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NO INFECTION
(AM kills bacilli/ 

Spontaneous 
healing?) INFECTION

Bacilli multiply in 
vacuole until AM bursts, 

releasing bacilli and 
attracting circulating 
mononuclear cells.

Alveolus

M. tuberculosis bacilli

Alveolar macrophage 
(AM)

Vacuole

GRANULOMA FORMATION
Bacilli are enclosed by immune

cell barrier of activated 
macrophages and giant cells

Multinucleated giant cells

Activated macrophages 

LATENT INFECTION
Strong immune 
response
and containment 
of bacilli. ACTIVE INFECTION

Poor immune response, dissemination/ 
transmission of infection to other tissues, 

and disease progression

REINFECTION

REACTIVATION
● Malnutrition
● Senescence

● HIV co-infection
● Immune compromise

Cross-priming
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ACUTE TB
(HIV co-infection)

Persisting bacilli and 
immune cell debris

IFN-γ
TNF-α

perforin
granulysin

Vacuole

Exposed

90%

5 - 10%

5 - 10%

70%
30%

?%

M
yc

o
b

ac
te

ri
u

m
 t

u
b

er
cu

lo
si

s 
::

 im
m

u
n

e 
ev

as
io

n
, l

at
en

cy
 a

n
d

 r
ea

ct
iv

at
io

n
G

u
p

ta
 A

, K
au

lA
, T

so
la

ki
A

G
, K

is
h

o
re

 U
 a

n
d

 B
h

ak
ta

 S
(2

0
1

2
)

Im
m

u
n

o
b

io
lo

gy
2

1
7

(3
):

3
6

3
-7

4
.

Actively 
Replicating

Non 
Replicating

Existing Antibiotic 

Targeting
New Antibiotic 

Targeting



Cell wall PG – a dynamic structure

Park, James T., and Tsuyoshi Uehara. MMBR (2008) 
White, Courtney L., et al. Mol Micro (2010)

Unique features of mycobacterial PG

Maitra, A. et al (June 2019) FEMS Microbiology Reviews. 



cell-wall and cell-division machinery in M. tuberculosis
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Network Analysis
A stringent regulation between cell-division & 

cell-wall metabolism 
Mycobacterial (protein fragment 

complementation) two hybrid system.
Singh A, Mai D, Kumar A, Steyn AJ. PNAS (2006) 103(30):11346-51.

Munshi, T. …Bhakta, S. (2013) PLOSone 8(3)

https://www.ncbi.nlm.nih.gov/pubmed/?term=Singh%20A%5bAuthor%5d&cauthor=true&cauthor_uid=16844784
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mai%20D%5bAuthor%5d&cauthor=true&cauthor_uid=16844784
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kumar%20A%5bAuthor%5d&cauthor=true&cauthor_uid=16844784
https://www.ncbi.nlm.nih.gov/pubmed/?term=Steyn%20AJ%5bAuthor%5d&cauthor=true&cauthor_uid=16844784


Domain 1

MurNAc-Dipeptide

Domain 2

ATP

Domain 3

m-DAP

 Mtb-MurE – 20.3% β strand, 29.8% α-helix 

 Structurally similar to other Mur ligases

 N-terminus significantly different

 Enzyme mechanism conserved

Structure of Mtb-MurE
(PDB: 2xja & 2wtz)

Three domains:
1: N1-139: Rossmann fold typical of nucleotide binding proteins, binding to UDP
2: 140-378: Central domain binding ATP and activating the dipeptide
3: 379-535C: C-terminal domain recognizing and binding to m-DAP

Basavannacharya, C. …Bhakta, S. (2010a) Tuberculosis 90: 16-24.
Basavannacharya, C. …Bhakta, S. (2010b) Protein & Cell 1: 1011-1022. 



HT-assay for ATP-dependent Mur ligases 

Vector: pVLT31
Host: P. putida

Vector: pVLT31
Host: P. putida

Vector: pVLT31
Host: P. putida

Vector: pET43.1b
Host: E. coli

M M M M

UDP-MurNAc/-Mono/Di/Tripeptide UDP-MurNAc-Mono/Di/Tri/Pentapeptide

ATP ADP + Pi

Simple, High-throughput, Non-radioactive
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the methodology*

Quality Control 
(Acid fast staining)

Plate preparation

Agar Medium
0 g/L 0.01 g/L 0.1g/L

1g/L 5g/L 10g/L

Inhibitor

Results 
(Following incubation at 37°C)

0 g/L 0.01 g/L 0.1g/L

1g/L 5g/L 10g/L

* Evangelopoulos, D. & Bhakta, S. (2010) Methods Mol Biol. 642, 193-201

TB culture preparation
Actively growing cells Cells under stress Stationary phase cells 

Drug 
resistant 
TB strains 

In enriched media 
In minimal media 

Nutrient deprived 
Oxygen depleted 

Varied Temp. 

Wayne model 
Hu/Coat Model 

 

M. tuberculosis cells

2 rpm

Whole-cell evaluation of Inhibitors and 
Drug Susceptibility Testing

2002 – 2019



Gupta, A. & Bhakta, S. (2012) J. Antimicrob. Chemother.Ex vivo M. aurum growth inhibition at different time interval for front line anti-TB drugs

Mycobacteria-infected macrophage model

July 2019



Nature is an amazingly creative chemist!

Frontiers in Biosciences 2012



Mtb-MurE inhibitory compounds first identified!

Guzman JD…and Bhakta S.* (2015) J Antimicrob Chemother. 70(6):1691-703.
Munshi T,…and Bhakta S.* (2013) PLoS One. 2013;8(3):e60143.
Pesnot, T. …Hailes H.C. (2011) Chem Commun (Camb). 47(11): 3242.
Guzman, J.D…..Bhakta, S.* (2010) J Antimicrob Chemother. 65, 2101.

Ocotea macrophylla (Lauraceae)

HT-assays
Target vs Cell



Summary 

❶ ATP dependent Mur ligases in mycobacteria: Essential

❷ Eukaryotic homologue: None

❸Mur Ligases, part of an operon: Participate in major regulatory pathways

❹Mur genes/ gene products in infectious bacterial pathogens: Conserved

❺ Crystal structure of MurE ligase in M. tuberculosis: 2.9A, with substrate(s)

❻ Druggability: Tractable active site pocket

❼ Assay inhibition of Mur ligases in M. tuberculosis: HT, non-radioactive

❽ Hits for ATP dependent Mur ligase in M. tuberculosis: Natural products 

International Research Capacity-Building Workshop to Tackle AMR in TB
Friday 5th July 2019


