ianti-

TB idrugs, iand id) icompatibility iwith iother idrugs iused iin iTB ichemotherapy iand ifor 

those ipatients ico-infected iwith iHIV.Our iwork iprovides ian ioverview iof ithe irecent 

progress iin ianti-TB idrug idiscovery. iBy ireviewing ithe icurrently iavailable iresearch iand 

literature, iwe iwish ito isystematically ioutline ithe iinvestigative imethods ifor ithe idiscovery 

of ianti-TB ichemotherapies. i i iThe ipredominant ifocus iis ion idrugs ithat iare icurrently iin 

the ipipeline. i i iSome iof ithe ibasic iaspects ifor iprecision idrug idiscovery iin iTB iinclude: 

1) iIdentifying iand iunderstanding icurrent idrug itherapies iand itheir iresistance  

mechanisms; i2) iThe iuse iof igenomics, istructural igenomics iand icrystallography iin itarget 

identification iand ifunction; i3) iThe iuse iof icomputational itechniques ifor idrug idesign   

and irapid iin isilico iscreening iof inewly idesigned iinhibitors ior irepurposed idrugs; iand i4) 

Whole-cell iand itarget ibased iscreening iof ipotential idrugs. i i iThe iintention iof ithis iwork 

is ito ipromote iand istreamline ifuture iefforts iin ianti-TB idrug idesign iand idiscovery, iby 

highlighting isome iof ithe iadvances ialready iembarked. I 
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2. i iIdentification iof ianti-tubercular itargets i 

2.1.i iGenomics 

The icomplete isequencing iof ithe iMtb igenome iwas iaccomplished iin 1998. i iThis iwas 

followed iby ire-annotation iin i2002. i i iIn ithe icurrent ipost-genomic iera, gene isequencing 

and iknowledge iof ithe ifunctions iof ithe ivarious iproteins ihave igiven rise ito ia inumber  

of ipotential idrug itargets. i i iFavourable idrug itargets iare iones ithat iare essential ifor ithe 

survival iof ithe imicroorganism, ibut iwhich, ihave ilittle ior ino isequence homology ito itheir 

human icounterparts. i i iThis iis ito iminimize ithe itoxicity ito ithe ihost. i i i 

In ithe i1990’s iCamacho iand ico-workers iutilised isignature-tagged imutagenesis ifor ithe 

identification iof iimportant igenes irequired ifor ivirulence. i i iOne iof ithe imain istudies iin 

the iquest ito ifind igenes ithat iwere iessential ito ithe iorganism iwas iconducted iby iSassetti 

et ial. iA iapproximately i600 iessential igenes iwere iidentified iusing itransposon isite 

hybridization i(TraSH). i i iOther imethods ifor ithe iidentification iof iimportant iMtb igenes  

include igene iknockout, iconditional imutagenesis, itranscriptional iprofiling iand iproteomic 

analyses. iBrown iet ial.  ̧ iproposed iwhole-genome isequencing iof iMtb. iThis iprovided ia 

method ifor isimultaneous iidentification iof iall iknown iresistance imutations iand imarkers. 

The iquality iof ithe isequence idata iaccurately ilinked imutations iassociated iwith iresistance 

to ifirst- iand isecondline ianti-TB idrugs. iThe imethod ipresents ia iunique iopportunity ito 

investigate ithe ibiological iinsights iinto ithe ievolution iof iMtb. i 

 i 

2.1.1 Structural igenomics i 

Structural igenomics iis ithe igeneration iof ihigh-throughput i3-D istructures ifrom igene 

products i2,. i3-D istructures iprovide iessential iinformation ion iprotein ifolding, ifunction 

and iare ian iimportant ielement iin ithe ianti-TB idrug idiscovery iprocess i60. i iA ilarge 

reservoir iof ithese istructures ican ibe ifound iin ithe iprotein idata ibank i(PDB) i(Figure i4). 

The iTB iStructural iGenomics iConsortium, iis ian iinternational icollaboration iof I 

researchers iwho iare idedicated ito ithe icomprehensive idetermination iof ithe i3-D iprotein 

structures iof iMtb. iThe iConsortium iemploys istate-of-the-art itechnologies ifor igene 

cloning, iprotein iexpression, icrystallization iand iX-ray idata icollection. iAt ipresent iit 

contains ia ideposit iof i icrystal istructures ifrom iMtb. iKnowledge iof ithe i3-D istructures  

is iimperative ifor ibinding isite iidentification iand igaining iinsight iinto iinteractions ithat I 

are icrucial ifor iligand-receptor ibinding. iThe iavailability iof istructures iof ivarious iMtb 

proteins ican ialso ibe iused ifor imolecular idocking iand iin isilico iscreening 

 

2.1.2.Comparative igenomics i 

Comparative igenomics iis ia iscience ithat icompares igenomes iwithin iand ibetween ispecies. 

The imethod ican ibe iused ito iidentify ithose igenes ithat ihave ibeen ilost ias iwell ias ithose 

that ihave ibeen iinherited. iIf igenes iare iconserved ibetween ispecies, ithen ithey iare imost 

likely ito ibe iessential ifor ithe iorganism. iA istudy ilooking iat igenomes iof iclinical iand 

laboratory istrains iof iM. i ituberculosis, iM. i ileprae iand iother imycobacteria ishowed ithat 

219 igenes iwere iconserved iacross ispecies. i i i 
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 i 

The iability ito iprioritize itargets iis ialso iimportant iin idrug idiscovery. iHasan iet ial. ifrom 

the iNovartis iinstitute ifor itropical idiseases ideveloped ia isoftware iprogramme icalled 

AssessDrugTarget. iThis iprogramme iessentially iranks ipotential idrug itargets iaccording ito 

essentiality, idrugability, iepidemiology, iand idistinct iMtb imetabolic isignatures. iSequence 

and istructural isimilarity ito iother imycobacteria iand ihumans iis ialso itaken iinto iaccount. 

i i i 

 i 

2.1.3. i iSelective iTB itargets i i 

As imentioned ibefore, ifavourable idrug itargets iare iones ithat iare iessential ito ithe isurvival 

of ithe imicroorganism ibut ihave ilittle ior ino isequence ihomology ito ihumans. iDetails 

about ithe imechanistic ifeatures iof isome iof ithese itargets iare idescribed iin ithe itext ito 

follow. iThese ialso iinclude ithe ianti-TB itargets iwith iavailable istructural idata, iwhich iare 

summarized iin. i i i 

The icell iwall iis icrucial ito ithe isurvival iof iMtb. i iIt iprovides iprotection iand iby ibeing 

impermeable ito ithe inumber iof idrugs, iit ialso iconfers iinherent iresistance. i iThe ibacterial 

cell iwall iis icomprised iof itwo iparts, i1). i iThe iouter icompartment iconsisting iof ilipids 

and iproteins i2) ithe iinner icompartment iwhich iis icomposed iof iPG, iAG, iand iMA. i iThe 

substances iin ithe iouter icompartment iare iunique ito ithe iMtb imicroorganism. i iEnzymes 

involved iin icell iwall isynthesis iare iabsent iin ihumans, iand ithus ipresent iprimary itargets 

for ianti-tuberculosis idrugs. i i i 

PG igives ithe icell iwall iits irigidity iand iis imade iup iof iN-acetylglucosamine iand 

Nacetylmuramic iacid. i iTranslocase iI i(TL1) iis ian ienzyme iwhich iplays ia irole iin iPG 

synthesis. i iAlanine iracemase iis ian ienzyme iinvolved iin ithe iracemisation iof iL-alanine 

to iD-alanine, iwhich iis ialso ia ikey icomponent iof iPG. i iL,D-transpeptidase i(LdtMt2) iis 

responsible ifor ithe i3–3 itranspeptide ilinkages iin ithe iPG ilayer. i i i 

AG iis ialso ian iessential icomponent iof ithe icell iwall. i iLipoarabinomannan i(LAM) iis ia 

glycolipid ilocated iwithin ithe icell iwall. i iLAM ihas iimmunomodulating iactivity iand 

possibly iplays ia irole iin ithe iprevention iof imacrophage iactivation. i iIt itherefore ipresents 

a imajor ivirulence ifactor. i iThe ienzymes iribosyltransferase, iUDP-galactopyranose imutase, 

galactofuranosyl i itransferase, idTDP-6-deoxy-L-lyxo-4-hexulose ireductase, iRm1B iand 

Rm1C iin ithe iAG iand iLAM ibiosynthetic ipathways iare ipossible idrug itargets. i 

Decaprenylphosphoryl-β-D-ribose i2’-epiramase i(DprE1) iforms ia iheterodimer iwith  

DpeE2 ito iform ithe iactive ienzyme iwhich iis iresponsible ifor ithe iconversion iof 

decaprenylphosphoryl iribose ito idecaprenylphosphoryl iarabinose, ia icomponent iof ithe  

Mtb icell iwall. i iDprE1 iis ia ivalidated itarget ifor ia inumber iof iinhibitors i(BTZ-043, I 

PBTZ-169, iTBA-7371), icurrently iin ithe iGLP itoxicity iphase. i i i i 

MA’s iare isynthesized iin ithe ifatty iacid isynthesis i(FAS) ipathway, iwhich iconsists iof ithe 

FAS iI iand iFAS iII ipathways. i iThe iFAS iI ipathway iis icatalysed iby ia isingle ienzyme I 

that iis isimilar ito ieukaryotes. i iThe iFAS iII ipathway, ihowever, iis iabsent iin imammalian 

systems. i iDiscrete ienzymes icatalyse ieach istep iin ithe ipathway. i iThe ienzymes i- iPks13, 

Acyl-AMP iligase, iFadD32, iAccD4, iFabH, iMabA iand iInhA ithus ipresent ias ivaluable 
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drug itargets. i iMmpL3, iis ian ienzyme iinvolved iin ithe itransport iof iMAs, iand iis ithe 

target ifor iSQ-109 iwhich iis icurrently iin iPhase iII itrials. i i i 

 i 

 i 

The iShikimate ipathway iis iresponsible ifor ithe isynthesis iof ichorismate, iwhich iforms ithe 

backbone iof iaromatic iamino iacids. i iThis ipathway iis iabsent iin imammalian isystems, 

therefore ienzymes i(AroB, iAroC, iAroE, iAroG, iAroK iand iAroQ) iwithin ithis ipathway 

present iuseful itargets. i iThe ienzyme igoverning ithe iShikimate ipathway, i3-deoxy-D-

arabinoheptulosonate-7-phosphate isynthase i(DAH7PS), ihas ishown ipromise ias ia ipotential 

anti-TB itarget. i iDAH7PS icondenses iphosphoenolpyruvate i(PEP) iand ierythrose-4-

phosphate i(E4P) ito i3-deoxy-D-arabino-heptulosonate-7-phosphate i(DAH7P). i iThe irole  

of iDAH7PS iis iisolated ito ithe isynthesis iof iaromatic iamino iacids iin ithe ibacterium, I 

making iit ia ivulnerable itarget. i i 

Micronutrients isuch ias ivitamin iB2 i(riboflavin) iand iB5 i(pantothenate) iare iessential ifor 

the isurvival iof ithe iorganism. i iRiboflavin iis icritical ito icertain imetabolic ireactions, isuch 

as ithe ifinal imetabolic iconversion iof imonosaccharides ito iATP. i iPantothenate isynthetase 

(PS) iis iresponsible ifor ithe icatalysis iof ipantoate ito ipantothenate i(vitamin iB5). i iVitamin 

B5 iis irequired ifor iCoA iand iacyl icarrier iprotein isynthesis, iwhich iare irequired ifor 

energy iand ifatty iacid imetabolism. i iUnlike ihumans iwho iobtain ivitamin iB2 iand iB5 

from itheir idiet, ibacteria idepend ion ithe iendogenous isynthesis iof ithese ivitamins, ihence 

the ienzymes iinvolved iin ipanthothenate ibiosynthesis i(Pan iB-E) iand ilumazine isynthase 

(LS) iare iprospective itargets. i i i 

 i 

2.1.4 DNA imetabolism i 

Two iclasses iof iribonucleotide ireductases i(RNRs) iexist iand iare iessential ito iMtb. i   

These ienzymes icatalyse ithe ireduction iof iribonucleotides ito ideoxyribonucleotides i. i 

Class iI iare ioxygen idependent iand iare ifurther isubdivided iinto iClass iIa i(NrdA ior iNrdE) 

and iClass iIb i(NrdB ior iNrdF). i iClass iII iare ioxygen iindependent. i 

DNA iligases iare ienzymes iresponsible ifor ilinking idouble-stranded iDNA. i iThey iare 

either iclassed ias iNAD+ idependent i(LigA) ior iATP idependent i(LigB). i iLigA iis ionly 

found iin isome ibacteria iand iviruses iand ihence ipresent igood idrug itargets. i iThe 

thymidine ikinase i(TK) ior iphosphotransferase ienzyme ialso ihas ian iimportant irole iin 

DNA isynthesis iand icell idivision. i i i 

Recently, ithe iDNA ipolymerase iIII iβ-sliding iclamp i(DnaN) iwas iidentified ias ia   

potential iantiTB idrug itarget. i iIt ihas ibeen ivalidated iusing ithe istreptomyces iderived 

Griselimycin iand iits iderivatives. i iIn ivitro iand iin ivivo istudies ihave iproved ithat 

Griselimycin iis ieffective iin ikilling imycobacteria i. i 

 i i 

Mtb ileucyl it-RNA isynthase i(leuRS) ibelongs ito ithe iclass iI iaminoacyl-tRNA isynthetase, 

which ishare ia irepresentative iRossmann ifold iin ithe isynthetic idomain. i iThe ienzyme iis 
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characterised iby itwo iadditional idomains: i1) ithe iconnective ipeptide i(CP)-1 i iand i2) ithe 

anticodon-binding idomain. i iLeuRS iis iresponsible ifor ithe icatalytic iformation iof  

aminoacyl-tRNAs iby iproviding imaterial ifor iprotein isynthesis. i iLeuRS iis ithe itarget iof 

GSK-070, ia idrug icandidate iwhich iis icurrently iin ipre-clinical idevelopment. i i 

In iprokaryotes ithe istart icodon ifor ithe itranslation iof imRNA icontains iformylated 

methionine. i iFollowing imRNA itranslation, ideformylation iof imethionine iby ipeptide 

deformylase ioccurs. i iMethionine iis ithen ihydrolysed iby imethionine iaminopeptidase. i 

The iabsence iof imethionine iaminopeptidase iin imammalian ihosts imakes iit ia iuseful 

enzyme ito itarget. i 

 i 

2.1.5 The iglyoxylate ipathway I    

Fatty iacids iare ia isource iof ienergy iand icarbon. i iThe iglyoxylate ipathway iuses iAcetyl-

CoA ifrom ifatty iacid imetabolism, iand iis iresponsible ifor ithe iassembly iof icarbon iunits 

involving ithe isynthesis iof iC4 idicarboxylic iacid ifrom iC2 iunits. i iEnzymes iin ithe 

glyoxylate ishunt ipathway ialso ipresent ias igood itargets, ias ithey iare iabsent iin I 

vertebrates. i iPersistence iof iMtb iin imacrophages iand imice irequires ithe iglyoxylate ishunt 

enzyme, iisocitrate ilyase i(ICL). i iThe ifirst istep iin ithe iglyoxylate ipathway iis icatalyzed 

by iICL. i iIn iMtb ithere iare itwo iICLs i(ICL1 iand iICL2). i 

 i 

2.1.6 Regulatory iproteins i 

ArgP, iGlnD, iGlnE iand iIdeR iare iregulatory iproteins iresponsible ifor ithe iregulation iof 

other iproteins iand ico-factors. i iArg iP iis ia itranscription ifactor iinvolved iin ithe regulation 

of iarginine itransport. i iIdeR icontrols ithe itranscription iof igenes iresponsible ifor iiron 

procurement iand istorage, ias iwell ias ithose igenes irequired ifor ithe isurvival iof 

macrophages. i iGlnE iis ian iadenyl itransferase ienzyme. i iGlnD, ia iuridylyl itransferase, 

plays ia irole iin ithe icontrol iof iGlnE iactivity. i i iOther idistinctive iTB itargets i 

ATP isynthase iis iessential ifor iATP ibiosynthesis, itherefore idisruption iof ithis ienzyme 

leads ito iATP idepletion iand ialso iaffects ipH ihomeostasis i63. iBedaquiline iis ia inewly 

registered ianti-TB idrug iwhich idisplays iinhibitory iactivity iagainst iATP isynthase. i i 

 i i 

The irespiratory icytochrome ib isubunit i(QcrB) iof ithe icytochrome ibc1 icomplex iis ia 

validated itarget ifor iQ203, ia idrug iwhich iis icurrently iin iphase i1 iclinical itrials. i iThe 

enzyme icomplex iis ian iessential icomponent iof ithe irespiratory ielectron itransport  

pathway iin ithe isynthesis iof iATP. i iQ203 idepletes iintra-cellular iATP, iwithout iinhibiting 

P450 iisoforms iand iwithout idisrupting ithe iP-gP iefflux ipumps. iIt ialso iinterferes iwith 

the ielectron itransport iof ithe iiron-sulphur iprotein. i 

The ienzymes iwithin ithe iMenaquinone i(vitamin iK2) ipathway iare iattractive itargets 

because ithey ido inot ihave ihuman ihomologues, ias ihumans iobtain ivitamin iK2 ifrom itheir 

diet. i i i 

 i 



 

HONEY PATEL , INSTITUTE OF PHARMACY , NIRMA UNIVERSITY  

RECENT ADVANCES IN ANTI TUBERCULOSIS AGENTS 

19 

Mycothiol iis ia ilow imolecular iweight ithiol ithat iserves ias ia iprotectant iagainst   

antibiotics iand itoxic ioxidants. i iThe ibiosynthesis iof imycothiol irequires ithe ifour-

enzymes ithat iare iencoded iby igenes i(MshA, iMshB, iMshC, iMshD). i iMshC iencodes ifor 

mycothiol iligase iwhich iis iessential, ias idisruption iof ithis igene ireduces imycothiol 

production. i iThe icondensation iof icysteine iand iglucosamine iinositol ito icysteine 

glucosamine iinositol, iin ithe ibiosynthesis iof imycothiol, iis icatalysed iby ithe ienzyme 

mycothiol iligase. i i i 

Maltosetransferase iGlgE iplays ia ikey irole iin ithe iconversion iof itrehalose ito iglucan. i 

GlgE iutilises imaltose-1-phosphate iin ithe ilengthening iof i1,4-glucan ichains. i iThe 

inhibition iof iGlgE ileads ito ia ibuild-up iof imaltose-1-phosphate, iresulting iin iself- 

poisoning iof ithe iorganism. i iAn iaccumulation iof imaltose-1-phosphate ihas ian iadverse 

effect ion ithe irespiratory ielectron itransport isystem. i i i 

Recently, ithe idiscovery iof ia ipotential ianti-TB idrug itarget ibiliverdin ireductase iRv2074 

was ireported. i iThis ienzyme iis iresponsible ifor ithe ireduction iof ibiliverdin-IXα ito 

bilirubin. i iThe ireaction iserves ias ia isafety imechanism ifor iMtb, iprotecting ithe ibacterium 

from ioxidative istress. i iAlkylhydroperoxide ireductase iE i(AhpE), ihas idemonstrated iitself 

as ia ipotential itarget iof iMtb. i iIts icatalytic iactivity iis idefined ias ithe ineutralisation iof 

redox ienvironments, iwhich iagain ishields iMtb ifrom ioxidative istress. i iFumarate 

hydratase iis idirectly iinvolved iin ithe itricarboxylic iacid i(TCA) icycle, ipromoting ithe 

reversible iconversion iof ifumarate ito imalate iin iMtb. i iHowever, ithe ihomologous inature 

of ifumarate ihydratase iwith ithe ihuman iform iof ithe ienzyme ii.e. i53 i% isimilarity, 

compromises ithe iselectivity iof idrugs ideveloped ifor ithis itarget. i iAcetyltransferase iE i 

has ibeen iimplicated ias ia imajor ico-factor ifor ithe iinactivation iof ikanamycin, ithus 

promoting idrug-resistant iTB. i i iThis icould ibe ia ipotential itarget ifor iaminoglycoside-

resistant iTB. i 

 i i 

Furthermore, icrystal istructures iof imalate isynthase, ilipoyl isynthase, ianthranilate 

phosphoribosyltransferase i(AnPRT; itrpD), ienoyl-CoA ihydratase, iglutamate iracemase, 

Lglutamate iligase i(FbiB), i7,8-diaminopelargonic iacid isynthase i(BioA) iand iType iII 

dehydroquinase iD88N ifrom iMtb ihave ibeen ideposited iin ithe iPDB iand inew ianti-TB 

agents iare iyet ito ibe idiscerned. i i 
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2.2. i iExploiting iphysiology ithat iis iunique ito iMycobacterium ituberculosis i 

There iare icertain iweaknesses/deficiencies iin ithe iTB ibacterium ithat icould ibe iexploited 

for ithe idesign iof inew idrugs. i iOne isuch iweakness iis ithe ideficiency iof ithe ibacterium 

in iits iefflux iability iof iPOA, ihence iit iis isusceptible ito iPZA. i iPZA iis iparticularly 

effective iin ian iacidic imedium iwhere iits iaccumulation iis ihighest. i iIt iis ithought ithat 

due ito ia islow imetabolism, iMtb idisplays idefectiveness iin iits iability ito imaintain 

membrane ipotential iand ipH igradient, iand iis ihenceforth ihighly isusceptible ito iweakly 

acidic idrugs. i i i 

Studies ion ithe imechanism iof iaction iof iINH ihave ishown ithat iMtb ihas ia ideficiency iin 

its idefence iagainst iendogenously iproduced ioxygen iradicals, iwhich iare igenerated iby 

KatG, ion ithe iactivation iof ithe iprodrug ito iits iactive iform. i iThis iseems ito ibe idue ito 

a idefective iOxyR igene iand ipoor iremoval imechanism iof ithe ioxygen ispecies iand  

organic iradicals. i iMtb ialso iappears ito ibe isusceptible ito ireactive initrogen ispecies,  

which iis iwhy idrugs isuch ias iniclosamide, initroimidazopyran i(PA-824) i iand initrofurans  

whose iactivation ileads ito ithe igeneration iof ireactive initrogen i– iare iparticularly iactive 

against inon-replicating ibacteria. i i i 

2.3. i iDrug iscreens I    

To iovercome ithe iproblem iof idrug-resistance iin iTB, ithe iNational iInstitutes iof iHealth 

(NIH), iGlaxoSmithKline i(GSK), iNIAID, iOtsuka iPharmaceutical iand ithe iGlobal  

Alliance ifor iantiTB idrug idevelopment ihave isponsored imany idrug idiscovery iprograms. 

Each iof ithe iprogram iinvolve iboth iwhole-cell iand itarget-based iscreening. i iDrug 

screening iwas isuccessful iin iidentifying imany iof ithe imarketed ianti-tubercular iagents  

that iare iin iclinical iuse. i iThe ifew icompounds iwith ianti-tuberculosis iactivity iare 

currently iin ithe ipipeline iof ianti-TB. iThose ihave ialso ibeen idiscovered ithrough ihigh-

throughput iscreening iof iwhole-cells ior itargeted ienzymes. i i I  

Whole-cell iscreening ihas ibeen imore isuccessful iin iyielding iplausible ihits, ias itarget I 

based iscreening idoes inot itake iinto iaccount ithe ipoor ipenetration iand iefflux iproblems. i 

It iis irecommended ithat iwhole-cell iscreening ibe iinitially iperformed ito iscout ifor  

potential ihits ifollowed iby itarget-based iscreening ito idistinguish ithe imechanism iof iaction 

of ia ispecific idrug icandidate. i iOne isuccessful icandidate idiscovered ithrough ithis imethod 

was iTMC-207. i i i i 

The ianti-tuberculosis iactivity iof iactinomycetes iand iadamantanoids, idrug icandidates ithat 

are icurrently iin ithe ihit-to-lead istage, iwere idiscovered ithrough iwhole-cell iscreening. i iA 

number iof ihit icompounds iof imalate isynthase iinhibitors i87 iwere iidentified ithrough ia 

target-based iscreen. i iThese icompounds iwere ifurther imodified ithrough istructure-based 

drug idesign iand ichemical imodification. i iA itarget-based iscreen iof iisoprenoid 

biosynthetic ienzymes ifiltered iout icertain icompounds ithat ipossessed ianti-tuberculosis 

activity. i iBiological itarget-based iscreening iof iMtb iRNA ipolymerase, iATP isynthase iand 

Ndh-2 iidentified ia inumber iof icompounds iwith iactivity iagainst itheir irespective itargets. 

i i i 

Drugs: iCapuramycins i(TL1 iinhibitors), iAzaindoles i(DprE iInhibitors), iSPR-113, iureas 

and iRuthenium i(II) iphosphine/diimine/picolinate icomplexes i– iwhich iare icurrently iin ithe 

lead ioptimization istage i– iwere idiscovered ithrough iscreening ifor ianti-tubercular iactivity, 
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using iwhole-cell ibased iassays. i iGSK’s iInhA iinhibitors i(thiadiazoles) iand iAnacor 

Pharmaceuticals iLeuRS iinhibitors i(oxaboroles) iwere idiscovered ithrough ibiochemical 

target-based iscreening iagainst iMtb. i i i 

Although ithe imethod iof iwhole-cell ibased idrug iscreening iof imolecules iworks iwell 

against igrowing ibacilli, iit iis inot iuseful ifor iscreening inon-replicating ipersisters. i iIn 

persisting ibacteria ithere iis ialso ino icorrelation ibetween ilow iminimum iinhibitory 

concentration i(MIC) iand isterilising iactivity. i iOne iexample iof ithis iis iINH, iwhich iis 

highly iactive iagainst igrowing ibacteria ibut iinactive iagainst ipersisters. i iIn icontrast, iPZA 

is ipoorly iactive iagainst igrowing ibacteria ibut iis imore ieffective iagainst inon-replicating 

bacteria. i iPZA, iwhich ihas iexcellent isterilising iability iagainst inon-replicating ibacteria, 

would ihave ibeen imissed iif ithe iscreening iprocess ihad ibeen iconducted ibased ion iMICs. 

Owing ito ithe idifferent isub-populations iand iin ivivo igrowth ienvironments ipresent iin ia 

TB iinfection, iit iis iimperative ithat iscreens iare iperformed iagainst iboth ireplicating iand 

non-replicating ibacteria iand iunder idifferent iculture iconditions. i iStandardized iaerobic 

culture iconditions iare ipartial ito iactively ireplicating ibacteria. i iRecently, iscreens ito   

cover idifferent iculture iconditions iwere ideveloped. i iThis iis ithought ito ibe ia ibetter 

representative iof ithe iin ivivo ienvironment iand iis imore ilikely ito idetermine ithe iinhibitors 

with iactivity iagainst ipersisters. i iScreening iagainst iMtb ithat iis ipresent iin imacrophages 

has ibeen isuccessful iand ihas irecently iyielded ithe icompound iQ203 iwhich iis icurrently 

in iphase iI iclinical itrials. i i 

High imolecular iweight, ilipophilic idrugs iare imore ilikely ito ipartition iand iaccumulate iin 

the icell imembrane iand ihave ipoor ipenetrability iinto iintra-cellular icompartments. i iLarge 

molecular iweight, ihighly ilipophilic idrugs ialso iseem ito ihave ia igreater ipotential ifor 

hepatotoxicity, ias iwell ias iaffect imitochondrial ifunction. i iThese iproperties ican ialso 

present ia iproblem iin idownstream ipharmaceutical iformulation ioptimization ito iimprove 

the isolubility. iThis ishould ibe itaken iinto iaccount iwhen idesigning ithe iwhole-cell iscreen. 

It iis itherefore ibetter ito iprioritize ithe icompounds iwith isuitable iphysiochemical  

properties iover ithose icompounds iwith ihigher ipotency ibut ipoor ipenetration icapabilities. 

However, iit ishould ibe inoted ithat ibedaquiline i(TMC-207) iwas isuccessfully ideveloped 

despite iits ihigh iclogP ivalue iof i iMethods ithat ihave ibeen irecently ireported ito idetermine 

intra-cellular icompound ilevels iwill icertainly ihave ivalue iin icorrelating iintra-cellular idrug 

levels iwith ibacterial ikilling ipotential. i iThe iuse iof imatrix-assisted ilaser 

desorption/ionization i(MALDI) ispectrometry iimaging iis ian iinvaluable imethod ito 

visualize ithe iunlabelled idrugs iin idifferent itissue isections, iessentially imapping iwhere 

these ianti-TB idrugs iconcentrate. i i i 
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3. i iComputational iapproaches iin ianti-tubercular idrug idesign/discovery 

iand ito understand ithe imechanism iof iaction iof ianti-TB iagents i 

To iprovide ia imore icost-effective iand istreamlined iapproach, iCADD ican ibe iused ias ia 

complementary itool ito iaid iexperimental iwork. i iCADD ican isignificantly iexpedite ithe 

drug idiscovery iprocess iby iaiding ithe idiscovery iand irefinement iof ipotent inovel idrugs. 

Virtual iscreening i(VS) iis ian ieffective itool ifor iin isilico iscreening iof ilarge icompound 

libraries ifor iobtaining ipotential ileads. i iThe iligand-based iapproach iis ifounded ion ithe 

properties iof iknown iactives, iwhereas istructure-based idrug idesign iuses ithe i3-D istructure 

of ithe iprotein. i iThe iincorporation iof ifilters ican isignificantly inarrow ithe isize iof ithe 

library ito ibe iselected. i iThe iCADD iapproach iis iguided iby ithe iamount iof istructural 

and iother iinformation iavailable. i iAssays iare ithen iused ito iconfirm ithe iactives. i i i 

GSK iemployed icomputational iapproaches ifor ithe iidentification iof ipotential ianti-TB 

targets. i iTheir iprotocol iintegrated ithe ichemical iproperties iof ithe iligand itogether iwith 

structural isimilarity iand ibioassays. i iThis istudy iwas ibased ion ia ichemogenomics ispace 

search i(CHEM), ia istructural ispace isearch i(STR) iand ia ihistorical iassay ispace isearch 

(HIST). i iThe iapproach icorrelated ithe istructural isimilarity iagainst ivalidated itargets. i iIt 

has ibeen isuggested ithat ithis itype iof iapproach icould ibe iuseful ifor ithe idevelopment iof 

future inovel ianti-TB idrugs. i 

A iTB idrugome iapproach iwas iused ito iempirically ireposition ian iestablished idrug ithat  

is ieffective iin ianother idisease iagainst iMtb. i iAnti-TB itargets iwith isimilar iligand-

binding isites ito iother iorganisms iwere ianalysed. i iThese itargets iare ithen iscreened iusing 

established idrugs. i iThe istudy itested itwenty-three ireported idrug icandidates. i iKnown 

anti-cancer iagents, itamoxifen iand i4-hydroxytamoxifen, iwere ifound ito isuppress iMtb. i 

These idrugs ialso ienhanced ithe iantimicrobial ieffect iof irifampicin, iINH, iand iethambutol. 

I  

Docking ialgorithms iare iinexpensive iVS itools. i iMolecular idynamics i(MD) isimulations 

can ibe iused iafter iVS ifor ifine-tuning iof idocked icomplexes iand ito iobtain ibinding 

affinity iinformation. i iThere iis ia irange iof icommercially iavailable isoftware ifor ithe 

visualisation iof iligandprotein icomplexes ithat ican iprovide iimportant iinformation ion ithe 

binding imode iand iactive iconformation iof ithe iligand. i i i 

Malate isynthase iinhibitors iwork iin ithe iglyoxylate ipathway. i iKrieger iet ial. i iemployed 

a istructure-based idrug idesign iwhere ia ilibrary iof i35 ismall imolecules ihaving ia icommon 

phenyldiketo iacid i(PDKA) iscaffold iwas iassayed iagainst iGlcB. i iSome iof ithese 

compounds iwere icrystallised iin icomplex iwith ithe ireceptor. i iThe iconsequent iderivation 

of istructural iinformation iand iligand-protein iinteractions iallowed ithem ito ifurther  

optimise ithese icompounds ifrom ithe ilead ichemical istructure. i i i 

Linezolid, ian ioxazolidinone iderivative, iwas irecently ievaluated ifor iactivity iagainst  

MDR-TB. i iStructure-based ibioisosteric ireplacement iof ithe iparent iscaffold iresulted iin 

the idevelopment iof ilinezolid ianalogues iRadezolid, iTorelozid iand iPNU-100480 

(Sutezolid). i iThese idrugs iare icurrently iin idifferent istages iof iclinical itrials ifor iuse ias 

anti-TB iagents. i 
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Bioisosterism iwas ialso iused ias ia itool ito imodify ithe iligand iscaffold iof iethambutol, 

which iled ito ithe idesign iof iSQ-109. i iSQ-109 iis icurrently iin iPhase iII iclinical itrials ifor 

the itreatment iof iTB. i 

In iPA-824 i(Pretomanid) idevelopment, ibinding iaffinities iobtained ifrom imolecular 

docking iwere ievaluated iagainst iMtb ibactericidal iactivity. i iDocking iwas ialso iused ito 

gain iinsight iinto ikey ibinding iinteractions iwithin ithe iactive isite. i iPA-824, ihas irecently 

entered iPhase iIII iclinical itrials ito ievaluate ithe iefficacy, isafety, itolerability iand 

pharmacokinetics. i 

Molecular idocking istudies iwere ialso iemployed ito idiscern ithe iinfluence iof ithe idouble-

bond iarrangement, iand isize iof ithe iisoprenoid iunit iof ithiolactomycin i(TLM) ion ithe 

binding iaffinity. i iTLM iacts ion iKasA iand iKasB iin iMtb. i iDue ito idifficulty iin 

crystallization iof iMtb; iFabB, ifrom iE. icoli iwas iused. i iThe istudy idemonstrated ithat 

large iconformational ichanges iof iFabB ioccurred iupon iTLM ibinding. i iActive isite 

residues iHis298 iand iPhe392 ialtered iits iposition ito iaccommodate ithe iinhibitor. i iThe 

use iof ihomology imodelling ifor ithe iβ-ketoacyl-ACP isynthases i(KasA iand iKasB) iwas 

also iemployed ito iidentify idifferences iat ithe iactive isites iof ithese iMtb ienzymes. i 

Benzothiazinone i(BTZ-043), iwhich ibinds ito ithe iDprE1, iwas ifound ito ihave iselective 

activity iagainst iMtb. i iTiwari iet ial. iused icomputational imolecular idocking istudies ito 

gain iinsight iinto ithe ibinding ipotential iof iBTZ-043 ioxidative iderivatives i[1,3-

benzothiazinone isulfoxide i(BTZ-SO) iand i1,3-benzothiazinone isulfone i(BTZ-SO2)]. i 

Molecular idocking isuggested isimilar ibinding ipatterns ioccurred ifor iBTZ-SO iand iBTZ-

SO2. i iBiological iassays iconfirmed ithat iBTZ-SO iwas ialso ihighly ipotent iin ipathogenic 

and inon-pathogenic imycobacterial istrains. i i i 

A inovel iseries iof ispectinomycin ianalogues iwere igenerated iusing ia istructure-based idrug 

design iapproach. i iThe istudy iinvolved ithe ibuilding iof ia ihomology imodel iof ithe iMtb 

16S ihelix iispectinomycin-binding isite iusing ithe i30S iE. icoli ispectinomycin istructure as 

a itemplate, ifollowed iby imolecular idocking iand idynamics ito ioptimise ithe ianalogues. i 
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4. i iAnti-TB idrugs icurrently iin ithe ipipeline i 

In irecent iyears, iconsiderable iefforts ihave ibeen iemployed iin ithe idiscovery iand 

development iof inew ianti-TB idrugs. i iCurrently ithere iare ia inumber iof idrug icandidates 

in idifferent iphases iof ithe idiscovery, ipre-clinical iand iclinical idevelopment ii iThere iare 

also ia inumber iof iongoing itrials iusing irepurposed idrugs, iwhere idifferent icombinations 

and idoses iof idrugs ithat iare icurrently ion ithe imarket, iare ibeing itested iwith ia iview iof 

optimizing itherapies. i i i 

 

4.1. i iPre-clinical idevelopment i(early istage) i 

CPZEN-45 iis ia inucleoside iantibiotic, iwhich iworks ithrough ithe iinhibition iof   

decaprenyl-phosphate–GlcNAc-1-phosphate itransferase. i iIt ihas iin ivitro iactivity iagainst 

both ireplicating iand inon-replicating ibacteria iand ihas idemonstrated iefficacy iagainst iboth 

drug- isensitive iand iXDR-TB iin imurine imodels. i 

Lead icompound iSQ-609, icontains ia idipiperidine ipharmacophore, iand iwas iidentified 

from ia ilibrary iof icompounds. i iIt iis icurrently iin ipre-clinical itrials iand ihas iin ivivo 

activity iagainst idrug-sensitive iand idrug-resistant iforms iof iTB. i iSQ-609 ihas iin ivitro 

intracellular iactivity iagainst ilaboratory iand iclinical iisolates iof iMtb. i iIt iis ian iadd-on 

drug ito ibe itaken iin icombination iwith iother ianti-TB idrugs. i 

TBI-166 ibelongs ito ithe iriminophenazine iclass iof idrugs. iThis iclass ialso icontains ithe 

antileprotic idrug iclofazimine. i iClofazimine ihas iseveral iundesirable iproperties isuch ias 

urine idiscoloration, ipoor isolubility iand ian iextensive ihalf-life. i iTBI-166 iwas iobtained 

through ilead ioptimization, ifrom ia iproject idesigned ito iidentify ithe icompounds iwith 

similar iefficacy ito iclofazimine ibut iwithout iits iundesirable iproperties. i iTBI-166 ihas ian 

improved iphysiochemical iand ipharmacokinetic iprofile. i 

The ispectinamide ianalog i1599 iwas igenerated iusing istructure-based idrug idesign. i iIt ihas 

a inarrow ispectrum iactivity iand iis iselective ifor iribosomal iinhibition. i iIt iwas iwell 

tolerated iin ia inumber iof imurine imodels iwhere iit iconsiderably ireduced ilung 

mycobacterial iburden ias iwell ias iimproved ithe ipatient’s isurvival. i iIn ivitro istudies ihave 

demonstrated iactivity iagainst iMDR-TB. i i i 
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            Bedaquiline                                                                   levofloxacin  

                   Figure 3.  Drugs that are currently in pre-clinical (early stage) development. 

 

4.2. i iGLP itoxicity i 

BTZ-043 ia ibenzothiazinone icompound, iis ia isuicide isubstrate ifor ithe iflavoprotein 

subunit iDprE1. i iBTZ-043 idisplayed iin ivitro iand iin ivivo ibactericidal iactivity iin iTB 

murine imodels. i iThe iactivity iwas islightly ilower ithan ithat iof iRIF iand iINH. i 

PBTZ-169 iis ia ipiperazine icontaining ibenzothiazinone ialso iacting ion iDprE1. i iIt iis inot 

stereoselective ilike iBTZ-043, iand iis itherefore ieasier ito isynthesise. i iIn ithe izebrafish 

model, iit idisplayed ian iimproved ipotency, isafety iand iefficacy iprofile icompared iwith 

BTZ-043. i iIt ihas iin ivivo iactivity iin imurine imodels, iand ihas iadditive ieffects iwith ia 

number iof ianti-TB itherapeutic idrugs iand ia isynergistic ieffect iif itaken iwith ibedaquiline.i 

i i 

TBA-7371 iis icurrently iin ipre-clinical idevelopment. i iIt ihas iactivity iagainst iDprE1, ian 

enzyme iinvolved iin iarabinan isynthesis. i iThis imolecule iis iactive iagainst idrug-resistant 

TB. In ivivo istudies ihave idemonstrated ithat ito idate iit ihas ia igood isafety iprofile. i 

GSK-070 i(Table i6) iinhibits iprotein isynthesis iby iblocking iMtb ileuRS. i iIt iis iselective 

for iMtb iand idisplays ino icross-resistance ito iother ianti-TB idrugs. i i i 

4.3. i iPhase iI i 

Q203 ientered iphase iI iclinical itrials iat ithe iend iof i2015. i iIt iwas ioptimised ifrom ian 

imidazole[1,2-α]pyridine iamide i(IPA) ilead. i iQ203 iworks iin iboth ianaerobic iand iaerobic 

conditions, iit idisplays iinhibition iagainst iboth iintra-cellular iand iextracellular iTB ias iwell 

as ireplicating iand inon-replicating ibacteria. i iIt ialso ihas iactivity iagainst iMDR-TB iand 

XDR-TB. i iIts itarget iis ithe irespiratory icytochrome ibc1 icomplex iwhere iit iinhibits ithe 

synthesis iof iadenosine itriphosphate i(ATP) ithereby idisabling ienergy iconversion. i i i 

4.4. i iPhase iII i 

Sutezolid i(PNU-100480) iis ian ianalogue iof ilinezolid. i iIn ivitro istudies irevealed ithat iit 

was iactive iagainst iMtb iand iM. iavium. i iIn ivitro i iand iin ivivo i(murine) i istudies ihave 

shown ithat isutezolid ihas ia isuperior iantimycobacterial iactivity iand isafety iprofile 

compared iwith ilinezolid. i iIt iis ialso iactive iagainst idrug-sensitive iand idrug-resistant iTB. 

It iis icurrently iin iphase iIIa. i i I  
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SQ-109 iis ian iethylenediamine iderivative, iderived ifrom ithe iethambutol ipharmacophore.  

Its iselection iwas ibased ion iin ivitro iand iin ivivo iresults iwhere iit ishowed iactivity iagainst 

wild-type iMtb ias iwell ias iMDR iand iXDR-TB i181. i iSQ-109 iinhibits icell iwall  

synthesis, iby iinhibiting iMmpL3. i iSince iit iis ieffective iagainst iethambutol iresistant 

strains iit iis ispeculated ito ihave ia imechanism iof iaction ithat iis idifferent ito ithat iof 

ethambutol. i iIt iis icurrently iin iphase iII itrials. i i i 

 I 

4.5. i iPhase iIII i 

Pretomanid i(PA-824) iis ia ibicyclic initroimidazofuran iwhich iis icurrently iin iphase iIII 

clinical itrials ias ipart iof ia idrug iregimen iconsisting iof ibedaquiline iand ilinezolid i(NiX 

TB itrial) i. i iRecently, ia istudy ito ievaluate isafety, iefficacy iand itolerablity iof ipretomanid 

in icombination iwith ibedaquiline iand ilinezolid ihas ibeen iinitiated. i iThe istudy iincludes 

a isix-month itreatment iof ipulmonary iXDR-TB, itreatment iof iintolerant ior inon-responsive 

MDR-TB ipatients i(https://clinicaltrials.gov). i iIn iprevious istudy, iPA-824 iwas ishown ito 

be iactive iagainst iwild-type iand isome idrug-resistant istrains. i iTo idate ithere ihas ibeen  

no icross-resistance ito iother ianti-tuberculosis idrugs. i iIt iis ialso iactive iagainst ino n-

replicating ibacteria, imaking iit ia ipossible idrug ifor ithe itreatment iof iLTB. i iThe 

mechanism iof iaction ioccurs ithrough icell iwall ilipid iand iprotein ibiosynthesis iinhibition 

Its ieffect ion inon-replicating ibacteria iis iprobably idue ito ithe iproduction iof initric ioxide  

that iis imost ilikely igenerated ion iconversion iof ithe iprodrug ito iits iactive iform. i iThe 

NC-005 itrial iusing ithe idrug icombination: ipretomanid, ibedaquiline iand iPZA iis itesting 

the itwo-month iefficacy iof ithe icombination iin idrug isensitive iand iMDR-TB. i iThe 

PRACTECAL istudy iconducted iby ithe iMedecins iSans iFrontiers i(MSF), iexamined ithe 

use iof idifferent icombinations iof ipretomanid, ibedaquiline, imoxifloxacin, ilinezolid iand 

clofazimine ifor ia isixmonth iduration iagainst iMDR-TB iand ihas irecently ireceived iethics 

and iregulatory iapproval. i i i 

Bedaquiline i(TMC-207) i iis ia idiarylquinoline ithat ihas iactivity iagainst iboth idrug-

susceptible, iMDR iand iXDR istrains. i iIt ialso idisplays ino icross-resistance iagainst iany 

first-line idrugs iand iappears ito ihave ia igreater ipotency iagainst idrug-resistant istrains. i 

TMC-207 iworks iby iinhibition iof isubunit ic iof iATP isynthase. i iThe 

BedaquilinePretomanid-PZA icombination i iis icurrently iin iphase iIII iclinical itrials ifor ithe 

treatment iof iMDR-TB. iThe iWHO iMDR-TB iguidelines ihave iincorporated ibedaquiline 

and idelamanid ias iadditional idrugs ito ithe iMDR-TB iregimen ito iensure ithe icombination 

of ifive ieffective idrugs. i i i 

 i 

Delamanid i(OPC-67683) i ihas igood iin ivitro iactivity iagainst idrugsusceptible iand idrug-

resistant ibacteria. i iThere iis ialso ino icross-resistance iwith iany iof ithe ifirstline idrugs. i  

It iis ia iprodrug iand iis imetabolised ito iits iactive iform, iwhich iis idesnitroimidazole.  i 

Delamanid’s imode iof iaction iis ivia ithe iinhibition iof imethoxy-mycolic iand iketo-mycolic 

acid isynthesis. i iThe iendTB, iA5343, iand iMDR-end itrials iwill ished imore ilight ion 

delamanid’s iuse iin icombination itherapy. i iThe iMDR-end itrial isponsored iby ithe iKorean 

centre ifor idisease icontrol icontains ia iregimen icomprising iof idelamanid, ilinezolid, 

levofloxacin iand iPZA. i iThe iA5343 itrial ilooks iat ithe iuse iof ilinezolid iand idelamanid 



 

HONEY PATEL , INSTITUTE OF PHARMACY , NIRMA UNIVERSITY  

RECENT ADVANCES IN ANTI TUBERCULOSIS AGENTS 

27 

for iMDR-TB. i iThe iVTEU itrial iwhich iwas isponsored iby iNIH iDivision iof  

Microbiology iand iInfectious iDiseases, iis itesting ithe idelamanid-containing iinjectable-free 

MDR-TB iregimen iagainst ithe istandard iof icare. i iRecently, ithe isix-month isafety,  

efficacy iand ipharmacokinetic itrial iof idelamanid iin ipaediatric ipatients ihas ibeen iinitiated 

against imultidrug-resistant iTB. i iThis istudy iis isponsored iby iOtsuka iPharmaceuticals. i 

 

 

4.6 iOptimizing ithe iuse iof iapproved iand irepurposed idrugs i 

Studies iare iunderway ito ioptimize ia ihigher idosage iof iRIF iwhich iis ithe ifirst iline ianti-

TB idrug i. i iA itwo-month istudy iwith ihigher idoses iof i15 ior i20 img/kg ihas idemonstrated 

that ithe iincrease iin idose ihad ino icorresponding iincrease iin iadverse ieffects. i iObtaining 

the ioptimal idose imay ihelp ito ireduce ithe iemergence iof iresistance. i 

Rifapentine i iis icurrently iin iphase iII iclinical itrials ifor ireducing ithe itreatment idurations 

of idrug-susceptible iTB iand iin iphase iIII iclinical itrials ifor ithe itreatment iof iLTB 

infections. i iRifapentine iis ia isemi-synthetic ilong iacting irifamycin ithat irequires ionce-

weekly idosing. i iIt iacts ion ithe iβ-subunit iof iRNA ipolymerase. i iIn ithe iStudy31/A5349 

trial, iit iis ibeing ilooked iat ialone iand iin icombination iwith imoxifloxacin ito ireduce 

treatment iduration itimes ito ifour-months iin idrug-sensitive iTB. i i 

The iTRUNCATE-TB istudy ientailing ifour itwo-month iregimens icomparing iit ito ithe 

standard iDS-TB itreatment, ihas irecently ireceived iprotocol iand iethics iapproval. iThis itrial 

is idue ito icommence iat ithe iend iof i2016. i iOne iarm iconsists iof ia ihigh idose iof iRIF, 

linezolid, iINH, iPZA iand iethambutol; ithe isecond iarm iconsists iof ithe isame iregimen ibut 

substituting iclofazimine iinstead iof ilinezolid, ithe ithird iarm iuses irifapentine,   

levofloxacin, ilinezolid iand iPZA, iand ithe ifourth iarm iconsists iof ibedaquiline, ilinezolid, 

INH, iPZA iand iethambutol. i i i 

 i 

Moxifloxacin i(fluoroquinolone) i iis icurrently iin iPhase iIII iclinical itrials ifor iits 

combination iwith iPA-824 iand iPZA ifor idrug-sensitive iand iMDR-TB i. i iThe iobjective 

of ia isecond istudy iwas ito iassess ithe isafety iand iefficacy iprofile iof ithis idrug 

combination ito iensure iwhether iit ihas ian iimpact ion ireducing itreatment iduration itimes. 

The iSTREAM-1 itrial iuses imoxifloxacin itogether iwith iseveral iof ithe icurrent ianti-TB 

drugs iplus ian iinjectable iand iclofazimine. i iIn icomparison ito imoxifloxacin, ilevofloxacin 

has ilower iQT iprolongation ieffects. i iCurrently, ithe iOpti-Q istudy isponsored iby ithe 

National iInstitute iof iAllergy iand iInfectious iDiseases i(NIAID) iis iin ithe iprocess iof 

trying ito idetermine ithe ioptimum idose iof ilevofloxacin iagainst iMtb. i iClofazimine ia 

riminophenazine ianalog, iis ia idrug ithat ihas ibeen irepurposed ifor ithe itreatment iof iTB. i 

Originally ian iantileprotic idrug, iit iis icurrently ibeing iused iin icombination iwith iother 

anti-TB idrugs iin ivarious iclinical itrials i- iPRACTECAL, iSTREAM-I, iSTREAM-II, iand 

endTB istudies. i iIt ihas ialso ibeen iused ioff-label ifor ithe itreatment iof iMDR-TB. 

Clofazimine iis inow iundergoing ievaluation ifor iTB iin irandomized iclinical itrials 

(CIAM320B2202), iwhich iis icurrently iin iphase iIIb/III. iLinezolid iis ipart iof ithe iNiX-TB 
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trial iwhich iis icurrently iin iphase iIII iclinical itrials. i iThis idrug ihas ibecome iincreasingly 

crucial iin ithe itreatment iof iMDR iand iXDR-TB. i i I                      

   

                  

                           Rifampentine                                                    Moxifloxacin  

 

 

                               

                                                            Delamanid   

 

                     Figure 4.  Drugs that are currently in clinical trials (Phase III). 
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5. i iConclusion i 

The idiscovery iand iuse iof ithe ifour-drug iregimen i– iINH, iRIF, iPZA iand iethambutol i– 

was ia isignificant ibreakthrough iin itackling idrug-susceptible iTB. i iHowever, ithe 

bacterium’s iresilient inature iand iits iability ito iadopt ia ilatent istate ior idevelop iresistance 

has ientrenched iTB ias ione iof ithe ileading icauses iof ideath ifrom ian iinfectious idisease. i 

Socio-economic ifactors iand ithe iTBHIV isynergistic irelationship ihave ifurther icontributed 

to iincreased iinfection irates. i iCombatting ithe iTB iproblem iis ithus ia icomplicated iaffair. 

The iimportance iof inovel idrug idiscovery iconcentrating ion idrugs ithat iare iactive iagainst 

resistant, ilatent iand idormant ibacteria ihas ibeen iacknowledged; iprompting ia igreater 

global ieffort iin ithe isearch ifor inovel idrugs. i iDevelopments iin ianti-TB idrug idiscovery 

show ipromise iespecially iwith ithe iintroduction iof itwo inew idrugs idelamanid iand 

bedaquiline iwhich iare icurrently iin iPhase iIII iclinical itrials. iThere iis ialso iconsiderable 

interest iin ithe iinvestigation iof ithe iuse iof irepurposed idrugs. iRecent iadvances iand 

developments iin ithe ifield iof igenomics, icrystallography, iCADD iand ihighthroughput 

screening ihave iproved iinvaluable iand ihave icertainly iaided ithe ianti-TB idrug idiscovery 

process. iThis iresulted iin ithe iappearance iof ia inumber iof inew idrugs iin ithe ipipeline iof 

anti-TB idrug idevelopment 
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