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Abstract

1.Persisters are a health threat due to their transient antibiotic tolerance, but little is
known about their phenotype and what actually causes persistence.

2.The persister proteome is characterized by o5-mediated stress response and a shift
to catabolism, a proteome that starved cells tried to but could not reach due to absence
of a carbon and energy source.

3.Metabolism of persisters is geared toward energy production, with depleted
metabolite pools. We developed and experimentally verified a model, in which
persistence is established through a system-level feedback.

4. The vicious cycle is stabilized and modulated by high ppGpp levels, toxin/anti-toxin
systems, and the 65-mediated stress response.
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Materials

Bacterial strains

Strain Source

BW25113 Obtained from (Baba et al, 2006)

BW25113 Armf Obtained from (Baba et al, 2006)

BW25113 ArelA Obtained from (Baba et al, 2006)

BW25113 ArpoS Obtained from (Baba et al, 2006)

BW25113 BW25113 Arpo5s transformed with pMNT3-rpos

Arpo5 + pNT3-rpos

plasmid from (Saka et al, 2005)

BW25113 + pBAD-

BW25113 transformed with pBAD-LacY-EYFP

LacY-EYFP plasmid (gift from Jonas van der Berg)

MG1655 Obtained from (Maisonneuwve et al, 2011)

MG1655 A10 Obtained from (Maisonneuwve et al, 2011)

MG1655 A10ArpoS MG1655 A10 with rpoS knockout transduced with
| P1 phage from BW25113 ArpaS

MG1655 A10ArpasS + MG1655 A10ArpeS transformed with pNTR-5D-

pMNT3-dctA

detA plasmid from (Saka et al, 2005)




Media and cultivation

Escherichia coli K12 strain BW25113 was used for the phenotypic
characterization.

Parts of the model validation were done with the strain MG1655.

All experiments were performed using M9 minimal medium

The carbon source stock solutions were made by dissolving the carbon source

in demineralized water, adjusting the pH to 7 with NaOH or HCl,and filtering through a 0.2 Im

PES filter.

Cultivations were done in 50 ml of M9 medium in a 500-ml Erlenmeyer flask closed with a 38
mm silicone sponge closure (Bellco Glass) at 37°C, 300 rpm, and 5 cm shaking diameter.

keep the cells in mid-exponential phase.



ampicillin treatment or FACS and higher abundances of persisters
through performing transcriptome
analyses.

SOS response
The involvement of various P CO|d/hOt shock

mechanisms could explain the
recently observed heterogeneity
between persister cells.
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Three in vitro models:
the antibiotic-tolerant cells that are formed

|ntr0d UCtiOn stochastically in growing cultures.

starved cells which have diminished or absent antibiotic
target activity due to the absence of nutrients.

after certain nutrient shifts (i.e. abrupt shifts or
gradual shifts resembling diauxie) a large number of
non-/slow-growing and antibiotic-tolerant cells
emerge in nutrient-rich conditions

these findings suggest that the metabolic state of a cell and persistence might be closely
tethered



switched Escherichia coli cells from glucose to fumarate medium

Result

with a carbon source
an extremely small fraction of cells (0.1+0.05%, SD) adapted and started to grow on fumarate.

The other cells entered a state of non-/slow growth resembling the one of persister cells
without a carbon source

generating starved cells, which allowed us to investigate the effect of nutrient presence on the
persister phenotype.
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show that non-/slow-growing cells in nutrient-rich conditions and starved cells are tolerant to numerous antibiotics
at concentrations that killed fumarate-growing cells. However,

the observed difference

the higher tolerance of non-/slow-growing cells in nutrient-rich conditions against CCCP compared to starved cells.
persister cells in nutrient-rich conditions must exploit specific tolerance mechanism that enhance their survival over

that of persisters generated by starvation.

CCCP (proton gradient disruptor)
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Persisters are metabolically acti

growing persister  starved
In the first 2 h after the switch to fumarate or to medium without a 4 on glucose 8h 8h
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persisters in nutrient-rich conditions are able

to maintain high energy charges, eventually

contributing to the observed enhanced
persisters operate their metabolism in a way that is optimized for antibiotic tolerance compared to starved cells.
energy generation, in contrast to biomass production and growth.



Persisters achieve a proteome state that starved cells fail to
attain

measured levels of about 2,000 proteins through liquid chromatography/mass spectrometry proteomics
during entry into persistence from glucose.

although all cells were switched to fumarate, the proteome of persister cells did not approach the one of
fumarate-growing cells. In fact, the proteomes of fumarate- and glucose-growing cells were more similar to
each other than the proteome of persister cells compared to either the proteome of glucose-growing cells or

fumarate-growing cells.

the changes in the proteome of starved cells, which almost exclusively occurred during the first 2 h after the
nutrient shift, followed the same trajectory as the proteome changes in the persister cells



the proteome adjustments in

both starved and persister cells must
be caused by a common cue,which is
not specific to the availability of a
carbon source in the medium.
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Persister proteome is characterized by enhanced
catabolism and o>-driven stress response

To decipher whether the observed changes are a mere reflection of growth rate changes or whether the
observed changes resemble specific characteristics of persisters.

11 different carbon sources 3 different stress conditions

PCA space




A: the proteomes of persister cells
and starved cells moved along the
dimension 1,under the stress
conditions

B: persister proteome was
characterized by lower

levels of proteins for DNA
replication, recombination, and
SOS response .
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the main difference between the proteomes of persister cells and starved cells is caused by availability
of nutrients and the rudimentary metabolic activity of persisters.

performed a hypergeometric test using known sigma factor—gene interactions, transcription factor (TF)-gene
Interactions, and regulatory RNA-gene interactions.

the proteome changes in persister cells were largely controlled by ¢°

The ppGpp levels in persisters elevated , these increased ppGpp concentrations could be the
cause for the higher abundance of @® in persister cells.

it is still a question which mechanism would cause ppGpp levels to be increased in persisters,
and what is the cue triggering this mechanism.



Persister cells and starved cells share a distinct metabolite
pool pattern

measured the concentrations of 29 metabolites of central carbon metabolism as well as
of energy and redox cofactors at different time points during entry into persistence and
starvation, and in cells growing exj o ’ ' ' '
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Low metabolic flux causes persister formation
withouto® or TAS action

induced induced
a conceptual model for the entry into and or stochastic %resl:ttorct?aat'sc;lr(\:
| restoration urbatio
the sustenance of the persister state of ThataBolic of metabolic
homeostasis homeostasis
These feedback-enhancing would likely l |O+W
ensure bacterial survival during strong metabolic == SpoT
perturbations of metabolic homeostasis, I ux
by prohibiting that cells engage in low *
metabolic fluxes * ppGpp
active PR : +
restoration inhibition of y stringent
TAS, 65, or ppGpp synthase perturbations should of homeostasis I_trtanscrlptlon, response
. . I ranslation,
only modulate the fraction of persister cells, but by metabolic & replication € TAS

not eliminate them. adaptation



Armf (ribosome modulation factor, inhibitor
of protein synthesis). ArpoS

0°> modulates the strength of the feedback and thus the amount of
persisters, most probably as a response to SpoT activity.

0° is not essential, but still plays a role in establishing the persister
state.

metabolic flux-dependent primitive vicious cycle forcing cells into
persistence

the fraction of persisters inversely correlated with glucose influx,
and with acetate or fumarate influx
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To test whether the entry into persistence is F DictA averexpression
still metabolic flux dependent in a strain that @ [ MG1855 4104mp03
lacks TAS and ¢® o® .
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the metabolic flux is the basic factor in establishing
persistence, while other mechanisms enhance the feedback.

added glucose to the persister cells 4 h after the shift to fumarate

This finding suggests that the factors inhibiting persister growth can be

removed on a very short timescale.
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If a cell is on the right side

perturbation
...... i e of the watershed
ressgﬁ:zg perturbation , it will move toward the
persistence g ‘ .. i attractor indicated by the
S ov' °°°°°°°°°°°°° % ¢ blue disk and achieve
e e 3 /. normal growth in metabolic
@ ] Z i homeostasis. If a cell
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& 9 ) o
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Persistence and growth are two attractor states on a phenotypic landscape with the dimensions
“metabolic flux” and “activity of growth-inhibiting mechanisms”
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