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Apologia #1

• I don’t know any Physics – or Maths!



Apologia #2

• I mostly study phenotypes in growing mycobacteria – specifically 
excluding the ones that don’t grow!



No one gets the right treatment for TB!

• The standard “short course” for drug-susceptible TB is 6 months



Mtb grows slowly…perhaps it also dies really slowly?

to eradicate >99% of all bacteria

to kill the rest 1%
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No one gets the right treatment for TB!

• The standard “short course” for drug-susceptible TB is 6 months
• 5% relapse/ fail even with 6 months therapy
• 80% of patients are cured in 3-4 months

We cannot predict which 80%

• Understanding bacterial heterogeneity to antibiotic therapy may 
allow specific targeting of those needing shorter or longer treatment 
times



Rifampicin tolerance has many causes…

Aldridge et al 2012, Richardson et al 2016



A little bit of an aside on the central dogma..



CCCGCCTGCATGGCAAACDNA

CCCGCCUGCAUGGCAAACRNA

Protein PACMAN



CACGCCTGCATGGCAAACDNA

CACGCCUGCAUGGCAAACRNA

Protein HACMAN



CCCGCCTGCATGGCAAACDNA

CCCGCCUGCAUGGCAAACRNA

Protein HACMAN



CCCGCCTGCATGGCAAACDNA

CCCGCCUGCAUGGCAAACRNA

Protein HAMBUN

Too many errors à error catastrophe



Mistranslation as a diversity generator

IDEAL TRANSLATION FIDELITY INCREASED MISTRANSLATION

*

* gain of function phenotype



Are translational errors the ‘cost of doing 
business’?



Are translational errors the ‘cost of doing 
business’?
• Mikkola and Kurland (1992):
• 7 natural isolates of E. coli and one lab strain (017)
• Measured growth rate, protein synthesis rate and translational error 

rate (Leu misincorporation from polyU) before/after 300 generation 
passage in a chemostat



Are translational errors the ‘cost of doing 
business’?

Ribas de Pouplana et al TiBS 2014

r2 = 0.12, p=0.4 r2 = 0.3, p=0.17 r2 = 0.7, p=0.01



Are translational errors the ‘cost of doing 
business’?
• Mikkola and Kurland (1992):
• 7 natural isolates of E. coli and one lab strain (017)
• Measured growth rate, protein synthesis rate and translational error 

rate (Leu misincorporation from polyU) before/after 300 generation 
passage in a chemostat
• AFTER PASSAGE: all strains ‘reverted’ to 017-like phenotype: fast 

growth, efficient protein synthesis and ~low error rate.



Model organisms we study in my lab

• M. smegmatis -- non-pathogenic, average doubling time in rich 
axenic culture ~3hrs
• M. tuberculosis – BSL-3 containment, average doubling time in rich 

axenic culture (AND early animal infection) ~ 20 hrs



Mycobacteria have high and variable 
translation error rates

M. smegmatis



Mistranslation is sufficient for Rif-Specific 
Phenotypic Resistance

EMED: “excess mistranslation E+D”: Gln ->Glu, Asn-> Asp

Express 
mutated tRNAs 

in trans

M. smegmatis



These are NOT RIF-RESISTANT BACTERIA!



A selection/ screen strategy to identify high 
mistranslator mutants

Hongwei Su



gatA mutations cause high mistranslation 
rates

M. smegmatis

Hongwei Su



Direct and indirect Gln-tRNAGln synthesis

tRNAGln Gln-tRNAGlnGlnRS

amino acid 
residue tRNA/ anti-codon

DIRECT tRNA amino-acylation pathway



The indirect pathway utilises GatCAB
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Mistranslation results in fitness at the protein 
level for RNAP

Flavia Sorrentino & 
Padraig Deighan

‘irrelevant’ mistranslation
adaptive mistranslation



Improving translational fidelity reverses 
protein-level adaptation

Melody Toosky

Hi fidelity 
ribosomal mutant



Low levels of ‘resistant’ protein are sufficient 
to phenocopy mistranslation

Melody Toosky



Making a ‘high fidelity’ RpoB



Making a ‘high fidelity’ RpoB
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Figure 1. The Rif-Resistant Regions of the RNAP ! Subunit

The bar on top schematically represents the E. coli ! subunit primary sequence with amino acid numbering shown directly above. Gray boxes
indicate evolutionarily conserved regions among all prokaryotic, chloroplast, archaebacterial, and eukaryotic sequences (labeled A–I at the
top; Allison et al., 1985; Sweetser et al., 1987). Red markings indicate the four clusters where RifR mutations have been identified in E. coli
(Ovchinnikov et al., 1983; Lisitsyn et al., 1984a, 1984b; Jin and Gross, 1988; Severinov et al., 1993; Severinov et al., 1994), denoted as the
N-terminal cluster (N), and clusters I, II, and III (I, II, III). Directly below is a sequence alignment spanning these regions of the E. coli (E.c.), T.
aquaticus (T.a.), and M. tuberculosis (M.t.) RNAP ! subunits. Amino acids that are identical to E. coli are shaded dark gray, and those that
are homologous (ST, RK, DE, NQ, FYWIV) are shaded light gray. Mutations that confer RifR in E. coli and M. tuberculosis are indicated directly
above (for E. coli) or below (for M. tuberculosis) as follows: " for deletions, # for insertions, and colored dots for amino acid substitutions
(substitutions at each position are indicated in single amino acid code in columns above or below the positions). Color coding for the amino
acid substitutions (for reference to subsequent figures) is as follows: yellow, residues that interact directly with the bound Rif (see Figure 4);
green, residues that are too far away from the Rif for direct interaction (see Figure 5); purple, three positions that are substituted with high
frequency (noted as a % immediately below the substitutions) in clinical isolates of RifR M. tuberculosis (Ramaswamy and Musser, 1998).
Below the three prokaryotic sequences is a sequence alignment of three eukaryotic sequences with shading as above. The dots indicate a
gap in the alignment.

A plate assay (see Experimental Procedures) showed RNAPs responded the same way, with an increase in
the production of the trimeric product and a concurrentthat Taq cells were unable to grow on media supple-

mented with 50 $g/ml Rif (data not shown). For in vitro precipitous drop in the production of the long transcripts
(Figure 2a).studies, Taq RNAP holoenzyme was reconstituted using

Taq core RNAP (purified from Taq cells; Zhang et al., Mustaev et al. (1994) used chimeric Rif-nucleotide
compounds to measure the distance between the initiat-1999) and recombinant Taq %A (overexpressed and puri-

fied from E. coli; Minakhin et al., 2001b). The enzyme ing nucleotide binding site (the i-site) and the Rif binding
site. By varying the linker between the Rif and the nucle-initiated, elongated, and terminated transcripts effi-

ciently from a template containing the T7A1 promoter otide and testing for maximal transcription initiation ac-
tivity, the optimal length was found that allowed bindingand the tR2 intrinsic terminator (Figure 2a; Nudler et al.,

1994) at 37&C using the dinucleotide CpA as the initiating of each moiety in its respective site. This experiment
was used to compare the disposition of the Rif andprimer. The major RNA products, a trimeric abortive

transcript (CpApU), a 105 nt terminated transcript i-sites in E. coli and Taq RNAP. In both cases, optimal
initiation activity was observed when the linker com-(Term), and a 127 nt runoff transcript (Run off), were the

same as those produced by E. coli RNAP (Figure 2a, prised five (CH2) groups (Figure 2b). Thus, in spite of the
fact that Taq RNAP requires a 100-fold higher concen-lanes 1 and 8). Since E. coli %70 is totally inactive when

combined with Taq core RNAP in this assay (Minakhin tration of Rif for inhibition, we conclude that Taq RNAP
binds Rif and is inhibited through the same biochemicalet al., 2001b), the possibility of trace contamination with

E. coli %70 does not affect the conclusions from this assay mechanism as E. coli RNAP, and the disposition of the
Rif site with respect to the universally conserved activefor Taq RNAP. Quantitatively, the two RNAPs responded

very differently to Rif; the Ki (estimated from the Rif site is identical. We conclude that Taq RNAP can serve
as a model for Rif interactions with other RNAPs.concentration where the production of long transcripts

was inhibited by 50%) for E. coli RNAP was about 0.1
$M while for Taq RNAP it was about 10 $M, a 100- Rif-RNAP Structure Determination and Refinement

Tetragonal crystals of Taq core RNAP (Zhang et al.,fold difference in sensitivity (the Rif sensitivity of the
thermophilic RNAP decreased at higher assay tempera- 1999) were incubated overnight in stabilization buffer

with 0.1 mM Rif, followed by a 30 min. soak in cryo-tures; data not shown). Qualitatively, however, both

Rongjun Cai



Making a ‘high fidelity’ RpoB
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A strain with ‘hi-fi’ RpoB has slightly higher MIC to rifampicin than 
the parent but is less phenotypically resistant

Junhao Zhu



‘Hi-fi’ RpoB is now mistranslation insensitive for 
rifampicin phenotypic resistance



Some but not all TB gatA mutants have high 
rifampicin phenotypic resistance

high mistranslator
strain

Su, Zhu et al Nat Micro 2016



Optimal mistranslation rates are (likely) 
context specific
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mistranslation rate

A B C A: ? Axenic culture?
B: ? Animal infection?
C: ? RIF tolerance?



The joys of having an insubordinate student

Junhao Zhu

Me to JH: study 
these guys



The joys of having an insubordinate student

Junhao Zhu

JH: I want to 
study these guys!



Rifampicin-specific phenotypic resistance is 
a specific form of antibiotic tolerance

~1X10^8 CFUs

100 μg/mL75 μg/mL

~5X10^7 CFUs

50 μg/mL

~5X10^6 CFUs

25 μg/mL

~2.5X10^4 CFUs

M. smegmatis
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M. tuberculosis

Junhao Zhu
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Rifampicin exposure leads to drug-
specific hypertolerance



Rifampicin exposure leads to 
semi-heritable hypertolerance

M. smegmatis



A fluorescence dilution assay allows 
identification of phenotypic resistors



A fluorescence dilution assay allows 
identification of phenotypic resistors



A fluorescence dilution assay allows 
identification of phenotypic resistors



Rifampicin exposure increases rifampin-
specific tolerance



RpoB expression increases after rifampicin exposure



Rifampicin induces its own tolerance via 
upregulation of its cellular target

M. smegmatis::rpoB-mApple M. smegmatis::PrpoB-mEm



Rifampicin treatment bisects the 
mycobacterial population response



‘Growers’ are more likely to have grower 
daughters



Mycobacterial rpoB has two highly conserved 
promoters



rpoB promoter I negatively regulates promoter II expression 
and is inhibited by RIF 



rpoB promoter I negatively regulates promoter II expression 
and is inhibited by RIF 



rpoB promoter I negatively regulates promoter II expression and is 
sensitively inhibited by RIF 

in vitro RNAP transcription



Disrupting rpoB promoter structure alters rif-
specific tolerance



RSPR ‘growers’ are enriched upon treatment 
of drug-sensitive TB patients

Zhu et al Nat Communications 2018



Perspectives
• Mtb uses mistranslation to adapt to hostile environments – antibiotics 

and the host
• There are many routes to rifampicin tolerance in mycobacteria: in both 

growing and non-growing populations: which ones are most important 
in the clinical response to antibiotics or give rise to bona fide drug 
resistance is not known
• Studying mycobacteria informs not only pathogenesis/ drug tolerance 

but uncovers entirely novel biology



If there’s still 5 minutes time…



HspX is a protein pro-aggregase and sortase

• HspX is a small heat shock protein (~16 kDa)
• Highly upregulated in response to prolonged microaerophilic 

conditions (the “hypoxic dormancy regulon”)
• One of the most upregulated proteins in Mtb in infection and a 

leading vaccine antigen candidate
• Biochemically characterized as a misfolded protein ‘holdase’
• Yet, its cellular function unknown



A fluorescent ‘misfolding’ reporter



Misfolded proteins traffic to the pole in an 
HspX-dependent manner



HspX itself localizes to the pole



Re-directing HspX alters misfolded protein 
localization



Are there native HspX client proteins?

• Isolate inclusion bodies in WT, 
ΔhspX, hspX-OE strains
• Semi-quant MS with TMT tags

1355: proteins in total

Enriched 
in ΔhspX

Enriched in 
WT/ΔhspX
(<1.5-fold)

Enriched in 
WT/ΔhspX
(>1.5-fold)



Native HspX-clients misfold in an HspX-
dependent manner under stress

Axenic culture Heat shock
Zhang et al Sci Rep 2019
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