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Remodelling the mycobacterial cell wall for better

TB drugs



The challenge with current drugs

Many of the current drugs are targeted at processes that require active

growth 

Complexity of TB disease ïmultiple diseased states is problematic

Resistance emerges readily

Latent TB Infection is poorly understood.

Should the mycobacterial cell wall be revisited for drug development?

Complexity of the cell wall ïmany possible targets

Emerging evidence suggests a very dynamic process, even

during latent infection ïIPT works

Unique to bacteria

Many enzymes are extra-cellular



The cell wall of mycobacteria
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Dynamics of TB infection

Exposure to M. tuberculosis

Primary tuberculosis

Progression

To active 
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What is clinical latency ïrelated to bacterial populations?

Classic 

ñDormancyò

No Bacterial 

Growth

Biphasic System

Turn On/Off

Growth and 

Death

Dynamic 

population

Shift in the balance 

alters disease

Continuum of 

growth states 

Various populations of bacteria 

with different growth rates

Subclinical Disease



Resuscitation Promoting Factor ïRpf 

Micrococcus luteus Rpf is a secreted 17-kDa protein that increases 

the number of CFUs when added to dormant cultures and 

decreases the growth lag time

Mukamolova, G. V. et al. Proc. Natl. Acad. Sci. USA 1998; 95:8916-8921

Effect of exogenously 

added Rpf on growth 

of washed, stationary 

phase cells

Rpf signficantly enhances the culturability of dormant bacteria



The cell wall of mycobacteria
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Rpfs

Cleavage for  insertion 

of secretion apparatus, 

septation
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growth and expansion  

What does the peptidoglycan in the bacterial cell wall 

look like?

NAG ïN ïacetylglucosamine 

NGM ïN ïglycolylmuramic acid

NAM ïN ïacetylmuramic acid



Rpf proteins in M. tuberculosis

38,069 Da

RpfC (Rv1884c)

RpfB (Rv1009)

RpfD (Rv2389c)

RpfE (Rv2450c)

RpfA (Rv0867c)

0 100 200 300 400 500 600

residues

Signal sequence or trans-membrane 

helix

Rpf domain (soluble lytic 

transglycosylase ïc-type lysozyme)

Proline / alanine-rich segment

Membrane lipoprotein lipid anchor

39,962 Da

17,422 Da

15,664 Da

18,003 Da



10

102

0 1 2 3 4 5

H37RV

DACBED

DACDEB

C
F

U
/m

l

Days post addition of drug

103

105

104

106

Susceptibility of  rpf mutants to Meropenem and Clavulanate

Quintuple rpf mutants display increased sensitivity to 

meropenem and clavulanate 



Behavior of rpf deletion mutants in mice - Vaccines 

rpf mutants display virulence and reactivation defects in 

mice
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Vaccination with rpf mutants protects against challenge 

with virulent M. tuberculosis 

Behavior of rpf deletion mutants in mice - Vaccines 

Kondratieva T  

et al. 

Tuberculosis 

2011; 91:219-23



Colony forming defects in M. smegmatis rpf mutants 

Double and triple mutants display less cording

wild type ærpfA

ærpfAærpfBærpfCærpfAærpfB::rpfArpfB

ærpfB

ærpfAærpfB



Biofilm defects in M. smegmatis rpf mutants 

Double and triple mutants cannot form biofilms

Wild type ærpfA ærpfB

ærpfAærpfBærpfAærpfBærpfCærpfAærpfB::rpfArpfB



Defects in cell morphology in M. smegmatis rpf mutants 

Wild type ærpfA



Defects in cell morphology in M. smegmatis rpf mutants 

Wild type ærpfB



Defects in cell morphology in M. smegmatis rpf mutants 

Wild type ærpfAærpfB



Defects in cell morphology in M. smegmatis rpf mutants 

Wild type ærpfAærpfB::rpfArpfB



Defects in cell morphology in M. smegmatis rpf mutants 

Wild type ærpfAærpfBærpfC



Defects in cell morphology in M. smegmatis rpf mutants 



Defects in cell morphology in M. smegmatis rpf mutants 

ærpfA ærpfAærpfB

RpfA seems to be important for septum formation and/or 

localization



oNAG NA/GM

m-Dap

L-Ala

D-iGln

D-Ala

m-Dap

L-Ala

D-iGln

D-Ala

oNA/GM NAG o NA/GM o

o NAG o NA/GM o NAG o

oNAGoNA/GMoNAGo

oNA/GMo

m-Dap

L-Ala

D-iGln

D-Ala

D-Ala

m-Dap

L-Ala

D-iGln

D-Ala

m-Dap

L-Ala

D-iGln

D-Ala

Rpfs

Disaccharide dipeptide

Immune 

signaling

L-Ala

D-iGln

oNAG NA/GM oo

Rpfs + 

RipA/Enzymes

Bacterial 

signaling?

Disaccharide tripeptide

m-DAP

L-Ala

D-iGln

oNAG NA/GM oo

Rpfs

+ Enzymes

Immune 

signaling

Possible roles for Rpfs in peptidoglycan cleavage
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Rpf is an essential, secreted protein ïactive at 

picomolar concentrations

It is able to resuscitate aged cultures of mycobacteria

It acts at an extracellular level ïassociated with the cell wall

Addition of Rpf to sputum from TB patients results in a 

2-3 log increase in culturable bacteria

In M. tuberculosis, collectively essential for virulence and

reactivation from dormancy

Biochemical evidence indicates that it has muralytic

activity which is essential for resuscitation

Mukamolova, G. V.  et al. Mol. Microbiol. 2002; 46:611-621

Mukamolova, G. V. et al. Mol. Microbiol. 2006; 59:84-98. 

Resuscitation Promoting Factor

Mukamolova, G. V.  et al. Am J Respir Crit

Care Med. 2010; 181:174-80



10000

100000

1000000

5
 w

k

1
0
 w

k

5
 w

k

1
0
 w

k

5
 w

k

1
0
 w

k

5
 w

k

1
0
 w

k

control ACDE ACBD BCG

C
F

U

vaccination with

B: spleen

rpf mutants display virulence and reactivation defects in 

mice

Behavior of rpf deletion mutants in mice - Vaccines 

Kondratieva T  

et al. 
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2011; 91:219-23

Vaccination with rpf mutants protects against challenge 

with virulent M. tuberculosis 



Evidence for dormant forms of M. tuberculosis: 

The Cornell Murine Model of Latent TB

McCune, R.M. et al. J. Exp. Med. 1966

106

Time

Treatment

INH+PZA
No Culturable

Bacteria

Broad immune

suppression 

O
rg

a
n
 C

F
U

s

12 weeks
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Why is M. tuberculosis so successful?

Disease complexity
Occupies complex organs

Multiple diseased states

Dissemination

Synergy with HIV

Protracted treatment

A combination of these factors results in subclinical or chronic 

granulomatous TB disease

Metabolic flexibility
Genetic multiplicity 

Multiple pathways

Utilize various carbon sources

Complex cell wall

Different Growth states



Why is M. tuberculosis so successful?

Disease complexity
Occupies complex organs

Multiple diseased states

Dissemination

Synergy with HIV

Protracted treatment

A combination of these factors results in subclinical or chronic 

granulomatous TB disease

Metabolic flexibility
Genetic multiplicity 

Multiple pathways

Utilize various carbon sources

Complex cell wall

Different Growth states



Heterogeneity in bacterial populations during infection

Reflective of different microenvironments during infection

Effects on drug efficacy?

Start of Therapy 2 months later

Russell, D.G. et al. Science 2010



Drug Wild type DACBED    DACDEB       

Chlorpromazine 3.1 1.6-3.1 1.6-3.1

Ethambutol 1.6-3.1 1.6-3.1 1.6-3.1

Vancomycin 6.25-12.5 0.4-0.8 0.4-0.8

Cerulenin 0.025 0.013-0.025 0.013-0.025

Erythromycin 200-400 50-100 50-100

Carbenicillin 40-80 20-40 20-40

Rifampicin 0.003-0.006 0.001-0.002 0.001-0.002

Kanamycin 0.4-0.8 0.4-0.8 0.4-0.8

Isoniazid 0.025 0.025 0.025

D-Cycloserine 3.25-6.5 3.25-6.5 3.25-6.5

Ofloxacin 0.4-0.8 0.4-0.8 0.4-0.8

Antibiotic susceptibility of quintuple rpf mutants 

Quintuple rpf mutants are sensitive to cell wall targeting 

antibiotics

MICs
mg/ml

Kana B.  et al. J 

Antimicrob

Chemother

2010; 65: 1583ï

1585



Do the Rpfs constitute novel drug targets?

New class of 2-nitrophenylthiocyanates (NPT) compounds 

that inhibit Rpf activity

Demina, G.R. et al. PLOS One 2009



What is the tubercle bacillus thinking?

Taken from www.phdcomics.com



Dynamics of TB infection
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Drug resistance and TB

Protracted treatment program leads to poor compliance

High prevalence of multi-drug resistant (MDR) TB (>450,000 cases/year)

Extensively drug-resistant (XDR) TB (7% of MDR), high associated mortality

Bacterial determinants for mutagenesis

Damage to bacterial DNA during infection

Specialized DNA polymerases (éthat sometimes make mistakes)



Polymerase complement in M. tuberculosis

DnaE2 ïImplicated in DNA damage-induced mutagenesis and possibly 

drug resistance in M. tuberculosis

Y family DNA polymerases ïImplicated in mutagenesis and DNA damage 

tolerance in other organisms

DinB1

DinB2

DinB3 ïCryptic DNA polymerase

Retain all the key residues for DNA polymerase activity

Are the Y-family polymerases in M. tuberculosis involved in 

mutagenesis and DNA damage tolerance?



Y-Family DNA Polymerases in M. tuberculosis

Transcriptionally responsive to DNA gyrase inhibition (treatment with 

fluoroquinolones)

Important in dealing with DNA damage induced by methylglyoxal

Recent evidence suggests that macrophages infected with M. tuberculosis

are rich in methylglyoxal

Transcriptional profiling of M. tuberculosis during infection in humans

suggested that sites of infection are enriched in methylglyoxal

What do we know about these polymerasesé



Polymerase complement in M. tuberculosis

DnaE2 ïImplicated in DNA damaged induced mutagenesis and possibly 

drug resistance in M. tuberculosis

Y family DNA polymerases ïImplicated in mutagenesis and DNA damage 

tolerance in other organisms

DinB1

DinB2

DinB3 ïCryptic DNA polymerase

Retain all the key residues for DNA polymerase activity

Are the Y-family polymerases in M. tuberculosis involved in 

mutagenesis and DNA damage tolerance?

X



No increased sensitivity detected with any of the din mutants

to various DNA damaging agents/mutagens including

methylglyoxal

Furthermoreé

No difference in growth and survival in activated mouse    

macrophages

No difference in survival in human monocytes

No difference in mutation rate/spectra to rifampicin 

Sensitivity to DNA damaging agents and other stresses 

Deletion of these polymerases does not sensitize M. tuberculosis 

to DNA damage or affect mutation rate
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Why is M. tuberculosis so successful?

Disease complexity
Occupies complex organs

Multiple diseased states

Dissemination

Synergy with HIV

Protracted treatment

Metabolic flexibility
Genetic multiplicity

Multiple pathways

Utilize various carbon sources

Complex cell wall

Different Growth states

A combination of these factors results in subclinical or chronic 

granulomatous TB disease



Growth and survival of rpf quadruple mutants in mice
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The life of a TB researcheré

Taken from www.phdcomics.com



Combinatorial deletion of rpf genes in M. tuberculosis

Wild

Type

H37Rv
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-rpfA
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Triple MutantsDouble Mutants
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The five rpf genes in M. tuberculosis are dispensable for 

growth in vitro

-rpfD
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Quint Mutants

ȹrpfACDEB



A. Superimposition of RpfBc 
(red) and a c-type lysozyme 
(blue).

B.Superimposition of 
RpfBc (red) and two soluble 
lytic transglycosidases.

Catalytic Glutamate

Rpf Domain - Structure



RpfB Crystal Structure

Ruggiero et al., JBM 2008, In press 



Ruggiero et al., JBM 2008, In press 

RpfBbinds to the cell wall

RpfB



Susceptibility to Heat

Vandall, O. et al. J. Bact. 2009; 191:625ς631

Some mutants defective in genes associated with cell wall 
metabolism display increased sensitivity to heat

45 ̄ C overnight



Susceptibility of Rpf mutants to heat

45 ̄ C overnight

0.1

1

10

100

No significant differences in susceptibility

%
 S

u
rv

iv
a

l



Susceptibility to Hydrogen Peroxide

Vandall, O. et al. J. Bact. 2009; 191:625ς631

Some mutants display increased sensitivity to Peroxide

5 mM H2O2 for 2 hrs



Susceptibility of Rpf mutants to Hydrogen Peroxide
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Susceptibility to Lysozyme

Vandall, O. et al. J. Bact. 2009; 191:625ς631

A ponA2knockout mutant displays increased sensitivity to 
lysozyme

2.5 mg/ml Lysozyme for 2 hrs



Susceptibility of Rpf mutants to Lysozyme

Lysozyme for 2 hrs
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Resuscitation of dormant cultures of selected rpf mutants and 
complemented derivatives

-1.5 ³107> 5 ³107-1.5 ³108> 5 ³1081 ³105DrpfACBE::rpfC,D,E

-7 ³103> 2.4 ³104--00DrpfACBE

4 ³1053.6 ³1041.2 ³1054 ³1053.6 ³1041.2 ³1050DrpfACB::rpfC,B,D

-7 ³103> 2.4 ³104--00DrpfACBD

1.5 ³1071.3 ³1064.4 ³1064 ³1053.6 ³1041.2 ³1050DrpfACB::rpfC,B

3.3 ³1030.3 ³1031 ³103--00DrpfACB

1.9 ³1091.8 ³1085.8 ³1086 ³1075.4 ³1061.8 ³1070H37Rv

HigherLowerHigherLower

95% Confidence limitsMPN95% Confidence limitsMPN

MPN per ml (+ CF)MPN per mlCFU per 
ml 

Strain

Triple and quadruple rpf deletion mutants are unable to resuscitate from a 
dormant state in vitro



Histopathology of lungs in mice infected with rpf 

quadruple mutants

DrpfACBD

Quadruple rpf mutants display 

reduced lung histopathology.

DrpfACBE

Wild type



Gross lung morphology in mice infected with rpf 

quadruple mutants

ȹrpfACBEȹrpfACBDH37Rv
Arrows indicate large, well formed lesions

Lungs from mice infected with the rpf quadruple mutants display

reduced inflammation and disease. 



Susceptibility of Rpf mutants to heat
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Susceptibility of Rpf mutants to Hydrogen Peroxide

5 mM H2O2 for 2 hrs
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