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The challenge with current drugs

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

& Complexity of TB disease T multiple diseased states is problematic
& Resistance emerges readily
& Latent TB Infection is poorly understood.

& Should the mycobacterial cell wall be revisited for drug development?
i Complexity of the cell wall T many possible targets
i Emerging evidence suggests a very dynamic process, even
during latent infection T IPT works
i Unique to bacteria
i Many enzymes are extra-cellular



The cell wall of mycobacteria
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Dynamics of TB infection
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What is clinical latency T related to bacterial populations?
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Resuscitation Promoting Factor i Rpf

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

Rpf signficantly enhances the culturability of dormant bacteria




The cell wall of mycobacteria
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What does the peptidoglycan in the bacterial cell wall
look like?
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Rpf proteins in M. tuberculosis
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Susceptibility of rpf mutants to Meropenem and Clavulanate
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Quintuple rpf mutants display increased sensitivity to

meropenem and clavulanate



Behavior of rpf deletion mutants in mice - Vaccines
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rpf mutants display virulence and reactivation defects in

mice



Behavior of rpf deletion mutants in mice - Vaccines
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Vaccination with rpf mutants protects against challenge

with virulent M. tuberculosis




Colony forming defects in M. smegmatis rpf mutants

wild type aapfA aapfB

Double and triple mutants display less cording




Biofilm defects in M. smegmatis rpf mutants

Wild type aapfA aapfB

a pf Aer @af Bf Aaser pf Bragy fpA ErrpfArfidB

Double and triple mutants cannot form biofilms




Defects in cell morphology in M. smegmatis rpf mutants

Wild type
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Defects in cell morphology in M. smegmatis rpf mutants

Wild type aapfB
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Defects in cell morphology in M. smegmatis rpf mutants

Wild type
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Defects in cell morphology in M. smegmatis rpf mutants
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Defects in cell morphology in M. smegmatis rpf mutants
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Defects in cell morphology in M. smegmatis rpf mutants




Defects in cell morphology in M. smegmatis rpf mutants
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RpfA seems to be important for septum formation and/or
localization



Possible roles for Rpfs in peptidoglycan cleavage

Increased formation of 3- 3
cross-links in stationary phase
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Bacterial population dynamics during infection
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Resuscitation Promoting Factor

& Rpf is an essential, secreted protein i active at
picomolar concentrations

& It is able to resuscitate aged cultures of mycobacteria
& It acts at an extracellular level T associated 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. Am J Respir Crit Mukamolova, G. V. et al. Mol. Microbiol. 2006; 59:84-98.

Care Med. 2010; 181:174-80 Mukamolova, G. V. et al. Mol. Microbiol. 2002; 46:611-621



Behavior of rpf deletion mutants in mice - Vaccines
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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
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Why Is M. tuberculosis so successful?

Metabolic flexibility
Genetic multiplicity
Multiple pathways
Utilize various carbon sources
Complex cell wall
Different Growth states

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
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Heterogeneity in bacterial populations during infection

Start of Therapy 2 months later

Russell, D.G. et al. Science 2010

Reflective of different microenvironments during infection

Effects on drug efficacy?



Antibiotic susceptibility of quintuple rpf mutants

Drug Wild type DACBED DACDEB MICs
mg/ml
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
KanaB. etal. J
Isoniazid 0.025 0.025 0.025 Antimicrob
. Ch th
D-Cycloserine ~ 3.25-6.5 3.25-6.5 32565 5010 g5 1583
Ofloxacin 0.4-0.8 0.4-0.8 0.4-08 %

Quintuple rpf mutants are sensitive to cell wall targeting

antibiotics



Do the Rpfs constitute novel drug targets?
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New class of 2-nitrophenylthiocyanates (NPT) compounds

that inhibit Rpf activity



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

#Speciali zed DNA polymerases (éethat s



Polymerase complement in M. tuberculosis

& DnaE2 i Implicated in DNA damage-induced mutagenesis and possibly
drug resistance in M. tuberculosis

& Y family DNA polymerases i Implicated in mutagenesis and DNA damage
tolerance in other organisms
@ DinB1
Retain all the key residues for DNA polymerase activity

@ DIinB2

@ DinB3 T Cryptic DNA polymerase

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

mutagenesis and DNA damage tolerance?



Wh at do we know about t hes

& 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



Polymerase complement in M. tuberculosis

& DnaE2 i1 Implicated in DNA damaged induced mutagenesis and possibly
drug resistance in M. tuberculosis

& Y family DNA polymerases i Implicated in mutagenesis and DNA damage
tolerance in other organisms

]
* Retain all the key residues for DNA polymerase activity
9 [NB

@ DinB3 T Cryptic DNA polymerase

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

mutagenesis and DNA damage tolerance?



Sensitivity to DNA damaging agents and other stresses

& No increased sensitivity detected with any of the din mutants
to various DNA damaging agents/mutagens including
methylglyoxal

Further moreé

& 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

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?

Metabolic flexibility
Genetic multiplicity
Multiple pathways

Utilize various carbon sources
Complex cell wall

Different Growth states

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




Growth and survival of rpf quadruple mutants in mice
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Quadruple rpf deletion mutants are differentially attenuated

for growth and survival in vivo.



The | 1 fe of a T B r eses:s

YOUR LIFE AMBITION - What Happened??

.ﬁl‘l‘lbltlﬂﬂ Win Nobel

A _~ Prize
-
. Revolutionize
- your field Attend that
-~ Conference in

“ Getajobata
, top University F'c:D-unI-:. MN

/
../ Get a job /' Hope they have
) /" Pepperoni
i ! / Pizza

L

JORGE CHAM B 2008

| | | | | | |
15t Year 2nd Year 3rd Year 4th Year Sih Year

WWW.PHDCOMICS, COM

Taken from www.phdcomics.com



Combinatorial deletion of rpf genes in M. tuberculosis

qrpfACBD
qrpfAB -rpfD
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| || || [ |
| Single Mutant' Double Mutants Triple Mutants”Quad Mutants'

The five rpf genes in M. tuberculosis are dispensable for

growth in vitro



Rpf Domainr Structure

A. Superimposition of RpfBc
p 0:1/02 (red) and ac-type lysozyme
(blue).

Catalytic Glutamate

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

ol/o7fo30
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RpfB Crystal Structure

(a)

Catalytic
domain

Ruggiercet al., JBM 2008n press



RpfBbinds to the cell wall

(a) Catalytic site
Cross-linking
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Ruggiercet al., JBM 2008n press



Susceptibility to Heat
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Some mutants defective in genes associated with cell wa

metabolism display increased sensitivity to heat

Vandall, Oet al. J. Bact2009;191625631




Susceptibility of Rpf mutants to heat
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No significant differences in susceptibilit
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% survival

Susceptibility to Hydrogen Peroxide

5 mM HQO, for 2 hrs

0.1
H37Rv Rv2136c Rv2224c ponA2 |ysX

Some mutants display increased sensitivity to Peroxide

Vandall, Oet al. J. Bact2009;191625631




Susceptibility of Rpf mutants to Hydrogen Peroxide

5 mM HQO, for 2 hrs
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No significant differences in susceptibilit



Susceptibility to Lysozyme

100

2.5 mg/ml Lysozyme for 2 hrs
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AponA2knockout mutant displays increased sensitivity to

lysozyme

Vandall, Oet al. J. Bact2009;191625631




% Survival

Susceptibility of Rpf mutants to Lysozyme

Lysozyme for 2 hrs
1000 -

100 -
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No significant killing



Susceptibility of Rpf mutants to Lysozyme

100 -

2.5 mg/ml Lysozyme for 24 hrs

% Survival

No significant differences ?



Resuscitation of dormant cultures of selectgd mutants and

complemented derivatives

Strain CFU per MPN per ml MPN per ml (+ CF)
mi
MPN 95% Confidence limits MPN 95% Confidence limits

Lower Higher Lower Higher
H37Rv 0 1.83 107 5.43 10° 63 107 5.83 10° 1.8310F 1.93 1¢°
DrpfACB 0 0 - - 13 103 0.3310° 3.33 1C®
DrpfACB::rpfC,B 0 1.23 1P 3.63 10¢ 43 100 4.43 10° 1.33 106 1.5% 10/
DrpfACBD 0 0 - - >2.43100 73 103 -
DrpfACB::rpfC,B,D 0 1.23 1P 3.63 10 43 10 1.23 10° 3.63 10 43 10°
DrpfACBE 0 0 - - >2.43 100 73 103 -
DrpfACBE:.rpfC,D,E 13 10° >53 108 1.5% 108 - > 53 107 1.5% 10" -

Triple and quadruplepf deletion mutants are unable to resuscitate from &

dormant state in vitro




Histopathology of lungs in mice infected with rpf
guadruple mutants

=

Quadruple rpf mutants display
reduced lung histopathology.



Gross lung morphology in mice infected with rpf
guadruple mutants

L T .

Lungs from mice infected with the rpf quadruple mutants display
reduced inflammation and disease.




Susceptibility of Rpf mutants to heat
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No significant differences in susceptibility



Susceptibility of Rpf mutants to Hydrogen Peroxide

5mM H,0, for 2 hrs
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% Survival
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No significant differences in susceptibility
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Susceptibility of Rpf mutants to Acidified Nitrite
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