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Abstract

The roles of HipBA Toxin-Antitoxin Systems in Caulobacter crescentus Persistence and
Stress Tolerance

by
Charlie Huang
Doctor of Philosophy in Microbiology
University of California, Berkeley

Professor Kathleen R. Ryan, Chair

Toxin-Antitoxin Systems are evolutionarily successful genetic modules that have
proliferated across almost all free-living bacteria. The ubiquitous Type Il modules
encode a toxic protein and a corresponding antitoxin protein that forms a tight complex
with the toxin to inhibit its activity. Originally thought to be merely selfish genetic
elements, TA systems are now implicated in a wide variety of processes from biofilm
formation to bacterial persistence. Persistence is low frequency phenomenon that
permits a small subpopulation within a larger growing population to survive various
stresses, including antibiotic treatment. These tolerant persister cells enter a transient
dormant state and are genetically identical to the larger population. Once the antibiotic
is removed, persister cells resume normal growth and become sensitive to the antibiotic
once again. A popular mainstream model describing how TA systems interface with
bacterial persistence has come under considerable scrutiny and major tenets of the
model have been invalidated. Thus, there is a critical need to carefully reassess the
biological roles of TA systems.

This dissertation focuses on the hipBA TA system; the link between the hipBA
module and persister cell formation was first reported over thirty years ago and endures
these recent challenges. The hipBA operon encodes a HipA toxin and a HipB antitoxin.
The HipA toxin is a serine/threonine kinase that functions as a protein synthesis
inhibitor. In Escherichia coli, HipA phosphorylates the glutamyl tRNA synthetase, GItX,
to inhibit tRNA charging. The buildup of uncharged tRNAs activates the Stringent
Response, a highly conserved stress response that is implicated in persister cell
formation. The precise mechanism by which HipA mediates persister cell formation is
under debate and the hipBA system has only been rigorously studied in E. coli; thus,
there is a need to validate the role of hipBA in bacterial persistence in other organisms
and dissect the mechanism of persister cell formation. Caulobacter crescentus is an
aquatic alphaproteobacteria that is adapted to survive in environments with very low
nutrient availability. Curiously, the C. crescentus NA1000 chromosome contains three
hipBA modules. This dissertation characterizes each of these modules and assesses
their contribution to bacterial persistence in C. crescentus. Furthermore, this work



dissects the biological role of each module in helping C. crescentus survive its stressful
environment.

The first chapter, to be submitted as a primary research article, focuses on
bacterial persistence in C. crescentus. Each hipBA module is experimentally validated
as a functional TA system with a kinase HipA toxin capable of inhibiting growth and a
corresponding HipB antitoxin. All three HipAs inhibit protein synthesis and several tRNA
synthetases are identified as HipA kinase targets. This work is the first published report
of persistence in C. crescentus. The persister fraction is quantified in rich PYE media;
The persister frequency was consistently ~10-°- 10-® during exponential growth and
~104- 10° in stationary phase against various antibiotics: carbenicillin, streptomycin
and vancomycin. Two of the modules, hipBA1 and hipBA, are responsible for the
increase in persister frequency between exponential growth and stationary phase.
Without these modules, C. crescentus does not accumulate persister cells in stationary
phase cultures grown in PYE media. Curiously, all three HipAs are capable of
increasing persister frequencies ~10-100 fold when ectopically expressed. HipA
mediated persister cell formation is dependent on the Stringent Response. While we
validate the biological role of hipBA modules in bacterial persistence through a similar
pathway as that in E. coli, persistence is never abolished even in a strain that entirely
lacks the Stringent Response. Therefore, there are multiple pathways through which
persister cells form in C. crescentus.

The second chapter contains unpublished material examining the hipBAs
module. While the role of hipBA1 and hipBA: in increasing persister cell frequencies in
stationary phase cultures grown in PYE media was identified, no biological role was
assigned to hipBAs. Here, we report a novel integration of a hipBA module into stress
tolerance. Instead of being stochastically active in a small subpopulation, hipBA3
responds to environmental cues. The HipBs antitoxin is degraded by the HsIUV
protease in response to phosphate limitation. Strains lacking the hipBAz module are
ultrasensitive to peroxide stress during the exponential-to-stationary phase transition in
cultures grown in PYE media. Supplementing phosphate or functional HipAs kinase
complements this ultrasensitivity. Dps is a ferritin-like protein implicated in C. crescentus
survival against peroxide stress. Ectopic Dps expression complements the peroxide
ultrasensitivity in the AhipBAs strain. dps transcript abundance is reduced in a AhipBAs
strain and ectopic HipAs expression upregulates dps. Thus, HipAs phosphorylates a
downstream target that results in the transcriptional upregulation of dps. A model
detailing how phosphate potentiates Dps function and the importance of translating Dps
as phosphate becomes limiting is proposed.



Chapter 1
hipBA toxin-antitoxin systems and persistence in Caulobacter crescentus
Charlie Y. Huang, Carlos Gonzales-Lopez, Kathleen R. Ryan

Department of Plant & Microbial Biology, University of California, Berkeley, USA



Abstract

Antibiotic persistence is a transient phenotypic state during which a bacterium
can withstand otherwise lethal antibiotic exposure or environmental stresses. In
Escherichia coli, persistence is promoted by the HipBA toxin-antitoxin system. The HipA
toxin functions as a serine/threonine kinase that inhibits cell growth; the HipB antitoxin
neutralizes the toxin. E. coli HipA inactivates the glutamyl-tRNA synthetase GItX, which
inhibits translation and triggers the highly conserved stringent response. Although hipBA
operons are widespread in bacterial genomes, it is unknown if this mechanism is
conserved. Here we describe the functions of three hipBA modules in the alpha-
proteobacterium Caulobacter crescentus. The HipA toxins have different effects on
growth and macromolecular syntheses, and they phosphorylate distinct substrates.
HipA1 and HipAz contribute to antibiotic persistence during stationary phase by
phosphorylating the aminoacyl-tRNA synthetases GltX and TrpS. The stringent
response regulator SpoT is required for HipA-mediated antibiotic persistence, but
persister cells can form in the absence of all hipBA operons or spoT, indicating that
multiple pathways converge on persistence in C. crescentus.

Introduction

Toxin-antitoxin (TA) modules are small operons that encode a toxic protein and a
corresponding antitoxin . In Type Il TA systems, the antitoxin is a protein that binds and
neutralizes the toxin (Fig. 1-1) 2. When free of inhibition, the toxin acts on various
targets to inhibit cell growth or cause death 3. While the toxin is long-lived, the antitoxin
is labile and degraded by proteases. Therefore, the antitoxin must be continually
produced to keep the toxin in check 4. Both the antitoxin alone and the toxin-antitoxin
complex can repress their own transcription; thus, as the antitoxin is degraded, the
repression is relieved and the operon is transcribed to replenish the antitoxin supply °®.

TA modules were initially found to promote plasmid maintenance via post-
segregational killing of cells that did not inherit a plasmid 7. Subsequently, however, TA
modules were found to be highly abundant in the chromosomes of almost all free-living
bacteria, raising questions about additional biological functions 28. TA systems can
provide stability to mobile genetic elements in bacterial chromosomes, but a growing
body of work indicates that TA modules are involved in additional processes including
biofilm formation, phage resistance, stress responses, and antibiotic persistence %13,

Antibiotic persistence is thought to play an important role in chronic infections
and facilitates the evolution of antibiotic resistance 1. In contrast to resistance, in which
a heritable genetic change renders an entire bacterial population able to grow in the
presence of an antibiotic, persister cells are genetically identical their susceptible
relatives and they tolerate antibiotics and other stresses by entering a transient, non-
replicating state %18, Persister cells can resume normal growth once the stressor is
removed, but they are once again sensitive to the stress 16, Persistence is viewed as a
bet-hedging strategy against unexpected environmental threats; the dormant cells
temporarily sacrifice replication in exchange for stress tolerance 1718,
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TA systems were first implicated in antibiotic persistence when a screen for
Escherichia coli mutants with increased levels of persister cell formation retrieved the
gain-of-function hipA7 allele 1°. Named for high incidence of persistence, the hipBA
module encodes two proteins, the HipB antitoxin and the HipA toxin, which functions as
a serine/threonine kinase (Fig. 1-2) 2°-22, The G22S amino acid substitution in HipA7 is
thought to increase the likelihood of HipA activity by interfering with HipA dimerization
within HipA/HipB/operator complexes at the hipBA promoter 23, Mutations in hipA are
reported to arise in half of E. coli clinical isolates associated with chronic urinary tract
infections, indicating a need for further studies to understand how HipA toxins promote
antibiotic persistence 4.

To date, the HipBA system has only been mechanistically studied in E. coli,
where free HipA phosphorylates and inactivates the glutamyl-tRNA synthetase GltX 25.
The accumulation of uncharged tRNAs is detected by the ribosome-associated protein
RelA, which synthesizes the alarmone (p)ppGpp to signal a state of amino acid
starvation, known as the stringent response 2427, (p)ppGpp binding to additional target
proteins, such as RNA polymerase and primase, reprograms transcription,
downregulates macromolecular syntheses, and promotes dormancy 2. However, other
substrates of E. coli HipA have recently been identified, and additional phosphorylation
events may stimulate persister formation 2°.

hipBA operons are present in numerous, phylogenetically distinct bacterial
genomes, yet it is unknown if all HipBA modules influence persistence, or if all HipA
toxins phosphorylate the same substrates. To address these questions, we are studying
HipBA systems in Caulobacter crescentus NA1000, a Gram-negative alpha-
proteobacterium that lives in nutrient-limited freshwater environments and maintains
three hipBA operons in its chromosome 2°:20, Here we report that all three hipBA
operons encode active TA systems, and that two of them are responsible, via the
stringent response, for the majority of antibiotic persistence during stationary phase.
The three HipA toxins phosphorylate distinct sets of substrates, of which specific
aminoacyl-tRNA synthetases are critical targets for the development of antibiotic
persistence. Importantly, persister cells are still observed after elimination of all three
hipBA operons or the stringent response regulator spoT, indicating that there are
multiple pathways leading to antibiotic persistence in C. crescentus.
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Results

A blastp search of the NA100O genome for proteins similar to E. coli HipA
revealed three predicted hipBA operons: hipBA;, CCNA_00481-2, hipBA,
CCNA_02822-1, and hipBA3z, CCNA_02859-8 (Fig 1-3). When ectopically expressed
under control of an inducible riboA promoter on a low-copy plasmid, each HipA toxin
inhibited growth in exponential-phase NA1000 cultures, albeit to different degrees (Fig.
1-4A). HipA1 and HipAz2 significantly impacted cell viability, while HipAs had a
bacteriostatic effect. While no organism with multiple HipA toxins has been studied, co-
activation of different TA systems has been reported, and we could not discount the
possibility of crosstalk between hipBA modules 3132, To assess the effect of each HipA
toxin without the possibility of crosstalk, we expressed each HipA from a low-copy
plasmid in a strain with all three hipBA operons deleted from the chromosome
(AhipBA123). Each HipA toxin can independently inhibited growth in this strain (Fig. 1-
4B). HipA2z or HipAs expression resulted in slightly more potent growth inhibition in
AhipBA1 23 than in NA100O, likely due to the absence of chromosomally encoded HipB
antitoxins that would mitigate the effects of ectopic HipA expression. In contrast, HipA1
was less toxic when expressed in the AhipBA1,»3 strain than in NA100O, suggesting that
its deleterious effects are enhanced in wild-type cells by coactivation of another HipA.

All three HipA toxins in NA100O maintain the conserved active site residues of
serine/threonine kinases (Fig. 1-5) 3. We generated an aspartate-to-glutamine (D-Q)
substitution in the active site of each HipA, modeled on a corresponding substitution
used to create a kinase-dead E. coli HipA protein34. Each HipA D-Q variant was
ectopically expressed in the AhipBA1,23 strain to determine if kinase activity is
necessary for growth inhibition (Fig. 1-4A). Although each kinase-dead HipA protein
was expressed (Fig. 1-4B), we observed no growth inhibition, indicating that the toxic
effects of the wild-type HipA proteins are mediated by phosphorylation of downstream
targets.

Once released from antitoxin inhibition, E. coli HipA eventually autophosphorylates on a
serine residue, which structurally blocks its kinase activity 34. In persister cells generated
due to HipA activity, autophosphorylation is likely important for the resumption of normal
growth, also known as persister resuscitation 34. To confirm the kinase activity of each
HipA protein, we examined autophosphorylation using Phos-tag mobility shift assays in
combination with Western blotting. When expressed in the AhipBA1,2,3 strain, we
observed retardation of a portion of each wild type HipA protein indicative of
autophosphorylation, but no mobility shift occurred when the kinase-dead HipA variants
were expressed (Fig. 1-4B).

We expected each HipA toxin to be counteracted by binding to the HipB antitoxin
encoded in its operon. Promiscuity between toxin and antitoxin partners is rare, even in
bacteria harboring multiple paralogous toxins, but crosstalk in HipA-HipB interactions
has never been investigated 3536, To determine the cognate HipB antitoxin(s) for each
HipA toxin, we coexpressed all combinations of HipA and HipB in a AhipBA1,23
background (Fig. 1-4C). As expected, the growth arrest caused by ectopically
expressing each HipA is mitigated by coexpressing the HipB in its own operon.
Unexpectedly, the toxicity of HipA1 or HipA2 was counteracted by coexpression of either
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HipB1 or HipBz2, indicating that the hipBA1 and hipBA2 modules can influence each
other’s phenotypic effects.

HipA toxins in NA100O do not require the stringent response to arrest growth

E. coli HipA is significantly less toxic in a strain that does not have RelA, and
HipA has been proposed to rely on the stringent response to inhibit DNA replication and
transcription ?’. However, it is not known if interaction with the stringent response is a
universal feature of HipA activity. The stringent response in C. crescentus relies on a
single (p)ppGpp synthetase/hydrolase SpoT 3. SpoT associates with the translating
ribosome and responds to amino acid limitation, but only in combination with a separate
cue indicating either carbon or nitrogen starvation 2. Thus, the accumulation of
uncharged tRNAs, such as those produced by HipA-mediated phosphorylation of GltX,
would be insufficient on its own to activate the C. crescentus stringent response.

To investigate the relationship between Caulobacter HipAs and the SpoT-
mediated stringent response, we first asked if the stringent response was required for
growth inhibition by HipA toxins in NA1000. We found that each HipA toxin is equally
capable of inhibiting growth in the wild-type and AspoT backgrounds (Fig. 1-6A). To
determine if the stringent response is activated by ectopic HipA expression, we
measured the transcription of three genes that are highly upregulated and two genes
that are significantly downregulated during the stringent response using 2. In contrast to
incubation in minimal medium lacking a carbon source, expression of individual HipA
toxins does not produce the characteristic transcriptional changes (Fig. 1-6B). We
therefore conclude that the HipA toxins do not require the stringent response for growth
inhibition, and their expression is not sufficient to activate the stringent response in C.
crescentus during exponential growth.

HipAs affect protein synthesis

The best-understood effects of E. coli HipA are upon protein synthesis, via GItX
phosphorylation, but it has also been reported to inhibit DNA and RNA synthesis 253°,
To determine if macromolecular syntheses are affected by C. crescentus HipA toxins,
we measured °S-methionine, 3H-thymidine, and 3H-uridine incorporation following
induction of each HipA. 2*S-methionine incorporation is sharply reduced in wild-type and
AhipBA1,2 3 cultures expressing HipA1 or HipAz, but only mildly reduced over time in
cultures expressing HipAs (Figs. 1-7A-B). While HipAz is equally capable of inhibiting
translation when expressed in either genetic background, HipAz1 inhibits protein
synthesis more weakly in the AhipBA123 strain. This observation is consistent with the
weaker overall growth inhibition by HipA1 in AhipBA123 cells (Fig. 1-4B) and suggests
that HipA1 coactivates HipA2. 3H-thymidine incorporation is mildly reduced after several
hours when any HipA is expressed (Fig. 1-7C); however, this may be due to indirect
effects of growth arrest. H-uridine incorporation was unchanged when any HipA was
expressed, indicating that RNA synthesis is not targeted (Fig. 1-7D). Thus, HipA1 and
HipAz sharply and quickly inhibit translation, while no C. crescentus HipA toxin strongly
inhibits DNA or RNA synthesis.
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HipAi and HipA2 phosphorylate tRNA synthetases

From an initial phosphoproteomics analysis of unstressed NA1000 during
exponential growth, we noted that the aminoacyl-tRNA synthetases GItX, LysS, and
TrpS were phosphorylated on serine residues. No kinase was previously known to
phosphorylate these proteins, and the HipA and Doc toxins are the only predicted
serine/threonine kinases encoded in the NA1000O genome. By analogy with E. coli HipA,
and based on their inhibition of protein synthesis, we hypothesized that HipA1 and/or
HipAz phosphorylate GltX, TrpS, and LysS. We used Phos-tag mobility shift assays to
examine the phosphorylation of aminoacyl-tRNA synthetases in AhipBA123 cells
expressing individual HipA toxins. HipAz expression caused retardation of LysS, TrpS
and GItX, while HipA1 expression slowed the migration of LysS and GItX (Fig. 1-8A).
Consistent with its much weaker effect on protein synthesis, HipAs did not affect the
migration of LysS or TrpS and only caused the retardation of a small fraction of GItX
after an extended period of toxin expression (Fig. 1-8B). Although it is formally possible
that HipA1 and/or HipA2 activate an unknown kinase that phosphorylates these targets,
the simplest interpretation is that HipA1 and HipA: directly phosphorylate overlapping
sets of aminoacyl-tRNA synthetases, which inhibits translation.

hipBA1 and hipBA2z contribute to persistence in C. crescentus via phosphorylation
of TrpS and GItX

Antibiotic persistence has not previously been reported in C. crescentus. We
used Minimum Duration for Killing (MDK) assays to measure bacterial survival over time
after exposure to saturating antibiotic concentrations (10-500 times the minimal
inhibitory concentration) 4°. When plotted, cultures that contain a sensitive population
and a persister fraction generate a biphasic killing curve that reflects the different
survival rates of the two populations (Fig. 1-9). An increase in persister fraction shifts
the second phase of the curve upwards, while a decrease moves the second phase
downwards #*. With enough MDK measurements, the biphasic curve can be used to
estimate the frequency of persister cells and describe the survival rate over time of each
population. While much of the work on persistence and HipA employs beta-lactam
antibiotics to kill the susceptible population, C. crescentus NA1000 expresses an active
beta-lactamase enzyme Bla #2. We report persistence toward carbenicillin in a Abla
strain (Fig. 1-10), but we focus on other antibiotics to dissect the contributions of the
hipBA modules to persistence in C. crescentus.

We selected an aminoglycoside, streptomycin, and a cell wall synthesis inhibitor,
vancomycin, for their rapid bactericidal activity against C. crescentus. We observed a
biphasic killing curve in exponential phase cultures (Fig. 1- 11A); however, the lower
frequency of persistence and the lower cell density during exponential growth make
measurements challenging, as the second phase of the killing curve quickly moves
below the detection limit of our assay. These results are consistent with reports of other
bacteria, where persisters are rarer during exponential growth than during stationary
phase. Consequently, we focused on persistence during stationary phase. We observed
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biphasic killing in NA100O cultures that had reached full cell density (ODsso~1.0, after 24
hours of growth from ODeso = 0.02) when saturating antibiotic concentrations were
applied. The wild-type persister fraction was estimated to be ~104-10° in stationary
phase cultures grown in PYE medium and was consistent across carbenicillin,
streptomycin and vancomycin treatments (Fig. 1-10, Figs. 1-11A-B).

To determine if one or more C. crescentus hipBA modules contribute to
persistence, we first measured the persister fraction in a strain lacking all hipBA
operons (Fig. 1-11A). The AhipBA1,»>3 strain showed a significant ~5-10-fold reduction in
persister frequency in stationary phase cultures grown in PYE medium when treated
with streptomycin and vancomyecin. Interestingly, persisters were not entirely abolished
in the AhipBA1 .3 strain, and the remaining persister fraction had a survival rate similar
to that of wild-type persisters. We conclude from these results that at least one hipBA
module is required for the formation of >80% of C. crescentus persister cells, but that
persisters which do form in the absence of hipBA modules are just as able to withstand
antibiotic killing as those possessing a full complement of hipBA systems.

To dissect the contributions of individual hipBA modules, we measured
persistence in individual and double hipBA knockout strains. Single hipBA deletions had
no significant effects, (Fig. 1-11C), but we observed the same ~5-10-fold reduction in
persister frequency in a AhipBA1 > strain as in AhipBA1,23 (Figs. 1-11 A-B). The
reduction in persister frequency in AhipBAi23 cells was complemented by low-copy
plasmids bearing hipBA: and/or hipBA: (Fig. 1-11B). All strains lacking one or more
hipBA operons have growth rates very similar to the wild-type strain (Fig. 1-12), so the
reduction in persister frequency is not likely to be caused by a pleiotropic fitness defect.
We infer that hipBA1 and hipBA:z are the primary determinants of persister cell formation
in stationary phase, and that there is some level of functional redundancy between
these modules. In contrast, the hipBAs module appears to play no significant role in
antibiotic persistence under during stationary phase.

As HipA1 and HipA2z phosphorylate tRNA synthetases, we asked if these targets
are important for persister cell formation. Overexpression of GItX or TrpS reduced the
persister fraction in stationary phase to the same level as seen in AhipBA1 cultures
(Fig. 1-13A). In contrast, strains expressing LysS or the control, methionyl-tRNA
synthetase MetG, had persister frequencies indistinguishable from NA1000.
Overexpression of GItX or TrpS could reduce the persister fraction either by bolstering
tRNA synthetase activity and maintaining active translation, or by titrating HipA1 or
HipA2 away from substrates that are truly critical for persister cell formation. The fact
that overexpression of LysS, also a target of HipA1 and HipAz, was not able to reduce
the persister fraction argues against a nonspecific titration effect. These results strongly
suggest that GItX and TrpS are critical targets through which HipA1 and HipA2 mediate
persister cell formation, and they demonstrate further that not all phosphorylated
substrates are important for HipA-mediated persistence.

The stringent response is responsible for the accumulation of persister cells in
stationary phase



Although ectopic HipA expression in exponential phase cells did not activate the
stringent response and was not required for HipA-induced growth arrest (Fig. 1-6), the
stringent response is important for persister cell formation in some bacteria 3. We
therefore asked if the (p)ppGpp synthase/hydrolase SpoT affects persistence in C.
crescentus. AspoT cells divide slightly faster than a wild-type cells, but they lose viability
more quickly than wild-type cells during long-term nutrient-limited conditions like
stationary phase (Fig. 1-13D) or carbon starvation 3744, Biphasic killing was observed in
exponential and stationary phase cultures of a AspoT strain grown in PYE medium
when challenged with streptomycin or vancomycin, indicating that C. crescentus can
form persisters without the stringent response. During exponential growth, the AspoT
strain had a persister frequency similar to NA1000 (Fig. 1-11A). However, the fraction
of persisters in stationary phase PYE cultures was reduced in the AspoT mutant by ~5-
10 fold, and both the sensitive and persister populations were killed faster than the
corresponding wild-type populations. Significantly, the AspoT strain had similar persister
frequencies in exponential and stationary phases, indicating that SpoT is important for
the accumulation of persister cells during stationary phase.

The AspoT and AhipBA1,> mutants displayed similar reductions in persister
frequency specifically during stationary phase. Thus, HipA toxins may mediate persister
formation in stationary phase through the stringent response or vice versa. Since
deletion of hipBA modules or overexpression of specific aminoacyl-tRNA synthetase
substrates reduced persister frequencies (Figs. 1-11A, 1-12A), we wondered if
expressing HipA toxins themselves could increase the persister fraction. To answer this
guestion, we briefly induced expression of each HipA in NA1000, AhipBA1,23 or AspoT
cells prior to antibiotic exposure in the persistence assay. Toxins were expressed during
exponential phase because protein induction during stationary phase was inconsistent
and yielded noisy, unreproducible MDK measurements. To avoid excessive loss of
viability from the more toxic HipA proteins, expression was induced for three hours
before washing the cells and adding lethal concentrations of antibiotics. Ectopic
expression of each HipA increased the persister frequency in NA100O; however, no
HipA could increase the persister frequency in a AspoT background (Figs. 1-12 B-C).
We conclude that while no HipA in NA100O requires or activates the stringent response
to arrest growth, HipA-induced persister formation does require the stringent response.

Discussion

The C. crescentus NA100O chromosome contains three functional hipBA
modules, each with a distinct effect on growth, viability, and macromolecular syntheses
when ectopically expressed in exponential-phase cultures. HipAz is the most toxic,
reducing translation to < 25% of the wild-type level within 1 hour and reducing the viable
cell count by 10-100-fold within 2 hours. HipA1 also immediately inhibits protein
synthesis, but to a lesser degree than HipAz, and begins to reduce viability after 12
hours of expression. HipAs, which is bacteriostatic, causes a gradual and less severe
reduction in translation over 4 hours. Since our ectopic expression system produces
comparable amounts of the three HipA toxins (Fig. 1-4D), these phenotypes suggest
each toxin has different levels of kinase activity and/or phosphorylate distinct groups of
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substrates. In agreement with this prediction, we observed that the HipAs have different
activity toward selected aminoacyl-tRNA synthetases: HipAz phosphorylates TrpS, GItX
and LysS; HipAi1 phosphorylates LysS and GltX; and HipAs only weakly phosphorylates
GltX (Fig. 1-8B). These results pave the way for examining kinase-substrate specificity
in HipA toxins and suggest that HipAs arrests growth by a mechanism distinct from
HipA1 and HipA:.

Since C. crescentus contains three hipBA modules, we assessed the possibility
of crosstalk between them by co-expressing non-cognate HipA and HipB proteins. The
toxicity of HipA1 or HipA2 was counteracted by co-expression of either HipB1 or HipBz,
while HipAs could only be inhibited by HipBs. Since non-native promoters were used for
co-expression, these results indicate crosstalk at the level of protein-protein interaction,
where HipB from one module blocks the activity of HipA from another module. In
support of this finding, ectopic HipA1 expression is somewhat less toxic (Fig5. 1-3 A-B)
and less capable of inhibiting protein synthesis (Figs. 1-7 A-B) in the AhipBA1,2,3 strain
than in a wild-type strain, suggesting that HipA1 achieves some of its toxicity by
coactivating HipAz. Based on examination of the hipBA: and hipBA2 operons, we
speculate that they also engage in transcriptional crosstalk. In E. coli, HipB alone or
HipA/HipB complexes bind inverted repeat sequences with distinct spacing to
autoregulate hipBA transcription 2445, In the promoter regions of hipBA1 and hipBA., we
noted a series of identical inverted repeats that occur in intervals consistent with the
higher-order structure of E. coli HipA/HipB/promoter complexes (Fig. 1-14). Based on
these observations, we speculate that cross-regulation may exist in other bacteria
harboring multiple HipBA systems.

In contrast to E. coli, ectopic expression of the C. crescentus HipA toxins during
exponential phase neither activates the stringent response nor requires SpoT to inhibit
growth. This discrepancy is likely due to the different criteria for stringent response
activation in the two bacteria. In E. coli, RelA synthesizes (p)ppGpp when uncharged
tRNAs enter the ribosome, indicative of amino acid starvation 4647, In contrast, C.
crescentus SpoT synthesizes (p)ppGpp only when it senses amino acid starvation in
combination with a separate signal of carbon or nitrogen starvation 3. Thus, to stimulate
the (p)ppGpp synthase activity of SpoT in C. crescentus, a HipA toxin expressed during
exponential growth would need to phosphorylate targets that generate two independent
starvation signals, despite the presence of adequate nutrients in the medium. Our
phosphorylation and persistence results imply that HipA1 and HipAz inhibit the charging
of specific tRNAs, supplying the amino acid starvation signal, but they do not by
themselves provide a separate signal indicating nitrogen or carbon starvation.

As an organism adapted to aquatic environments with low nutrient levels, C.
crescentus may not be expected to encounter frequent antibiotic stress. However,
persister cells are tolerant of a variety of stresses, such as starvation, that C. crescentus
may face in a rapidly shifting environment . We report the first measurements of
antibiotic persistence in C. crescentus, in exponential growth and in stationary phase.
The persister frequency was consistently ~10-°-10¢ during exponential growth and ~10°
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4-10°° in stationary phase across all antibiotics tested (carbenicillin, streptomycin and
vancomycin) and was similar to the persister frequencies reported in pathogens .
Deletion mutants reveal that hipBAz1, hipBA2, and spoT play significant roles in C.
crescentus persister cell formation during stationary phase, while hipBAs is dispensable.
The AspoT strain does not have a significantly reduced persister frequency compared to
wild-type during exponential growth in PYE medium, but it fails to accumulate persister
cells in stationary phase, indicating that the stringent response mediates a large (~5-10
fold) increase in persister cells that normally occurs during stationary phase. Both the
sensitive and persister sub-populations of the AspoT strain were killed more rapidly by
antibiotics during stationary phase persistence assays, but not during exponential-
phase persistence assays. This difference survival may reflect the reduced ability of
AspoT cells to survive the nutrient-depleted conditions of the stationary phase
persistence assay (Fig. 1-13D) ¥, rather than a specific reduction in antibiotic tolerance.
In contrast, persister cells formed by C. crescentus lacking all three hipBA operons were
killed by antibiotics at the same rate as wild-type persisters (Figs. 1-11A, 1-11C),
suggesting that HipBA TA systems primarily affect persister formation. Importantly,
persistence in stationary phase is not abolished even when all hipBA operons or spoT is
deleted, indicating that additional mechanisms can support persister formation.

Ectopic expression of each HipA during exponential growth in a wild-type
background increased the persister fraction ~10-100 fold, but only in the presence of an
intact spoT gene, indicating that all three C. crescentus HipA proteins mediate persister
formation through the stringent response. Further, our results provide genetic evidence
that HipA-mediated phosphorylation of specific aminoacyl-tRNA synthetases contributes
to persister formation. Overexpression of GItX or TrpS reduces the persister fraction to
a level that phenocopies the AhipBA1 > strain, but overexpression of another HipA:
substrate, LysS, has no effect on persistence. We interpret these results to mean that
phosphorylation of GItX and TrpS are critical events in HipA-induced persister
formation, whereas LysS phosphorylation is not.

E. coli HipA phosphorylates GItX on Ser?3® within a conserved motif that binds
and positions the catalytic ATP molecule 2525, Phosphorylation by E. coli HipA or
substitution of an aspartate residue for Ser?3® blocked the tRNA charging activity of GItX
in vitro 25. In addition, a related toxin, HipT, found specifically in E. coli 0127, was
recently reported to activate the stringent response by phosphorylating TrpS on the
analogous residue, Ser'®’ 48, Qur preliminary data suggest that C. crescentus TrpS is
phosphorylated on the analogous conserved residue, Ser?'%, consistent with HipA2
inactivating TrpS. In LysS (encoded by CCNA_00082), the analogous serine residue,
Ser3??, was also phosphorylated in our phosphoproteome data, yet LysS
overexpression did not reduce the fraction of persister cells in stationary phase. These
results suggest either that LysS is not inactivated by phosphorylation, or that a second
lysyl-tRNA synthetase encoded by CCNA_00757 provides activity in our conditions.
Finally, our preliminary data suggest that C. crescentus GItX is phosphorylated on Ser?,
rather than Ser?#?, the residue analogous to Ser?®® in E. coli GltX. Ser? is present in a
six-amino acid N-terminal peptide not shared by E. coli GltX, but, based on the structure
of the Thermus thermophilus homolog GIURS bound to its substrates, phosphorylation
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of an amino acid near the N-terminus of the enzyme could interfere with the binding of
tRNA Glu 49|50_

Although ectopic expression of either HipA1 or HipAz can arrest growth
population-wide, by a mechanism that includes inhibiting translation, the same ectopic
expression does not uniformly activate the stringent response and produces at most 10°
3 persister cells. These results suggest that one or more stochastic processes
downstream of HipA govern persister formation. We propose that HipA1 or HipA2
provides the amino acid starvation signal necessary to activate SpoT by
phosphorylating and inactivating TrpS and/or GltX, while a signal for nitrogen or carbon
starvation occurs stochastically, increasing in likelihood as cells enter stationary phase.
In E. coli, the stringent response is necessary for persister formation, but above some
threshold, the level of (p)ppGpp is not predictive of the persistent phenotype #3. Instead,
a stochastic process related to (p)ppGpp-dependent transcriptional reprogramming is
thought to drive a sub-population of cells toward the persister fate. By analogy with E.
coli, C. crescentus persister formation in stationary phase may also rely on a second
stochastic process downstream of SpoT activation. Intriguingly, deletion of hipBAs does
not reduce the persister fraction in stationary phase, but overexpression of HipAs in
exponential phase increases persister formation, dependent upon spoT. Based on
these results, we propose that HipAs promotes persister formation under environmental
conditions that remain to be identified, either by phosphorylating tRNA synthetases that
we have not investigated, or by phosphorylating cellular targets that provide a nitrogen
or carbon starvation signal to SpoT.
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Methods

Strains and growth conditions. Strains used in this study are listed in Table 1-1. All
Caulobacter crescentus strains drive from the laboratory strain NA1000. Caulobacter
strains were grown at 30°C in rich PYE or in minimal medium supplemented with 0.2%
glucose (M2G) 2°51, PYE medium was supplemented with antibiotics when appropriate
at the following concentrations (ug/mL): kanamycin (5); chloramphenicol (1); nalidixic
acid (20); oxytetracycline (1); streptomycin (5). E. coli was grown in Luria broth at 37°C,
supplemented with antibiotics when appropriate at the following concentrations (ug/mL)
for liquid (L) or solid (S) medium: kanamycin, 30 (L), 50 (S); chloramphenicol, 20 (L), 30
(S); tetracycline, 12 (L/S); spectinomycin, 50 (L/S) °2.

Plasmid construction. Caulobacter crescentus NA1000 genomic DNA or purified
plasmids were used as template with Q5 High Fidelity DNA Polymerase (New England
Biolabs (NEB)) to amplify fragments for cloning. Fragments were isolated after gel
electrophoresis using the Zymoclean Gel DNA Recovery kit (Zymo Research). NEB
restriction enzymes were used to digest purified plasmids. Gibson assembly was
performed using NEB Hi-Fi DNA Assembly Master Mix. Plasmid constructs were
confirmed by DNA sequencing. Plasmid descriptions are listed in Table 1-2, and primers
used in plasmid construction are listed in Table 1-3.

Strain construction. TA module knockout plasmids (e.g. AhipBA1) were generated
using derivatives of the pNPTS138 suicide vector that carries the kanamycin resistance
determinant (nptl) and a counterselectable marker that restricts growth in the presence
of sucrose (sacB). Genome modifications were made with these pNPTS138 derivatives
using two-step recombination. Knockout plasmids were transferred into C. crescentus
NAZ1000 by conjugation using E. coli S17-1, with selection on PYE plates containing
kanamycin and nalidixic acid. Colonies containing the integrated plasmid at the target
locus were grown to saturation in PYE under nonselective conditions and plated on PYE
agar containing 3% (wt/vol) sucrose to select for loss of the sacB marker. Sucrose-
resistant colonies were screened for kanamycin sensitivity, and the resulting
kanamycin-sensitive colonies were screened for the desired deletion at the genomic
locus by diagnostic PCR using primers indicated in Table 1-3.

pCYH1, pCYH2, and pCYH3. For hipBA knockout constructs, flanking homology
regions were amplified using the following primer pairs: pCYH1 5’-region (hipBA1 Up F
and hipBA1 Up R), pCYH2 5’-region (hipBA2 Up F and hipBA2 Up R), pCYH3 5’-region
(hipBA3 Up F and hipBAs Up R), pCYH1 3’-region (hipBA1 Down F and hipBA; Down R),
pCYH2 3’-region (hipBA2 Down F and hipBA2 Down R), pCYH3 3’-region (hipBAz Down
F and hipBAs Down R) The final plasmid was assembled via Gibson cloning into a
Hindlll/EcoRI-digested pNPTS138 backbone.

phipAz1, phipAz, and phipAs. For these over expression vectors, hipA1, hipA2, and hipAs
were placed under control of the riboA promoter on the low-copy plasmid pMR20. PCR
fragments representing the riboA promoter and each coding region were inserted into
Hindlll/EcoRI digested pMR20 using Gibson Assembly. PCR fragments for Gibson
assembly were amplified using the following primer pairs: phipA1: Priboa (riboA to
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PMR10/pMR20 F and riboA to hipA1 R), hipA1 (hipA1 to riboA F and hipA1 R). phipA2:
Priboa (riboA to pMR10/pMR20 F and riboA to hipAz R), hipA2 (hipA2 to riboA F and
hipA2 R). phipAs: Priboa (riboA to pMR10/pMR20 F and riboA to hipAs R), hipAs (hipAsto
riboA F and hipA1 R).

pPFLAG-hipA1, pFLAG-hipA2, pFLAG-hipAs. For these over expression vectors, the
coding region of hipAz, hipAz, and hipAs were N-terminally fused to a 1xFLAG tag
(amino acid sequence: DYKDDDDK) and placed under control of the riboA promoter on
the low-copy plasmid pMR20. PCR fragments representing the riboA promoter and
each coding region with N-terminal 1XxFLAG tag fusion were inserted into Hindlll/EcoRl
digested pMR20 using Gibson Assembly. PCR fragments for Gibson assembly were
amplified using the following primer pairs: pFLAG-hipAz: Priboa (riboA to pMR10/pMR20
F and riboA to FLAG R), hipAz1 (hipA1 F and hipA1 R). pFLAG-hipA2: Priboa (riboA to
PMR10/pMR20 F and riboA to FLAG R), hipAz (hipAz F and hipAz R). pFLAG-hipAs:
Priboa (riboA to pMR10/pMR20 F and riboA to FLAG R), hipAs (hipAs F and hipAz R).

PFLAG-hipA1P301Q, pFLAG-hipA2P308Q, pFLAG-hipAsP326Q, For these overexpression
vectors, pFLAG-hipA1, pFLAG-hipA2, pFLAG-hipAs were amplified using mutagenic
primers to introduce a substitution in the kinase active site. The amplified plasmid
fragment was treated with KLD enzyme mix (NEB) before transformation into E. coli
competent cells. PCR fragments were amplified using the following primer pairs:
PFLAG-hipA1P301Q: (hipA; P301Q F and hipAi P301Q R). pFLAG-hipA2P308Q; (hipA, P398R F
and hipAz P308Q R). pFLAG-hipA3P326Q; (hipAs P325Q F and hipAsz P326Q R).

PFLAG-hipB1, pFLAG-hipB2, pFLAG-hipBs, pFLAG-metG, pFLAG-lysS, pFLAG-trpS,
and pFLAG-gItX. For these over expression vectors, the coding region of hipB1, hipBa,
hipBs, metG, lysS, trpS, and gltX were N-terminally fused to a 1xFLAG tag (amino acid
sequence: DYKDDDDK) and placed under control of the riboA promoter on the high-
copy plasmid pJS71. PCR fragments representing the riboA promoter and each coding
region with N-terminal 1XFLAG tag fusion were inserted into BamHI/Hindlll digested
PMR20 using Gibson Assembly. PCR fragments for Gibson assembly were amplified
using the following primer pairs: pFLAG-hipB1: Priboa (riboA to pJS71 F and riboA to
FLAG R), hipB1 (hipB1 F and hipB1 R). pFLAG-hipB2: Priboa (riboA to pJS71 F and riboA
to FLAG R), hipB2 (hipB2 F and hipB2 R). pFLAG-hipB3: Priboa (riboA to pJS71 F and
riboA to FLAG R), hipBs (hipBz F and hipBz R). pFLAG-metG: Priboa (riboA to pJS71 and
riboA to FLAG R), metG (metG F and metG R). pFLAG-lysS: Prinoa (riboA to pJS71 and
riboA to FLAG R), lysS (lysS F and lysS R). pFLAG-trpS: Priboa (riboA to pJS71 F and
riboA to FLAG R), trpS (trpS F and trpS R). pFLAG-gItX: Priboa (riboA to pJS71 F and
riboA to FLAG R), gltX (gltX F and gItX R).

phipBA1, phipBA2, phipBAs, phipBA1 .. For these complementation plasmids, the operon
and upstream promoter regions were inserted into Hindlll/EcoRI digested pMR20 using
Gibson Assembly. PCR fragments for Gibson assembly were amplified using the
following primer pairs: phipBAz1: hipBA: (hipBA1 F and hipBA: R). phipBA2: hipBA2
(hipBA2 F and hipBA2 R). phipBAz: hipBAs (hipBAs F and hipBAz R). phipBAz1,2: hipBA1
(hipBA1 F and hipBA: to hipBA2 R) hipBA: (hipBA: to hipBA: F and hipBA:2 R).

13



Growth assays. For growth curves and end-point growth assays, cells grown to ODseo
0.2-0.5 in PYE were released into PYE at ODeso 0.02 and allowed to incubate with
shaking at 30°C. Proteins were ectopically expressed from the RiboA promoter by
supplementing liquid PYE medium with 1 mM isopropyl thiogalactoside (IPTG) and 1
mM theophylline®3. At each indicated time or at the end-point, a sample was withdrawn
for ODsso measurement and enumeration of colony forming units (CFU)/ml on solid PYE
medium. Unless otherwise specified, mean and standard deviation of three independent
biological replicates are reported.

RNA extraction and reverse transcription. RNA was extracted using Direct-zol RNA
Miniprep Kits from Zymo Research. Purified RNA was reverse transcribed for g°PCR
using ProtoScript Il First-Strand cDNA Transcription kit (NEB) with random hexamers to
prime the reaction.

RT-PCR. RT-PCR was performed on an Applied Biosciences Step One Plus using Luna
SYBR Master Mix from NEB. The thermocycling conditions are as follows: initial heating
at 95°C for 20s, followed by 40 cycles of 95°C for 3 s, 60°C for 30s. rho was used as an
endogenous control for all experiments. Relative transcript levels were calculated using

the double delta CT method 4. Primers used for RT-PCR are listed in Table 1-3.

Gel detection of phosphoproteins. Samples for phosphoprotein detection were
harvested after inducing protein expression for 1.5 or 3 hours from a starting ODsso 0.02
in PYE medium. Cells were washed with PBS containing 1% (v/v) phosphatase inhibitor
cocktail (Sigma P5726). Proteins were precipitated using 20% (v/v) trichloroacetic acid
overnight at -20°C. The precipitate was harvested by centrifugation and washed twice
with 1 ml ice-cold acetone. The sample was then resuspended in 60 pL Tris-HCI pH 8.0
containing 1 mM MnClz and Laemmli sample buffer (Bio-Rad 1610737). The samples
were heated at 95°C for 5 min, then allowed to cool to room temperature before protein
concentration was quantified using Bradford reagent (Bio-Rad). Samples were
normalized by protein concentration, and 10-20 yL were loaded into a 10-well 8% bis-
acrylamide gels (Bio-Rad 1610158) containing 5, 10 or 20 uM Phos Binding Reagent
(APEXBIO F4002) to test/optimize separation of phosphorylated and non-
phosphorylated species by SDS-PAGE electrophoresis. After electrophoresis, the gels
were soaked in Western transfer buffer (25mM Tris Base (Gold Bio T-400), 192mM
glycine and 10% methanol) containing 10 mM EDTA (10 minutes, 3 times) with agitation
before a final soak in Western transfer buffer without EDTA. Protein transfer to PVDF
membranes was performed overnight using the wet tank method in Western transfer
buffer with 1% SDS on ice. Western blotting was done using anti-FLAG antibodies
(1:5000) (Millipore-Sigma F3165) and horseradish peroxidase (HRP)-conjugated anti-
mouse antibodies (1:5000) (Millipore-Sigma A8592). Western blots were visualized by
using Western Lightning (Perkin Elmer) on a Bio-Rad Gel Doc XR.

Antibiotic persistence assays. Antibiotic persistence was measured using a protocol

adapted from the MDK method. Overnight exponential-phase cultures were subcultured
into fresh PYE medium at an ODsso of 0.02. Cultures were harvested by centrifugation
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after 6 hours (ODsso 0.2-0.4) for exponential phase persister assays and after 24 hours
(ODsso ~1.0) for stationary phase persister assays. Harvested cells were resuspended
in fresh PYE medium for exponential phase persister assays or in spent medium
(normalized by ODeso) for stationary phase persister assays before aliquoting 1 mL/well
into a 96 deep-well block. Antibiotic (streptomycin 25-150 yg/mL, kanamycin 25-150
Mg/mL, or vancomycin 50-200 pg/mL) was added at a range of concentrations known to
be saturating (10-500x MIC) in order to produce concentration-independent killing. The
block was incubated with shaking during the experiment. At the indicated time points, a
sample was withdrawn and a ten-fold dilution series was performed in a 96-well plate
using fresh PYE medium. These plates were allowed to regrow with incubation and
shaking for 7 days. Regrowth in a well indicates that at least 1 surviving cell was
present at the inoculation of that well. Survival was measured relative to the time zero
CFU dilution plate. Survival was plotted against time to produce a biphasic killing curves
indicative of persistence. Reported data points are the mean and standard deviation of
two biological replicates, each with six technical replicates. The persister frequency was
estimated using the y-intercept of the curve describing the persister fraction.

Assays of protein, RNA, and DNA synthesis. Overnight cultures were grown in PYE
medium at 30°C. Cells were subcultured in M2G minimal medium to an optical density
(ODss0) of 0.02. M2G cultures grown to an optical density of ~0.2 before diluting back to
an optical density of 0.02 in M2G supplemented with 1 mM theophylline and 1 mM IPTG
to induce expression of HipA toxins. At the indicated time points, 0.9 ml aliquots were
withdrawn and added to 10 Ci of [3®*S]methionine (protein synthesis), 4 Ci [methyl-
3H]thymidine (DNA synthesis), or 0.2 Ci [2-**C]uracil (RNA synthesis). After 2 min of
incorporation, samples were chased for 10 min with 0.5 mg of cold methionine, 0.5 mg
cold thymidine, or 0.5 mg cold uracil, respectively. Cells were harvested by
centrifugation, resuspended in 200 ul cold 20% trichloroacetic acid (TCA), and further
centrifuged at 15,000 x g for 30 min at 4°C. The samples were washed twice with 1 ml
of cold 96% ethanol. Precipitates were transferred to vials, and the amount of
incorporated radioactivity was counted in a liquid scintillation counter averaging counts
per minute over 15 minutes using the appropriate energy setting for 3°S or 3H isotope
counting. Samples were counted twice to verify counting accuracy.
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Figure 1-1. A Type Il Toxin-Antitoxin System

Type Il Toxin-Antitoxin Systems are typically encoded in operons with the antitoxin gene
preceding the toxin gene. The operon is subject to autorepression by the antitoxin alone
or by a complex of the antitoxin and toxin. When free and active, toxins can affect a
variety of cellular processes to inhibit growth or cause cell death.
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Figure 1-2. The E. coli hipBA module
When free of inhibition, the E. coli HipA toxin phosphorylates the tRNA synthetase GItX.

When phosphorylated, GltX no longer charges tRNA, resulting in the cessation of
protein synthesis and increasing the likelihood of persister cell formation.
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Figure 1-3. The three hipBA modules in C. crescentus NA1000
Each module is named in the order of ascending locus tag.
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Figure 1-4. All NA10OO HipA toxins inhibit growth

Growth curves of NA1000 (A) or AhipBA1,23 (B) cells expressing the indicated HipA
toxins (C) or kinase-null alleles in exponential phase. HipA proteins were induced at
time 0 by the addition of 1 mM IPTG and 1 mM theophylline. (D.) The indicated HipA
toxins were expressed in AhipBA1 23 cells in exponential phase for 1.5 hours beginning
at ODeso= 0.02. Whole-cell lysates were prepared and normalized as described in
Methods before Phos-tag mobility shift analysis and Western blotting with anti-FLAG
antibodies. (E.) The indicated HipA toxins were expressed from low-copy plasmids,
while the indicated HipB antitoxins were expressed from high-copy plasmids, all under
control of the RiboA promoter. Exponential phase cultures in PYE medium were
subcultured to ODsso = 0.02 and supplemented with 1mM IPTG and 1mM theophylline
to induce protein expression. After 18 hours, samples were collected for CFU
enumeration. Values reported are the mean and standard deviation from three
independent biological replicates.
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E.coli ---MPKLVTWMN--NQRVGEL-TKLANGAHTFKYAPEWLASRYARPLSLSLPLQRGNITS 54
HipA1 MAMTRVLTVW--WGDGVVGSL-ALDETGDIRFAYDAAWLADEACPAVSVSLPKQPGAFSR 57
HipA2 MSGPAGLIVRMDGFNLPAGYL-ASDEARAISFAYDDRYIAAG-GPPLSLSMPLEQVSFGD 58
HipA3 MTTVAEVRLW---GS-RIGAVSLEDGAETAVFAYEPSFIASGI-QPAPLMMPLKAGVFSF 55

E.coli D--AVFNFF------ DNLLPDSPI--VRDRIVKRY--HAKSRQPFDLLSEIGRDSVGAVT 162
HipA1 R--KTRSFF------ AGLLPDDL ---QRDNVARAL--GVSRQNDFGLLERLGGDVAGALT 164
HipA2 V--TARAFF------ DNLLPEND---QMQRVMDRE--GLARDDIVGLLSHLGADCSGAIS 185

HipA3 PDLPPRSFHGLPGMLADALPDKYGHVLIDAWLATQGRSPESFNAVERLCYTGRRGMGALE 115

1
E.coli LIPEDETVTHPI----MA------ WEKLTEARLEEVLTAYKADIPLGMIREENDFRISVA 152

HipA1 LWPEGEAPPKRQGGRTAE-------- PLNDKRLLAILDELPR---RPFLAGEDGVRLSLA 153
HipA2 CLPIGADPIKVPGVLSED------ YELLAPGAIAEIARSLAE---RQRLPDTITDPSPVA 156

HipA3 FSPMAGPRRRVSSKIDIDALVTLASEVLTHRH--DLRASFADADKADALRDILSVGTSAG 173

#
E.coli GAQEKTALLRIGNDW--CIPK----GITPTTHIIKLPIGEIRQPNATLDLSQSVDNEYYC 206
HipA1 GAQEKLPVVLVDGAV--ALPA----LGQPSTHILKPANARWPA--------- MTENEALA 198
HipA2 GVQRKIALTHTPQGFAKPRPG----RKVPTTHILKVPETRLRR--------- DARLEAAA 283

HipA3 GARAKAVIAWNPATN-EVRSGQVEAGAGFGYWLLKFDGVSGNRDKELADPKGYGAVEHAY 232

E.coli LLLAKELGLNVPDAEIIKAGNVRALAVERFDRRWNAERTVLLRLPQEDMCQT----FGLP 262
HipA1 MRLAAAVGLPTAGVEPRRIGERTFLLVTRYDRVVSSD-GAVRRLHQEDFCQA----LGVS 253
HipA2 ARLASALGLDVSIPEAIVIDGVDALLITRFDRVV-RD-GVVYRLHQEDFAQA----MGLP 257
HipA3 GQMAAAAGIDVAESRLLEEGGRRHFMSKRFDRLDGGGK----- LHMQSLAATAHLDFNDP 287

* -2
E.coli SSVKYESDGGPGIARIMA----FLMGSSEALKDRYDFMKFQVFQWLIGATDGHAKNFSVF 318
HipA1 PEHKYAAEGGPIFPDCF-NLVRNVCQPS--APAVLALLDAATIFNVIVGNADAHGKNYSLL 310
HipA2 ATLKYQRNGAPGRQFDAQATIARVLDQTEAPALSRTAFLSATIFNLLIGNTDNHAKNHGLL 317
HipA3 VANSYEQA----- LFTMR----- RMGLS--MAQLEEQFRRMVFNVLARNQDDHVKNIAFL 335

A

E.coli TIQAGGSYRLTPFYDIISAFPVLGGTGIHISDLKLAMGLNASKGKKTAIDKIYPRHFLATA 378

HipA1 HQAG-AIVMAPLYDLMCTAAYPEVH------ AKLAMKIAGR----AQLEAFKADTWRDFG 359
HipA2 YRQGRAPILAPLYDLLPSRMNLDFN------ DQLSFNIGAA----DHPDAITFDDMMAFF 367
HipA3 MDRAGRWRLSPAFDITWSYNPDGEW---T--SRHQMSINGKR------ DGFDFADLEACA 384

E.coli KVLRFPEVQMHEILSDFA---RMIPAALDNVKTSLPTDFPENVVT----AVESNVLRLHG 431

HipA1 RDIG------------------ MGPAFVER-RANAQARRVLDQVGPVADAI--AACGFDR 398
HipA2 EVFG------------------ MRRAAA-------- ARFIENVIKPMIEALERATLGLAG 4801
HipA3 KTASISRGHVGRIFDEVREAVMRWPTFADAA--GV-DERWRDQIG-------- ATVRLEL 433
E.coli R--=---==c-mmmmmmcm e mem e LSREYGSK-------~ 440
HipA1 EALRGLRDLIAERARAVLK---LGQGER-----=-==-=--~--- 423
HipA2 ERLKDMDDLIGRETEQLVEVLGLDVAVRERDYYPKVRHALAPS 444
HipA3 RR-----=----mceccccccce e ccrc e m e e 435

Figure 1-5. Protein alignment of E. coli HipA and NA1000 HipA toxins

Alignment was obtained using ClustalOmega. Functionally critical residues are
indicated: *, catalytic aspartate residue targeted for mutation; ~, Mg** binding residues;
#, ATP-binding residues; !, autophosphorylated serine residue (Correia et al., 2006).
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Figure 1-6 The stringent response is neither required for HipA-mediated growth
inhibition, nor does any HipA activate the stringent response when ectopically
expressed in exponential phase cultures.

(A) Growth curves of the AspoT strain ectopically expressing each indicated HipA toxin
performed as in Fig. 1-1A. (B) The indicated strains in exponential phase grown in M2G
medium were subcultured to an ODsso = 0.02 in M2G supplemented with 1mM IPTG
and 1mM theophylline to express HipA toxins. As a positive control the wild-type strain
(NA1000) was subcultured in M2 medium lacking the carbon source to induce the
stringent response. RNA was harvested after 3 hours of HipA expression or carbon
starvation, and the indicated genes were subjected to RT-PCR analysis as described in
Methods. rho was used as an endogenous calibrator gene. Relative expression to an
unstarved M2G control was determined using the double delta Ct analysis. Values
reported are the mean and standard deviation of three biological replicates, each used
in two technical replicates.
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Figure 1-7. Ectopic expression of HipA toxins affects protein synthesis, but does
not alter the synthesis of DNA or RNA.

Assays were conducted in M2G medium to monitor the incorporation of radiolabeled
monomers into protein, DNA or RNA. Rates of incorporation are expressed relative to
the incorporation of the culture at time zero, before toxin induction. Values reported are
the mean and standard deviation of three biological replicates. (A), (B) Relative 3°S-
methionine incorporation when HipA proteins are ectopically expressed in wild-type or
AhipBA1 23 strain backgrounds. (C) Relative 3H-thymidine incorporation when HipA is
ectopically expressed in NA1000. (D) Relative 3H-uridine incorporation when HipA is
ectopically expressed in NA100O.
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Figure 1-8. NA1000 HipAs phosphorylate distinct aminoacyl-tRNA synthetases.
Each strain expressed the indicated HipA toxin from a low-copy plasmid and the
indicated aminoacyl-tRNA synthetase from a high-copy plasmid, all under control of the
RiboA promoter. Exponential phase PYE cultures were subcultured to OD660 = 0.02
and supplemented with 1 mM IPTG and 1 mM theophylline to induce protein
expression. Samples coexpressing HipA toxins and tRNA synthetases were collected at
the indicated times (hours) and processed as described in Methods for Phos-tag
mobility shift analysis and Western blotting with anti-FLAG antibodies. Samples of
cultures only expressing tRNA synthetases were collected after 3 hours of induced
protein expression. (A) HipA1 and HipAz (B) HipAs.
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Figure 1-9. Biphasic killing kinetics

When a population containing persister cells is treated with a lethal concentration of a
bactericidal antibiotic, biphasic killing is observed. The larger, normally growing,
sensitive population is killed quickly (red) while the persistent population is killed much
more slowly (green).
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Figure 1-10. A Abla strain has persistence toward the beta-lactam antibiotic
carbenicillin.

NA1000 has a natural resistance to beta-lactam antibiotics due to the presence of a
beta-lactamase, bla, on the chromosome. Survival of a Abla strain that lacks beta-
lactamase when grown to stationary phase in PYE media and treated with carbenicillin.
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Figure 1-11. HipBA1, HipBAz2, and SpoT contribute to persister cell formation in
stationary phase C. crescentus cultures.

(A) Survival of AhipBA1,2,3, AhipBA1,2, and AspoT strains grown to stationary phase in
PYE medium and treated with streptomycin or vancomycin. (B) Survival of a AhipBA1,23
strain with plasmids bearing the wild type hipBA: and/or hipBA2 operons grown and
tested at the same conditions described in 5A. (C) Survival of single hipBA module
operon knockouts grown to stationary phase and treated with streptomycin. (A), (D)
Comparison of the survival of exponential and stationary phase cultures of NA1000 and
AspoT strains treated with streptomycin.
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Figure 1-12. NA100O AhipBA strains do not have obvious growth defects.

Growth curves of the constructed hipBA module knockout strains in PYE medium.
Exponential phase cultures were diluted to ODes0=0.02 for the experiment. At the
indicated time points, samples were withdrawn for CFU enumeration. Reported data are
the mean and standard deviation of three independent biological replicates.
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Figure 1-13. The persister fraction can be modulated by expressing HipA toxins
or certain tRNA synthetase targets.

(A) Survival of WT strains expressing tRNA synthetases grown to stationary phase in
PYE media and treated with kanamycin and vancomycin. (B) WT strains expressing
HipA toxins for three hours in exponential phase cultures before treatment with
streptomycin and vancomycin. (C) AspoT strain expressing HipA toxins under the
conditions described in 6B and treated with streptomycin. (D) AspoT strain has impaired
long-term survival in stationary phase.
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Figure 1-14. Identical putative binding motifs are observed in the promoter
regions upstream of hipBA1 and hipBA..

Repetitive inverted repeats were identified using the EMBOSS bioinformatics suite. E.
coli promoter region and operator sites is shown for reference?*4.
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Table 1. Strains

Name Description Reference
WT Wild-type Caulobacter NA1000 54
WT + pJS71 NA1000 pJS71 This study
WT + pMR20 NA1000 pMR20 This study
WT + pFLAG-hipA1 NA1000 pFLAG-hipA1 This study
WT + pFLAG-hipA2 NA1000 pFLAG-hipA2 This study
WT + pFLAG-hipAs NA1000 pFLAG-hipAs This study
AhipBA1 AhipBA1 This study
AhipBA: AhipBA; This study
AhipBA3 AhipBAs This study
AhipBA1 2 AhipBA1 AhipBA: This study
AhipBA123 AhipBA1 AhipBAZ2 AhipBA3 This study
AhipBA123 + pJS71 AhipBA1 23 pJS71 This study
AhipBA123 + pMR20 AhipBA123 pMR20 This study
AhipBA123 + pJS71 +pMR20 AhipBA1,23 pJS71 pMR20 This study
AhipBA123 + pFLAG-hipA1 AhipBA1 AhipBA2 AhipBA3 pFLAG-hipAl| This study
AhipBA123 + pFLAG-hipA2 AhipBA1 AhipBA2 AhipBA3 pFLAG-hipA2| This study
AhipBA1 23 + pFLAG-hipAs AhipBA1 AhipBA2 AhipBA3 pFLAG-hipA3| This study
AhipBA1 AhipBA2 AhipBA3 pFLAG-
AhipBA1 3 + pFLAG-hipA1P301Q  |hipA,P301Q This study
AhipBA1 AhipBA2 AhipBA3 pFLAG-
AhipBA1 23 + pFLAG-hipA2P308Q |hipA,P308Q This study
AhipBA1 AhipBA2 AhipBA3 pFLAG-
AhipBA1,23 + pFLAG-hipA3P326Q | hipA3zP326Q This study
AhipBA1,23 + pFLAG-hipB1 AhipBA1 AhipBA2 AhipBAs pFLAG-hipB1 | This study
AhipBA1,23 + pFLAG-hipB:2 AhipBA1 AhipBA2 AhipBAs pFLAG-hipB2 | This study
AhipBA123 + pFLAG-hipB3 AhipBA1 AhipBA2 AhipBAs pFLAG-hipBz | This study
AhipBA:1 23 + pFLAG-hipA1 + AhipBA1 AhipBA> AhipBAs pFLAG-hipA1
pFLAG-hipB1 pFLAG-hipB1 This study
AhipBA123 + pFLAG-hipA2 + AhipBA1 AhipBA> AhipBAs pFLAG-hipA2
pPFLAG-hipB1 pFLAG-hipB1 This study
AhipBA123 + pFLAG-hipAsz + AhipBA1 AhipBA> AhipBAs pFLAG-hipAs
pPFLAG-hipB1 pPFLAG-hipB1 This study
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https://paperpile.com/c/C97dG0/EJEW

AhipBA1 23+ pFLAG-hipA; +

AhipBA: AhipBA; AhipBAs pFLAG-hipAs

pFLAG-hipB: pFLAG-hipB: This study
AhipBA1 23+ pFLAG-hipA2 + AhipBA1 AhipBA> AhipBAs pFLAG-hipA2
pFLAG-hipB2 pFLAG-hipB: This study
AhipBA123 + pFLAG-hipAsz + AhipBA1 AhipBA> AhipBAs pFLAG-hipA3
pFLAG-hipB: pFLAG-hipB: This study
AhipBA13 + pFLAG-hipA1 +  |AhipBA1 AhipBA> AhipBAs pFLAG-hipAl
pFLAG-hipBs pFLAG-hipBs This study
AhipBA123 + pFLAG-hipAz + AhipBA1 AhipBA2 AhipBAs pFLAG-hipA2
pFLAG-hipBs pFLAG-hipBs This study
AhipBA123 + pFLAG-hipAsz + AhipBA1 AhipBA> AhipBAs pFLAG-hipA3
pPFLAG-hipB3 pFLAG-hipB3 This study
AspoT AspoT 87
AspoT + pFLAG-hipA1 AspoT pFLAG-hipA1 This study
AspoT + pFLAG-hipA: AspoT pFLAG-hipA2 This study
AspoT + pFLAG-hipAs AspoT pFLAG-hipAs This study
AhipBA123 + pMR20 + pFLAG- |AhipBA1 AhipBA> AhipBAz pMR20

metG pFLAG-MetG This study
AhipBA123 + pMR20 + pFLAG- |AhipBA1 AhipBA2 AhipBAs pMR20

lysS pFLAG-lysS This study
AhipBA123 + pMR20 + pFLAG- |AhipBA1 AhipBA2 AhipBAs pMR20

TrpS pFLAG-TrpS This study
AhipBA123 + pMR20 + pFLAG- |AhipBA1 AhipBA2> AhipBAs pMR20

GltX pFLAG-GItX This study
AhipBA123 + pFLAG-hipA1 +  |AhipBA1 AhipBA2 AhipBAs pFLAG-hipAl
pFLAG-metG pFLAG-metG This study
AhipBA13 + pFLAG-hipA1 +  |AhipBA1 AhipBA> AhipBAs pFLAG-hipAl

pPFLAG-lysS PFLAG-lysS This study
AhipBA13 + pFLAG-hipA1 +  |AhipBA1 AhipBA> AhipBAs pFLAG-hipAl

PFLAG-trpS pPFLAG-trpS This study
AhipBA123 + pFLAG-hipA1 +  |AhipBA1 AhipBA2 AhipBAs pFLAG-hipAl

pFLAG-gItX pFLAG-gItX This study
AhipBA123 + pFLAG-hipA2 +  |AhipBA1 AhipBA2 AhipBAs pFLAG-hipA2
pFLAG-metG pFLAG-metG This study
AhipBA1 23 + pFLAG-hipA2 +  |AhipBA1 AhipBA> AhipBAs pFLAG-hipA2

pPFLAG-lysS pPFLAG-lysS This study
AhipBA1 23 + pFLAG-hipA2 +  |AhipBA1 AhipBA> AhipBAs pFLAG-hipA2

pPFLAG-trpS pPFLAG-trpS This study
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AhipBA1 23 + pFLAG-hipA2

AhipBA1 AhipBA; AhipBAs pFLAG-hipA;

pFLAG-gItX pFLAG-gItX This study
AhipBA1 23 + pFLAG-hipA3 AhipBA1 AhipBA2> AhipBAz pFLAG-hipAs
pFLAG-metG pFLAG-metG This study
AhipBA1 23 + pFLAG-hipA3 AhipBA1 AhipBA2> AhipBAz pFLAG-hipAs
pFLAG-lysS pFLAG-lysS This study
AhipBA1 23 + pFLAG-hipAs AhipBA1 AhipBA2> AhipBAs pFLAG-hipAs
pFLAG-trpS pFLAG-trpS This study
AhipBA1 23 + pFLAG-hipAs AhipBA1 AhipBA2> AhipBAs pFLAG-hipAs
pFLAG-gItX pFLAG-gItX This study
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Table 2. Plasmids

Name Description Reference
pMR20 Broad-host-range, low-copy-number vector; tetR
Broad host-range cloning vector; high copy; chlorR; (J. M. Skerker
pJS71 pBBR1MCS derivative with unique EcoRI site unpublished)
(M.R. K. Alley,
pNPTS138 |kanR; sacB-containing integration vector unpublished)
pNPTS138 vector for knocking out hipBAl
pCYH1 (CCNA_00481-00482) This study
pNPTS138 vector for knocking out hipBA2
pCYH2 (CCNA_02821-02822) This study
pNPTS138 vector for knocking out hipBA3
pCYH3 (CCNA_02858-02859) This study
phipA1 PMR20 - PriboA - hipA1(CCNA_00482) This study
phipA2 PMR20 - PriboA - hipA2(CCNA_02821) This study
phipAs PMR20 - PriboA - hipA3(CCNA_02858) This study
pFLAG-hipA:1 [pMR20 - PriboA - FLAG-hipA1(CCNA_00482) This study
pFLAG-hipA2 [pMR20 - PriboA - FLAG-hipA2(CCNA_02821) This study
pFLAG-hipAsz |pMR20 - PriboA - FLAG-hipA3(CCNA_02858) This study
pFLAG-
hipA,DP301Q PMR20 - PriboA - FLAG-hipAP301Q This study
pFLAG-
hipA,DP308Q PMR20 - PriboA - FLAG-hipA2P308Q This study
pFLAG-
hipA3P326Q PMR20 - PriboA -pFLAG-hipA3P326Q This study
PFLAG-hipB1 [JS71 - PriboA - FLAG-hipB1(CCNA_00481) This study
PFLAG-hipB2 |JS71 - PriboA - FLAG-hipB2(CCNA_02822) This study
pFLAG-hipB3 |JS71 - PriboA - FLAG-hipB3(CCNA_02859) This study
pFLAG-metG [JS71 - PriboA - FLAG-metG(CCNA_01547) This study
pPFLAG-lysS [JS71 - PriboA - FLAG-lysS(CCNA_00082) This study
PFLAG-trpS [JS71 - PriboA - FLAG-trpS(CCNA_00062) This study
PFLAG-gltX |JS71 - PriboA - FLAG-gItX(CCNA_01982) This study
phipBA1 PMR20 - hipBA:1 This study
phipBA: pPMR20 - hipBA2 This study
phipBA3 pPMR20 - hipBA3 This study
phipBA1,2 PMR20 - hipBA1,2 This study
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Table 3. Primers

Name Sequence (5'-3") Purpose
hipBA1 Up F |attgaagccggctggecgeccaTCGACCCGGGCGATCTTC hipBA1
chromosomal
hipBA1 Up R |tctagcgctcGAGGGTCATGAAAATTCTCCCG knockout
hipBA1 Dn F |catgaccctcGAGCGCTAGACTCGATCCCGC hipBA1
chromosomal
hipBA1 Dn R |cgtcacggccgaagctagcgGCCCAGGACGGCGACACC knockout
hipBA2 Up F |attgaagccggcetggegeccaTTGCCTCTTGAGGAGCCG hipBA2
chromosomal
hipBA2 Up R |acacctcctaCAGGAGCATAAGTAGCTAACGAAG knockout
hipBA2 Dn F |tatgctcctgtagGAGGTGTTCGGCATGAGG hipBA2
chromosomal
hipBA2 Dn R |cgtcacggccgaagctagcgAAGATCACCCCGCTGTCG knockout
hipBAz Up F |attgaagccggetggcgccaCCCGGGCGACAAGAAGGC hipBAs
chromosomal
hipBAz Up R |cctaccgcctAAATTTCATAAATCGCCTCTTGTGGCG knockout
hipBAz Dn F |tatgaaatttAGGCGGTAGGCGGGGGAT hipBAs
cgtcacggccgaagctagcgGACAGCGGCACCAGCCGT chromosomal
hipBAz DnR |C knockout
riboA to pJS71 protein
pJS71F cggccgctctagaactagtgTGGTGCAAAACCTTTCGC expression vector
riboA to
pMR10/pMR PMR10/pMR20
20F ctatgaccatgattacgccaTGGTGCAAAACCTTTCGC expression vector
riboA to
FLAG R cttgtcgtcatcgtctttgtagtc CATCTTGTTGATACCCCC
riboA to
hipA1 R tagtcatcgcCATCTTGTTGATACCCCC
riboA to
hipA2 R cgggcccactCATCTTGTTGATACCCCC
riboA to riboA promoter for
hipA3 R cgacggtggtCATCTTGTTGATACCCCC protein expression

hipAz1 to riboA
F

caacaagatgGCGATGACTAGAGTGCTGACG

hipA1 for pMR20
expression vector

gactacaaagacgatgacgacaagGCGATGACTAGAGTG

FLAG-hipA: for

hipAL F CTGACG PMR20
hipA1 R ttgtaaaacgacggccagtgCTAGCGCTCGCCCTGACC expression vector
hipA2 to hipA2 for pMR20
riboA F caacaagatgAGTGGGCCCGCAGGCCTG expression vector
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gactacaaagacgatgacgacaagAGTGGGCCCGCAGGC

FLAG-hipA: for

hipA2 R ttgtaaaacgacggccagtgTCAACTCGGCGCCAAGGCG | expression vector

hipAs to hipAsz for pMR20

rboA F caacaagatgACCACCGTCGCCGAGGTT expression vector
gactacaaagacgatgacgacaagACCACCGTCGCCGAG FLAG-hi

. -hipAs for

hipAs F GTT pMR20

hipAs R ttgtaaaacgacggccagtgCTACCGCCTGAGCTCCAG expression vector

hipA; PS01Q F

tcttgccgtgagectgggegttgecgacg

hipA1 D301Q R

cgtcggcaacgcccaggctcacggcaaga

hipAs D301Q
mutagenic primers

hipA, P308Q F

tggttcttggegtggttctgagtattgccaatcagaagatt

hipAz D308Q R

aatcttctgattggcaatactcagaaccacgccaagaacca

hipAz D308Q
mutagenic primers

hipAs D326Q F

gttcttgacgtggtcctgctggtttcgcgecag

hipAs P326Q R

ctggcgcgaaaccagcaggaccacgtcaagaac

hipAsz D326Q
mutagenic primers

gactacaaagacgatgacgacaagACCCTCCTCCGGCAA

hipB1 F GGC FLAG-hipB; for
cgaggtcgacggtatcgataCTAGTCATCGCCACCGCTC | pJS71 expression
hipB1 R AC vector
S %?KzgagacgatgacgacaagCTCCTGAGCGGGAGC FLAG-hipB; for
Ipb2 pJS71 expression
hipB2> R cgaggtcgacggtatcgataTCATCTGGGCGCCGCCAT vector
T _glj%c_lt_accgaagacgatgacgacaagAAATTTGAATCTCTCC FLAG-hipBs for
IPbs pJS71 expression
hipBs R cgaggtcgacggtatcgataTCATTTTTCATCGCCCCAC vector
o F %\?:céacaaagacgatgacgacaagTCGAACCCCACCCCT FLAG-gltX for
git pJS71 expression
gitX R cgaggtcgacggtatcgataTCATGCGCGAGGCGCTAG vector
ves E gzg:tacaaagacgatgacgacaagTTTGAAGGCCTCTCCC FLAG-lysS for
ys pJS71 expression
lysS R cgaggtcgacggtatcgataTCAGCCCAGCTTTTCCTC vector
. geg:_}_eg:ggagacgatgacgacaagGCTCGCATCCTGATTA ELAG-metG for
met pJS71 expression
metG R cgaggtcgacggtatcgataTTACTCCGCGCCGCCGAA vector
- gGglfsct:acaaagacgatgacgacaagACCGACCAAGCTCCC FLAG-trpS for
trp pJS71 expression
trpS R cgaggtcgacggtatcgataCTACGCGCCCCAGAAGCC vector
hipBA1 F ctatgaccatgattacgccaGGGGCCCAGCCCCATGGC
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ttgtaaaacgacggccagtgCTAGCGCTCGCCCTGACCC

hipBA1 operon
and promoter for
PMR10
complementation

hipBA1 R AG vector
hipBA2 F ctatgaccatgattacgccaTCAACTCGGCGCCAAGGC hipBA:2 operon
and promoter for
PMR10
complementation
hipBA2 R ttgtaaaacgacggccagtgCTGCGGGGAGGGTGTGGG vector
hipBA: to hipBA:1 and
hipBA2 R gccgagttgaCTAGCGCTCGCCCTGACCCAG hipBA2 operons
for pMR10
hipBA: to complementation
hipBA1 F cgagcgctagTCAACTCGGCGCCAAGGC vector
hipBAs F ctatgaccatgattacgccaCCCCACCGGCGCCCAGGAG |hipBAs operon and
promoter for
pMR10
complementation
hipBAz R ttgtaaaacgacggccagtgGCGCGTCGCGCGGCGTCA vector
CCNA_0344
59gPCRF CTGGATCTGTCTCGCCTTGG
CCNA 0344
59gPCRR GGTGGGATGGGGCTTCTG
CCNA 0318
1gPCRF TTCAGACGCTTGAGACCACC
CCNA_0318
1gPCRR CGTACATGGTTTTCGGCACG
CCNA_0167
4 gPCR F CAGACCCTAGCGGACACTCC
CCNA 0167
4 gPCR R GGCGTGAACATCTCGTCGTA
CCNA 0159
6 qPCR F ATGTTTCCCGACACCGACTC
CCNA_0159
6 gPCR R CTGCTCGGGGTTCAGGC
CCNA _0052
0gPCRF GCGATCGCGGAATATCTCGAC
CCNA _0052
0gPCRR CTGGTCGACTGGATGACGAA RT-PCR
rhol F AGACACCGAAAACCAGGTTCC oligonucleotides
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rhol R CGCTTCAGTGGTGATGTCGG
rho2 F ACCGAAGACACCGAAAACCAG
rho2 R GCCGCTTCAGTGGTGATGT
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Introduction

Toxin Antitoxin modules ordinarily maintain themselves in a homeostatic inactive
state unless the host organism encounters a perturbation that disrupts the stability of
the antitoxin 2. If the antitoxin supply cannot be replenished, the toxin is released and
can act on downstream targets to inhibit growth or cause death 34. In the case of TA
systems as selfish genetic elements, the perturbation is a genetic change that removes
the TA operon from the host organism through loss of a plasmid, excision of a mobile
genetic element, or mutations that affect the expression and activity of the operon. This
‘addictive’ quality ensures the propagation of the TA operon. However, in the case of
stress-responsive TA elements, the antitoxin is degraded in response to an
environmental cue such as nutrient deprivation or antibiotic treatment 6. The toxin is
then able to affect downstream targets and in the case of TA-mediated persister cell
formation, improve organismal survival "€, Many modules can be activated by stressful
conditions that disrupt antitoxin synthesis such as amino acid starvation °, antibiotic
treatment that inhibit translation or transcription ® and DNA damage 1%, Furthermore,
different modules can respond to different stress conditions and multiple proteases are
implicated in their activation 2. Thus, TA modules have the potential to exhibit higher-
order logic and have been reported to contribute to the choreography of complex
processes such as biofilm formation 1316, Nonetheless, the potential for TA systems to
mediate bacterial stress responses is largely unexplored.

We have dissected the roles of C. crescentus hipBA modules in persister cell
formation. hipBA1 and hipBA:z contribute to the accumulation of persister cells in
stationary phase cultures grown in PYE medium; however, a AhipBAs strain does not
have a persistence defect in stationary phase (Figs. 1-11 A-C). This is curious as
hipBAs is a bona fide TA module. HipAs functions as a kinase and inhibits growth in C.
crescentus when ectopically expressed. While HipA1 and HipAz are more potent toxins
and have strong effects on protein synthesis, 3S-methionine incorporation is
moderately reduced when HipAs expression is induced, indicating that HipAs does
target protein synthesis to some degree (Figs. 1-7 A-B). Indeed, we detect that HipAs
weakly phosphorylates the GItX tRNA synthetase in Phos-tag mobility shift assays (Fig.
1-8B). DNA replication and transcription were not altered when HipAs expression was
induced (Figs. 1-7 C-D). HipBs is the only cognate antitoxin of the HipAs toxin (Fig. 1-
4E); hipBAs appears insulated from the other two NA1000 hipBA modules. Intriguingly,
an increase in persistence mediated by the stringent response was observed when
HipAs expression was induced in exponential phase PYE cultures (Fig. 1-13B). Thus,
HipAs may affect persistence under conditions not yet tested and likely targets cellular
processes not affected by HipA1 or HipA:2 to inhibit growth.

Here, we report a new role for a hipBA TA system in C. crescentus stress
resistance. Instead of being stochastically active in a small subpopulation, the hipBA3
module is activated on a larger scale in response to phosphate starvation. Strains
without the hipBAs module are ultrasensitive to peroxide stress during phosphate
limitation, indicating that HipBAs is important for survival under these conditions.
Furthermore, HipAs activation results in the transcriptional upregulation of dps, a ferritin-
like protein that has recently been implicated in peroxide and osmotic stress tolerance in
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Caulobacter and other organisms 129, Finally, we find that the HslIUV protease is
responsible for degrading the HipBs antitoxin in phosphate-limited conditions. This novel
integration of a hipBA TA system into bacterial stress tolerance reveals another role in
the diverse repertoire of these evolutionarily successful modules.

Results

To dissect the biological role of hipBAzin C. crescentus, we looked for a
phenotype associated with the loss of the module. We were previously unable to detect
a persistence defect in a strain lacking the AhipBAz module despite the increase in
persistence observed when HipAs was ectopically expressed in exponential phase
cultures. We reasoned that hipBAs could active in other conditions not tested. Curiously,
a slight fitness defect was observed in competition experiments conducted in PYE
medium; when exponential-phase marked wild-type NA1000 and AhipBAzs cultures are
coinoculated into fresh PYE medium at equal CFU/mL, NA1000 consistently
outcompetes the AhipBAs strain at the transition from exponential phase to stationary
phase (Fig. 2-1). The mild fitness defect observed at this transition indicates that the
hipBAz module is important during this time and that HipAs could be active during this
period.

HipAsis activated in response to phosphate limitation

To observe hipBAs activation, we monitored transcript abundance of the hipBAs
operon. A characteristic of Type-Il Toxin-Antitoxin systems is tight autoregulation at the
transcriptional level 21-23, In addition to binding and inactivating the toxin, Type-I|
antitoxins also bind and repress the transcription of their own operon. If the antitoxin is
degraded, this autorepression is ameliorated, and the operon can be transcribed to
replenish the antitoxin supply. Since the destruction of HipB causes both derepression
of the toxin-antitoxin operon and liberation of HipA, the accumulation of hipBA3
transcripts can serve as an indicator of free and active HipAs toxin. We profiled hipBAs
transcript abundance in a wild type NA100O strain throughout all phases of growth in
PYE medium and observed an ~8 fold increase during the exponential-to-stationary
phase transition for a brief period of time before returning to basal levels (Fig. 2-2A).
We infer that the HipBs antitoxin is degraded and HipAs is active during this short
window before HipBs is resynthesized to repress transcription of its operon and
sequester the HipAs toxin. The brief increase in hipBAs transcript abundance does not
occur if the HipBs antitoxin is expressed from the RiboA promoter on a high-copy
plasmid, supporting the assertion that HipBs represses hipBAs transcription and
validating hipBAs transcript abundance as a readout for HipBs stability and HipAs
activity. We conclude that the hipBAz module is turned on during a brief window during
the transition to stationary phase in PYE medium, and that HipAs phosphorylates one or
more targets important to fitness at that time.

We hypothesized that hipBAs is activated in response to the depletion of one or
more nutrients from PYE medium. Curiously, we did not observe an increase in hipBA3
transcript abundance during the exponential-stationary phase transition in the defined
minimal medium M2G (Fig 2-2A). This suggested that the nutrient whose depletion
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activates HipAs in PYE medium may not be exhausted as cultures transition from
exponential to stationary phase in M2G. To determine which nutrient(s) affect HipAs
activation, exponential phase cultures were shifted from nutritionally replete M2G
medium to M2 lacking either carbon or nitrogen (Fig 2-2B). No change in hipBA3
transcript abundance was observed during these shifts, indicating that hipBAs does not
respond to carbon or nitrogen starvation alone. Phosphate salts are the buffering
system in M2G medium and removing these salts would significantly alter its osmotic
balance. We therefore selected M5G minimal medium, which has previously been used
to study the effects of phosphate limitation on stalk outgrowth 2425, We observed an
increase in hipBAgs transcription when NA1000 exponential phase cells were shifted
from balanced phosphate conditions (200 pM) in M5G to phosphate-limited conditions
(30 uM) (Fig 2B). These results indicate that phosphate limitation activates hipBAs
transcription, likely due to the inactivation of the HipBs antitoxin.

HipBs is degraded by the HsIUV protease during phosphate limitation

To release HipA from inhibition in E. coli, the HipB antitoxin is proteolyzed by the
Lon protease 8. However, it is possible that a toxin could instead be activated via
sequestration of the antitoxin protein by other cellular components. To discriminate
between these hypotheses, we incubated wild-type C. crescentus and several protease-
deficient mutants in phosphate-limited conditions and compared their hipBAs transcript
levels (Fig. 2-3). We selected ATP-dependent proteases as E. coli HipB is degraded by
Lon and ATP-dependent proteases are implicated in antitoxin degradation in many
cases 122126 Both the Alon and AclpP protease mutants increase hipBAs transcript
abundance in response to phosphate limitation, indicating that HipBs is properly
degraded and HipAs is activated. However, hipBAsz transcript abundance does not
change during phosphate limitation in the Ahs/V protease mutant. We conclude that
HslV is the protease responsible for degrading HipBs in response to phosphate
limitation, most likely in concert with its associated ATPase HslU.

The hipBAs module is important for peroxide stress tolerance

The growth defect we observed in the AhipBAs strain was mild, so to further
dissect the role of HipAs, we looked for additional phenotypes associated with the
AhipBAs genotype. We uncovered a window of ultrasensitivity to peroxide in AhipBAs
cultures during the exponential-to-stationary phase transition in PYE medium (Fig 2-
4A). During this time, AhipBAs cells have significantly reduced survival when challenged
with 1 mM peroxide for 30 minutes relative to a wild type strain. This window of peroxide
ultrasensitivity coincides with the period of increased hipBA3 transcript abundance (Fig
2-2A). While antitoxins are known to bind and repress their own operons, it has also
been reported that the HipB antitoxin regulates several other genes in E. coli 13. Thus,
the period of peroxide ultrasensitivity observed in the AhipBAsz strain could be due to
either to improper transcriptional regulation by HipBs or to the lack of HipAs kinase
activity. To distinguish between the contributions of HipAsz and HipBs, we complemented
the peroxide ultrasensitivity phenotype with alleles of the entire hipBAs operon. We
chose this approach because of actual or potential technical problems with expression
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of HipBs or HipAs individually. Free energy simulations and crystal structures indicate
that HipB-HipA complexes bind DNA more strongly than HipB alone 2223, Thus,
complementing the AhipBAs strain with only HipBs could yield a false negative result.
Conversely, ectopic expression of HipAs alone is known to be toxic. The window of
ultrasensitivity to peroxide was complemented by the wild type hipBAz operon on a
plasmid, but not by a hipBA3zP326Q operon, which encodes an amino acid substitution in
the HipAs kinase active site (Fig. 2-4A). The HipAsP325Q allele was previously
demonstrated to lack kinase activity and is not toxic when ectopically expressed (Figs.
1-4 C-D). Therefore, it is specifically the kinase activity of HipAs that complements the
peroxide ultrasensitivity phenotype. HipAs must phosphorylate a target during this
window that is important for peroxide stress tolerance in C. crescentus.

HipAs may interface with well-characterized stress response pathways to provide
peroxide resistance. To explore this possibility, we compared the peroxide sensitivity of
the AhipBAz3 strain to strains lacking SigT or SpoT. SigT is an extracytoplasmic sigma
factor that is induced a variety of stress conditions from heat shock to osmotic stress
and is important for survival against oxidative stress 2728, The (p)ppGpp
synthetase/hydrolase SpoT is the sole source of the alarmone (p)ppGpp in C.
crescentus and therefore, governs the stringent response 2°3°, C. crescentus has a
highly customized stringent response that activates under carbon and nitrogen
starvation, but has not been reported to respond to other nutrient limiting conditions
30,31 However, the C. crescentus stringent response upregulates several genes involved
in oxidative stress response, including the catalase KatG and superoxide dismutase
SodA ?7. Neither AsigT nor AspoT strains demonstrate peroxide ultrasensitivity during a
growth curve in PYE medium (Fig 2-4B). KatG is the sole catalase enzyme encoded in
the C. crescentus genome 3233, The ultrasensitivity to peroxide could be explained if
KatG levels were altered in the AhipBAs strain. However, the amount of KatG protein,
determined by Western blot, is similar in NA1000 and AhipBAs strains during the
exponential-to-stationary phase transition in PYE cultures (Fig. 2-4C). We have not
eliminated the possibility that HipAs regulates KatG activity via phosphorylation but
taken together with the remaining data concerning SigT and SpoT, our model is that
HipAs provides peroxide resistance through a mechanism apart from these known
stress response pathways.

HipAs transcriptionally upregulates the ferritin-like protein Dps

Because HipAs is activated in response to phosphate limitation (demonstrated in
M5G medium), we hypothesized that phosphate limitation is the signal that activates
HipAs during the exponential-to-stationary phase transition in PYE medium. We
therefore supplemented PYE medium with 50 uM phosphate and measured peroxide
sensitivity at distinct points during the growth curve. Phosphate supplementation
restored peroxide resistance to the AhipBAs strain (Fig 2-5A), indicating that phosphate
availability is necessary for peroxide stress tolerance. This result further suggests HipAs
contributes to peroxide resistance by phosphorylating a target that compensates for
phosphate limitation.
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In addition to KatG, the ferritin-like protein, Dps, plays an important role in
protecting many organisms, including C. crescentus, from oxidative stress 1772034, A
Dps-deficient mutant was reported to be ultrasensitive to peroxide, similar to the
AhipBAs; strain 7. Dps has been proposed to protect the cell through its DNA binding
and ferroxidase activity; specifically, Dps detoxifies peroxide through the iron storage
reaction 835 Based on these results and because KatG levels were unaffected in a
AhipBA3 strain, we hypothesized that HipAs could phosphorylate targets that affect Dps
abundance or activity. When Dps is ectopically expressed in a AhipBAz mutant on a
low-copy plasmid under the control of an inducible riboA promoter, peroxide sensitivity
is restored during all phases of growth in PYE medium; no ultrasensitivity to peroxide is
observed (Fig. 2-5A), suggesting that Dps acts downstream of HipAs. Since Dps is
known to be upregulated during the exponential-to-stationary phase growth transition,
we monitored dps transcript abundance in wild type NA1000 and AhipBAs strains during
all phases of growth in PYE medium 7. During the transition to stationary phase, dps
transcripts were ~4 fold less abundant in the AhipBAz mutant than in NA100O (Fig. 2-
5B), indicating that HipAs likely plays a role in upregulating dps expression under
phosphate-limited conditions. To test this model, we monitored dps transcripts during
phosphate limitation in Ahs/V cells, which lack the protease responsible for degrading
HipBs and cannot activate HipAs. As predicted, dps transcripts are reduced in the AhslV
strain relative to wild type during phosphate limitation (Fig 2-5C). Finally, if the inability
to activate HipAs reduces dps transcription, ectopic HipAs expression should upregulate
dps transcription. Indeed, we observe a ~7 fold increase in dps transcripts when HipAs
is ectopically expressed in exponential phase NA100O cultures grown in PYE medium
(Fig 2-5D). Taken together, these data indicate that HipAs is responsible for the
upregulation of dps transcription under phosphate limiting conditions. Since catalytically
inactive HipAs failed to restore peroxide resistance, we infer that phosphorylation of an
intermediate protein or proteins by HipAs is required to activate dps transcription.

Discussion

Here we report the novel integration of a TA system into stress tolerance in C.
crescentus. hipBAs is activated in response to phosphate limitation. Using hipBAs
transcript abundance as a readout for HipAs activation, we observe an increase in
hipBAs transcripts in defined minimal medium when phosphate is depleted (Fig. 2-2B),
indicating that HipBs is proteolyzed and HipAs is active. This increase could only be
detected if HipAs was activated on a larger scale than in a small subpopulation. This
increase is temporary and transcript levels quickly return to basal levels as HipBs is
resynthesized, restoring repression of the operon and inhibiting HipAs. We also observe
a similar brief increase in hipBAsz transcript abundance during the exponential phase to
stationary phase transition in wild type NA1000 cultures grown in PYE medium (Fig. 2-
2A). It is likely that phosphate is a limiting nutrient in PYE medium. Yeast extract and
peptone, the principal components of PYE medium, are reported to only contain small
amounts of phosphate . Thus, instead of affecting a small subpopulation through
stochastic activation, the hipBAz module is activated across the bacterial population in
response to phosphate limitation.
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Consistent with the population-wide activation of hipBAs in response to
phosphate limitation, we observed a fithess defect during the exponential-to-stationary
phase transition in the AhipBAsz strain when grown in PYE medium (Fig. 2-1). Further
dissection revealed this fithess defect coincides with major ultrasensitivity to peroxide
during the brief window when HipAsz was determined to be active in cultures grown in
PYE (Fig. 2-4A). This peroxide ultrasensitivity phenotype can be complemented with a
plasmid bearing the wild type hipBAs operon, but not the hipBA3P325Q operon encoding a
kinase-dead HipAs (Fig. 2-4A). Furthermore, supplementing PYE medium with
phosphate eliminates the window of peroxide ultrasensitivity in the AhipBAs strain (Fig.
2-5A). This indicates that the target phosphorylated by HipAsis important for peroxide
stress tolerance and likely requires phosphate to function.

We hypothesized that HipAs might activate one or more well-characterized stress
response pathways in C. crescentus and that therefore, the ultrasensitivity to peroxide
observed in the AhipBAs strain would be mirrored in mutants lacking these stress
response pathways. SigT is an extracytoplasmic sigma factor that is important for
oxidative stress response; a AsigT strain has significantly increased sensitivity to
peroxide 2. SpoT regulates the C. crescentus stringent response and synthesizes
(P)ppGpp under nutrient limiting conditions. While SpoT has not been reported to
respond to phosphate limitation, several genes involved in oxidative stress response,
including the catalase KatG are upregulated during by the stringent response .
Furthermore, all NA100O HipA toxins, including HipAs, mediate the formation of
persister cells through SpoT (Figs. 1-13 B-C). However, neither a AsigT nor a AspoT
mutant had similar peroxide ultrasensitivity at any phase of growth (Fig. 2-4B). The
protein levels of catalase, KatG, were also similar between the AhipBAs strain and wild
type NA1000 during the exponential phase to stationary phase transition (Fig. 2-4C).
Thus, HipAs operates through a pathway distinct from traditional characterized peroxide
stress response pathways in C. crescentus.

We determined that HipAs transcriptionally upregulates Dps. A C. crescentus
strain lacking Dps has similar ultrasensitivity to peroxide stress as AhipBAsz, and ectopic
Dps expression complements the peroxide ultrasensitivity of AhipBAs cells (Fig. 2-5A)
17, Ectopic HipAs expression results in an accumulation of dps transcripts (Fig. 2-5D).
When grown in PYE medium, C. crescentus upregulates dps transcription during the
exponential-to-stationary phase transition; however, that upregulation is delayed in the
AhipBAs strain (Fig. 2-5B). The delay in dps transcription could leave C. crescentus
with less Dps during this period and temporarily vulnerable to peroxide stress. The
transcriptional regulators that provide basal dps expression in exponential phase and
increased expression later in stationary phase are unknown. Previous work
demonstrated that dps transcription is not induced in response to hydrogen peroxide,
and is not regulated by Fur and OxyR, which in other bacteria respond to iron limitation
and oxidative stress, respectively .

Surprisingly, phosphate supplementation of PYE medium also complements the
peroxide ultrasensitivity phenotype of the AhipBAs strain. A floating phosphate layer has
been observed on the surface of developing iron mineral cores in ferritin, and it has
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been hypothesized to assist in recruiting iron and growing the ferric hydroxide cores 3’.
Phosphate is also a component of at least one bacterial Dps iron mineral core 1°. The
iron storage reaction performed by Dps consumes peroxide as a reactant 34. Thus, if
dps is transcribed too late under conditions where phosphate is being depleted, there
may not be sufficient phosphate to facilitate the development of iron mineral cores, and
Dps would be unable to efficiently remove peroxide from the intracellular environment.
Consistent with this model, strains that lack the hipBAz operon or the HslV protease do
not upregulate dps transcription in response to phosphate limitation (Fig. 2-5C). In our
proposed model, hipBAs plays a role in regulating dps as an early warning signal for
phosphate limitation; HipAs phosphorylates a target that results in the transcriptional
upregulation of dps so that there is sufficient phosphate to ensure development of Dps
iron mineral cores and therefore, efficient removal of peroxide before intracellular
damage can occur (Fig. 2-6).

In our experiments examining the contribution of hipBA TA systems to
persistence in C. crescentus, we were unable to detect a persistence defect associated
with the loss of hipBAzin stationary phase PYE cultures. However, the exponential-to-
stationary phase transition was never tested. Ectopic expression of HipAs in exponential
phase cultures dramatically increased persister cell formation, and HipAs weakly
phosphorylated the glutamyl tRNA synthetase, GItX (Fig. 1-8B). To reconcile these
results, we speculate that HipAs normally contributes to persister cell formation under
phosphate limiting conditions (Fig. 2-6). Future work will use single-cell measurements
to confirm that HipAs is activated population-wide in response to phosphate limitation
and will uncover molecular links between HipAs and persister cell formation. In contrast
to E. coli HipB, which is degraded by the Lon protease, C. crescentus HipBs is
proteolyzed by HsIUV (Fig. 2-3). Additional work will determine how HsIUV detects
phosphate limitation and selectively degrades the HipBs antitoxin. Our results establish
a novel integration of a HipBA toxin-antitoxin system into bacterial stress tolerance and
demonstrate another way in which robust and ubiquitous toxin-antitoxin modules can
neofunctionalize.
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Methods

Strains and growth conditions. Strains used in this study are listed in Table 2-1. All
Caulobacter crescentus strains drive from the laboratory strain NA1000. Caulobacter
strains were grown at 30°C in rich PYE, minimal medium supplemented with 0.2%
glucose (M2G, M5G) 2>38:39 PYE medium was supplemented with antibiotics when
appropriate at the following concentrations (ug/mL): kanamycin (5); nalidixic acid (20);
oxytetracycline (1). E. coli was grown in Luria broth at 37°C, supplemented with
antibiotics when appropriate at the following concentrations (ug/mL) for liquid (L) or solid
(S) medium: kanamycin, 30 (L), 50 (S); tetracycline, 12 (L/S)*°. Proteins were
ectopically expressed from the RiboA promoter by supplementing liquid PYE medium
with 1 mM isopropyl thiogalactoside (IPTG) and 1 mM theophylline*?,

Plasmid construction. Caulobacter crescentus NA1000 genomic DNA or purified
plasmids were used as template with Q5 High Fidelity DNA Polymerase (New England
Biolabs (NEB)) to amplify fragments for cloning. Fragments were isolated after gel
electrophoresis using the Zymoclean Gel DNA Recovery kit (Zymo Research). NEB
restriction enzymes were used to digest purified plasmids. Gibson assembly was
performed using NEB Hi-Fi DNA Assembly Master Mix. Plasmid constructs were
confirmed by DNA sequencing. Plasmid descriptions are listed in Table 2-2, and primers
used for plasmid construction are described in Table 2-3.

phipBAs. The complementation vector was constructed by placing the hipBAs coding
region and 500bp upstream promoter region in a pMR10 backbone. hipBAs F and
hipBA3z R primers were used to amplify the operon and promoter. The final plasmid was
assembled via Gibson cloning into a Hindlll/EcoRI-digested pMR10 backbone.

phipBA3P326Q. Mutagenic primers phipBA3zP326Q F and phipBAsP326Q R were used to
amplify phipBAs. For final assembly, the amplified plasmid was treated with KLD
Enzyme Mix (NEB) before transformation into E. coli competent cells.

pdps. The expression vector was constructed by placing the dps (CCNA _02966) coding
region under control of the riboA promoter. The riboA promoter was amplified using
riboA to pMR10/pMR20 F and riboA to dps R primers. dps was amplified using dps F
and dps R primers. The final plasmid was assembled via Gibson cloning into a
Hindlll/EcoRI-digested pMR20 backbone.

pFLAG-hipAs. The expression vector was constructed by placing the hipAs

(CCNA _02858) coding region N-terminally fused to a 1xFLAG tag (DYKDDDDK) under
control of the riboA promoter. The riboA promoter was amplified using riboA to
pPMR10/pMR20 F and riboA to FLAG R primers. hipAz was amplified using hipAs F and
hipAs R primers. The final plasmid was assembled via Gibson cloning into a
Hindlll/EcoRI-digested pMR20 backbone.

pFLAG-hipBs. The expression vector was constructed by placing the hipBs
(CCNA_02859) coding region N-terminally fused to a 1xFLAG tag (DYKDDDDK) under
control of the riboA promoter. The riboA promoter was amplified using riboA to riboA to
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pJS71 F and riboA to FLAG R primers. hipBz was amplified using hipBs F and hipBz R
primers. The final plasmid was assembled via Gibson cloning into a Hindlll/BamHI-
digested pJS71 backbone.

Fitness assays. For competition experiments, cells grown to ODeso 0.2-0.5 in PYE
were coinoculated into PYE in equal OD fractions totaling ODsso 0.02 and allowed to
incubate with shaking at 30°C. At each indicated time or at the end-point, a sample was
withdrawn for ODsso measurement and enumeration of colony forming units (CFU)/ml
on solid PYE medium (to enumerate all strains) and solid PYE medium containing
kanamycin (to select for the marked wild type strain). Unless otherwise specified, mean
and standard deviation of three independent biological replicates are reported.

Peroxide survival assays. Cells grown to ODeso 0.2-0.5 in PYE were released into
fresh PYE at ODeso 0.02 and allowed to incubate with shaking at 30°C. At indicated
ODesso, samples were taken for CFU enumeration before and after 1mM peroxide
treatment for 30 minutes.

RNA extraction and reverse transcription. RNA was extracted using Direct-zol RNA
Miniprep Kits from Zymo Research. Purified RNA was reverse transcribed for g°PCR
using ProtoScript Il First-Strand cDNA Transcription kit (NEB) with random hexamers to
prime the reaction.

RT-PCR. RT-PCR was performed on an Applied Biosciences Step One Plus using Luna
SYBR Master Mix from NEB. The thermocycling conditions are as follows: initial heating
at 95°C for 20s, followed by 40 cycles of 95°C for 3 s, 60°C for 30s. rho was used as an
endogenous control for all experiments. Primers used for RT-PCR are listed in Table 2-

3.

Western blot detection of proteins. Samples for Western blot detection were
harvested at ODesso 0.4 in PYE medium for late exponential phase samples and at
ODe60~0.8-1.0 for stationary phase samples. The volume of culture collected was
normalized by ODeso. Cells were pelleted and resuspended in 60 uL water containing
diluted 1X Laemmli sample buffer (Bio-Rad 1610737). The samples were heated at
95°C for 5 min, then allowed to cool to room temperature before 20 uL were loaded into
a 10-well 12% bis-acrylamide gels (Bio-Rad 1610158) for separation by SDS-PAGE
electrophoresis. After electrophoresis, protein transfer to PVDF membranes was
performed overnight using the wet tank method in Western transfer buffer (3.03g/L Tris
base, 14.4g/L glycine, 100mL/L methanol) with on ice. Western blotting was done using
anti-katG antibodies (1:375) (Millipore-Sigma F3165) and horseradish peroxidase
(HRP)-conjugated anti-rabbit antibodies (1:5000) (ThermoFisher 31460). Western blots
were visualized by using Western Lightning (Perkin Elmer) on a Bio-Rad Gel Doc XR.
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Figure 2-1. The hipBAs has a mild fitness defect when competed against a marked
NA1000 strain.

hipBAz and marked NA1000 strains in exponential phase were coinoculated into PYE
medium at ODes0=0.01 each and incubated with shaking. Samples were withdrawn at
the indicated times for ODsso measurement and CFU enumeration of PYE solid media
with and without kanamycin to distinguish between the strains. Values reported are the
mean of three biological replicates.
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Figure 2-2. hipBAs is active during late exponential phase in cultures grown in
PYE medium and responds to phosphate starvation.

(A) WT strains in exponential phase grown in PYE or M2G were subcultured to
ODe660=0.02 in PYE or M2G media, respectively. PYE was supplemented with 1mM
IPTG and 1mM theophylline to express HipBs. Samples were collected at indicated
ODsso for RNA extraction and subject to RT-PCR analysis to quantify hipBAs transcript
abundance. Relative expression was determined using the double delta Ct analysis.
Values reported are the mean and standard deviation of three biological replicates,
each used in two technical replicates. (B) WT strains in exponential phase in M2G
(carbon and nitrogen starvation) or M5G (phosphate starvation) were subcultured into
media starved of the indicated nutrient at ODes0o=0.1. Samples were collected at the
indicated times for RNA extraction and subject to RT-PCR analysis to quantify hipBA3
transcript abundance. Relative expression was determined using the double delta Ct
analysis.
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Figure 2-3. HslUV is the protease responsible for degrading HipBs during
phosphate starvation

The indicated strains in exponential phase grown in M5G phosphate-replete medium
were subcultured into M5G medium with 30 uM phosphate at ODsso = 0.1. RNA was
harvested after 30 minutes of starvation, and hipBAz transcript abundance was
determined using RT-PCR analysis. Expression relative to unstarved M5G controls was
determined using the double delta Ct analysis.
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Figure 2-4. HipAs kinase activity is required for peroxide tolerance during the
exponential phase to stationary phase transition. (A) Peroxide survival assays in
PYE media indicate the AhipBAs strain has a window of ultrasensitivity to 1mM peroxide
stress that can be complemented with the wild type hipBAs operon on a low copy
plasmid, but not a hipBA3P326Q operon with a mutation in the HipAs kinase active site.
(B) Peroxide survival assays on AsigT and AspoT do not reveal peroxide ultrasensitivity.
(C) Western blot measuring KatG catalase in WT and AhipBAs strains during the
exponential phase to stationary phase transition in PYE medium. Samples were
collected during late exponential phase (E) at ODss0o~0.4 and stationary phase (S) at
ODs60~0.8-1.0. Whole cell lysates were prepared and normalized as described in
Methods before Western blotting with anti-KatG antibodies.
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Figure 2-5. HipAs transcriptionally upregulates Dps expression (A) Peroxide
survival assays in PYE medium indicate that the window of ultrasensitivity to 1ImM
peroxide stress can be complemented by ectopic Dps expression under the control of
an inducible riboA promoter on a low-copy plasmid or phosphate supplementation to the
PYE medium. (B) Measurements of dps transcripts through all phases of growth in PYE
medium. Exponential phase cultures of the indicated strains grown in PYE medium
were subcultured to ODes0=0.02 and incubated with shaking. At the indicated ODsso,
samples were withdrawn for RT-PCR. Relative expression to an initial exponential
phase control culture was determined using double delta CT analysis. (C) Relative dps
transcript abundance during phosphate limitation. The indicated strains in exponential
phase grown in M5G medium were subcultured to ODss0=0.1 in M5G with reduced
phosphate (30uM phosphate) to activate HipAs and induce dps transcription. After 30
minutes, samples were collected for RT-PCR. Relative expression to an unstarved M5G
control was determined using double delta CT analysis. Values reported are the mean
and standard deviation of three biological replicates and two technical replicates. (D)
Measurements of dps transcripts after ectopic HipAs expression. Exponential phase
cultures of the indicated strains were subcultured into PYE medium at ODss0=0.02.
HipAs proteins were induced at time=0 by the addition of 1 mM IPTG and 1 mM
theophylline. Samples were withdrawn at indicated time points for RT-PCR analysis.
Relative expression to an initial exponential phase control culture was determined using
double delta CT analysis.
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Figure 2-6. A model for HipBAsin C. crescentus stress tolerance

The HslUV protease responds to a phosphate limitation cue and degrades the HipB3
antitoxin; consequently, HipAs is free and active. HipAs phosphorylates a downstream
target that directly or indirectly upregulates dps transcription. In this model, the
activation of HipAs is an early warning indicator of phosphate starvation and Dps is
synthesized when sufficient phosphate is present to efficiently develop the iron mineral
core, which removes peroxide during via the iron storage reaction. HipAs also
phosphorylates a target that increases persistence via stringent response activation.
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Table 1. Strains

Name Description Reference

WT Wild-type Caulobacter NA1000 42
AhipBA3 AhipBAs This study
Alon Alon 43
AhslV AhslV J. Modell, unpublished
AclpA AclpA 44
AclpX AclpX 45
AsigT AsigT 28
AspoT AspoT 29
WT + pFLAG-hipB3 WT pFLAG-hipB3 This study
AhipBAs+ phipBAs AhipBAs phipBA3 This study
AhipBA3z+ phipBA3P326Q | AhipBAs phipBA3zP326Q This study
AhipBAs+ pdps AhipBAz pdps This study
AhipBAs+ pFLAG-hipAs |AhipBAsz pFLAG-hipAs This study
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Table 2. Plasmids

Name Description Reference
pMR20 Broad-host-range, low-copy-number vector; tetR

phipBA3 PMR10 - hipBAs This study
phipBA3P326Q  |pMR10 - hipBA3P326Q This study
pdps PMR20 - PriboA - dps (CCNA _02966) This study
pFLAG-hipAs |pMR20 - PriboA - FLAG-hipAs (CCNA_02858) This study
pFLAG-hipBs [JS71 - PriboA - FLAG-hipB3 (CCNA_02859) This study
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Table 3. Primers

Name Sequence (5'-3") Purpose
hipBAs Up F |attgaagccggcetggcgccaCCCGGGCGACAAGAAGGC hipBA3
chromosomal
hipBAs Up R |cctaccgcctAAATTTCATAAATCGCCTCTTGTGGCG knockout
hipBAs Dn F |tatgaaattAGGCGGTAGGCGGGGGAT hipBAs
. cgtcacggccgaagctagcgGACAGCGGCACCAGCCGT chromosomal
hipBAsDnR | knockout
riboA to
PMR10/pMR2 |ctatgaccatgattacgccaTGGTGCAAAACCTTTCGC pMRlp/ PMR20
0E expression vector
riboA to pJS71 protein
pJS71F cggccgctctagaactagtgTGGTGCAAAACCTTTCGC expression vector

riboA to FLAG
R

cttgtcgtcatcgtctttgtagtcCATCTTGTTGATACCCCC

riboA to dps R

aagcggcggcCATCTTGTTGATACCCCC

riboA promoter for
protein
expression

gactacaaagacgatgacgacaagACCACCGTCGCCGAG

hipAs F FLAG-hipAs for
GTT pMR20
hipAz R ttgtaaaacgacggccagtgCTACCGCCTGAGCTCCAG | expression vector
. gactacaaagacgatgacgacaagAAATTTGAATCTCTCC
hipBs F TGTCC
FLAG-hipB3z for
, cgaggtcgacggtatcgataCTAGTCATCGCCACCGCTC pJS71
hipBz R .
AC expression vector
dps F caacaagatgGCCGCCGCTTTGAACACC
dps R ttgtaaaacgacggccagtgCTACTTTAGGCCGAGCGTG dps for pMR10
G

exp ression vector

hipAs D326Q F

gttcttgacgtggtcctgcetggtttcgegecag

hipAs D326Q R

ctggcgcgaaaccagcaggaccacgtcaagaac

hipAs D326Q
mutagenic
primers

hipBAz F ctatgaccatgattacgccaCCCCACCGGCGCCCAGGAG hipBAs operon
and promoter for

. PMR10
hipBAz R ttgtaaaacgacggccagtgGCGCGTCGCGCGGCGTCA complementation
vector

hipBAs F GGCGGTCTTCGCCTATGAG RT-PCR
hipBAs R GGCAGATCGGGAAAGCTGAA oligonucleotides
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dps

(CCNA_02966| CTTTGAACACCGGGCTGACT
)F
dps
(CCNA_02966| TCCAGTGATAGCCATGCGTC
)R
rhol F AGACACCGAAAACCAGGTTCC

rhol R CGCTTCAGTGGTGATGTCGG
rho2 F ACCGAAGACACCGAAAACCAG
rho2 R GCCGCTTCAGTGGTGATGT
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